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Collins et al. (2003)
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Collins et al. (2003)

Outline

I.     Fundamentals of Genome Mapping

II.    Fundamentals of Genome Sequencing

III.   Mapping & Sequencing in the Human Genome Project

IV.   Comparative Sequencing

V.    New DNA Sequencing Technologies
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Genome Sizes

~3,000,000,000 bp

~160,000,000 bp

~100,000,000 bp

~15,000,000 bp

~5,000,000 bp

Human Genome
Mouse Genome

Fruit Fly Genome

Nematode Genome

Yeast Genome

E. coli Genome

The Human Cytogenetic Map
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Genetic Map

Physical Map

Cytogenetic Map

25 50 75 100 125 150 Mb
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Sequence MapClone-Based MapRH Map

Clone-Based Physical Mapping
Chromosome

Contigs

Clones
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Construction of 
YACs and BACs

High-Molecular Weight DNA
Partial Restriction Digestion

Size SelectionSize Selection

YAC Vector Arms BAC Vector

Ligate & Transform 
into Yeast

Ligate & Transform 
into Bacteria

YAC Insert: ~100-1000  kb BAC Insert: ~100-200  kb

Telomeres
Yeast DNA
Plasmid DNA
Insert DNA

BAC Vector

Insert DNAGreen et al. (1998)
Birren et al. (1998)

Cloning Capacity

YAC

BAC

Cosmid

Bacteriophage

~1,000,000 bp

~100,000 bp

~45,000 bp

~25,000 bp

Genome Sizes

~3,000,000,000 bp

~160,000,000 bp

~100,000,000 bp

~15,000,000 bp

~5,000,000 bp

Human
Mouse

Fruit Fly

Nematode

Yeast

E. coli
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Bacterial Artificial Chromosomes (BACs)

• Bacterial-Based Cloning System 

• Based on the E. coli F Factor (Fertility Plasmid): Replication Control

• Cloned Inserts: 100-200 kb, Circular DNA

• Low Copy Number

Low Yields of DNA by Standard Methods
Reasonably Stable 

• BAC Libraries from Many Different Species Available
(e.g., www.chori.org/bacpac)

• See Birren et al. (1998) 

Chromosome
(~130 Mb)

BAC
(~0.1-0.2 Mb)

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TAGGTATTGGGGCATT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CCGGTTAGACATACAT
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

Genome
(~3000 Mb)

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TG
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CC
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CCGGTTAGACATACAT
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

YAC
(~0.5-1.0 Mb)
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Sequence-Ready Contig Map
Marra et al. (1997) and Gregory et al. (1997)

Physical Mapping: Future Prospects

• Availability of Many BAC Libraries is Allowing 
Physical Mapping of More Species’ Genomes

• Strategies for Physical Mapping have Advanced
Greatly in the Sequence-Based Era

• Close Interplay of Mapping and Sequencing in the 
Exploration of Genomes
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DNA Sequencing

History of DNA Sequencing

Avery:  Proposes DNA as ‘Genetic Material’

Watson & Crick:  Double Helix Structure of DNA

Holley:  Sequences Yeast tRNAAla

1870

1953

1940

1965

1970

1977

1980

1990

2006

Miescher:  Discovers DNA

Wu:  Sequences λ Cohesive End DNA

Sanger:  Dideoxy Chain Termination
Gilbert:  Chemical Degradation

Messing:  M13 Cloning

Hood et al.:  Partial Automation

• Cycle Sequencing 
• Improved Sequencing Enzymes
• Improved Fluorescent Detection Schemes

1986

Adapted from Messing & Llaca, PNAS (1998)

1

15

150

50,000

25,000

1,500

200,000

>100,000,000 

Efficiency
(bp/person/year)

15,000
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DNA Tagged with Radioactivity

G A T C

G: G Reaction
A: A Reaction
T: T Reaction
C: C Reaction

Radioactive Sequencing
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Fluorescent DNA Sequencing

A G T A C T G G G A T C

Gel
Electrophoresis

Wilson & Mardis (1997)

