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Mouse Genome .I,l.[.l.l,l,l.l.l.[.‘.l.l,l,--,
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~3,000,000,000 bp
Fruit Fly Genome ﬁiﬂ
~160,000,000 bp
Nematode Genome
~100,000,000 bp
Yeast Genome ﬂ
~15,000,000 bp

E. coli Genome
~5,000,000 bp

The Human Cytogenetic Map
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Sequence-Tagged Sites (STSs)

STS1 STS2 STS3 STS4

e

PCR Primer 1

........................................................... 1=

GGATTCCGACTAGGTCGGTCTTm // ..GGATTAGCTAGGTATTGGCTAT
CCTAAGGCTGATCCAGCCAGAA.. // ..CCTAATCGATCCATAACCGATA

PCR Primer 2

— 60-1000 bp ——————




Physical Mapping: General Principles

e 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
[ I - MY/ Chromosome

Clones

Contigs




Clones for Physical Mapping: General Points

e Want Cloned DNA to Accurately Reflect the Source Genome

Problem of Instability
Problem of Chimerism

e Development of ‘Array Mentality’ for Clone Libraries

Clones Arrayed in Individual Wells of Microtiter Plates
Various Densities (e.g., 96-and 384-Well Plates)

e 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

High-Molecular Weight DNA

i Partial Restriction Digestion

NN
NANAAAAAA

YAC Vector Arms BAC Vector

Construction of <+ Iz O —
YACs and BACs B>

Ligate & Transform
Ligate & Transform into Bacteria
into Yeast

<+ T T A AAS AN C Eﬁ?

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

A B Telomeres I BAC Vector|

Green et al. (1998) = Yeast DRA N Insert DNA

Birren et al. (1998) A Insert DNA




Genome Sizes

~3,000,000,000 bp

Fruit Fly m
~160,000,000 bp
Nematode

~100,000,000 bp
Yeast
~15,000,000 bp

E. coli
~5,000,000 bp

BAC

Cosmid

Bacteriophage

Cloning Capacity

I

000,000 bp

|

~100,000 bp
[
~45,000 bp

[ ]
~25,000 bp

YAC-Based STS-Content Mapping

Green & Green (1991)

YAC Library

Screen
with PCR
Assays for
Set of STSs

STS1 STS2 STS3 STS4

| () e ) s e

Assemble
YAC
Contig




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
e Cloned Inserts: 100-200 kb, Circular DNA

e Low Copy Number

Low Yields of DNA by Standard Methods
Reasonably Stable

¢ Relatively Non-Chimeric
e Numerous Libraries Available (see www.chori.org/bacpac)

o See Birren et al. (1998)

Screening BAC Libraries by Hybridization

* 6 Fields, 16 x 384 BACs
* ~18,000 Unique Clones
*4 x4 Array

* Clones in Duplicate




‘Overgo’ Hybridization Probes
Vollrath (1999)
5' 22mer 3'
e Pair of ~22mer Oligonucleotide +—8 bp—
Primers with 8-bp Overlap ¥ 22mer

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

5

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

—_— - -

Double-Stranded 36mer

Pools of >100 Overgo Probes

* Low Background Allows Pooling of
Multiple Overgo Probes

Restriction Enzyme Digest-Based Fingerprint Analysis

Size Marker

Every 5th Lane
A R
EOLIN - - - - e e e
*« BAC DNA Purification et SR g B
in 96-Well Format SR s g S ST et B

* Single-Enzyme Digestion

» Agarose Gel

~300 bp
Marra et al. (1997)
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GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC
GTGGGAAACTGTGTGA
TGTGACTAGCCACAGT
TGTGACTAGCCACAGT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CCGGTTAGACATACAT
GAGGCCCACCGCCEET
GTGCACGTCCACCACC

Genome
(~3000 Mb)

Chromosome
(~130 Mb)

GATCGICTAGRATCTC
GAGATCTCTGAGAGTC
GTGGGARACTGTGTCA
TGTGACTAGCCACAGT
TAGGTATTGGGGCATT
TACGTGTGAGAGATGT
ATGATGCACCTGACCC
GGGTTTCACTCTCAAC
GACTCACTCCACCTCA
CCGETTAGACATACAT
GAGGCCCACCGCCGCT
GTGCACGTCCACCACC

