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James Watson nd rncis Crick with their DNA
model at the Cavendish Laboratories in 1953
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Proc. Natl. Acad. Sci. USA
Vol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

The Nobel Prize in Chemistry 1980

DNA sequencing with chain-terminating inhibitors
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Medical Research Council Lat y of Molecular Biology, Cambridge CB2 2QH, England
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Sanger Dideoxy Sequencing
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Sanger, F. et al. Nature 24, 687-695 (1977).

Sanger, F., Nicklen, S. & Coulson, A.R. Proc. Natl. Acad. Sci. USA 74, 5463-5467 (1977).
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DNA sequencing: (dideoxyl termination)

-
PTA
Labeled terminator (ddNTP)
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Migration of DNA ,
fragments
Laser’

B Sample/ B Buffer
Buffer

+

Fluorescence
detector

Stats:

* read lengths up to 1,000 bp
« accuracy 99.999%

« costs $0.50 per kilobase

* low throughput
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>10 years to finish
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Science, 16 February 2001

Nature, 15 February 2001
Vol. 291, Pages 1145-1434

Vol. 409, Pages 813-960

April 2003: High-Resolution Human Genome

A vision for the future of
genomics research

A blueprint for the genomic era.

Francis S. Collins, Eric D. Green,
Alan E. Guttmacher and Mark S.
Guyer on behalf of the US National

Human Genome Research Institute* 5 d ears of DNA: From Double Helix to Health

A Celebration of the Genome

Nature, 23 April 2003
Vol. 422, Pages 1-13
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ABI 3730 XL DNA Sequencer
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96/384 DNA sequencing in 2 hrs, approximately 600-1000 readable bps per run.

1-4 MB bps/day

A human genome of 3GB need 750 days to finish 1X coverage
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Sequencing <1,000 bases per day

Evolution

+ >1,000,000
bases per day

Human
Genome
Project

Sequencing
Revolution™

2005 -

+ >200,000,000
bases per day




100,000

Cost of Genome Sequencing

Falling fast

In the first few years after the end of the Human Genome Project, the cost of
genome sequencing roughly followed Moore's law, which predicts exponential
declines in computing costs. After 2007, sequencing costs dropped precipitously.

10,000 —

Next generation
sequencer enter
the market.

Cost (thousands US$)

1,000

100

10

Cost of
genome
sequencing.

Next generation
sequencers enter
the market.

Moore's| lav
computjng

Reduce seq cost
> 20,000-fold

FDA
Approval
Tl'gpp?ic?e of
sequencing e
whole human
genome hovers
around $5,000
and is expected to
drop even lower,
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NGS Trends
« 2005-2010: Bigger and cheaper

— Since 2005 NGS “arms race” has been to
« produce more reads, longer reads
« Higher throughput at lower cost
— 454 GS -> GS FLX Titanium
— lllumina GAIl -> HiSeq
— AB SOLiDv1,2,3 and 4

NATURE METHODS | VOL.5 NO.1 | JANUARY 2008

Nature Methods' Method of the Year 2007 goes to next-
generation sequencing. This series of articles showcase
how these novel sequencing methods came into their own
in 2007 and the incredible impact they promise to have in a
variety of research applications. The Methods to Watch
feature provide a glimpse and a wish list for future Methods
of the Year.

454 GS FLX illuminas SOLEXA

http://www.454.com/ http://www.illumina.com/pages.ilmn?ID=250

Y lied
m%egsl;estems SOLID

http://marketing.appliedbiosystems.com/




Throughput of NGS machines (2007-2009)

Throughput = total number of reads x read length

$$9 @

Vendor: | Roche | Tiumina ABI
Technology: || 454 Solexa SOLiD
Platform: [GS20 |FLX |Ti GA  ||GAN 1
Reads: [500k 500k [[1M  [28M |[80M 40M
Fragment
Readlength: 100 200 (350 )35 |0 Q5 _J>
Runtime: |6hr |7he  J[ohc  [3d  [34 [4da  Jea |5
vield:  [somv [100Mmo[f400Mb 16 [4Go [[6Gb  1Gb
Images: [11GB |[13GB [27GB |[500GB [1.1TB |17TB |18TB
PADisk: |3GB [3GB [[15GB |175GB 300 GB | 350 GB | 300 GB
PACPU: [10hr [140hr |[220hr [[100hr [70hr [100hr |NA
SRA: |[sooMB [1GB |[4GB |[30GB |50GB |75GB |100GB
Paired-end
Read length: 200 235 [2x50 (2x75 Y 2x25
Insert: 3.5Kb 2006|2006 [2000 [[3kb
Run time: 7hr 6d 6d 8d 12d
Yield: 100 Mb 2Gb  |8Gb  |11Gb [pGo
Images: 13GB ITB [22TB [34TB [36TB
PA Disk: 3GB 350 GB | 500 GB | 600 GB | 600 GB
PA CPU: 140 r 160hr |120hr |[170hr | NA
SRA: 1GB 60GB | 100GB | 150 GB || 200 GB

