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Guess, who turned

60 last year !!!



Guess, who turned

60 last year !!!

The structure of the DNA 

double helix:

published in 1953 by Watson

and Crick in the journal of

‘nature’ thereby launching

the ‘Genomic Age’



Guess, who turned

10 last year !!!



Human Genome Project

2001   Draft Human Genome Sequence 

2003 Finished Human Genome

(50 years after DNA structure solved)

Two techniques published in 1977 by 

• Sanger et al. 

DNA sequencing by chain

termination or dideoxysequencing

• Maxam & Gilbert

DNA sequencing by chemical modification

The original method of Sanger sequencing and multiple improvements

regarding chemistry and computation lead to complete sequencing

Human Genome (and many others).  

Sanger  sequencing is expensive and Next-Generation-Sequencing (NGS)

technology took its place



Development Sequencing Time Line

2005

1953:

Discovery of the

DNA double helix

by Watson & Crick

2006

http://i1.treknature.com/photos/349/bonnet_macaque.jpg
http://i1.treknature.com/photos/349/bonnet_macaque.jpg
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Why is Genome Sequencing Important?

To obtain a ‘blueprint’ – DNA directs all the instructions needed for 

cell development and function 

DNA underlies almost every aspect of human health, both, in 

function and dis-function

To study gene expression in a specific tissue, organ or tumor

To study human variation

To study how humans relate to other organisms

To find correlations how genome information relates to development 

of cancer, susceptibility to certain diseases and drug metabolism 

(pharmacogenomics)

Outlook: Personalized Genomics (David Church, Harvard)



The establishment of various sequencing technologies

gave rise to many new fields in biology, medicine

and engineering
- Identification of genes contributing to disease

- synthetic biology

- personalized medicine

- genomic screening

- ……..

http://jenniferdayan.girlshopes.com/brca1europe/#



DNA Sequencing

Biological Dogma and Principle of DNA synthesis

Sanger sequencing and its improvements

Next-Generation-Sequencing (NGS) Technologies

3rd Generation Technologies

Projects and ‘Spinoffs’

Outline

‘Dogma of Biology’



The human body has about 100 trillion cells with more than 200 different 

cell types.

Each cell harbors the same genetic information in its nucleus in form of 

DNA containing chromosomes.

Depending on cellular, developmental, and functional stage of a cell only 

a subset of genes is expressed.  

Why is the Knowledge about the Human 

Genome interesting?

http://www.genomenewsnetwork.org/articles/06_00/sequence_primer.shtml

http://www.pharmainfo.net/files/images/stories/article_images/

http://www.pharmainfo.net/files/images/stories/article_images/


What is DNA?

DNA  constitutes the heritable

genetic information that forms the 

basis for the developmental 

programs of all living organisms. 

A genome is an organism’s 

complete set of DNA

The DNA is made up of four

building blocks called nucleotides.

DNA sequence is the particular 

side-by-side arrangement of bases

along a DNA strand.  

DNA sequencing is a biochemical 

method to determine the sequence 

of the nucleotide bases that make 

up the DNA.

Watson & Crick, 1953



Principle of DNA Synthesis

Arthur Kornberg demonstrated DNA replication in a

cell-free (in vitro) bacterial extract (Nobel prize, 1959)

-Discovered DNA polymerase (Pol1) to facilitate DNA synthesis

- Unraveled the mechanism of DNA synthesis

- nucleotide building blocks

- a single DNA strand serves as a template

- can only extend a pre-existing chain (primer)

- a free 3’ Hydroxyl end is required

Watson et al., MGB, 2008



Reaction Mechanism for DNA synthesis

The 3’ hydroxyl group of the primer attacks the -phosphoryl group of the incoming 

nucleotide thereby forming a phosphodiester bond (SN2 reaction).  

Watson et al., MBG, 2008

+H+



Dideoxy Sequencing 

according to Sanger

Both nucleotide types

can be incorporated into

growing DNA chain. 

Presence of dideoxy-cytosine in 

growing chain blocks further addition

of incoming nucleotides. 

Watson et al., MBG, 2008

Frederick Sanger

Nobel Prize (1980)



How was Sanger Genome Sequencing Done?