BAC
(~0.1-0.2 Mb)




Sequence-Ready Contig Map

Marra et al. (1997) and Gregory et al. (1997)

BAC-Based Physical Maps of Human Genome

A physical map of the human genome R
et B e Mol Gt 409:934-941 (2001)

Chromosomes 1, 6,9, 10, 13, 20, and X
Nature 409:942-943 (2001)

Y Chromosome
Nature 409:943-945 (2001)

Chromosome 12
Nature 409:945-946 (2001)

Chromosome 14
Nature 409:947-948 (2001)




The Genome Hub

¥ Mational Human Genomee Research Institute - Genome Hub - Notscap
File Edit View Go Bookmarks Tools Window Help

Thess Wab links provide infarmation about the human genceme sequance, projects to sequence the genamas of ather crganisms and additicnal
ralavant information for genomic ressarchers. Select a category belom, or scroll dawn t browse the full list of links.

The Completed Human Genome Sequence (NCBI}

NHGRI/NIH-supported research and links to similar projects.

, and Adatonsl Sequance, Gana and Protein Databases

equence Assemblies, and Other Genomic Data Resources

www.genome.gov/10001674

Physical Mapping: Future Prospects

* 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

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

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




DNA Sequencing

History of DNA Sequencing

1870 Miescher: Discovers DNA

Avery: Proposes DNA as ‘Genetic Materi
Efficiency

N Watson & C : Double Helix Structure of DNA
(bp/person/year)

Holley: Sequences Yeast tRNAAR

1970 Wu: Sequences A Cohesive End DNA

S er: Dideox) ‘ermination

Hood et tial Automation

Juencing
* Improved Sequen S
* Improved Fluorescent Detection Schemes

>100,000,000 2003
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Adapted from Messing & Llaca, PNAS (1998)




DNA Tagged with Radioactivity
G A T C

G Reaction
A Reaction
T Reaction
C Reaction

Radioactive Sequencing




Fluorescent DNA Sequencing

Wilson & Mardis (1997)

Detection of Fluorescently Tagged DNA

DNA Fragments
Separated by
Electrophoresis

Optical [
Detection System '

Laser Excites
Fluorescent Dyes
Output to Computer




Analyzing Fluorescent DNA Sequencing Data

Computer
Analysis

Fluorescent DNA Sequencing Results
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Applied Biosystems 377




EST Sequencing
&
SAGE

Shotgun Sequencing

Wilson & Mardis (1997) and Green (2001)




Subclone Construction

BAC DNA
l Prepare Multiple Copies

l Randomly Fragment

l Subclone Fragments

2. o o. N o N o N o
N NS NS NS PN N

Shotgun Sequencing Strategy




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 b;
-C
Py=e
Where:
o ¢ =fold sequence coverage (c=LN/G),
e LN =# bases sequenced, i.e. L = average sequencing
read length and N = # reads

e G = target sequence length
o e=2.718 (e=2.718281828459)

Fold Coverage P,=e* % not sequenced % sequenced
0.37 37% 63%
0.135 13.5% 87.5%
0.05 5% 95%
0.018 1.8% 98.2%
0.0067 0.6% 99.4%
0.0025 0.25% 99.75%
0.0009 0.09% 99.91%
0.0003 0.03% 99.97
0.0001 0.01% 99.99%
0.000045 0.005% 99.995%

1
2
3
4
5
6
7
8
9
1

Shotgun Sequence Assembly

bbbbbbbb bbb vyYYITRY

1

AGGARARGACTATCACAGCGTATTLCTGARAGAGATGARCTATEAAT TEAGTGTAGGC TTCTETGLAGAGGLARA=*GGTAGGATL
QGGnnQnGnETQTCQEQGEGTnTTEETGnQnGQGﬂTGnQETQTGnQTTGQGTGTQGGETTETETGEnGnGGEQnQ*GGTQGGnT[
tatchcagocgtattocteaaag toaacThtea tthoete @spctTCtothoag

