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In June 2000 at the White House:
First rough draft of the “book of life” announced
Clinton:
Completion of the Genome
Project would
“…revolutionize the diagnosis,
prevention and treatment of
most, if not all, human
diseases……”
Collins:
…”personalized medicine is likely
to emerge by the year 2010…..”
Craig Venter

Bill Clinton

Francis Collins

What is the Human Genome Project?
An international scientific research
project designed to study and
identify all of the genes in the
human genome, to determine the
base-pair sequences in human DNA,
and to store this information in
computer databases made available
http://www.ornl.gov/sci/techresources/Human_Genome/publicat/primer2001/
to the public.
molecularmachine.jpg

The Human Genome Project began in the United States in 1990
and was completed in 2003.
http://www.thefreedictionary.com/Human+Genome+Project

What is a Gene?

http://www.goldiesroom.org/Note%20Packets/20%20Molecular%20Genetics/00%2
0Molecular%20Genetics--WHOLE.htm

A majority section of DNA that codes
for one polypeptide/protein as well
as RNAs and other elements
Proteins perform a specific function
http://groups.nbp.northwestern.edu/science-outreach/genome/genome.html
within a living organism

Examples of Some General Protein Functions

Alberts et al., Essential Cell Biology, 3rd ed, 2010

Causes of Sickle Cell Anemia and Cystic Fibrosis have been
pinpointed to specific mutations in their Protein-Coding DNA

scienceandsociety.emory.edu

http://evolution.berkeley.edu/evolibrary/article/
mutations_06

red blood cells carrying mutant
hemoglobin are deprived of oxygen

Cystic fibrosis patients have a
deletion of three base pairs in
the CFTR sequence
Protein folds incorrectly and is
marked for degradation
http://learn.genetics.utah.edu/content/
disorders/whataregd/sicklecell/

Outline
Human Genome Project – obtain blueprint of human DNA
by sequencing
Basics: DNA sequencing – from its inception to high-throughput
Follow-up studies:
GWAS – Genome Wide Association Studies
1000 Genome Project – sequence 1000 individual genomes
ENCODE – Encyclopedia of DNA Elements

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/

The human body has about 100 trillion cells.
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 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)
•Personalized Genomics (David Church, Harvard)

DNA Sequencing

• Human Genome DNA Sequencing is based on chain termination or
dideoxysequencing method developed by Frederick Sanger in 1977
• At the same time Maxam & Gilbert published a DNA sequencing method
by chemical modification of nucleotides
The original method of Sanger sequencing and multiple improvements
regarding chemistry and computation lead to complete sequencing
of the more than 3 billion basepairs containing Human Genome (and many others).
Sanger sequencing is expensive and Next-Generation-Sequencing (NGS)
technology took its place
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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 sideby-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

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
- building blocks (Adenine, Cytosine, Guanine, Thymine)
- 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 α-phosphoryl group of the incoming
nucleotide thereby forming a phosphodiester bond (SN2 reaction).

Watson et al., MBG, 2008

Dideoxy Sequencing
according to Sanger

Frederick Sanger
Nobel Prize (1980)

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

Dideoxy Method of Sequencing (Sanger, 1975)
“Normal” DNA synthesis:
DNA strand as template
primer
Deoxynucleotides
Polymerase enzyme
PCR uses forward and reverse primer
•

•

•

DNA synthesis is carried out in
the presence of limiting
amounts of
dideoxyribonucleoside
triphosphates that results in
chain termination
Through chain termination
fragments of distinct sizes are
generated that can be
separated by gel
electrophoresis
Original method used radiolabeled primers or
dideoxynucleotides

GCTACCTGCACCAGA
GCTACCTGCACCA
GCTACCTGCA
GCTA

Dideoxy Method of Sequencing

Original method used radio-labeled primer or
dideoxynucleotides
This method required four separate DNA
synthesis reactions to be separated by
electrophoresis in four parallel lanes.
The gel needs to be dried, exposed to film,
developed and manually read.
Approx. 150 bases read length