Clone by Clone

Create a crude physical map

of the whole genome by restriction

mapping before sequencing

Break the genome into overlapping

fragments and insert them into BACs

and transfect into E.coli

Shotgun sequencing

Break genome into random 

fragments, insert fragments 

into vector, sequence each of 

the fragments  and

assemble fragments based 

on sequence overlaps

• need known flanking region to anneal primer



DNA synthesis is carried out in the presence of limited amounts of  
fluorescently labeled dideoxyribonucleoside triphosphates that results 
in chain termination
Through chain termination fragments of distinct sizes are generated 
which can be separated by gel electrophoresis

Dideoxy Method of Sequencing (Sanger, 1975)

fasciaworld.com.23/dideoxy-chain-termination



Separation of Sequencing Fragments by Capillary Gel 

Electrophoresis

Capillary gel electrophoresis:

Samples passing a detection window 

are excited by laser and 

emitted fluorescence is read by CCD camera. 

Fluorescent signals are converted into

basecalls. 

High resolution

Read length up to 1,000 nucleotides

www.mun.ca/biology/scarr/

http://en.wikipedia.org/wiki/Image:CE_Basic.jpg
http://en.wikipedia.org/wiki/Image:CE_Basic.jpg


Use of heat-stable Taq Polymerase Enabled 

Automation of Sequencing Reaction

Kary Mullis invented the 

Polymerase Chain Reaction



High-Throughput Whole Genome 

Sequencing

George Church, Scientific American, January 2006, pp47-54

Analysis of 384 sequencing reactions in parallel



JGI Sequencing Facility
(Joint Genome Institute, US Department of Energy)

Assume more than 20 384-capillary

sequencers running simultaneously

approx. 1000 bp per capillary run

approx. 3 hours per run

Approx.60 Million bases 

per day in one facility

Engineering



> Sequence, 

TGCGGCTGCCAGATTTTGTACGGGTTTGGAAGTCGACGGAGAGAACAGCGCGG

GCCTAGAAGGCCCCGTAATGCCCCCTGAGAGCCCCGTAGACGGACGAACGGTG

CGGATCGATAGATGGCACCGGAGACAAGCGAAGACGGCCGCAGAGCCGTCGC

CGGCTGACGCCCGCGTAGGAAGATATTCGTGTGAAGTGCGTCACATTCTACGGG

TGAAACGCGAAAGTGGAAGGTTCCTTACCTATGGAGGGGTAAGGGAGCGAGCT

CCAGCGAGCGACCGCACCCCGACATAGGTTCTTGTCGGGGTAGTCGAACGGAG

AGAGACTACCCCTTTTAGCGACCTCCGGTCGCCCAGGTAGGTACCGAACGATGA

GAGAGGTACCTAGACCGTACAGGCCGGGGTTTATCCCCCGGCCGATACAGCATG

GTCATTTTGGGTAGGTACGTTACGTAAGCATCACTCACCAACAGAACCAGTGGTT

ACGTAACCGGGTACGTTACGTACGACTAGATACGTAACAGAACCACTAACCCGTG

GCCGCCCGAAGGCGGCCCGCAGCGGGTTACGTTTGTCAGGTATGTCACTAGGG

AGGGTGAACTATGAATCTCAAGGAGCATCAGAAGGAGCTTCTTCGTCTACTGCTC

GTGTCTGAGTCGATGACGTATGAGCGTGCCTACTCGAAGGTGGAGACCATCCTG

CACCTCATCCAGTCCTTCGACGCGGAGAACTCGATAAGTGAGCTGGGAGTCATC

TGACCGGCGCGATCGTCTGCCGACCGACTGGCCTCGCATCCGCCGCGAGGTTC

TGCGGGCGGCTGGCCACCGCTGCCAGATCCGCTACGCGGACATCTGCACAGG

GATGGCTACCGAGGTTGATCACGTCCGCTACCGCGACGAGGCGTCACCTCTGC

AGGTGTCGTGCAGACCGTGCCATGCGCGGAAGTCCGCGATGGAAGGCGTTGCT

CAGCGTGCGAAGCTGCGCGCGATGAAGAAGCGGCCGCCGCCCCGCCACCCGG

GGCGTAGAAGCAACTAGGAGGGACCAGGCGTCCCCGAGCCCAGGAGGCGTCA

TGCCGGGTCCAGTGCCCAAGCGATCGGACGAACGCGTCCGGCGCAAATCGCAT

ACGAGTGAGCGCGAGGCTAGC

fasta format



Finishing Draft Sequences using Assembly 

Software - Bioinformatics
Primary sequencing reads:

Align sequences for homologies

Fragment assembly to contig

Green: 3-fold coverage

Yellow: 2-fold coverage

Goal for Genome Sequencing:

Sanger: 8-fold coverage

454: 30 fold coverage



What did we learn from HGS?