Detection of Fluorescently Tagged DNA

DNA Fragments
Separated by 

Electrophoresis

Output to Computer

Laser Excites 
Fluorescent Dyes

Optical 
Detection System
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Analyzing Fluorescent DNA Sequencing Data

Computer
Analysis

A G T A C T G  G  G A T C

Fluorescent DNA Sequencing Results
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Slab Gel-Based DNA Sequencing Instruments

Capillary-Based DNA Sequencing Instruments
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Large-Scale cDNA Sequencing

• Full-Insert (Full-Length) cDNA Sequencing

• ESTs: Expressed-Sequence Tags

• SAGE: Serial Analysis of Gene Expression

mgc.nci.nih.gov
Gerhard et al. (2004)

Shotgun Sequencing
Wilson & Mardis (1997)

Green (2001)

Large-Scale Genome Sequencing
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Subclone Construction

Subclone FragmentsSubclone Fragments

Randomly FragmentRandomly Fragment

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

BAC DNA

Prepare Multiple CopiesPrepare Multiple Copies
GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC
GATTATTACCATTTTA
ATCCTTAGGATTGACA

BAC

Shotgun Sequencing Strategy
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Poisson Calculations 
The sequencing strategy for the shotgun approach follows the 

Lander and Waterman application of the Poisson distribution 

 
The probability a base is not sequenced is given by:

 P0=e-c 

Where: 

• c = fold sequence coverage (c=LN/G),  

• LN = # bases sequenced, i.e. L = average sequencing 

read length and N = # reads 

• G = target sequence length 

• e = 2.718 (e=2.718281828459) 

 
Fold Coverage P0=e-c % not sequenced % sequenced 
1 0.37 37% 63% 
2 0.135 13.5% 87.5% 
3 0.05 5% 95% 
4 0.018 1.8% 98.2% 
5 0.0067 0.6% 99.4% 
6 0.0025 0.25% 99.75% 
7 0.0009 0.09% 99.91% 
8 0.0003 0.03% 99.97 
9 0.0001 0.01% 99.99% 
10 0.000045 0.005% 99.995% 
 

Shotgun Sequence Assembly

“Consed” (Gordon et al., 1998)
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BAC

Finished
Sequence

“Finishing”
“Working Draft”
Sequence

Shotgun Sequencing Strategy
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Sequence Finishing: Resolving Ambiguities

*** Sequence Finishing:  Remains Relatively Expensive ***

Historically Significant
Genome Sequencing Projects
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www.tigr.org

Microbial Genome Sequences

Goffeau et al. (1997)

First Eukaryotic Genome Sequence
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C. elegans Sequencing Consortium (1998)

First Animal Genome Sequence

Adams et al. (2000)

Second Animal Genome Sequence
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Human Genome Sequencing Centers

Clone-Based Shotgun Sequencing

Green (2001)
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Whole-Genome Shotgun Sequencing

Green (2001)

February, 2001 Draft Sequence

Venter et al. (2001)International Human Genome 
Sequencing Consortium (2001)
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April, 2003 Completion

October, 2004 Publication

International Human Genome 
Sequencing Consortium (2004)
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Tuesday, March 29, 2005 Posted: 4:24 PM EST (2124 GMT) 

CNN’s #1 Medical Story of Past 25 Years

April, 2003April, 1953
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All of the original goals of the 
Human Genome Project have 

been accomplished!

What’s Next?
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Collins et al. (2003)

Collins et al. (2003)
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Mapping
the Human Genome

Sequencing
the Human Genome

~1990 to ~2000

~1998 to ~2003

Interpreting
the Human Genome 

Sequence
~2003 to ???

The Human 
Genome Project

Beyond
The Human 

Genome Project



Eric D. Green, M.D., Ph.D. Techniques for Genome Mapping & Sequencing

Page 28

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG 
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA 
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG 
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC 
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA 
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG 
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG 
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT 
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT 
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA 
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT 
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG 
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT 
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG 
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA 
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG 
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA 
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTACCCAATGAATAAGCATACTGAGGTATCAAAAAAGTCAAATATGT 
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC 
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAGGAGAGCTCCTCCCTGTGGATGAGAGAGAAGGACTTTACTCTTTGGAATTATCTTTTTGTGT 
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT 
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACCAGTCTAAAAATGCAGTTTTCAGAAGAATGAATATTTCATGGATA 
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT 
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTGTGTTAAGAGCATACTCATTTCTGTTCTCC 
AAAATATTTCATAAGGTGCTTTAAGAATAGGTATGTTTTTAAAAGTTAAGTTCCTACTATTTATAGGAACTGACAATCACCTAAAATACCAATGA 
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA 
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG 
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT 
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT 
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG 
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT 

