
Genome Sequencing & 
Analysis Core Resource

Olivier Fedrigo

Friday, October 19, 12



Reference genome

* *

GENOME RESEQUENCING
Friday, October 19, 12



Reference genome

DE NOVO GENOME SEQUENCING
Friday, October 19, 12



Reference genome

FUNCTIONAL GENOMICS

Q
ua

nt
ita

tiv
e

Friday, October 19, 12



Medical Research
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Metagenomics
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Genome Sequencing

Lactobacillus sakei
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It took 13 years and 3billion$ to sequence the human genome (3 billion bases)
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NEXT-GENERATION
SEQUENCING
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Second-Generation Sequencing

• Make library

• Amplify signal

• Deposit sequences on a slide

• Imaging

Third-Generation Sequencing
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Shearing Adapters

SequencingDe novo assembly or 
Mapping to reference

ACGTGTGT
ATTGTGTC
ACGTGTGG
TTGTGTGC
TGTGGTTT
GTGTGGGG
ACGTGTGT
ATTGTGTC
ACGTGTGG
TTGTGTGC
TGTGGTTT
GTGTGGGG

Amplification
+

Slide deposit
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Capillary-based Sanger sequencing:  Applied Biosystems, etc.
    ~1200 bp X 96/384 samples1977

Pyrosequencing:  Biotage
	 up to 50 bp X 96/384 samples

2000

Sequencing with pH:  Ion Torrent  
    up to 300bp X 5 million reads per run 

Massively parallel pyrosequencing:  454-->Roche
	 ~800 bp X 1,200,000 reads per run

Synthesis-based sequencing:  Solexa-->Illumina  
	 up to 100 bp X 6 billion reads per run (2 flowcells)

Ligation-based sequencing: Agencourt-->SOLiD (Applied Bios.)  
	 up to 75 bp X 1.4 billion reads per run 

2004

2005

2007

2011

Single molecule sequencing:  Helicos  
    on the market; <50 bp X 100 million reads per run 

Single molecule sequencing:  PacBio RS System  
	 ~3kb, ~70,000 reads per smrtcell

2008

2011
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ABI SOLiD 5500xl Illumina HiSeq 2000

“long 
reads”
>250bp

“short
reads”
≤250bp

Roche GS FLX 
Titanium (454)

PACBIO RS Ion Torrent PGM

Illumina MiSeq
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ROCHE 454
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ROCHE 454

Overview: 454, SOLiD and Illumina
From review article: [Medini et al 2008]

Workshop Introduction High-Throughput Sequencing Methods Slide 12/63
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PicoTiterPlate (PTP)

ROCHE 454
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See video: http://www.youtube.com/watch?
v=bFNjxKHP8Jc
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http://www.youtube.com/watch?v=bFNjxKHP8Jc
http://www.youtube.com/watch?v=bFNjxKHP8Jc
http://www.youtube.com/watch?v=bFNjxKHP8Jc
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Illumina HiSeq 2000 and MiSeq
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Overview: 454, SOLiD and Illumina
From review article: [Medini et al 2008]

Workshop Introduction High-Throughput Sequencing Methods Slide 12/63

Illumina HiSeq and GAIIx
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SOLiD 5500xl
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Overview: 454, SOLiD and Illumina
From review article: [Medini et al 2008]

Workshop Introduction High-Throughput Sequencing Methods Slide 12/63

SOLiD 5500xl
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regions from individual samples, followed by capillary
sequencing, alignment of the resulting sequence traces
and algorithmic detection of sequence variants [5–9].
The PCR products can instead be sequenced directly using
the Roche (454) sequencer as published by Thomas et al.
[10], who showed the high sensitivity of this platform to
detect rare variants and to alleviate noisy capillary
sequence data resulting from contaminating normal cells
in tumor samples. A similar study by Dahl et al. [11]
emphasized the value of this approach for highly sensitive
variant detection. Recently, Porreca et al. [12] published
an extreme example of this approach by multiplexing
the amplification of 10 000 human exons using primers
released from a programmable microarray and sequencing
them using a massively parallel approach. An interesting
variation of the PCR-directed approaches is exemplified in
recent work that selects regions from the genome bymicro-
array-based capture technology [13,14]. Once the target
sequences are reclaimed from the array by denaturation
and amplified, they can be directly sequenced for mutation
detection. Although such approaches pose great potential
for mutation discovery, they are limited for complex

and repetitive genomes (such as human) because of the
inability to design specific primers or capture probes.

