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Genome Analysis Series: CSHL Press

Outline

I.     Fundamentals of Physical Mapping

II.    Fundamentals of Genome Sequencing

III.   Mapping & Sequencing in the Human Genome 
Project…and Beyond

IV.   Future Challenges (i.e., What’s Next?)
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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

cM2520303020

…GATCTGCTA
TACTACCGC
ATTATTCCG…

Sequence MapClone-Based MapRH Map

Sequence-Tagged Sites (STSs)

GGATTCCGACTAGGTCGGTCTT… // …GGATTAGCTAGGTATTGGCTAT
CCTAAGGCTGATCCAGCCAGAA… // …CCTAATCGATCCATAACCGATA

PCR Primer 1

PCR Primer 2
~60-1000 bp

STS1 STS2 STS3 STS4 STS5

100 kb

////
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Physical Mapping: General Principles

• Importance of Physical Maps: 
Localization and Isolation of Genes (e.g., Positional Cloning)
Study of Genome Organization and Evolution
Framework for Genome Sequencing

• Physical Mapping Involves Ordering Clones and/or Landmarks

• General Types of Physical Maps:
Landmark Only (e.g., Radiation Hybrid Maps)
Clone-Based
Sequence

Clone-Based Physical Mapping
Chromosome

Contigs

Clones
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Clones for Physical Mapping: General Points

• Want Cloned DNA to Accurately Reflect the Source Genome
Problem of Instability
Problem of Chimerism

• Development of ‘Array Mentality’ for Clone Libraries 
Clones Arrayed in Individual Wells of Microtiter Plates
Various Densities (e.g., 96-and 384-Well Plates)

• Advantages of Arrayed Libraries (‘Reference Libraries’)
1. Simplicity of Storing and Transferring Clone Collections
2. Convenient Format for Retrieving Clones of Interest
3. Ability to Assimilate Data on Common Clones
4. Repeated PCR-Based Screening
5. Repeated Hybridization-Based Screening

• Trade-Offs with Large vs. Small Inserts

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)
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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

YAC-Based STS-Content Mapping
Green & Green (1991)

// //
STS4STS3STS2STS1

Assemble
YAC 
Contig

Assimilate 
Data

STS1

Screen
with PCR 
Assays for 
Set of STSs

STS2

STS3

STS4

YAC Library
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Bacterial Artificial Chromosomes (BACs)

• Bacterial-Based Cloning System Developed by Shizuya et al. (1992)

• 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 

• Relatively Non-Chimeric

• Numerous Libraries Available (see www.chori.org/bacpac)

• See Birren et al. (1998) 

• 6 Fields, 16 x 384 BACs

• ~18,000 Unique Clones
• 4 x 4 Array
• Clones in Duplicate  

Screening BAC Libraries by Hybridization
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5' 3'22mer

5'3' 22mer

Double-Stranded 36mer

‘Overgo’ Hybridization Probes

• Pair of ~22mer Oligonucleotide
Primers with 8-bp Overlap

Klenow, 
32P-dATP *, 
32P-dCTP *

* * * * * *

* * * * * *

Pools of >100 Overgo Probes

• Primer Extension with Klenow and 
Both 32P-dATP and 32P-dCTP 

• Low Background Allows Pooling of
Multiple Overgo Probes

8 bp

Vollrath (1999)

>20 kb

~300 bp

Size Marker 
Every 5th Lane

Restriction Enzyme Digest-Based Fingerprint Analysis

• BAC DNA Purification
in 96-Well Format

• Single-Enzyme Digestion

• Agarose Gel

Marra et al. (1997)  
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FPCIMAGE

Soderlund et al. (2000) and www.sanger.ac.uk/Software

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)

BAC-Based Physical Maps of Human Genome

Nature
409:934-941 (2001)

Nature 409:942-943 (2001)

Nature 409:945-946 (2001)

Nature 409:943-945 (2001)

Chromosomes 1, 6, 9, 10, 13, 20, and X

Y Chromosome

Chromosome 12

Nature 409:947-948 (2001)
Chromosome 14
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www.genome.gov/10001674

The Genome Hub

Physical Mapping: Future Prospects

• Construction of New BAC Libraries will Allow 
Physical Mapping Studies of More Species’ Genomes

• Strategies for Physical Mapping are Radically
Changing in the Sequence-Based Era

• Will Now See a Closer Interplay of Mapping and 
Sequencing in the Exploration of New Genomes

• Sequence-Driven Approaches will Increasingly
be Used for Building Comparative Physical Maps
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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

2003

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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Applied Biosystems 377 

Capillary-Based DNA Sequencing Instruments
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EST Sequencing
& 

SAGE

Shotgun Sequencing
Wilson & Mardis (1997) and Green (2001)
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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)