~3,000 bp (0.0001%) of Human Genome Sequence

The Human Genome… by the Numbers

~5% of Human Genome is Functionally Important
5% of 3B Bases = ~150M Bases
Do NOT Yet Know the Position of these ~150M Functional Bases

~1.5% Encodes for Protein (Genes)
Corresponds to ~18-22K Genes
Many More than ~22K Different Proteins
Good Inventory at Present

~3.5% Functional But Non-Coding
Gene Regulatory Elements
Chromosomal Functional Elements
Undiscovered Functional Elements (NOT Yet in Textbooks!)
Poor Inventory at Present
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Darwin

1859

Mendel

1865

Miescher

1871

Avery

1944

Watson 
& Crick

1953

Foundational Milestones in Genetics & Genomics

Comparing Genomes is Like Cryptography

CKQEBHEREYTWASUISCZMEISDFOGETHEBLPBGOODFQSTLKSTUFFRTAC

DLUCEHEREZBRTTOISAWNDCDARJJPTHERROFGOODERGHCLSTUFFBRHA
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Functional Elements: Coding vs. Non-Coding

Coding Sequences (i.e., Genes)
Relatively EASY to Identify
Mostly Know What to Look For
Complementary Data Sets Available (ESTs, cDNAs)
Ever-Improving Computational Gene Predictions

Non-Coding Functional Sequences
HARD to Identify
Very Little Known About What to Look For
Virtually No Complementary Data Sets Available
Poor Computational Predictions

+
+ ++

+ --

The Language of the Genome
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Functional Elements: Coding vs. Non-Coding

Coding Sequences (i.e., Genes)
Relatively EASY to Identify
Mostly Know What to Look For
Complementary Data Sets Available (ESTs, cDNAs)
Ever-Improving Computational Gene Predictions

Non-Coding Functional Sequences
HARD to Identify
Very Little Known About What to Look For
Virtually No Complementary Data Sets Available
Poor Computational Predictions

Major role for comparative sequence analysis 
will be the identification of functionally 
important, non-coding sequences

Species B
TATCGGCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACTAGCCACAGTTA
CGTGTGAGAGATGTATGATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCTCAGAGGCCCACCGCC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
CCTTACCATATATCCACCTACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA

Species A
GATCGTCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACGATTTAGCCACA
GTTACGTGTGAGAGATGTATGA
TGCACCTGACCCGGGTTTCACT
CTCAACGACTCACTCCACCTCA
GAGGCCCACCGCCGCTGTGCAC
TACCGAGATACACGATACCTAC
ACAGGTGTGACACACCCCTACC
CGTCCACCACACGACTCACTCC
ACCTCAGAGGCCCACCGCCGCT
GTGCACTACCGAGATACACGAT
ACCTACACAGGTGTGACACACG
ATCCTTACCACATTACACATTA
CCATATATCCACCTACCACACA
TACCTACCCCATTGCACACCTA
TTATTATTACCGGGACCGAGG

Comparative Sequence Analysis

Species B
TATCGGCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACTAGCCACAGTTA
CGTGTGAGAGATGTATGATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCTCAGAGGCCCACCGCC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
CCTTACCATATATCCACCTACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA

Using the Experiments of Evolution
to Decode the Human Genome

Species A
GATCGTCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACGATTTAGCCACA
GTTACGTGTGAGAGATGTATGA
TGCACCTGACCCGGGTTTCACT
CTCAACGACTCACTCCACCTCA
GAGGCCCACCGCCGCTGTGCAC
TACCGAGATACACGATACCTAC
ACAGGTGTGACACACCCCTACC
CGTCCACCACACGACTCACTCC
ACCTCAGAGGCCCACCGCCGCT
GTGCACTACCGAGATACACGAT
ACCTACACAGGTGTGACACACG
ATCCTTACCACATTACACATTA
CCATATATCCACCTACCACACA
TACCTACCCCATTGCACACCTA
TTATTATTACCGGGACCGAGG