Aside from a directed focus on select regions of a genome
of interest, whole genome resequencing for variant discov-
ery is significantly faster and less expensive using next-
generation sequencers than with conventional approaches.
Although there are some limitations imposed on this
approach by the short read lengths these technologies
deliver (Box 1), one can readily discover mutations gen-
ome-wide with a single instrument run or a portion thereof
(depending on genome size). For example, recent work in
our group to discover single nucleotide polymorphisms and
small (1–2 bp) indels in a Caenorhabditis elegans strain
(CB 4858) required only a single run of the Illumina
sequencer (Hillier et al., unpublished data). The following
section expands on mutation discovery efforts using next-
generation sequencing in bacterial and viral isolates.

Sequencing clinical isolates in strain-to-reference
comparisons
Complete genomesequences are available formanydisease-
causing bacteria and viruses or for their laboratory strain

Figure 3. AB SOLiD sequencing. (a) AB SOLiD sequencing by ligation first anneals a universal sequencing primer then goes through subsequent ligation of the appropriate
labeled 8mer, followed by detection at each cycle. (b) Two base encoding of the AB SOLiD data greatly facilitates the discrimination of base calling errors from true
polymorphisms or indel events. Figures related to the SOLiD(tm) System are reproduced with permission from Applied Biosystems. (c) 2007 Applied Biosystems. All rights
reserved.

Review Trends in Genetics Vol.24 No.3

137

SOLiD 5500xl
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PacBio RS System
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Sequencing chemistry

Step 1:  fluorescent phospholinked labeled nucleotides enter the ZMW (zero-mode 
waveguide)

Step 2:  the incorporated base is held in the detection volume for 10s of mS, releasing light 

Step 3:  the phosphate chain is cleaved, releasing the dye 

Steps 4-5:  the process repeats 
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Detection system

individual ZMW detection volume

20 zeptoliters (10     liters)-21zero-mode waveguide

nanophotonic visualization: fluorescence present only in lower 20-30 nm
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SMRT Cell Arrangement