High throughput
Short read/run
lllumina

SOLID

Low throughput-
Long read/run
Roche

(~4Gb/4 days)



Throughput of NGS machines: Roche (2012)

o)
SEQUENCING

GS FLX+ System Performance

Read Length Up to 1,000 bp

Mode Read Length @D @

Throughput Profile 85% of total bases from reads >500 bp
45% of total bases from reads >700 bp

Typical Throughput 700 Mb

Reads per Run 1,000,000

Consensus Accuracy* 99.997%

Run Time 23 hours

GS Junior System

Read Length ~400 bp

Throughput - 85°% of total bases from reads =400 bp in length
Profile - 45% of total bases from reads =500 bp in length®

Throughput ~35 Mb



Throughput of NGS machines: lllumina (2012)

Hlumina

HiSeq 2500/1500 HiSeq 2000/1000

Two run modes. High output or rapid run. One run mode. High output
Flexibility to batch process multiple samples with high output in a single Generate the highest output and number of reads for batch processing
run, or get rapid results with fewer samples for time-critical studies. multiple samples in a single run.
HiSeq 2500 HiSeq 1500 HiSeq 2000 HiSeq 1000
Run Mode High Output Rapid Run* High Output Rapid Run* Output (2 x 100 bp) 600 Gb 300 Gb
Output Run Time N ) o
(2 x 100 bp) 600 Gb 120 Gb 300 Gb 60 Gb (2 x 100 bp) 11 days 8.5 days
Run Time B ; N A E e N Cluster Generation cBot cBot
(2 x 100 bp) 11 days 27 hours 8.5 days 27 hours
Paired-end Reads 6 Billion 3 Billion
Cluster . cBot On board cBot On board . = =
Generation Single Reads 3 Billion 1.5 Billion
e S 6 Billion 1.2 Billion 3 Billion 600 Million Maximum
Reads - Read Length** 2 % 100 bp 2% 100 bp
Single Reads 3 Billion 600 Million 1.5 Billion 300 Million > 85% (2 x 50 bp)

Quality Scores* **

Mo > 80% (2 x 100 bp)
R;':nljnltlenr:gth** 2 %100 bp 2 %100 bp 2 %150 bp

Quality = 85% (2 x 50 bp)
Scores* ** =80% (2 x 100 bp)
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Throughput of NGS machines: SOLID (2013)

applied
A b‘i)gsystems*

System accuracy’

Typical
throughput/day?

Samples/run?

Independent lanes

Typical run time

Typical
throughput/run*

Read length

Multiplexing

5500 SOLID™ Sequencer
with microbeads

up to 79.99%

10-15 Gb/day

* 1 genome
+ 12 exomes

* & transcriptomes

1-&

s 1 day for 35 bp
[1 lane]

* 7 days for 60 bp x &0 bp
[& lanes)

» 7 days for 75 bp x 35 bp
[& lanes)

90 Gb
« MP: 60 bp x 60 bp

# PE: 75 bpx 35 bp
s Fragment: 75 bp

26 for RMNA and DA

5500x1 SOLID™ Sequencer

with microbeads
up to 99.99%

20-30 Gh/day

* 2 genomes
s 24 exomes

* 12 transcriptomes

1-12

s 1 day for 35 bp
(1 lare)

* 7 days for 60 bp x 60 bp
(12 lanes)

» 7 days for 73 bp x 35 bp
(12 lanes)

180 Gb

s MP: &0 bp = 60 bp

# PE: 75 bp x 35 bp
* Fragment: 75 bp

24 for RMA and DA

with nanobeads

up to 99.99%

30-45 Gb/day

* 3 genomes
s 40 exormes

» 20transcriptomes

1-12

s 1 day for 35 bp
[1 lane]

* 7 days for 60 bp x &0 bp
[12 lanes)

» 7 days for 75 bp x 35 bp
[12 lanes)

300 Gb

« MP: 60 bp x 60 bp
« PE: 75 bpx 35 bp
s Fragment: 75 bp

26 for RMA and DA



Sequencing on the chip surface

NEXT GENERATION SEQUENCING

Basis Princip

Template fragmentation (library) -> Amplification -> Sequencing

Feature generation Sequencing by synthesis

454 Emulsion PCR Polymerase (pyrosequencing)
Solexa Bridge PCR Polymerase (reversible terminators)

SOLID Emulsion PCR Ligase (octamers with two-base encoding)



illumina’