Sequences in Common (i.e., ‘Conserved’ or ‘Constrained’)

GATCGTCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACTAGCCACAGTTA
CGTGTGAGAGATGTATGATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCTCAGAGGCCCACCGCC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
CCTTACCATATATCCACCTACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA

Compare
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Zebrafish Pufferfish

Vertebrate Genome Sequences

Cow

Xenopus

MonodelphisMacaque

Chicken

Platypus

ChimpanzeeRatMouse

Orangutan Marmoset

Dog

Hybrid Shotgun Sequencing

Green (2001)
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Margulies EM et al. (2005)   

Low-Redundancy, Whole-Genome 
Shotgun Sequencing

Mouse

Pufferfish

Chicken
Chimpanzee

Zebrafish

Dog
Cow

Rat

Xenopus
Monodelphis
Macaque

Human

Platypus
Marmoset
Orangutan

Landscape of Vertebrate Genome Sequencing

Rabbit
Cat

Elephant
Tenrec

Armadillo

Shrew
Guinea Pig
Hedgehog
(and others…)
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Multi-Species Sequence Comparisons

Species C Species DSpecies B Species ESpecies A Species F
GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT
GCACCTGACCCGGGTTT
CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA
CACCTATTATTATTACC

GATCGTCTAGAATCTCGAG
ATCTCTGAGAGTCGTGGGA
AACTGTGTGATGTGACTAG
CCACAGTTACGTGTGAGAG
ATGTATGATGCACCTGACC
CGGGTTTCACTCTCAACGA
CTCACTCCACCTCAGAGGC
CCACCGCCGCTGTGCACGT
CCACCACGATCCTTACCAC
ACTTACACATTACCATATA
TCCACCTACCACACATACC
TACCCCATTGCACACCTAT
TATTATTACCAGTAACTAC
TACCACCTAGAGGGAGCTA

HUMAN

Multi-Species Conserved Sequences (MCSs)

Margulies et al. (2003)

Future Genomes to Sequence???
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ENCODE Project

● ENCODE: ENCyclopedia Of DNA Elements

● Initial Pilot Project: 1% of Human Genome

● Apply Multiple, Diverse Approaches to Study and 
Analyze that 1% in a Consortium Fashion

● Goal: Compile a Comprehensive Encyclopedia of
All Functional Elements in the Human Genome

ENCODE Project Consortium (2004)
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ENCODE Project: Comparative Sequencing

ENCODE Project: Web Sites

genome.gov/ENCODE genome.ucsc.edu/ENCODE
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Human Genome Sequence

~$100,000

~$1,000

>$1,000,000,000
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En Route to the $1000 Genome
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Margulies M et al. (2005)

Bennett (2004)

Shendure et al. (2005)

Bennett et al. (2005)

Metzker (2005) Church (2006)
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Method Read LengthFeasibility
Raw Data 
ProductionData Quality

Sanger
Sequencing

Long
(800-1200 bases)

Well 
Established ++++

Stepwise 
Synthesis

Short
(25-100 bases)

Becoming
Established ++++++

Single 
Molecule

Long
(>1000 bases ?)

Far from
Established +++++ ????

DNA Sequencing Technologies

Realities of New DNA Sequencing Technologies…
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“Inter-Species” Comparisons

“Intra-Species” Comparisons
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? 
HGP

Realization of
Genomic Medicine

The Pathway to Genomic Medicine

? 
HGP

Platypus

Armadillo Marmoset

Elephant Chicken

Tenrec

Realization of
Genomic Medicine

The Pathway to Genomic Medicine
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The Current Big Challenges…

• Large-Scale Deployment of Medical Sequencing

• Defining “Saturation Points” in Terms of 
Information Gained by Comparative 
Sequence Analyses

• Achieving the “$1000 Genome”

…from base pairs to bedside.

The Human Genome Sequence to Genomic Medicine…
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