Improvements

- Need of four reactions in parallel
- Heat labile polymerase
- Use of radioactivity
- Low resolution on gels
- Approx. 150 nucleotides read length
- time consuming

dnaseq.genomics.com.cn/dnaseq/en/tech/images

Summary – Sequencing Method
Established

-Use of fluorescently labeled dideoxynucleotides
-One-lane electrophoresis
Kary Mullis
-Introduction of capillary electrophoresis to
increase resolution (up to 1,000 ntes)
-Use of heat stable polymerase (Taq)
- Automation

Capillary Gel Electrophoresis Improves Resolution

Sequence ladder by
radioactive sequencing
compared to fluorescent
peaks

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.

Advantage:
High resolution
Read length up to 800 nucleotides

Finishing Draft Sequences using Assembly
Software
Primary sequencing reads:

Look for overlaps
Long reads preferred

How to obtain significant overlap ?
Primary sequencing reads:

Align sequences for homologies

Green: 3-fold coverage
Yellow: 2-fold coverage

Fragment assembly to contig

Goal for Genome Sequencing:
Sanger: 8-fold coverage
454: 30 fold coverage

High-Throughput Whole Genome
Sequencing
Analysis of 384 sequencing reactions in parallel

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

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

Assume more than 20 384-capillary
sequencers running simultaneously
approx. 700 bp per capillary run
approx. 3 hours per run
Approx. 40 Million bases per day
in one facility
http://snhs-plin.barry.edu/images/JGI_Sequencing.jpg

Consensus Sequence
TGCGGCTGCCAGATTTTGTACGGGTTTGGAAGTCGACGGAGAGAACAGCGCGGGCCTAGAAG
GCCCCGTAATGCCCCCTGAGAGCCCCGTAGACGGACGAACGGTGCGGATCGATAGATGGCACC
GGAGACAAGCGAAGACGGCCGCAGAGCCGTCGCCGGCTGACGCCCGCGTAGGAAGATATTCG
TGTGAAGTGCGTCACATTCTACGGGTGAAACGCGAAAGTGGAAGGTTCCTTACCTATGGAGGG
GTAAGGGAGCGAGCTCCAGCGAGCGACCGCACCCCGACATAGGTTCTTGTCGGGGTAGTCGA
ACGGAGAGAGACTACCCCTTTTAGCGACCTCCGGTCGCCCAGGTAGGTACCGAACGATGAGAG
AGGTACCTAGACCGTACAGGCCGGGGTTTATCCCCCGGCCGATACAGCATGGTCATTTTGGGTA
GGTACGTTACGTAAGCATCACTCACCAACAGAACCAGTGGTTACGTAACCGGGTACGTTACGTA
CGACTAGATACGTAACAGAACCACTAACCCGTGGCCGCCCGAAGGCGGCCCGCAGCGGGTTAC
GTTTGTCAGGTATGTCACTAGGGAGGGTGAACTATGAATCTCAAGGAGCATCAGAAGGAGCTT
CTTCGTCTACTGCTCGTGTCTGAGTCGATGACGTATGAGCGTGCCTACTCGAAGGTGGAGACCA
TCCTGCACCTCATCCAGTCCTTCGACGCGGAGAACTCGATAAGTGAGCTGGGAGTCATCTGACC
GGCGCGATCGTCTGCCGACCGACTGGCCTCGCATCCGCCGCGAGGTTCTGCGGGCGGCTGGC
CACCGCTGCCAGATCCGCTACGCGGACATCTGCACAGGGATGGCTACCGAGGTTGATCACGTC
CGCTACCGCGACGAGGCGTCACCTCTGCAGGTGTCGTGCAGACCGTGCCATGCGCGGAAGTCC
GCGATGGAAGGCGTTGCTCAGCGTGCGAAGCTGCGCGCGATGAAGAAGCGGCCGCCGCCCC
GCCACCCGGGGCGTAGAAGCAACTAGGAGGGACCAGGCGTCCCCGAGCCCAGGAGGCGTCA
TGCCGGGTCCAGTGCCCAAGCGATCGGACGAACGCGTCCGGCGCAAATCGCATACGAGTGAG
CGCGAGGCTAGC