Solexa Hiseq SoleXxa

High Output

lllumina HiSeq 2500 Mode Rapid Run Mode
Read length (bp) 2x100 2x100 2x150
Yield (Gb) ~600 ~120 ~180
Run time ~11 days ~27 hours ~39 hours
Bases >Q30 >80% >80% >75%
Reads passing filter >90% >90% >90%
Number of flow cells 2 2 2
Lanes/flow cell 8 2 2
Cluster generation cBot onboard onboard

MiSeq Next-Seq

HiSeq X Ten
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lllumina Technology

1. DNA library preparation (Fig 1)
2. Templplification (Bride amplification) (Fig 2-6)
3. Sequencing

1. Prepare genomic DNA
sample

Randomly fragment genomic
DNA and ligate adapters to
both end of fragments

i

2. Attach DNA to surface

Bind single stranded fragments
randomly to the inside surface
of the flowcell channels

Adapter

DNA fragment

/N Dense lawn
of primers

illumina’

3. Bridge amplification

Add unlabelled nucleotides and
enzyme to initiate solid-phase
bridge amplification

amplification.
s e



http://www.illumina.com/

lllumina Technology (continue) e

1. DNA library preparation (Fig 1)
2. Templplification (Bride amplification) (Fig 2-6)

3. Sequencin
: J 6. Completion of amplification

4. Fragments become 5. Denature the double On completion, several millions

double stranded stranded molecules dense clusters of double
stranded DNA are generated in
each channel of the flow cell

Attached

; Attac_hed
Attached Free / 'erminus ':;
terminus ter _
| |
I L
| A i | |
11y 11 |
i
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lllumina Technology (continue)

3. Sequencing (sequencing-by-synthesis)

i Laser
i + PREV

MNEXT =»

Extend primers by

one nucleotide

[ i
Remove label and

3"-OH blocking group

B E
—

T

0

Extend one
nucleotide

Remove label and
3'-OH blocking group

Extend one
nucleotide

Continue .,

illumina’
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lllumina Technology (continue)  iumna

Sequencing on the chip surface

Base calling from raw data

\
FTOULTTIT 16T ...

& 20 microns ™
100 microns A I s, The identity of each base of a cluster is read off
RN Ty Y e s from sequential images
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lllumina Technology (continue) i

Chemistry of lllumina DNA Sequencer

A
v O
i 0 *
” deavage "V ' HN
Y N
O N

9 N DNQ
PPP o o~ |0
Incorporation
Detection 37
3 block Deblock

OH free 3" end

4

Next cycle

Fluor probe removal
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Solexa technology (sequencing-by-synthesis)

Sample preparation.

Fragments of DNA are ligated to end adapters, denatured and bound at one end to a solid
surface already coated with a dense layer of the adapters. Each single stranded fragment is
immobilized at one end, while its free end ‘bends over’ and hybridizes to a complementary
adapter on the surface, which initiates the synthesis of the complementary strand in the
presence of amplification reagents. Multiple cycles of this solid-phase amplification followed
by denaturation create clusters of ~1,000 copies of single-stranded DNA molecules distributed
randomly on the surface.

Sequencing with reversible terminators.

Synthesis reagents, added to the flow cell, consist of primers, DNA polymerase and four
differently labeled, reversible terminator nucleotides. After incorporation of a nucleotide, which
is identified by its color, the 3’ terminator on the base and the fluorophore are removed, and
the cycle is repeated for a read length of 30—35 nucleotides.

Primer
polymerase
I Il

e o o omre ﬁﬁ‘i‘i‘i‘i

Iuorophore Tt

M —}—)M Remove ““m

! termination !
Reversible L
P
terminator -

ACTG |5 a
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. ~2 Exome samples' (50 bp x 5 bp)

All calculations assume optimal running
efficiencies and the following coverage:

1.~100X coverage of human exome

. 1 mRNA profiles® 2.3100 M tags (reads) per sample

(50 bp x 35 bp) 3. 2-5 M tags (reads] per sample

4. 2-5 M tags (reads) per sample
5. 4-5X coverage of human genome

. 20-50 ChIP-Seq samples® 6. 60 M tags (reads) per sample

(35 bp)

|1 20-50 microRNA samples"
(35 bp)

. 1 Structural variation/
inversion experiment®
(2 x 60 bp)

. ~2 Methylation samples®
(enriched) (75 bp)

technologies™



NGS Trends

« 2005-2010: Bigger and cheaper

— Since 2005 NGS “arms race” has been to
* produce more reads, longer reads
* Higher throughput at lower cost
— 454 GS -> GS FLX Titanium
— lllumina GAIl -> HiSeq
— AB SOLiDv1,2,3 and 4

« 2011: Broader application (eg. clinical)

— New technologies with some/all of:
* Moderate throughput
« Faster run time
« Higher accuracy
» Single molecule detection
* lon Torrent, lllumina MiSeq. PacBio RS
* Heavy guns still being developed
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Semiconductor-based Sequencing Technology: 2-4 hr run time
Sequencing Capacity is Built on “Chip”

lon Proton

lon Torrent PGM

lon Proton |

165 million wells
Up to 200 bases
~10Gb

318 Chip

316 Chip
100Mb

Sequence Output

lon Proton Il
660 million wells
Read Length: 100bp 200bp 400bp - 400 baSeS?

