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The Eagle Cambridge: the place where Francis Crick interrupted patrons' lunchtime on 28The Eagle, Cambridge: the place where Francis Crick interrupted patrons lunchtime on 28
February 1953 to announce that he and James Watson had "discovered the secret of life"
after they had come up with their proposal for the structure of 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).



Basics of the “Old” TechnologyBasics of the “Old” Technology

• Clone the DNA.
• Generate a ladder of labeled (colored) molecules that Generate a ladder of labeled (colored) molecules that 

are different by 1 nucleotide.
• Separate mixture on some matrix.Separate mixture on some matrix.
• Detect fluorochrome by laser.
• Interpret peaks as string of DNA.Interpret peaks as string of DNA.
• Strings are 500 to 1,000 letters long
• 1 machine generates 57 000 nucleotides/run1 machine generates 57,000 nucleotides/run
• Assemble all strings into a “whole”.  







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





273 authors 254 authors







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 of NGS machines (2010)Throughput of NGS machines (2010)

HiSeq2000 (launched in 2010)HiSeq2000 (launched in 2010)
Read Length
1 x 35 bp

b

Run Time
~1.5 days

d

Output
26‐35 Gb

b

Up to 25GB per day for a 2 x100 bp run

2 x 50 bp
2 x 100 bp

~4 days
~8 days

75‐100 Gb
150‐200 Gp

SOLiD 4 (launched in 2009)SOLiD 4 (launched in 2009)



NNEXT EXT GGENERATION ENERATION SSEQUENCING EQUENCING NNEXT EXT GGENERATION ENERATION SSEQUENCING EQUENCING 

T h l i  T h l i  Technologies, Technologies, 
Applications &Applications &pppp
AnalysisAnalysis







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 Genome AnalyzerGenome Analyzeryy



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.





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



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 (label-free, 
single-molecule sequencing (BASE) technology),
Affymetrix, Reveo, Base4innovation, Genome 
Corp, and Complete Genomics.

Bead-based em-PCR and 
sequencing by ligation

Massive parallel sequencing and
Dover Systems' Polonator

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)



NanoporeNanopore SequencingSequencing Ion TorrentIon Torrent

Nucleic acids driven through a nanopore. 
Oxford Oxford NanoporeNanopore

Differences in conductance of pore provide readout.



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

ifi i iifi i i

HelicosHelicos BiosciencesBiosciences

Pacific Biosciences  Pacific Biosciences  



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





What makes the differences?What makes the differences?
easier library preparation, shorter run time, longer read length, higher throughput, lower cost 

Summary of second-generation sequencers

P ifi Bi iPacific Biosciences

1 day 1000-2000 0.8 Gb
30 min

Cost: US$100
38.4 GB

zero-mode waveguides array

Single-molecule real-time DNA sequencing (SMRT)



Figure 17. Sample Prep Workflow.
The input sample is first fragmented to the desired size. The ends are repaired and the hairpin structures are ligated to the ends of each
fragment. A size selection and purification step selects those fragments with the adaptors attached to both ends. The SMRTbell templates
then can go through the sequencing reaction. A strand displacing polymerase enzyme opens the SMRTbell into a circular template and can
generate independent reads, both forward and reverse of the same DNA molecule. The quality score increases linearly with the number of
times the molecule is sequenced.



St d d i t lStandard sequencing protocol.
Enzyme processivity enables long readlengths while the speed of synthesis drives fast time to results.

Strobe sequencing protocolStrobe sequencing protocol.
Strobe sequencing offers greater flexibility and eliminates the need to create multiple libraries of 
different sizes.





VIDEOSVIDEOS
http://www.454.com/products‐
solutions/multimedia‐presentations.asp

Genome Sequencer FLX Multimedia Presentationq
Genome Sequencer FLX Standard Series Workflow Presentation
Genome Sequencer FLX Amplicon Sequencing Presentation

http://www.illumina.com/technology/sequencing_technology.ilmn

http://marketing.appliedbiosystems.com/images/Prop // g pp y / g /
duct/Solid_Knowledge/flash/102207/solid.html

http://www.helicosbio.com/Technology/TrueSingleMoleculeS
equencing/tSMStradeHowItWorks/tabid/162/Default.aspx

http://visigenbio.com/technology_movie_streaming.html

http://www.pacificbiosciences.com/video_lg.html



John McPherson, OICR, Director of the Cancer Genomics platformJohn McPherson, OICR, Director of the Cancer Genomics platform





How much does it cost for a Human Genome?How much does it cost for a Human Genome?