Genome Annotation: Searching for Open Reading Frames
by Identifying all possible Start and Stop Codons
Start – ATG
Stop – TAA, TAG, TGA
AGCCCTCCAGGACAGGCTGCATCAGAAGAGGCCATCAAGCAGATCAC
TGTCCTTCTGCCATGGCCCTGTGGATGCGCCTCCTGCCCCTGCTGGCG
CTGCTGGCCCTCTGGGGACCTGACCCAGCCGCAGCCTTTGTGAACCA
ACACCTGTGCGGCTCACACCTGGTGGAAGCTCTCTACCTAGTGTGCGG
GGAACGAGGCTTCTTCTACACACCCAAGACCCGCCGGGAGGCAGAG
GACCTGCAGGTGGGGCAGGTGGAGCTGGGCGGGGGCCCTGGTGCA
GGCAGCCTGCAGCCCTTGGCCCTGGAGGGGTCCCTGCAGAAGCGTG
GCATTGTGGAACAATGCTGTACCAGCATCTGCTCCCTCTACCAGCTGGA
GAACTACTGCAACTAGACGCAGCCCGCAGGCAGCCCCACACCCGCCG
CCTCCTGCACCGAGAGAGATGGAATAAAGCCCTTGAACCAGCAAAA

Nieremberg

Attach biological information to it
http://www.brooklyn.cuny.edu/bc/ahp/
BioInfo/graphics/GP.GeneticCode.GIF

How to identify protein encoding genes?

http://genome.wellcome.ac.uk/assets/GEN10000676.jpg

What Challenge Was it to Sequence
the Human Genome?
It took more than 6 years to determine the complete
base sequence of the E. coli genome (4.6 Mb). The
Human Genome has 3200 Mb.
At this rate it would have taken a single lab more
than 4,000 years to sequence the entire human
genome
The average fragment read length is about
500 to 800 bases.
It would take a minimum of six million (3 billion/500)
reactions to sequence the human genome
(no overlap, 1-fold coverage).
Develop procedural and computational algorithms
and efficient database management

http://t2.gstatic.com/images/

International Co-laboration
effort started
Initial sequencing and analysis of the human genome Nature
409, 860 - 921 (15 February 2001)
International Human Genome Sequencing Consortium(headed
by Francis Collins)
The Sequence of the Human Genome , Science, Vol 291, Issue
5507, 1304-1351 , 16 February 2001
Venter et al. (Celera Genomics)

What did we learn from HGP?
Less than 2% of the Human Genome codes
for protein
The human genome encodes for approx.
21,000 protein-coding genes
The human genome sequence is almost exactly
the same (99 %) 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 describing Human Variation
• Different sources of DNA were used for original sequencing
• Celera: 5 individuals; HGSC: ‘many’
• 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

genome.cshlp.org
SNPs: the human genome has at least 10 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

Causes of Sickle Cell Anemia and Cystic Fibrosis have been
pinpointed to specific mutations in their Protein-Coding DNA

scienceandsociety.emory.edu

http://evolution.berkeley.edu/evolibrary/article/
mutations_06

red blood cells carrying mutant
hemoglobin are deprived of oxygen

Cystic fibrosis patients have a
deletion of three base pairs in
the CFTR sequence
Protein folds incorrectly and is
marked for degradation
http://learn.genetics.utah.edu/content/
disorders/whataregd/sicklecell/