21

BAC

Finished
Sequence

“Finishing”
“Working Draft”

Sequence

Shotgun Sequencing Strategy
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Sequence Finishing: Resolving Ambiguities

Large-Scale DNA 
Sequencing Projects
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www.tigr.org

Bacterial Genome Sequences

Nature 387:1-105, 1997

First Eukaryotic Genome Sequence
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Science 282:1012-2018, 1998

First Animal Genome Sequence

Science 287:2185-2195, 2000

Second Animal Genome Sequence
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Science 282:682-689, 1998

Human Genome Project: 5 Year Goals

Revised Timetable for Human Sequencing
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Timetable for Human Genome Sequencing

Working Draft 
Finished

Baylor College of Medicine

Whitehead Institute/MIT 
Genome Sequencing Center

Human Genome Sequencing Centers
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Human Genome Sequencing Centers

June, 2000 Announcement
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February, 2001 Publications

BAC-by-BAC Shotgun Sequencing

Green (2001)
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Whole-Genome Shotgun Sequencing

Green (2001)

Venter et al., 2001

Whole-Genome Shotgun Sequence Assembly
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April, 2003 Completion

International Human Genome Sequencing Consortium

• 6 Countries
• 20 Sequencing Centers
• 1000’s of Individuals

• ~1,000 bases per second, 24 hours per day, 7 days per week
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All of the original goals of the 
Human Genome Project have 

been accomplished!

What’s Next?
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TCTTTTCTCCGACACGCAAAGGAAGCGCTAAGGTAAATGCATCAGACCCACACTGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATAT
ACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAGGAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAA
GGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGACGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTC
CCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGC
GGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTCAGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGG
AGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGAGAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACT
CGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGGTGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGA
CATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAGGTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGG
GACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAG
CTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCA
TTCATTGTTTTGAAAGAAAATTCTTTTCTCCGACACGCAAAGGAAGCGCTAAGGTAAATGCATCAGACCCACACTGCCGCGGAACTTTTCGGCTC
TCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAGGAACCCGACTAGGATCATCGG
GAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGACGCGAAGGAGGGTCTAGGAAG
CTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTGTCGCCCACCTGC
GGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTCAGAATCGGGAAAGGGAGGTGC
GGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGAGAAAGCCGCTAGAGCAAATTT
GGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGGTGTGCGGAGTAGGGGTGGGTG
GGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAGGTCTTTGGCATTAGGAGCTTG
AGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTTTTTCAG
GTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGT
TTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATTCTTTTCTCCGACACGCAAAGGAAGCGCTAAGGTAAATGCATCAGACCCACAC
TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGATAGGTCGCCTCTGGAAAAGGCCAGCGTGGGGTTCCC

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

Beyond the Human Genome 
Sequence…

Comparing the Human Genetic 
Blueprint to that of Other Species
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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
Know Very Little about What to Look For
Virtually No Complementary Data Sets Available
Poor Computational Predictions

Major role for comparative sequencing is 
the identification of functionally important 
non-coding sequences

Human

Whole-Genome Vertebrate Sequencing Efforts

Pufferfish 
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Sequence of a ‘Compact’ Vertebrate Genome

Human

Whole-Genome Vertebrate Sequencing Efforts

Mouse

Pufferfish 
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Hybrid Shotgun Sequencing

Green (2001)

What is the optimal mixture???

BAC-by-BAC Shotgun 
Sequence Reads

Whole-Genome Shotgun 
Sequence Reads

Redundant
Coverage:

Redundant
Coverage: ~10-fold ~5-fold 0

~10-fold~5-fold0

Hybrid Shotgun Sequencing



39

Human-Mouse Sequence Comparisons

• ~40% in Alignments

• ~5% Under Selection

~1.5% Protein Coding

~3.5% Non-Coding

Multi-Species Comparative Sequence Analysis

• Targeted Genomic Regions

• Identify Highly Conserved
Non-Coding Sequences

Thomas et al. (2003)

• BAC-Based Sequencing in 
Multiple Vertebrates

• Conserved Sequences Correlate
with Functional Elements
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Human

Zebrafish Pufferfish 

Whole-Genome Vertebrate Sequencing Efforts

Mouse Rat Chimpanzee

Chicken

CowDog

Xenopus

Future Genomes to Sequence???



 
Bibliography 
 
Adams, M.D. et al. (2000). The genome sequence of Drosophila melanogaster. Science 287, 2185-2195.  
 
Aparicio, S. et al. (2002). Whole-genome shotgun assembly and analysis of the genome of Fugu 
rubripes. Science 297, 1301-1310.  
 
