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model at the Cavendish Laboratories in 1953 
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Chain-termination sequencing Chemical sequencing Recombinant DNA 



Sanger Dideoxy 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). 



Stats: 

• read lengths up to 1,000 bp 

• accuracy 99.999% 

• costs $0.50 per kilobase 

• low throughput 

DNA sequencing: (dideoxyl termination) 

 



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

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

April 2003: High-Resolution Human Genome 

February 2001: Completion of the Draft Human Genome 

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

>10 years to finish 
USD 3 billion 

D:/My Documents/00_My Documents/HGP/Science/Science.htm


273 authors 254 authors 

D:/My Documents/00_My Documents/HGP/Science/Science.htm
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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 coverage 



Sequencing 

        Evolution 

• <1,000 bases per day 

• >1,000,000 

bases per day 

• >10,000 bases 

per day 

• >200,000,000 

bases per day 

~ 20 years 

Human  

Genome 

Project 

Sequencing 

     Revolution 

2005  



Cost of Genome Sequencing  

FDA 
Approval 

Next generation 
sequencer enter 
the market. 



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 

– Illumina GAII -> HiSeq 

– AB SOLiDv1,2,3 and 4 



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

High throughput 
Short read/run 
Illumina 
SOLiD 

Low throughput- 
Long read/run 
Roche 
(~4Gb/4 days) 



Throughput of NGS machines: Roche (2012) 



Throughput of NGS machines: Illumina (2012) 

http://www.illumina.com/


Throughput of NGS machines: SOLiD (2013) 



NEXT GENERATION SEQUENCING  
 
Basis Principles 

Template fragmentation (library) -> Amplification -> Sequencing  



Illumina HiSeq 2500 

MiSeq Next-Seq 
HiSeq X Ten 

Solexa Hiseq 

http://www.illumina.com/


Illumina Technology 

1. Prepare genomic DNA 

sample  

Randomly fragment genomic 

DNA and ligate adapters to 

both end of fragments 

2. Attach DNA to surface 

Bind single stranded fragments 

randomly to the inside surface 

of the flowcell channels 

3. Bridge amplification 

Add unlabelled nucleotides and 

enzyme to initiate solid-phase 

bridge amplification 

1. DNA library preparation (Fig 1) 

2. Templplification (Bride amplification) (Fig 2-6) 

3. Sequencing 

http://www.illumina.com/


Illumina Technology (continue) 
1. DNA library preparation (Fig 1) 

2. Templplification (Bride amplification) (Fig 2-6) 

3. Sequencing 

4. Fragments become 

double stranded 

5. Denature the double 

stranded molecules 

6. Completion of amplification 

On completion, several millions 

dense clusters of double 

stranded DNA are generated in 

each channel of the flow cell 

About 1000 
copies in each 

http://www.illumina.com/


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

Illumina Technology (continue) 

http://www.illumina.com/


Sequencing on the chip surface 

Illumina Technology (continue) 

http://www.illumina.com/


Fluro 

Incorporation 
Detection 
Deblock  
Fluor probe removal 

Next cycle 

Chemistry of Illumina DNA Sequencer 

Illumina Technology (continue) 

http://www.illumina.com/


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. 

Solexa/GA_Technology.flv


SOLiD M5500XL 



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 

– Illumina GAII -> 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 

• Ion Torrent, Illumina MiSeq. PacBio RS 

• Heavy guns still being developed 



Ion Torrent Proton 

Ion Proton I 

165 million wells 

Up to 200 bases 

~10Gb 

 

Ion Proton II 

660 million wells 

400 bases? 

~60Gb 

 

Ion Torrent PGM 

Semiconductor-based Sequencing Technology: 2-4 hr run time 

Sequencing Capacity is Built on “Chip” 

Ion Proton 
 



Step 1. DNA Library Preparation 

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


Step 2. Emulsion PCR (emPCR) 

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


Step 3. Sequencing 

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


Ion Torrent PGM 



Ion Torrent Proton 

Ion Proton I 

165 million wells 

Up to 200 bases 

~10Gb 

 

Ion Proton II 

660 million wells 

400 bases? 