FGGARA
NECARAAGACTEEE BaglG AT TCCTGARAGAGAT GARCTATEaaT TGAGTGTAGGLT TCTC T GLAGAGELARA*GETAGGATL
BEEannCACTATCACAGCG TAEEEEEEARAGABATEAACTATGAAT TEAGTETARGC TTETCTCAGAZECAAA=GETAGGAT
AEEARAAGACTATCACAGCGTATTCC TGARAGAGATGAACTATGAAT TEAGTGTARGET TETCTECAGAGGCARA=GETAGGATE
R GARAAGAC TATCACAG LG TAT TCC TEARAGAGAT GAA T P VS SOLTLNs
EEEaArACACTATCACAGCG TAEEEEECaRaGAGATCARCTATGART TGAG TG TAGGLT TC TC T GLAGAZECARA*GGTAGGATT

ag=ananGACTALEaEagcE TALEEEEGARAGAGATGARCTATGAAT TEAG TG TAGGET TETCTGEAGAGGLAAA*GGETAGEATL

“Consed” (Gordon et al., 1998)
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Bacterial Genome Sequences
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Archaea

Nature 387:1-105, 1997



First Animal Genome Sequence

cience

Genome Sequence of the Nematode C. elegans:
A Platform for Investigating Biology

The C. elegans Sequencing Consortium*

f!{'{)‘ﬂ 11!
Sequence to Bi

Science 282:1012-2018, 1998

Second Animal Genome Sequence

THE D, A GENOME
REVIEW

The Genome Sequence of Drosophila me[anogaster

Mark D. Adams,’® Susan E. Celniker,? Robert A. Holt," Cheryl A. Evans,' Jeannine D. Gocayne,'
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Cynthis Andrews-Pfannkoch,! umiu Baldwin, Richard M. Ballew,
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Slava Bolshakov," Dana Borkova, % Michasl R " john Bouck,? Pet
Kenneth C. Burtis,'® Dana A. Busam,' Heather mw“um-icmm"

2 Patrick Dunn,’ Kenneth ). Durbin,
C. Evangelista,! Concepcion Ferraz,™ Steven Ferriara,' Wolfgang Fleischmann,® Carl Fosler,”
& Gabrislian, Naha S. Garg," William M. Gelbart” Ken Glasser," Anna Glodek,' Fangchang
] Hmyrnmu.‘mmm. Ping Guan," Michael Harris,' Nomi L Harris,” Damon Harvey, Thomas J. Hmw\,‘
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Matalia V. ulumu‘ Clark uou-n-y Jo# Morris,* All Moshrefi? Stephen M. Mount,” Mes Moy, Brian nuphy‘
Lee Murphy,™ Donna M. Murny.” David L Nelson.” David R. Nelson,™ Keith A. Nelson," Katherine Nixon,
Deborah R. Nusskem,' joanne M. Pacleb,? Michael Palazzolo,? Gjange S. Pittman,' Sue Pan,’ john Pollard,'
Vinita Puri,’ Martin G. Reese,* Knut Reinert,’ Karin Remington,’ Robert D, :.m-”mdnﬁsdnd«
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Eugene Spler," Allan C. Spradling ™" Mark Stapleton,” Renee Strong." Eric Sun.” Robert Svirskas,** Cyndes Tector,'
Russell Turner," ELi Venter,' Aihui H. Wang," Xin Wang,' Zhen-Yuan Wang," David A. Wassarman,*
Grorge M. Weinstock,* jean Walssenbach,"* Sherfta M. Wiliams," Trevor Wosdags,” Kim C. Worlay,” David Wu,!
Seng Yang,® Q. Alison Yao," jane Ye,' Ru-fang Yeh,'® jayshrea S. Zaverl,' Ming Zhan,' (mnpm Thang,' Qi Zhae,'
Usnsheng Zheng," Xiangqun H. Zheng,' Fei N. Thong,' Wenyan Thong,! Xiaojun Zhou, ing Zhu,'
Xiachong Zhu," Hamilton . Smith," Richard A, Gibbs,” Eugene W, Myers," Gerald M. Rubin}* |. Craig Venter!