Human Reference Genome
April 2003April, 2003

>10 years to finish
USD 3 billion

Craig Venter’s Personal Genome
September, 2007

1 year

James Watson’s Personal Genome
June, 2007

1 year y
USD 1 million

y
USD 2 million

YH Genome Personal Genome
November, 2008

1 year
~USD 0.5 million

When will it available?
How long will it take?
How much?



Sequenced Human GenomesSequenced Human Genomes

USD 10000 USD 10000 per Genome per Genome in in 2015?2015?



US$ US$ XXXX,000 ,000 for a personal genomefor a personal genome





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
R h I tit t (NHGRI) t f th N ti l I tit t f H lth (NIH)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 currentto 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.



The Scientific Goals of the 1000 Genomes Project The Scientific Goals of the 1000 Genomes Project 
To produce a catalog of variants that are present at 1 
percent or greater frequency in the human population 

t f th d d t 0 5 t

jj

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





Applications Applications on Biomedical Scienceson Biomedical Sciences



TranscriptomeTranscriptome SequencingSequencing

Isolate Transcript RNAIsolate Transcript RNA

AAAAAAAAAAAA
AAAAAAAAAAAA

AAAAAAAAAAAA
AAAAAAAAAAAAReverse Transcription

Fragment cDNAFragment cDNA

Size SelectionSize Selection

Illumina Sequencing of each end

CAAACAAA

AAAAAAAAGGAGGGAG CTGGCTGG GAAAGAAAGAAAGAAA

CAGGCAGG

20,000,000 reads
*based on Illumina approach
**strand‐specific RNA‐seq protocols exist for both Illumina and SOLiD
Slide complements of Andrew McPherson

, ,



TranscriptomeTranscriptome SequencingSequencing



Analysis Strategies:  Reference Sequence 
Alignment vs De novo AssemblyAlignment vs De novo Assembly

or transcriptome

*A bl i th l ti h ki ith t ith

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 



Drawbacks for each strategyDrawbacks for each strategy

• Alignment to genome
– Computationally expensive
– It is never a good idea to simply align RNA‐seq data to the genome Need a spliced aligner or a g p y g q g p g

surrogate (such as including exon‐exon junction sequences in ‘genome’)

• Alignment to transcriptome
R d d i i f i t t b ‘f ibl ’ ( d l ) li d t– Reads deriving from non‐genic structures may be ‘forcibly’ (and erroneously) aligned to genes

• Incorrect gene expression values
• False positive SNVs
• Many other potential problemsMany other potential problems

• Assembly
– Low expression = difficult/impossible to assemble
– Misassemblies/fragmented contigs due to repeats
– Requires vast amounts of memory

Transcript model

Genome

Exon junction



Benefits of each approachBenefits of each approach

• Alignment to genome
– Allow reads from unannotated loci, introns et cetera to align to their correct 

locations potential for new biological insightslocations… potential for new biological insights

• Alignment to transcriptome
– Computationally inexpensiveComputationally inexpensive
– Spliced (exon junction) reads map correctly
– Pairing distance and junction reads may help distinguish individual isoforms

(informative/unique regions of transcripts)

• Assembly
C id l i f t i t– Can provide a more long‐range view of transcripts

– Allows detection of chimeric transcripts and resolution of ‘breakpoints’
– May not necessarily need a genomeMay not necessarily need a genome 



What can you get from What can you get from TranscriptomeTranscriptome SequencingSequencing



Small RNA SequencingSmall RNA Sequencing

Illumina SOLEXA sequencing by synthesis

40,000,000 reads of 35 bp long



Small RNA SequencingSmall RNA Sequencing

WorkflowWorkflow
ClClean up
↓
Clustering
↓
ncRNA matching 
(Rfam V10 )(Rfam V10 )
↓
Known miRNA Matching
(miRBase V16)
↓
Comparative miRNAomicsp



Human Human ExomeExome SequencingSequencing

A single Nimblgen 2.1M array is capable 
of enrichment simultaneously more than 
180,000 human coding-exon and 550 
miRNA exons available in the CCDSmiRNA exons available in the CCDS 
database.  The methods significantly 
improve the efficiency, the cost and 
throughput of target enrichment compared 
to conventional PCR-based methods.to conventional PCR based methods.