~60Gb




Step 1. DNA Library Preparation

DNA Library Preparation Sequencing
and Titration

—

4.5 HOURS 10.5 HOURS

Ligatiomn Genome fragmentad
by nebulization

Selection Mo cloning; no coleny
(isoclate AB — picking
fragments

only) sstDMA library created

with adaptors

ASB fragments
selected using avidin-
bisting purification

sstDNA Library



454/Genome Sequencer FLX - (2) Library Preparation.swf

Step 2. Emulsion PCR (emPCR)

DNA Library Preparation Sequencing

e

& HOURS

and Titration

Anneal sstDNA to an Emulsify beads and Clonal amplification Break microreactors

excess of DNA FCR reagents in occurs inside enrich fer DMA-

Capture Beads water-in-alil microreactors positive beads
microreactors

gDNA sstDNA Library



454/Genome Sequencer FLX - (3) emPCR.swf

Step 3. Sequencing

DNA Library Preparation Sequencing

and Titration
—

4.5 HOURS

Well diameter: average of 44um
200,000 reads obtained in parallel

A single cloned amplified sstDNA
bead is deposited par well

Amplified sstDMA library beads ———— ——— = Quality filtered bases

Chemis*f‘y in DNA Micro-machined wells ———
Polymerization

DNA DNA
| |
(o]

(o]
5 o_ ,Base, 5 o. ,Base
3. 3 on-sensitive layer ———

DNA POIynlerase ?‘ Proprietary lon sensor ——————=
N\ 0=P—0
5' Base
S o ,Basen. Ppi (Roch 454]
\@/ H*( Hd

HO



http://www.roche-applied-science.com/publications/multimedia/genome_sequencer/amplicon_07/wbt.htm
454/Genome Sequencer FLX - (4) Sequencing.swf

lon Torrent PGM iontorrent

by,!li& technologies™

Two bases | Two hydrogen ions
are incorporated are released




lon Torrent Proton ™72 A

by Life tachnologios ABYTSems | @invitrogen

Semiconductor-based Sequencing Technology: 2-4 hr run time
Sequencing Capacity is Built on “Chip”

lon Torrent PGM lon Proton
_— lon Proton |
l 165 million wells
- - Up to 200 bases
° ~10Gb

, lon Proton Il
e 660 million wells
v & & ~ A 400 bases?
Chip Type 314 316 318 h ‘ ~60Gb
Wells (in millions) 1:2 6.2 1T1:1
Bases (in Mb) >10 >100 >1000

Proton P1
318 Chip
1Gb —
316 Chip
100Mb
314 Chip
165 million
10Mb

Read Length: 100bp 200bp 400bp

Sequence Output

Q4:2010 Q22011 Q42011 2012



lon Torrent Data

532?1@ | 532?2@ | 532?3@ | 532?4@ | 532?5@ | 532?5@ | 532??@ | 532?8@ | 532?9@ | 533?@@ | s

JATAARATAARTTAAARTA-TTAAT TAGAGGA-GCCTCATAT-GTARATGTATGAGGACTCTTTTTTTT-GGCARAAT TT-ARG-T-GATA-CTTGTAAARRTAGAF
IATARATART TAAATA-TTAAT TAGAGGA-GCCTCATAT-GTARATGTATGAGGACTCTTTTTTTT-GGCARAAT TT-ARG-T-GATA-CTTGTAAARRTAGAF

A b

AATAAARTAAT k

AATAARARTAATTAARATA-T

AATAARARTAATTAAARTA-T .
=IF|TF|F|F|THHTTFIHHTFI—T'FHFITTFIGFIGFIFIh Greatest weakness is h0m0p0|ymer repeats
SAATAAATAATTA p

SATAAATAAT TARATA-TTAAT TAGAGAA-GCCTCATAT-GTARATGTATGAGS

SATAARARTAAT TARATA-TTAAT TAGAGAA-GCCTCATAT-GTAAATGTATGA p

SATAAATAAT TARATA-TTAAT TAGAGAA-GCCTCATAT-GTAAATGTATGAGGGCTCTTTTTTTTTGGCAARAATT T-AAG-T-GATA-CTTGT k
SATAAARTAAT TARATA-TTAAT TAGAGAATGCCTCATAT-GTAA b

