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

http://www.reproductive-revolution.com/refs/index.html
http://www.reproductive-revolution.com/refs/index.html


Do You Read Me?



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).



Chain-termination sequencingChemical sequencingRecombinant DNA



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



3,000,000,000 bp



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 



Whitehead Institute



273 authors 254 authors







Next Generation Sequencing Technology
Massively Parallel Signature Sequencing (MPSS)



NEXT GENERATION SEQUENCING 



Next Generation Sequencing Technology
Massively Parallel Signature Sequencing (MPSS)

(Genome Sequencer, GS)

(Genome Analyzer, GA)

(Sequencing by Oligonucleotide Ligation 
and Detection, SOLiD)



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.

Next Generation Sequencing Technology

SOLID
http://marketing.appliedbiosystems.com/

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

454 GS FLX
http://www.454.com/

Massively Parallel Signature Sequencing (MPSS)

http://www.nature.com/nmeth/journal/v5/n1/index.html
http://www.nature.com/nmeth/journal/v5/n1/index.html
http://marketing.appliedbiosystems.com/
http://www.illumina.com/
http://www.illumina.com/
http://www.illumina.com/pages.ilmn?ID=250
http://www.igvision.com/bio/2009/images/hotspot_roche.gif
http://www.igvision.com/bio/2009/images/hotspot_roche.gif
http://www.454.com/


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: Roche



Throughput of NGS machines: SOLiD 4 (2013)

In 2014 ABI SOLiD was replaced by the Ion Torrent sequencing platforms 
(Proton and Personal Genome Machine)



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.

Next Generation Sequencing Technology

SOLID
http://marketing.appliedbiosystems.com/

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

454 GS FLX
http://www.454.com/

Massively Parallel Signature Sequencing (MPSS)

X

X
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2015 NGS Machines: Hiseq 3000/4000

http://www.illumina.com/
http://www.illumina.com/


2014 NGS Machines: Hiseq X

http://www.illumina.com/
http://www.illumina.com/


Throughput of NGS machines
High throughput
short read
Illumina

Low throughput,
Very long read
PacBio

X X
X

X



NEXT GENERATION SEQUENCING 

Basis Principles
Temple fragmentation (library)       Amplification        Sequencing        Detection



Illumina Sequencing by Synthesis (SBS)

http://www.illumina.com/
http://www.illumina.com/


Solexa Genome Analyzer

http://www.illumina.com/
http://www.illumina.com/


Clusters Array

Template Bridging

Cluster Generation

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


Denaturation

Ready For Sequencing

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


Sequencing-By-Synthesis

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


Incorporation

Fluorescent Detection

Sequence Generated At Every Site On The Array

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


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

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


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

http://www.solexa.com/wt/page/index
http://www.solexa.com/wt/page/index


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.



Technology description: Drmanac, R et al. (2010) Human Genome Sequencing Using Unchained Base Reads on Self-Assembling DNA Nanoarrays. Science 327, 78-81

Combinatorial Probe-Anchor Ligation (cPAL) sequencing



Sanger dideoxy-sequencing

Massive parallel sequencing 

Bead-based em-PCR and 
sequencing by ligation

Massive parallel sequencing and 
single molecule sequencing

Single molecule sequencing and 
nanopore technology?ABI 3730XL

Roche 454 FLX, Life Technologies SOLiD,
Illumina Hiseq, Life Tech Ion Torrent

Dover Systems' Polonator

Oxford Nanopore Technologies,, Electron 
Optica, Electronic BioSciences, GenapSys, 
Genia, GnuBIO, IBM, LaserGen, Lightspeed
Genomics, NABsys, NobleGen Biosciences, 
QuantuMDx, Reveo, Stratos Genomics, Two 
Pore Guys, ZS Genetics………………….

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

fluorescence resonance energy transfer (FRET) technology)

Evolution of Sequencing Technology



NEW GENERATION SEQUENCING 

Basis Principles
Temple fragmentation (library)       Amplification        Sequencing Detection

NEXT-NEXT-NEXT-



Single Molecule Real-Time Sequencing 

VisGen Biotechnologies Pacific Biosciences  

Helicos Biosciences

Real-time monitoring of PCR activity
Read-out by fluorescence resonance energy transfer between 
polymerase and nucleotides or
Waveguides allow direct observation of polymerase and fluorescently 
labeled nucleotides

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 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 Real-Time (SMRT) Sequencing





Nanopore Sequencing
Nucleic acids driven through a nanopore. 

Oxford 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 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.