The human exome captured library 
preparation consists of three major 
processes and lasts seven days, includingprocesses and lasts seven days, including 
library preparation for sequence capture, 
microarray hybridization, elution and 
library construction for sequencing, using 
Illumina Genome Analyzer can directly getIllumina Genome Analyzer can directly get 
high quality sequence data for the entire 
human exome.

This approach can find the exact genes pp g
and mutations causing several complex 
human diseases, such as cancer, 
diabetes, obesity and so on.  



MetagenomicsMetagenomics





The The ““oldold”” biologybiology

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



TheThe ““newnew”” biologybiologyThe The ““newnew”” biologybiology

The most challenging task for a scientist is to 
make sense of lots of data



Computing PowerComputing Power
Next gen sequencers generated Giga bp to  Tera bp of data

CPUCPU
Disk spaceDisk space

HiSeq2000 (launched in Q1 2010)
Read Length Run Time Output pp

RAMRAM
BandwidthBandwidth

Read Length
1 x 35 bp
2 x 50 bp
2 x 100 bp

Run Time
~1.5 days
~4 days
~8 days

Output
26‐35 Gb
75‐100 Gb
150‐200 Gp BandwidthBandwidth

Up to 25GB per day for a 2 x100 bp run

2 x 100 bp 8 days 150 200 Gp



CPUCPU

• The speed of your CPU determines how quickly it can process 
instructionsinstructions

• Many bioinformatics operations fall into the “embarrassingly 
parallel” categoryp g y

• Getting a results faster is as simple as adding more CPUs
• => clusters clusters
• Though clusters still dominate, increasing attention is being 

paid to servers with large number of cores p g

For current throughputs, you will need ~8 <For current throughputs, you will need ~8 <dual quad coredual quad core> > 
d t h dl d td t h dl d tnodes per sequencer to handle raw  data.nodes per sequencer to handle raw  data.

For dataFor data analysis, 1analysis, 1‐‐2 nodes 2 nodes is enough for general purpose.is enough for general purpose.

How about use Graphic Processing Unit (GPU) instead?How about use Graphic Processing Unit (GPU) instead?



RAMRAM

• Typical sizing is 2GB of RAM per core
• This works fine for most alignersThis works fine for most aligners

– Certain aligners require a minimum number of cores for optimal  
efficiency

– 16‐48GB RAM per node16 48GB RAM per node
• Assemblers typically need much more RAM
• If you don’t have enough RAM, the CPU will need to make use 

f h d kof the disk storage –
• When a computer has run out of RAM it is said to be 

“swapping”swapping
• Some aligners have a minimum memory limit for optimal 

performance
H d i l t f RAM!• Human de novo requires lots of RAM!



Disk SpaceDisk Space
• Sequencers generate a lot of data
• Including quality values and additional files (alignments etc)Including quality values and additional files (alignments etc) 

create multiplier
• Binary formats such as BAM are helping, but there are limited y p g,

binary formats for basic data
– Life and Illumina are both moving to binary formats for basic data 

• Debates on what needs to be stored
• RAID
• Scaling 



Bandwidth of a connection represents the 
BandwidthBandwidth

maximum rate of transfer between two points

• E.g. An aligner can process X reads per second on a single CPU at a data 
rate of Y bytes/secrate of Y bytes/sec
– ~200 million reads in 10 hours
– Each read 50 bases at 10 bytes per base
– 2.7 MB/sec

• Design 100TB storage and connect it to a CPU resource• Design 100TB storage and connect it to a CPU resource
• Design bandwidth to be 10 Mb/sec – plenty of spare bandwidth
• Now we want to complete the job in an hour and get permission to buy 10 

more CPUs – great!

BUTBUT
For the 10 CPUs to run at maximum speed, they need to be supplied data at 
27MB/sec/
Our bandwidth is 10MB/sec
Therefore, no matter how many CPUs we buy, the job will never run faster 
than ~ 2.5 hours .

How about optic fibers?



http://petang.cgu.edu.twhttp://petang.cgu.edu.tw