• Less than 2% of the Human Genome

codes for protein

• Encodes for approx. 20,000 protein-

coding genes

• The human genome sequence is almost

exactly the same (99.9%) in all people

• The genome size does not correlate with

the number of estimated genes

Humans have only about twice the

number of genes as a fruit fly and

barely more genes than a worm!

Organism Genome Size Est. Gene #

E. coli 4.6 Mb 4,400

Yeast 12.1 Mb 6,200

Roundworm 97 Mb 19,700

Fruit Fly 180 Mb 13,600

Rice 389 Mb 37,500

Human 3200 Mb 25,000



The Human Genome Project Sequence Represents a 

‘Composite’ Genome

• Different sources of DNA were used for original sequencing

• The term ‘genome’ is used as a reference  to describe a 
composite genome

• The many small regions of DNA that vary among 
individuals are called polymorphisms:
– Mostly single nucleotide polymorphisms (SNPs)

– Insertions/ deletions (indels)

– Copy number variation

– Inversions

http://scienceblogs.com/digitalbio/2007/09/

genetic_variation_i_what_is_a.php#more

SNPs:  the human genome has at least 38 million SNPs

most of these SNPs contribute to human variation

some of them may influence development of diseases, susceptibility

to certain drugs, toxins, infectious agents

- 1.4 million short stretches of insertions or deletions

- 14,000 large DNA deletions

http://scienceblogs.com/digitalbio/2007/09/


Cystic fibrosis patients have a

deletion of three base pairs in

the CFTR sequence

Protein folds incorrectly and is

marked for degradation

scienceandsociety.emory.edu

Causes of Sickle Cell Anemia and Cystic Fibrosis have

been pinpointed to specific mutations in their

Protein-Coding DNA

http://learn.genetics.utah.edu/content/

disorders/whataregd/sicklecell/

http://evolution.berkeley.edu/evolibrary/article/

mutations_06

Red blood cells carrying mutant

hemoglobin are deprived of oxygen

http://learn.genetics.utah.edu/content/
http://evolution.berkeley.edu/evolibrary/article/


The Race for the $1,000 Genome

Human Genome Project (2001, initial draft):

> $ 3 billion (includes development of technology)

“raw” expenses estimated at $300 million

Rhesus macaque (2006)

$ 22 million

By end of 2007:

$ 1-2 million for full mammalian genome sequence

(Jim Watson using pyro-sequencing technology)

Wanted:  “!!!!!! The $ 1,000 Genome !!!!!!!!!”
- low cost

- high-throughput 

- high accuracy



Next Generation Sequencing (NGS) Focuses on

Miniaturization and Parallelization

Sanger Cyclic Array Sequencing (454 Pyrosequencing, 

Life Technologies SOLID

Illumina Hi-Seq 2000)

Generate dense planar array

of DNA features

Apply cycles of enzymatic 

driven biochemistry

Imaging-based data collection

•Easier library preparation

•Fragment amplification on solid

surfaces

•Nucleotide-to-nucleotide

sequence determination

•Sequence from both ends



Life Technologies, Inc. 

DNA Preparation for High Throughput Sequencing

DNA is sheared into small fragments and each fragment is attached to a single bead

DNA fragments on beads are amplified and placed into individual reaction chambers;

Amplification needed to achieve required signal strength.  

1 2

3
4 5



Reaction Mechanism for DNA synthesis

The 3’ hydroxyl group of the primer attacks the -phosphoryl group of the incoming 

nucleotide thereby forming a phosphodiester bond (SN2 reaction).  

Watson et al., MBG, 2008

+H+



Add one kind of dNTP per cycle. 

A nucleotide complementary to the 

template strand generates a light signal

The light signal is recorded by a CCD 

camera

The signal strength is proportional to the 

number of nucleotides incorporated

Sequencing is recorded ‘live’. 