2x75,000 ZMWs
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Ion Torrent PGM
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@HWI-EAS121:4:100:1783:550#0/1
CGTTACGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACGGATCTCGTATGCGGTCTGCTGCGTGACAAGACAGGGG
+HWI-EAS121:4:100:1783:550#0/1
aaaaa`b_aa`aa`YaX]aZ`aZM^Z]YRa]YSG[[ZREQLHESDHNDDHNMEEDDMPENITKFLFEEDDDHEJQMEDDD
@HWI-EAS121:4:100:1783:1611#0/1
GGGTGGGCATTTCCACTCGCAGTATGGGTTGCCGCACGACAGGCAGCGGTCAGCCTGCGCTTTGGCCTGGCCTTCGGAAA
+HWI-EAS121:4:100:1783:1611#0/1
a``^\__`_```^a``a`^a_^__]a_]\]`a______`_^^`]X]_]XTV_\]]NX_XVX]]_TTTTG[VTHPN]VFDZ
@HWI-EAS121:4:100:1783:322#0/1
CGTTTATGTTTTTGAATATGTCTTATCTTAACGGTTATATTTTAGATGTTGGTCTTATTCTAACGGTCATATATTTTCTA
+HWI-EAS121:4:100:1783:322#0/1
abaa`^aaaaabbbaababbbbbb`bbbb_bbbbbbbb`bbbaV^_a``a``]``aT]a__V\]]_]^a`]a_abbaV__
@HWI-EAS121:4:100:1783:1394#0/1
GGGTCTTTATTGGTCTGGTGATCCCCCATATTCTCCGGTTGTGTGGTTTAACCGATCATCGCGCATTACTTCCCGGCTGC
+HWI-EAS121:4:100:1783:1394#0/1
```[aa\b^^[]aabbb][`a_abbb`a``bbbbbabaabaaaab_VZa_^___bab_X`[a\HV_[_]_[^_X\T_VQQ
@HWI-EAS121:4:100:1783:207#0/1
CCCTGGGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCTCGTATGCCGTCTTCTGCTTGAAAAAAAAAACA
+HWI-EAS121:4:100:1783:207#0/1
abba`Xa\^\\`aa]ba__bba[a_O_a`aa`aa`a]^V]X_a^YS\R_\H_[]\ZTDUZZUSOPX]]POP\GS\WSHHD
@HWI-EAS121:4:100:1783:455#0/1
GGGTAATTCAGGGACAATGTAATGGCTGCACAAAAAAATACATCTTTCATGTTCCATTGCACCATTGACAAATACATATT
+HWI-EAS121:4:100:1783:455#0/1
abb_babbabaabbbbbbbbbbbbbbbba\`b`\abbbabbbbabbbbbbaabbbbb`bb`ab_O_bab_Q_bbabaa_a
@HWI-EAS121:4:100:1783:1837#0/1
CCCTGGGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATATCGTATGCCGTCTTCTGCTTTAATAAAAAAAAA
+HWI-EAS121:4:100:1783:1837#0/1
aaaaaab`aaaaaa\aaabaaaZ`b`baaaaTYXZ\Q\YZ[^_]MOOQPMHDPRFTTNHH[GMJDRODDDHNNWTUVXPG
@HWI-EAS121:4:100:1783:1127#0/1
TGCTTCTACCGGAGGGAGTACAATGTCTTCCACTGTGATCATCAACTGAATGATCCCCTTCCCAACTGAAATCCTCCTTT
+HWI-EAS121:4:100:1783:1127#0/1
aaaabbbaaaaaaabbaa`babbbbababaa_aa`^aabaabbb``ab]baaaaaaaaaaaaa`aa`aY^_baa`a^[a_
@HWI-EAS121:4:100:1783:1973#0/1
CTGTTATTTACTTTTTAGCATAGTACATCACACATTTTGATGCACAAATATCAGAAAATCATGGTTGCCTAGGCTCCATC
+HWI-EAS121:4:100:1783:1973#0/1
abbbbbbbbbabbbbbbbbbbbbbbbbbbba^abbbbbbbbbbbba\abbbba`a_`abbba_[]aaa`^_XX]aa`a_X
@HWI-EAS121:4:100:1783:1006#0/1
CGTATAATATTTTTTTTTGTAATTCTAATATTATTCAAGTCTTATTAAAAGGTCATTAAATACAATATTAGTGCTATAAA
+HWI-EAS121:4:100:1783:1006#0/1
abaabaababbbbbbbbabbbbbbbbbbbbbbbbbbbbbbbbbbba_`ab`a`bbbbaZabbbabbbbba``babbbb^U
@HWI-EAS121:4:100:1783:1349#0/1
CCCTTATACACCAATTAAATTATGAGATTAATTGCTCAACATTTAACTCCTATATAATAGATAATGATTAATTGTCACAA
+HWI-EAS121:4:100:1783:1349#0/1
a`abb`aZ^aa]bbaabbabbbabbbWbbbbbbbbbbbbaabbbbbbbaababbbbabbabbbbbbabba^aab`baa^Z
@HWI-EAS121:4:100:1783:822#0/1
CGTTGTCTCGCGACCTGGATAAATTCCTGTGGTTTATCGAGTCTAACATCGAATAAATCCATCGCTGATGGTGCAGAACT
+HWI-EAS121:4:100:1783:822#0/1
ababaabbbaaabbbbbbbbbbbbbbbbbabbabbbbbb`bbbbbbbbbaa``aaa\a_\]b`]`aaab_\]``^Z^a_b
@HWI-EAS121:4:100:1783:1539#0/1
GGGTTTTTTCTCTCTGTTTTTATGGCTAACTCCTCCTCTTTTTCCAACCCCAAGACTTATATTTTTCCCTCTTCCTTCCC
+HWI-EAS121:4:100:1783:1539#0/1
aaa^aaabbaa`bbbbaabbaabaabbaFDYRIRW\SZ``a]ZQV^]J_XMQDPQFMYFLFV_GX^FE^FTXUF[URD]`
@HWI-EAS121:4:100:1784:1302#0/1
CCCTGGGAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCTCGTCTGCCGTCTTCTGCTTTTAACAAACTAAC
+HWI-EAS121:4:100:1784:1302#0/1
abbbaab`b`_b_aaa[\abab`a_Z_b]baZ__X`a]IYT\_\YQNFUUGDKQMWTHMY]HVOKDQDODTKWSDDDODD
