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James Watson and Francis Crick with their DNA 
model at the Cavendish Laboratories in 1953model at the Cavendish Laboratories in 1953



Chain‐termination sequencingChemical sequencingRecombinant DNA



Sanger Sanger DideoxyDideoxy Sequencing Sequencing 

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).



February 2001: Completion of the Draft Human GenomeFebruary 2001: Completion of the Draft Human Genome >10 years to finish
USD 3 billion

Nature, 15 February 2001
Vol. 409, Pages 813‐960

Science, 16 February 2001
Vol. 291, Pages 1145‐1434

A il 2003 Hi hA il 2003 Hi h l i H Gl i H GApril 2003: HighApril 2003: High‐‐Resolution Human GenomeResolution Human Genome

Nature, 23 April 2003
Vol. 422, Pages 1‐13







ABI 3730 XL DNA Sequencer ABI 3730 XL DNA Sequencer 

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 coverageA human genome of 3GB need 750 days to finish 1X coverage
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Next Generation Sequencing TechnologyNext Generation Sequencing Technology
MMassively assively PParallel arallel SSignature ignature SSequencing (MPSS)equencing (MPSS)
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MMassively assively PParallel arallel SSignature ignature SSequencing (MPSS)equencing (MPSS)

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 Watchvariety of research applications. The Methods to Watch
feature provide a glimpse and a wish list for future Methods
of the Year.

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

454 GS FLX
http://www.454.com/

SOLID
htt // k ti li dbi t /http://marketing.appliedbiosystems.com/



Throughput of NGS machines (2007Throughput of NGS machines (2007--2009)2009)
Throughput = total number of reads x read length



Throughput of NGS machines (2012Throughput of NGS machines (2012--2013)2013)



Throughput of NGS machines (2012)Throughput of NGS machines (2012)



Throughput of NGS machines (2012)Throughput of NGS machines (2012)



Throughput of NGS machines (2012)Throughput of NGS machines (2012)
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B i  P i i lB i  P i i lBasis PrinciplesBasis Principles







Step 1. DNA Library Preparation



Step 2. Emulsion PCR (emPCR)



Step 3. Pyrosequencing



result read the signal of light

DNA polymerase add the A.T.C.G ATP sulfurylase convert 
pyrophosphate to ATP luciferase react the ATP with 

luciferin to generate light

apyrase degrade unincorporated py g p
dNTPs and excess ATP



454 technology (Pyrosequencing)
S l tiSample preparation. 
Fragments of DNA are ligated to adapters that facilitate their capture on beads (one fragment 
per bead). A water-in-oil emulsion containing PCR reagents and one bead per droplet is 
created to amplify each fragment individually in its droplet. After amplification, the emulsion iscreated to amplify each fragment individually in its droplet. After amplification, the emulsion is 
broken, DNA is denatured and the beads, containing one amplified DNA fragment each, are 
distributed into the wells of a fiber-optic slide.

Pyrosequencing. 
The wells are loaded with sequencing enzymes and primer (complementary to the adapter on 
the fragment ends), then exposed to a flow of one unlabeled nucleotide at a time, allowing 
synthesis of the complementary strand of DNA to proceed When a nucleotide is incorporatedsynthesis of the complementary strand of DNA to proceed. When a nucleotide is incorporated, 
pyrophosphate is released and converted to ATP, which fuels the luciferase-driven conversion 
of luciferin to oxyluciferin and light. As a result, the well lights up. The read length is between 
100 and 150 nucleotides.





SolexaSolexa HiseqHiseqqq



SolexaSolexa Genome AnalyzerGenome Analyzer



Cluster Generation

Clusters Array

Template Bridging



Denaturation

Ready For Sequencing



Sequencing-By-Synthesis



Incorporation

Fluorescent Detection

Sequence Generated At Every Site On The ArraySequence Generated At Every Site On The Array



From Debbie Nickerson, Department of Genome Sciences, University of 
Washington, http://tinyurl.com/6zbzh4



From Debbie Nickerson, Department of Genome Sciences, University of 
Washington, http://tinyurl.com/6zbzh4



Solexa technology (sequencing-by-synthesis)
Sample preparationSample 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 surfacerandomly on the surface.

Sequencing with reversible terminators. 
Synthesis reagents, added to the flow cell, consist of primers, DNA polymerase and four y g , , p , p y
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.



SOLiD M5500XLSOLiD M5500XL



Step 1. Library preparationp y p p



Step 2. Emulsion PCR



Step 3. Sequencing-by-Ligation







AB SOLiD: Dibase Sequencing
Mike Brudno, U of Toronto http://bioinformatics.ca/files/CBW - presentations/HTSeq_2009_Module 2/HTSeq_2009_Module 2.pptMike Brudno, U of Toronto http://bioinformatics.ca/files/CBW - presentations/HTSeq_2009_Module 2/HTSeq_2009_Module 2.ppt

AB SOLiD reads look like this:
AB SOLiD: Dibase Sequencing

T012233102
TGAGCGTTC

T012033102
TGAATAGGA

0 0

TGAGCGTTC TGAATAGGA

TGAGCGTTC
|||

A C G T

A 0 1 2 3 A G
2

0 0

|||
TGAATAGGA

A 0 1 2 3

C 1 0 3 2 1331

G 2 3 0 1

T 3 2 1 0

C T
2

00T 3 2 1 0 00



SOLiD technology (sequencing-by-ligation)
Sample preparation. 
Fragments of DNA are ligated to adapters and amplified on beads by emulsion PCR. The 
DNA is denatured and the beads deposited onto a glass slide. 