Read length up to 400 bases

~ 1.7 Million reactions in parallel

Diameter of single reaction chamber

is approx. 44 µm

454 – Pyrosequencing

www.454.com



Image Capturing
Example:

Addition of a C nucleotide

Each bright dot signals the in-

corporation of a C nucleotide

at this position

Brighter dots mean more C

nucleotides have been incorporated

into the growing DNA chain

www.454.com

Flowgram: conversion of light intensity signals



Solexa/ Illumina Sequencing

Technology

Use a set of  deoxynucleotides that carry 

- each a fluorescent label that can be cleaved off

- a reversibly terminating moiety at the 3’ hydroxyl position

reversible

reversible

SangerIllumina



Purchased 128 HiSeq2000

sequencers from Illumina in January 2010

each of which can produce 25

billion base pairs of sequence a day

BGI – The Sequencing Factory
Beijing Genome Institute



Illumina Update (2013)

HiSeq X

A million dollar machine capable of sequencing 1800 human 

genomes

a year, i.e. 3-4 genomes a day

BUT: buyer must order 10 machines and agree only to use for 

sequencing

Human genomes

Cost will sink to $ 1000 per genome 



Ion Torrent Sequencing
DNA to be sequenced is placed in wells of 

semiconductor chip

Add one nucleotide type per reaction cycle

When incorporated, a hydrogen ion is released and 

change in pH is recorded and converted into voltage

Life Technologies, Inc.

1 2

3 4



Oxford Nanopore Sequencing (MinION)

Targets $ 1000 genome 

sequencing

Science, 21 Feb. 2014

Hand-held disposable sequencer

Pull a single strand DNA

through nanopore

As base go through they

interrupt an ionic current that

reveals each base’s identity

Should allow long reads without

the need to piece together many

short reads



Costs associated with

Genome Sequencing

http://www.genome.gov/sequencingcosts/

tracked by the National Human Genome

Research Institute (NHGRI)



Single DNA Strand Sequencing (Pacific Biosciences) –

3rd Generation Sequencing 

Reportedly generating  sequences an average of 1,500 bp long

Nature , Vol 470:155.  2011 



UCSC Genome Browser collects genome sequences

http://genome.ucsc.edu/

Examples of Projects and ‘Spinoffs’ derived from the HGP: 



ENCODE

Build a comprehensive parts list of 

functional elements in the human 

genome, including elements that act at 

the protein and RNA levels, and 

regulatory elements that control cells 

and circumstances in which a gene is 

active

More than 80% of the human genome 

has at least one biochemical activity

Many regulatory regions transcribed into 

RNA with regulatory function

6. September 2012



1000 Genomes Project

Launched in 2008

Catalog of human genetic variation

Genomic knowledge will contribute to the fields of genetics, medicine, pharmacology,

biochemistry, and bioinformatics

Nature, Nov 1st, 2012, Vol 491, pg 56



GWAS – Genome Wide Association Study

Association between single nucleotide polymorphisms (SNPs) and onset of major

diseases, such as diabetes or heart disease, compared to healthy individuals. 

Open access repository

Examination of many common genetic variants associated with a trait



The Cancer Genome Atlas  (TCGA)

Reveal commonalities between cancer types, investigate molecular abnormalities,

and define mutations that are confined to specific tumors

Development of prognostic, diagnostic and therapeutic strategies



Single Cell Sequencing –

Method of the Year 2013

Single-cell sequencing can enable the 

discovery of clonal mutations, cryptic cell 

types or transcriptional features that would 

be diluted or averaged out in bulk tissue

Rare cell types

heterogeneous samples, 

phenotypes associated with mosaicism or 

variability

. 

Technologies for single-cell amplification 

and sequencing are maturing. As the cost 

and ease of examining individual cells 

improves, the approach will enter the 

hands of more researchers as a standard 

tool for understanding biology at high 

resolution.



Summary_1

Sanger sequencing provided the basis to initiate and complete the 

Human Genome Project and many other genomes

Next Generation Sequencing (NGS) with high troughput and less costs

took its place for genome sequencing (Pyrosequencing, Ilumina, Ion Torrent)

2000: 4 eukaryotic genomes

2012: > 250 eukaryotic genomes,  > 1000  human genomes

The various methods of sequencing have their advantages and disadvantages

(e.g. cost, accuracy, fragment length, etc.)



• Data sharing (interdisciplinary approach between biology, engineering, 

and bioinformatics)

• Fewer protein-coding genes than thought

• Many regulatory RNA elements

• Studying of genetic variation and evolutionary origins

• Obtaining  a genome ‘blueprint’ is not sufficient to explain the 

occurrence or susceptibility to disease , the combination of  m a n y  

factors needs to be taken into account

• The combination of various approaches (GWAS, 1000 Genomes, 

ENCODE, TCGA) and others will provide leads to the origin and 

treatment of human diseases. 

Summary_2