@HWI-EAS121:4:100:1784:1374#0/1
TGCTTTTATCATATTTTGGGGGCAGAGGAATGCTGTTAAACATGGTATCTAGTTGCATTGAGAGGAAGTTTATGCAGAAT
+HWI-EAS121:4:100:1784:1374#0/1
ababbbbaaaababbbbbbbbbbabbbbbabbabbbbba`abbbba`bbba`aabaabab^bab^]Y_aaa`a[ZU`\\_
@HWI-EAS121:4:100:1784:740#0/1
CCCTAAAAGAATAGTGTTCTGGTTTTGATAAATGATAATCTAACCTTTTATTTAATTAATTAAAGTTTAAAGATAATCTA
+HWI-EAS121:4:100:1784:740#0/1
abbbbaaaa`abbb`bbbbbbb`bbbbbbbbbbbbbbbbbbbbbbbbbbbbba`abba`abba`a`b`a_\V\b^G]aa`
@HWI-EAS121:4:100:1784:1450#0/1
CTGTAGTCTTGTCCTCCAATTTAAGGGAGTCTTAAGAGGATCTGCCAGGAGCCAATAATTAAAAACAGAATCACATTTTA
+HWI-EAS121:4:100:1784:1450#0/1
abb_ababbbb`babbbaabababbbb_babbbabbbba^bbbba_]a`abaababbabba^abaabba`aaaaabba^L
@HWI-EAS121:4:100:1784:873#0/1
CGTTACGAGATCGGAAGAGCGGTTCAGCAGGCATGCCGAGACCGATCTCGTATGCCGTCTTCTGCTTTAACAAAAAAACT
+HWI-EAS121:4:100:1784:873#0/1
aa_bWa^_ba]```K_`Y``aa\aa`b`aaZM\[[__RH[b^_aYPDV[TXLWW\_WXZ\RUVSPVOFP[X[DYXWKVLH
@HWI-EAS121:4:100:1784:1471#0/1
TGCTCCATAAATTTACGTACGGTGGCGGAGCGCAGCAGAGGCGGATAAAAGTGCGCGTGCAGCTGCCAGTGTTGATTCTC
+HWI-EAS121:4:100:1784:1471#0/1
aabbbaaa__^aab^b`Z_b_Q__`[`_aaabbbbbYTOZ[^Y_V]`\`]VPVZT[_`]]V]]UR\YN\U]\ZYFZT\ZG
@HWI-EAS121:4:100:1784:870#0/1
CGTTGCAGATGACTTGTTGGATGATGTTTCCACTGAAGTTCTACGAAGGGAAATAATGACTCAGGATAAGAAGGCCAAAA
+HWI-EAS121:4:100:1784:870#0/1
abaaaa`baaaaabbabaaabbbbabbbbbbabbb`a^abbbbab__a`a__abbaa`_`aaa_\_aaaa_X[`_a]\^a

FASTQ file
Read name
Read seq

Read name
Read qual
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Roche GS FLX+ 
(454)

short readslong reads

Ligation Synthesis

Emulsion PCR Clusters

Pyrosequencing

~1 million reads
~800bp

~3 billion reads
up to 75bp/read

~6 billion reads
up to 100bp/read

highest accuracy medium-high accuracy

Illumina HiSeqABI SOLiD5500xl

medium-high accuracy

PACBIO RS

Synthesis
~10 million reads

~3kb
low accuracy

Ion Torrent PGM

H+
~7 million reads

~300bp

Illumina MiSeq

~15 million reads
up to 250bp/read

medium-high accuracy
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•long reads
•good for repeats
•relatively fast

•throughput
•homopolymers
•cost

•highest throughput
•longer reads than SOLiD

•throughput
•accuracy

•short reads
•bad with repeats

•short reads
•bad with repeats
•issues with low diversity

Pros Cons

•cheap and fast
•the longest reads

•the lowest 
throughput
•lowest accuracy

Roche GS FLX + (454)

Illumina HiSeq

ABI SOLiD5500xl

PACBIO RS

Ion Torrent PGM

•cheap and fast •throughput
•homopolymers

Illumina MiSeq

•issues with low diversity
•bad with long repeats
•throughput

•cheap and fast
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Parameters for 
applications

• read length: better assembly

• accuracy: better SNP calling

• throughput: better coverage

• cost
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Metagenomics: using a genomic marker 
(e.g. 16S rRNA) (Amplicon)

Long amplicon (more specific) Short amplicon (less specific)
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De novo bacterial genome sequencing

Easier to assemble More difficult but possible

?
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Bacterial genome re-sequencing --SNP calling

Human genome re-sequencing --SNP calling

SNP calling (mapping)

Less accuracy Good accuracy

requires >~30x
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