-TAAATAAT TAARATA-TTA-TTAGAGAA-GACTCATATCGTAAATGTATGAGG-CTCTTTTTT k

SHTAARRTAATTARATA-TTAART TAGAGAA-GCCTCATAT-GTARATGTAT b

AATAARARTAAT TARATA-T-AAT TAGAAGA-GCCTCATAT-GTAAATGTATGAGGGCTCTTTTTTTTTGGCAAAAT TT-AAG-T-GATA-CTTGTARAARTAGAF
AATAARARTAAT TAARATART TAAT THGAGHA-GCCTCATAT-GTAARATGTAT GAGGGCTCTTTTTTT——GGCAAAART TT-AAG-T TGATA-CTTGTARAARTAGAF
-4TAAARTAAT TAARATA-TTAAT THGAGAA-GCCTCATAT-GTAARATGTATGAGGGCTCTTTTTTTTTGGCAAAAT T T-AARGGTGGATA-CTTGTAAA b

- - ATATAARTTAARATA-TTAAT TAGAGAA-GCCTCATAT-GTAARATGTAT GAGGGCTCTTTTTTTT-GGCAAAAT TTTAAG-T-GATA-CTTGTAARARTAGAF
""" 4TTAAATA-TTAATTAGAGAR—GC-TCATAT-GTARATGTATGAGGGCTCTTTTTTTT p

"""" 4 TAAATA-TTRATTAGAGAA-GCCTCATAT-GTAARRTGTATGAGGGCTCTTTTTTT-—-GGCAAAARTTT-AARG-T—-GATA-CTTGTAAAAT AGAF
"""" AAATA-TTAAT TAGAGAA-GCCTCATAT-GTAARATGTATGAGGGCTCTTTTTTTT-GGCAAAATT T-AAG-T-GATA-CTTGTAAAARTAGAF
""""""" A TRAATTAGAGAA-GCCTCATAT-GTARATGTATGAGGGCTCTTTTTTT——GGCAAAART TT-AAG-T-GATA-CTTGTAARARTAGAF
""""""" AATTAGAGAA-GCCTCATAT-GTAARRTGTATGAGGGCTCTTTTTTTT-GGCAARRATTT-AARG-T—-GATA-CTTGTAAAAT AGAF
""""""" AATTAGAGAA-GCCTCATAT-GTAARRTGTATGAGGGCTCTTTTTTTTTGGCAARAATTT-AARG-T—-GATA-CTTGTAAAAT AGAF
""""""" ARAT TAGAGAAR-GCCTCATAT-GTARATGTATGAGGGCTCTTTTTTT TTGGCAARATT T-ARG-T-GATAACTTGTARAAT AGAF
"""""""""" AAAR-GCCTCATAT-GTAARARTGTATGAGGGCTCTTTTTTT——GGCARAATT T-AAG-T-GATA-CTTGTAAARATAGAF
""""""""""""" AATAT-GTAA-TGTATGAGGGCTCTTTTTTTT-GGCAAA-TT——AAG-T—-GATA-CTTGTAAAAT AGAF
""""""""""""""""" ATGETATGAGGGCTCTTTTTTTT-GGCAAARATTT-AARG-T—-GATA-CTTGTHAAAT AGAE
"""""""""""""""""""""""""""" 4AAATTT-AAG-T-GATA-CTTGTAAA-TAGAF
""""""""""""""""""""""""""""""" ATT-AAG-T-GATA-CTTGTAAAARTAGAF
"""""""""""""""""""""""""""""""""""" 4GATGCAGATTAGAF
"""""""""""""""""""""""""""""""""""""" AAARARTAGAF
"""""""""""""""""""""""""""""""""""""" AAARARTAGAF



NGS Trends

« 2005-2010: Bigger and cheaper

— Since 2005 NGS “arms race” has been to
* produce more reads, longer reads
* Higher throughput at lower cost
— 454 GS -> GS FLX Titanium
— lllumina GAIl -> HiSeq
— AB SOLiDv1,2,3 and 4

« 2011: Broader application (eg. clinical)

— New technologies with some/all of:
* Moderate throughput
« Faster run time
« Higher accuracy
» Single molecule detection
* lon Torrent, lllumina MiSeq. PacBio RS
* Heavy guns still being developed



hird-Fourth-Fifth-Generation Sequencers

NEW GENERATION SEQUENCING

Single Molecule Real-Time Sequencing



Pacific Biosciences
Single Molecule Real Time (SMRT)