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
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 Technologyies SOLID
Illumina Hi-Seq 2000)
Easier library preparation
Fragment amplification on solid
surfaces
Nucleotide-to-nucleotide
sequence determination
Sequence from both ends
Generate dense planar array
of DNA features
Apply cycles of enzymatic
driven biochemistry

Shendure & Ji, nature biotechnology, 2008

800 bases read

35–70 bases read

Imaging-based data collection

Depositing DNA templates in a highly parallel manner

Fluorescent readout of
incorporated bases

Illumina Technology

454 PicoTiter (Roche) plate holds
1.6 Mio reactions in parallel

Jay Shendure, BioTechniques Virtual Symposium, October 2011

Beijing Genome Institute:
BJI – The Sequencing Factory
Purchased 128 HiSeq2000
sequencers from Illumina in
January 2010
each of which can produce 25
billion base pairs of sequence a day

Sudden and Profound Out-Pacing of Moore's Law
Transition from Sanger Sequencing to Next-Generation Sequencing technologies

Moore's Law, which describes a long-term trend in the
computer hardware industry that involves the doubling
of 'compute power' every two years
www.genome.gov/sequencingcosts.

Cost of Genome Sequencing Today
$ 1.000 for exome sequencing
$ 4.000 to 10.000 for whole genome sequencing

Genomic Achievements since the Human Genome Project

Nature, February 2011

Single Molecule Sequencing through Nanopore

Thread DNA through protein
nanoscale pores und an
applied electric current to
produce electronic signals at
single molecule level

Columbia University (2012, September 21). Novel approach for single
molecule electronic DNA sequencing. ScienceDaily. Retrieved

Outline
Human Genome Project – obtain blueprint of human DNA
by sequencing
Basics: DNA sequencing – from its inception to high-throughput
Follow-up studies – consortium based:
GWAS – Genome Wide Association Studies
1000 Genome Project – sequence 1000 individual genomes
ENCODE – Encyclopedia of DNA Elements

GWAS – Genome Wide Association Study

an approach which identifies gene loci associated with a particular trait
analyze genetic differences between people with specific illnesses, such as diabetes
or heart disease, compared to healthy individuals.
The purpose of the studies is to explore the connection between
specific genes, known as genotype information, and their outward expression,
known as phenotype information
Open access repository

1000 Genomes Project

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

Sequenced the whole genomes from a
total of 1092 individuals from a pool of
14 different populations selected by their
ancient migratory history and genetic
relationship to each other
Donors not known to have any diseases
Study provides the genomic background
to understand which genetic variations are
within the normal range
genetic variations found in the populations analyzed were categorized by
how frequently they appeared in the individuals tested
- more than 5% : common variants
- between 5 to 0.5 %: low frequency
- less than 0.5%: rare variant

1000 Genome Project
GOAL: identify the SNPs that are present at 1% or greater frequency
At the genetic level any two people are more than 99% alike
But rare variants -- those that occur with a frequency of 1 percent or less
in a population -- are thought to contribute to rare diseases as well
as common conditions like cancer, heart disease and diabetes
All participants submitted anonymous samples
whole genome sequenced 5x
protein coding genes sequenced 80 x
- Discovered a total of 38 million SNPs
- 1.4 million short stretches of insertions or deletions
- 14,000 large DNA deletions

The 1000 Genomes Project Consortium. An integrated map of genetic variation from 1,092 human
genomes. Nature, October 31, 2012 DOI: 10.1038/nature11632

ENCODE

6. September 2012

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

Lessons learned
• Data sharing
• 2000: 4 eukaryotic genomes
• 2012: > 250 eukaryotic genomes, > 1000 human genomes
• Fewer protein-coding genes than thought
• Many regulatory RNA elements
• Studying of genetic variation and evolutionary origins
• Cost of sequencing has fallen 100,000 fold; high trough-put sequencing
• 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 approches (GWAS, 1000 Genomes, ENCODE, and others
will provide leads to the origin and treatment of human diseases.