2014 E. coli genome
Avg. read length: 5.4 kb 
Longest read: 10 kb

2015
Mean read length: 2 kb
Median read length : 1 kb 
Longest read: 98 kb

R9.4 flow cell
Throughput: 5-10 Gb











SmidgION: nanopore sensing for use with mobile devices





Cost of NGS machines
High throughput, short read/run
COST USD800,000

Low throughput-
long read/run
COST USD1,000,000



Cost of NGS machines
High throughput, short read/run
COST USD800,000

Medium throughput, short read/run
COST USD200,000-400,000

Low throughput-
long read/run
COST USD1,000,000



Personal Sequencer

Ion Torrent/Ion Proton
Personal Genome Machine

Miseq/MiniSeq
Personal Sequencing System









314 chip
316 chip

Ion Torrent





(2012)

http://zt.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Sequencing/Semiconductor-Sequencing/proton.html?icid=LTHP-protonv-215
http://zt.invitrogen.com/site/us/en/home/Products-and-Services/Applications/Sequencing/Semiconductor-Sequencing/proton.html?icid=LTHP-protonv-215


Miniseq (2016)

http://www.illumina.com/
http://www.illumina.com/


http://www.illumina.com/
http://www.illumina.com/


http://www.illumina.com/
http://www.illumina.com/


GeneReader

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

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



Droplet-based Sequencing

http://gnubio.com/technology/


Microfluidics, the science that deals with the behavior, precise control and manipulation of fluids that are geometrically constrained to a
small, typically sub-millimeter scale, emerged in the beginning of the 1980s and is used widely in technologies such as inkjet print heads,
DNA chips, lab-on-a-chip technology, micro-propulsion and micro-thermal technologies. GnuBIO has adapted technology developed in Dr.
David Weitz laboratory at Harvard. This technology is combined with proprietary molecular biology assays to create a unique next-
generation DNA sequencing technology.

The science behind this GnuBIO sequencing technology utilizes droplet microfluidics to perform the biochemical 
reactions for sequencing inside of tiny picoliter -sized aqueous drops. Each droplet acts as a discrete reaction 

vessel, like a miniature test tube, where the sequencing assay is performed.

Droplet-based Sequencing

http://gnubio.com/technology/


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






http://allseq.com/knowledgebank

http://allseq.com/knowledgebank


NEXT GENERATION SEQUENCING 
Applications & Analysis



Applications on Biomedical Sciences



High-throughput Sequencing (HTseq) Platforms



Applications on Biomedical Sciences





HTseq Experiment



• Data and information management is slowly moving out of infancy in 
genomics science…. at the toddler stage…

• The Good news
– Some data formats are being accepted widely

• The Bad news
– Still many competing standards in some areas
– Interoperability of data standards is almost non-existent
– Governance is questionable

Great… I got my data now what…



Data Format Types 

• Raw Sequence Data e.g. fasta

• Aligned data e.g. BAM

• Processed data e.g. BED



HTseq Raw Data Format

• fasta (Sanger)
• csfasta (SOLiD)
• fastq (Solexa)
• sff (454)
• …. And about 30 other file formats

http://emboss.sourceforge.net/docs/themes/SequenceFormats.html

http://emboss.sourceforge.net/docs/themes/SequenceFormats.html


Fasta/Fastq

• FASTA
– Header line “>”
– Sequence

• FASTQ
– Add QVs encoded as single byte ASCII codes

• Most aligners accept FASTA/Q as input
• Issue: data is volumous (2 bytes per base for 

FASTQ)
• Do PHRED scaled values provide the most 

information? 



Fastq: Illumina



Fastq: 
Illumina



sff (text format): 454



454 fasta with quality file



454 base quality?



Illumina SoLID/ABI-Life Roche 454 Ion Torrent

1. Removal of low quality bases/ Low complexity regions
2. Removal of adaptor sequences
3. Homopolymer-associated base call errors (3 or more 

identical DNA bases) causes higher number of (artificial) 
frameshifts 

All Platforms have Errors



High quality region - NO ambiguities (Ns)

Trace File

Medium quality region - SOME ambiguities (Ns)

Poor quality region - LOW confidence



Accessing Quality: phred scores



Accessing Quality: phred scores



or transcriptome

Analysis Strategies:  Reference Sequence 
Alignment (Mapping) vs De novo Assembly



http://www.ncbi.nlm.nih.gov/sra
http://www.ncbi.nlm.nih.gov/sra




http://www.ncbi.nlm.nih.gov/pubmed/21187386
http://www.ncbi.nlm.nih.gov/pubmed/21187386
http://www.ncbi.nlm.nih.gov/sra/SRX352985
http://www.ncbi.nlm.nih.gov/sra/SRX352985




http://seqanswers.com/

http://seqanswers.com/forums/index.php
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