Fv’b BIOSCIENCES"

www.pacificbiosciences.com

- Read Length
>5kb A
- 86% accuracy

DNA polymerase

L Emission
llumnination

Eid et al. Science November 2008



Pacific Biosciences
Single Molecule Real Time (SMRT) PIOSCIENEES

www.pacificbiosciences.com
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Oxford Nanopore Technologies Easaass

oﬁ“ﬁwwn‘v
m ”;,“n;)’ Oxford Strikes Firstin DNA Sequencing Nanopore Wars
i
6'\“‘7 " By KevinDavies

February 17,2012 |Breaking a near total vow of
. silence afterthree years in stealth mode, Oxford
Nanopore has offered stunning details ofits

3 ke your re
nanopore next-generation sequencing (NGS)

technologyto apackedhouse atthe premier
genome sequencing conference inMarco
Island, Florida

In a talk atthe Advances in Genome Biology
and Technology conference this morning, chief
echnology officer Clive Brown presented

‘detalls ofwhatthe British comnpanycalls its O R E E F FI C I E N —]

“new generation” of single-strand sequencing
technology, featuring accurate long reads of
single-stranded DNA molecules, includingthe
completion of two viral genomes.

Inthe second half of this year, the company will

commercially release its previously announced GridlION instrument, or node, as well as the world's
smallest DNA sequencinginstrument—a portable cartridge calledthe MinlON that doubles (and works
as)aUSB drive

A

Oxford Nanopore's disruptive MinlON USB device

wo A

Jift
gl

current




NEXT GENERATION SEQUENCING
A o\l Applications & Analysis

Biomarker Discovery N G Biological Pathways
Translational B|0|nformat1cs Evolution

Bioinformatics Cancer Genome

Visualization Disease

Personal Genome

2| Next-Gen Sequencmg

etwork Medicine
Network Blologszgrﬂrgmggg Pharmacogen0m|cs
GenomePhenome Envirome

' Medical Informatics

Drug Repositioninggna-Seq
®p Toxicogenomics
A Rare Disease Bu}data Mining




Applications on Biomedical Sciences

. ABISOLID 5500XL »\"lumhaN'MQZOOO/ Roche 454 FLX m Populations
f 1 f/ \ \ ': ' (, Mutation ‘
i e
& profiling
N QY =
' = P - - Tissue types o ‘ Environmontal
ST _ o es _—t T
b e— —— c b /\\
g ABl lon-Torrent / lllumina Miseq ) ABI 3730XL / L
// 3 \ DNA bar codes
i \ i
DNA EXome Sequencing ( ) II'J.!J!!\[IIll!!'!I.;II
Genome Resequencing \ (REHA R0
De novo Genome Sequencing /N e
Meta-Genomic Sequencing et ﬁ’;’«ﬁ‘“"‘}:xf"‘}:-,
OB 05 oF
Chip-Sequencing s e ,r o gy
. expression
RNA Small RNA Sequencing i A

Transcriptome Sequencing
De novo Transcriptome Sequencing
Meta-Transcriptome Sequencing

1 f BIOINFORMATICS

IBM X3850



Application of NGS sequencing
In cancer research

Patient Technologies Data Analysis Integration and interpretation

point mutation

| |
i |
| |
Smallindels | |
! D
Genomics Copy number : : =
WGS, WES variation : ! T
| | . | c
| . Functional effect | 3
i Structural i of mutation ! °
: variation ! ! o
| | a
| | | 5'
i Differential i i <
: expression ! 5 o
[ I [ D
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Genome sequencing
(DNA-seq)

WGS : Whole genome sequencing
- human genome : 3*10° bp,
- 30X coverage,
- $ 200, 000~350,000)
WES: Whole Exome sequencing (coding region)
-1 human whole exome: 1% of the human whole genome
-100X coverage
- 50*10° bp,
- $40,000-80,000
Target re-sequencing
-Cancer panel (45 -1000 cancer related genes), Colorectal cancer
panel, Lung cancer panel, BRCA1/2 panel, inherited disease

- 500-1000 X coverage
- much cheaper than WGS and WES



At DNA Level

Non-human
sequence
——
[ - |
[ —— ]

Hemizygous

deletion

Homozygous
deletion

Pathogen

indel

Reference sequence

Chrl

Point mutation

Myerson et al 2010

|
Copy number alterations




Annotation/Interpretation

Driver vs passenger?

Transcription factor

binding sites Splicing signals miRNA binding sites
TRAMSFAC, JASPAR ESEfinder, AceView miRanda, miRBase, miRDB
r+5' y‘L
ey el D el e ¥
T UTR T T UTR T
Long-range Amino acid substitutions Polyadenylation
enhancers PalyApred, Polyadq, Erpin
EEL e

HSESFECVCACP
HCFERVCACP
DSFERICASP
HSESFERVCGCP
RAFERIEVEP
HSVERVCACP

Sequence analysis Structure analysis

SIFT, Pmut, FANTHER, MutDE PolyPhen, SNPs3D, LS_MUT
Source: Lee W, Yue P, Zhang Z. Hum Genet. 2009



How much does it cost for a Human Genome?