~60Gb 

 

Ion Torrent PGM 

Semiconductor-based Sequencing Technology: 2-4 hr run time 

Sequencing Capacity is Built on “Chip” 

Ion Proton 
 



Ion Torrent Data 

Greatest weakness is homopolymer repeats 



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 

– Illumina GAII -> 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 

• Ion Torrent, Illumina MiSeq. PacBio RS 

• Heavy guns still being developed 



Third-Fourth-Fifth-Generation Sequencers 

NEW GENERATION SEQUENCING  
 

Single Molecule Real-Time Sequencing  



Pacific Biosciences 
Single Molecule Real Time (SMRT) 

- Read Length 

>5kb 

- 86% accuracy  

Eid et aI. Science November 2008 

www.pacificbiosciences.com 

 DNA polymerase  



Pacific Biosciences 
Single Molecule Real Time (SMRT) 

www.pacificbiosciences.com 

Labeled 

nucleotide

s rapidly 

diffuse  

Labeled “A” 

is held during 

incorporation  

Fluorescent 

label is 

released 

Labeled “T” is 

held during 

incorporation  

… 



Oxford Nanopore Technologies 



NEXT GENERATION SEQUENCING 
Applications & Analysis 



Applications on Biomedical Sciences 



Application of NGS sequencing 

in cancer research 



Genome sequencing 

(DNA-seq) 

WGS : Whole genome sequencing  

            - human genome : 3*109 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*106 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  

                 panel…… 

              - 500-1000 X coverage 

              - much cheaper than WGS and WES 

            

           

           

           

           

     

 



Myerson et al 2010 

At DNA Level 



Annotation/Interpretation 

Source: Lee W, Yue P, Zhang Z. Hum Genet. 2009 

Driver vs passenger? 



How much does it cost for a Human Genome? 

Craig Venter’s Personal Genome 
September, 2007 

1 year 
USD 1 million 

James Watson’s Personal Genome 
June, 2007 

1 year 
USD 2 million 

Human Reference Genome 
April, 2003 

>10 years to finish 
USD 3 billion 

YH Genome 
November, 2008 

1 year 
~USD 0.5 million 

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

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


USD 1,000 Human Genome? 

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



 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


To produce a catalog of variants that are present at 1 
percent or greater frequency in the human population 
across most of the genome, and down to 0.5 percent or 
lower within genes.  

The Scientific Goals of the 1000 Genomes Project  



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 

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.  

L Ding et al. Nature 455, 1069-1075 (2008) 



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)     

 

           

           

           

     

• E 

1. Expression level  

2. Novel transcripts 

3. Alternative splicing 

4. RNA editing 

Expression: RPKM  (reads per 
kilobase per million reads) 

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



Overview of RNA-Seq 



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

or transcriptome 

Image from Haas & Zody, 2010 

Analysis Strategies:  Reference Sequence 

Alignment vs De novo Assembly 



Bioinformatics Analysis Pipeline for 

Transcritpome Sequencing with Reference 



Illumina SOLEXA sequencing by synthesis 

40,000,000 reads of 35 bp long 

Small RNA Sequencing 



Workflow 

Clean up 

↓ 

Clustering 

↓ 

ncRNA matching  

(Rfam V10 ) 

↓ 

Known miRNA Matching 

(miRBase) 

↓ 

Comparative miRNAomics 

 

 

 

 

 

 

Small RNA Sequencing 



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 

56 

http://www.hmpdacc.org/


Classical Metagenomics Approach 

PCR of 
16S rRNA 

16S rRNA sequence dependent 
1st  PCR (16S rRNA family specific primer sets) 
2nd PCR (NGS library) 
454 Sequencing platform 
Database update 

57 







The “old” biology 

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



The “new” biology 

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