Sequencing by ligation. 
A sequencing primer is hybridized to the adapter and its 5' end is available for ligation to an 
oligonucleotide hybridizing to the adjacent sequence. A mixture of octamer oligonucleotidesg y g j q g
compete for ligation to the primer (the bases in fourth and fifth position on these oligos are 
encoded by one of four color labels). After its color has been recorded, the ligated
oligonucleotide is cleaved between position 5 and 6, which removes the label, and the cycle 
of ligation cleavage is repeated In the first round the process determines possible identitiesof ligation-cleavage is repeated. In the first round, the process determines possible identities 
of bases in positions   4, 5, 9, 10, 14, 15, etc. The entire process is repeated, offset by one 
base by using a shorter sequencing primer, to determine positions 3, 4, 8, 9, 13, 14, etc., 
until the first base in the sequencing primer (position 0) is reached. Since the identity of this q g p (p ) y
base is known, the color is used to decode its neighboring base at position 1, which in turn 
decodes the base at position 2, etc., until all sequence pairs are identified. The current read 
length is between 30 and 35 nucleotides



Personal SequencerPersonal Sequencer

Ion TorrentIon TorrentMiSeqMiSeq Ion TorrentIon Torrent
Personal Genome Machine

MiSeqMiSeq
Personal Sequencing System









Ion TorrentIon Torrent

314 chip
316 chip





ROUND 1ROUND 1ROUND 1ROUND 1



ROUND 2ROUND 2



Evolution of Sequencing TechnologyEvolution of Sequencing Technology

Sanger dideoxy-sequencing Single molecule sequencing and 
nanopore technology?ABI 3730XL

Massive parallel sequencing 
Roche 454 FLX, Illumina Genome Analyzer,
Life Technologies SOLiD

Oxford Nanopore Technologies, Qiagen, 
Electron Optica, Electronic BioSciences, 
GenapSys, Genia, GnuBIO, IBM, LaserGen, 
Lightspeed Genomics, NABsys, NobleGen
Biosciences QuantuMDx Reveo Stratos

Bead-based em-PCR and 
sequencing by ligation

Massive parallel sequencing and
Dover Systems' Polonator

Biosciences, QuantuMDx, Reveo, Stratos
Genomics, Two Pore Guys, ZS 
Genetics………………….

Massive parallel sequencing and 
single molecule sequencing

Pacific Biosciences (single-molecule real-time DNA sequencing (SMRT) technology)
Helicos (true single-molecule-sequencing (tSMS) technology)
VisiGen Biotechnologies (real-time single-molecule sequencingVisiGen Biotechnologies (real-time, single-molecule sequencing 

fluorescence resonance energy transfer (FRET) technology)



ThirdThird--Generation SequencersGeneration Sequencers

NNEW EW GGENERATION ENERATION SSEQUENCING EQUENCING 



Single Molecule RealSingle Molecule Real--Time Time Sequencing Sequencing 
Real time monitoring of PCR activityReal-time monitoring of PCR activity
Read-out by fluorescence resonance energy transfer between 
polymerase and nucleotides or
Waveguides allow direct observation of polymerase and fluorescentlyWaveguides allow direct observation of polymerase and fluorescently 
labeled nucleotides

VisGenVisGen BiotechnologiesBiotechnologies Pacific Biosciences  Pacific Biosciences  

HelicosHelicos BiosciencesBiosciences

Helicos BioSciences said in a regulatory filing that it has sold certain patent 
applications covering molecular diagnostic applications of its technology to 
Sequenom for $1 3 million The patent applications cover methods forSequenom for $1.3 million. The patent applications cover methods for 
detecting fetal nucleic acids and diagnosing fetal abnormalities. Helicos also 
warned that if it is "unable to successfully raise additional capital, we may have 
to cease operations and/or seek bankruptcy protection."



Single Molecule RealSingle Molecule Real--Time (SMRT) SequencingTime (SMRT) Sequencing





NanoporeNanopore SequencingSequencing Oxford Oxford NanoporeNanopore

Nucleic acids driven through a nanopore. Differences in conductance of pore provide readout.

This diagram shows a protein nanopore set in an electrically resistant membrane bilayer. An ionic current is passed through the nanopore
by setting a voltage across this membrane.

If an analyte passes through the pore or near its aperture this event creates a characteristic disruption in current By measuring thatIf an analyte passes through the pore or near its aperture, this event creates a characteristic disruption in current. By measuring that 
current it is possible to identify the molecule in question. For example, this system can be used to distinguish the four standard DNA bases 
and G, A, T and C, and also modified bases.  It can be used to identify target proteins, small molecules, or to gain rich molecular 
information for example to distinguish the enantiomers of ibuprofen or molecular binding dynamics.









GeneReaderGeneReader

Early‐access customers in 2013, 
Commercial launch in early 2014.Commercial launch in early 2014.

20 flowcells configuration
20‐400M reads per flow cellp
12 minutes per base sequencing‐by‐synthesis 
(50‐bases ~10 hours)



DropletDroplet--based based SequencingSequencing



http://allseq.com/knowledgebankp q g



Applications Applications on Biomedical Scienceson Biomedical Sciences