Human
Genome

Project

| Human Reference Genome
&\ April, 2003

>10 years to finish
USD 3 billion
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James Watson’s Personal Genome Craig Venter’s Personal Genome

June, 2007 September, 2007
| 1year 1 year
USD 2 million N USD 1 million
YH Genome Personal Genome

November, 2008 When will it available?

How long will it take?
How much?

1 year
~USD 0.5 million



file:///H:/92-2/91-1/90/Lecture90-01/HGP Consortium.htm

USD 1,000 Human Genome?

Cost per Raw Megabase of DNA Sequence
Date Cost per Mb Cost per Genome

Sep-01 $5,292.39 $95,263,072

Sep-02 53,413.80 561,448,422

Oct-03 52,230.98 540,157,554

Oct-04 51,028.85 518,519,312

Oct-05 5766.73 513,801,124

Oct-06 $581.92 510,474,556

Oct-07 $397.09 57,147,571 o Por Gonome

Oct-08 $3.81 5342,502

Oct-09 $0.78 §70,333

Oct-10 50.32 529,092

Oct-11 $0.09 57,743

Oct-12 $0.07 56,618

Jan-13 $0.06 $5 671 e

Source - NHGRI : http://www.genome.gov/sequencingcosts/



1000 Genomes

A Deep Catalog of Human Genetic Variation

The 1000 Genomes Project is an international research consortium formed to create the most detailed
and medically useful picture to date of human genetic variation. The project involves sequencing the genomes of
approximately 1200 people from around the world and receives major support from the Wellcome Trust Sanger
Institute in Hinxton, England, the Beijing Genomics Institute Shenzhen in China and the National Human Genome
Research Institute (NHGRI), part of the National Institutes of Health (NIH).

Drawing on the expertise of multidisciplinary research teams, the 1000 Genomes Project will develop a
new map of the human genome that will provide a view of biomedically relevant DNA variations at a resolution
unmatched by current resources. As with other major human genome reference projects, data from the 1000
Genomes Project will be made swiftly available to the worldwide scientific community through freely accessible
public databases.

On 4 September 2008, the co-chairs of the analysis group and overall project co-chairs drafted a letter
to the NIH Council about 1000 Genomes Project. This letter, available here, reviews the goals, describes the current
status, and provide an update on the critical tasks the Analysis Group must accomplish in order to deliver a valuable
community resource and achieve the Project's goals.


http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.sanger.ac.uk/
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genomics.org.cn/en/index.php
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.genome.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.nih.gov/
http://www.1000genomes.org/bcms/1000_genomes/Documents/CouncilLetter.pdf

The Scientific Goals of the 1000 Genomes Project

To produce a catalog of variants that are present at 1
A' H percent or greater frequency in the human population

' across most of the genome, and down to 0.5 percent or
l H lower within genes.




Cancer Genome Projects

Identify all genome variants
associated with an individual
cancer (somatic and germline)
including point mutations,
insertions and deletions, copy
number changes, structural
rearrangements

fHitit

GFR FFR PDGF EGF NTRK

IS = ==

Determine which somatic variants are
statistically significant in the complete
population of patients with that cancer
type and determine which genes and
pathways are essential to this tumor type.



Transcriptome sequencing (RNA-seq/R-seq)

Poly-A RNA (mRNA) sequencing (human: 1-2% of total RNA)
Ribominus RNA sequencing (human: 15% of total RNA)

Intron ] ]
Expression level

Novel transcripts
Alternative splicing
RNA editing

I A

mRNA A

Expression: RPKM (reads per
kilobase per million reads)

Short read is split by
intron when aligning
to reference Genome "EERTwT—

Small RNA-seq 1. expression 2. novel small RNA



Overview of RNA-Seq

mMRNA

RNA fragments l

E— S— 5T library
l with adaptors

ATCACAGTGGGACTCCATAAATTTTTCT
CGAAGGACCAGCAGAAACGAGAGCTENN Short sequence reads
GGACAGAGTCCCCAGCGGGCTGAAGGGE
ATGAAACATTAAAGTCAAACAATATGAA

|

ORF
Coding sequence = -_—
Demeas © .
DA, 1 Exonic reads
A — — oag—
.._---.‘;: —_— e e e
unction reads gy — ey
J = = N poly(A) end reads
= — e e
— = Mapped sequence reads