Bentley, D.R. et al. (2001). The physical maps for sequencing human chromosomes 1, 6, 9, 10, 13, 20, 
and X. Nature 409, 942-943. 
 
Birren, B. et al. (1998). Bacterial artificial chromosomes. In Genome analysis: a laboratory manual. Vol. 
3 Cloning systems (ed. B. Birren et al.), pp. 241-295. Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, New York. 
 
Bruls et al. (2001). A physical map of human chromosome 14. Nature 409, 947-948. 
Burke, D.T. et al. (1987). Cloning of large segments of exogenous DNA into yeast by means of artificial 
chromosome vectors. Science 236, 806-812. 
 
C. elegans Sequencing Consortium. (1998). Genome sequence of the nematode C. elegans: a platform 
for investigating biology. Science 282, 2012-2018.  
 
Collins, F.S. et al. (2003). A vision for the future of genomics research: A blueprint for the genomic era. 
Nature 422, 835-847.  
 
Collins, F.S. et al. (1998). New goals for the U.S. Human Genome Project: 1998-2003. Science 282, 
682-689.  
 
Goffeau, A. et al. (1997). The Yeast Genome Directory. Nature 387S, 1-105.  
 
Gordon, D. et al. (1998). Consed:  A graphical tool for sequence finishing. Genome Research 8, 195-
202.  
 
Green, E.D. (2001). Strategies for the systematic sequencing of complex genomes. Nature Rev. Genet. 
2, 573-583.  
 
Green, E.D. and Green, P. (1991). Sequence-tagged site (STS) content mapping of human 
chromosomes: theoretical considerations and early experiences. PCR Methods Applic. 1, 77-90. 
 
Green, E.D. et al. (1998). Yeast artificial chromosomes. In Genome analysis: A laboratory manual. Vol. 
3 Cloning systems (ed. B. Birren et al.), pp. 297-565. Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, New York. 
 
Gregory, S.G. et al. (1997). Genome mapping by fluorescent fingerprinting. Genome Research 7, 1162-
1168.      
                                                                                  
International Human Genome Mapping Consortium (2001). A physical map of the human genome. 
Nature 409, 934-941. 



 
International Human Genome Sequencing Consortium. (2001). Initial sequencing and analysis of the 
human genome. Nature 409, 860-921.  
 
Marra, M.A. et al. (1997). High throughput fingerprint analysis of large-insert clones. Genome Research 
7, 1072-1084.  
 
Messing, J. and Llaca, V. (1998). Importance of anchor genomes for any plant genome project. Proc. 
Natl. Acad. Sci. 95, 2017-2020.  
 
Montgomery, K.T. et al. (2001). A high-resolution map of human chromosome 12. Nature 409, 945-946. 
 
Mouse Genome Sequencing Consortium. (2002). Initial sequencing and comparative analysis of the 
mouse genome. Nature 420, 520-562.  
 
Olson, M. et al. (1989). A common language for physical mapping of the human genome. Science 245, 
1434-1440. 
 
Riethman, H. et al. (1997). Preparation, manipulation, and mapping of HMW DNA. In Genome 
analysis: a laboratory manual. Vol. 1 Analyzing DNA (ed. B. Birren et al.), pp. 83-248. Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, New York. 
 
Shizuya, H. et al. (1992). Cloning and stable maintenance of 300-kilobase-pair fragments of human 
DNA in Escherichia coli using an F-factor-based vector. Proc. Natl. Acad. Sci. 89, 8794-8797.  
 
Soderlund, C. et al. (2000). Contigs built with fingerprints, markers, and FPC V4.7. Genome Res. 10, 
1772-1787.  
 
Thomas et al. (2003). Comparative analyses of multi-species sequences from targeted genomic 
regions. Nature 424, 788-793. 
 
Tilford, C.A. et al. (2001). A physical map of the human Y chromosome. Nature 409, 943-945. 
 
Venter, J.C. et al. (2001). The sequence of the human genome. Science 291, 1304-1351.  
 
Vollrath, D. (1999). DNA markers for physical mapping. In Genome analysis: a laboratory manual. Vol. 
4 Mapping genomes (ed. B. Birren et al.), pp. 187-215. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, New York. 
 
Wilson, R.K. and Mardis, E.R. (1997). Fluorescence-based DNA sequencing. In Genome analysis: a 
laboratory manual. Vol. 1 Analyzing DNA (ed. B. Birren et al.), pp. 301-395. Cold Spring Harbor 
Laboratory Press, Cold Spring Harbor, New York. 
 
Wilson, R.K. and Mardis, E.R. (1997). Shotgun sequencing. In Genome analysis: a laboratory manual. 
Vol. 1 Analyzing DNA (ed. B. Birren et al.), pp. 397-454. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor, New York. 
 