—
—
Base-resolution expression profile

LA A A
] W “’W,.W"V/ \k, }\(m \ '\“A!Nf w‘\

A

(

RNA expression level

|

Nucleatide position



Analysis Strategies: Reference Sequence
Alignment vs De novo Assembly

Align reads to Assemble transcripts
genome de novo

— 0 | —
e = N e e R D:I:l: or transcriptome | | | |
[ = o e Y e = | — — | ] | )
 — —  — — ) — ey ' | e | ] —
— /O B5B————3 COcCadcac—s——a 3 — 3
—  — R e e o Y im— | — — e = N N —
I
| Genome
Assemble transcripts Align transcripts
from spliced alignments to genome
v
[ T e ]| | More abundant [ et ] | ]
a———_Ga 1 B— ]
== . B | Less abundant

Image from Haas & Zody, 2010

*Assembly is the only option when working with a creature with no genome sequence,
alignment of contigs may be to ESTs, cDNAs etc



Bioinformatics Analysis Pipeline for
Transcritpome Sequencing with Reference

Raw reads

|

Clean reads

s N - "\
Mapping to genome
and gene

l

Sequencing Gene expression Gene structure Alternative Novel transcripts
assesssment annotation refinement splicing detection

}[ SNP analysis }

v
Differential expression
analysis

Pathway enrichment ]

[ GO enrichment analysis } { .
analysis




Small RNA Sequencing

Upper Electrode
Lower Buffer Chomber

Size fractionated
RNA isolation

lllumina SOLEXA sequencing by synthesis

Total RNA

Size fractionation (17-27 nt) <~

5. ¥y’
5’-adaptor ligation @
5 s RN Y
3'-adaptor ligation <
D s R v 3’
RT-PCR J L
5 3
3’ 5
sequencing < -
O >
K
@HWI-EASB2 3 FC204V1ARAXX:6:1:886:345
AGAGTTCTACAGTCCGGACGATCTCGTATGCCGETC

+HWI-EAS82 3 FC204V1AAXX:6:1:886:345
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

40,000,000 reads of 35 bp long



Small RNA Sequencing
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What is Metagenomics?

Craig Venter

Metagenomics is the study of metagenomes
by recovering genetic materials directly from
environmental or biological samples.

Celera Genomics
The Institute for Genomic Research
The J. Craig Venter Institute

L ——

56


http://www.hmpdacc.org/

Classical Metagenomics Approach

PCR of
16S rRNA

Human Microbiome Projects
HMP  All human

---------------------

To extract

e ; i 1 16sTRNA Category funded associated
| ’ .E ; 165 rRNA t | frominput _
: : — j_> Extraction i sequences - __ __
Metagenomic Sequencing 1\ | i Blood 40 17
Sample Platform | -
; : 0 : Eye 1 7
To decode the Metagenomic ! > 0 i . .
data by sequencing 5 i To map the :ia;ttmntashnﬂ 480 686
. ) ! 16S rRNA i 16s rRNA to
Result Parsing [« Mapping | the core set Heart 2 2
1
% Lymph Node 1 4
To classify 16s rRNA and get | '\ _ = B B
the distribution on different | Nose ] 3
phylogenetic level Oral 345 388
Skin 292 325
® 16S rRNA sequence dependent Urogenital tract 286 340
@ 1st PCR (16S rRNA family specific primer sets) ) 504 082
e 2nd PCR (NGS library) AllStrains 2096 5172

@ 454 Sequencing platform
e Database update
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THE HUMAN MICRoBloME TRUECT
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THEHUMAN §

Bacteria, fungl, and viruses outnumber human cells in the body
by a factor of 10 to one. The microbes synthesize key

nutrients, fend off pathogens and impact everything

from weight gain to perhaps even brain

development. The Human Microbiome ‘

Project is doing a census of the microbes .

and sequencing the genomes of many, #

The total body count is not in but it’s #

believed over 1,000 different

species live in and on the body.

inthe include: ==

I Helicobacter pylori
0 Streptococcus thermophilus [

inthe include; == /J

I Lactobacillus casel ¥
I Lactobacillus reuteri
0§ Lactobacillus gasseri
1 Escherichia coli 1
1 Bacteroides fragilis ‘

I Bacteroides thetaiotaomicron
I Lactobacillus rhamnosus
1 Clostridium difficlle

o

e

1" MICROBION

)
-

r S

= in the
5 \ , include:
0 Streptococcus viridans
it B Nelsserla sicca
t 1 Candida albicans
§ Streptococcus salivarius

{’ in the <kin include:

1 Pityrosporum ovale

1 Staphylococcus epidermidis
I Corynebacterium jelkeium

1 Trichosporon

o 1 Staphylococcus haemolyticus

Y /8 in the
" include:

I Ureaplasma parvum

e I Corynebacterium aurimucosum



The most challenging task for a scientist is to get good data



The “new” biology
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The most challenging task for a scientist is to
make sense of lots of data