R Scicnce 287:2185-2195, 2000




Human Genome Project: S Year Goals

New Goals for the U.S. Human Genome
Project: 1998-2003

Francis S. Collins,* Ari Patrinos, Elke Jordan, Aravinda Chakravarti, Raymond Gesteland, LeRoy Walters,
and the members of the DOE and NIH planning groups

Science 282:682-689, 1998

Revised Timetable for Human Sequencing

Genetic
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Timetable for Human Genome Sequencing

Working Draft _l T
Finished

Human
Sequence

% Completion

Human Genome Sequencing Centers

Whitehead Institute/MIT
Genome Sequencing Center
Vo e
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HUMAN GENOME SEQUENCING CENTER i
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Human Genome Sequencing Centers




THE & -
HUMAN
GENOME

Green (2001)




Whole-Genome Shotgun Sequencing

Green (2001)

Read pair (mates) Gap (mean & std. dev. Known)

Consensus

Reads (of several haplotypes)

® SNPs
=== BAC Fragments

Venter et al., 2001




April, 2003 Completion
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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




108TH CONGRESS
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Designating April 2003 as “IHHuman Genome Month™ and April 25 as “DNA
Day”.

IN TIHE SENATE OF THE UNITED STATES
FEBRUARY 27, 2003
Mr. GREGG (for himself, Mr. KENNEDY, Ms. SNOwE, and Mr. DASCHLE) sub-

mitted the following concurrent resolution; which was considered and
agreed to

CONCURRENT RESOLUTION

Designating April 2003 as “Human Genome Month” and
April 25 as “DNA Day”.




Genome The End of the Beginning

All of the original goals of the
Human Genome Project have
been accomplished!

What’s Next?




24 April 2003 International weekly journal

v, Ratiare.com/nature
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A vision for the future of
genomics research
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~3,000 bp (0.0001%) of Human Genome Sequence

TCTTTTCTCCGACACGCA
ACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAGGAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAA
GGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGACGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTC
CCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGC
GGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTCAGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGG
AGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGAGAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACT
GGGAATTGGAAGCAAATGA
CATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAGGTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGG
GACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAG
CTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCA
TTCATTGTTTTGAAAGAAAATTCTTTTCTCCGACACGCAAAGGAAGCGCTAAGGTAAATGCATCAGACCCACACTGCCGCGGAACTTTTCGGCTC
TCTAA ! fidiny s S i 4 CTTGCAAACGTAACAGGAACCCGACTAGGATCATCGG
GAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGACGCGAAGGAGGGTCTAGGAAG
CTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGGCCGCGACTGTCGCCCACCTGC
GGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGG: v il b i L AAAGGGAGGTGC
GGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGAGAAAGCCGCTAGAGCAAATTT
GGGGCCGGACCAGGCAGCACTCGGCTTTTAACCTGGGCAGTGAAGGCGGGGGAAAGAGCAAAAGGAAGGGGTGGTGTGCGGAGTAGGGGTGGGTG
GGGGGAATTGGAAGCAAA: "o ' ' ey L4 TAGGAGCTTG
AGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTTTTTCAG
GTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTTTGGGGTAAAGGAATAAGCAGT
TTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATTCTTTTCTCCGACACGCAAAGGAAGCGCTAAGGTAAATGCATCAGACCCACAC
TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG

CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
G| ; Fen L el el {5 o S S S 1 1 [ tlelelejijele]
TGTGCGGAGTAGGGGTGGGTGGGGGGAATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAAAAGGGTTGAGCGGCAGGCACCCAGAGTAGTAG
GTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAAC: g T T T T Lt Sy T ! R e

TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGATAGGTCGCCTCTGGAAAAGGCCAGCGTGGGGTTCCC

Beyond the Human Genome
Sequence...

Comparing the Human Genetic
Blueprint to that of Other Species




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

Whole-Genome Vertebrate Sequencing Efforts

Human

.
Pufferfish




Sequence of a ‘Compact’ Vertebrate Genome

Whole-Genome Shotgun
Assembly and Analysis of the
Genome of Fugu rubripes
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e-Genome Vertebrate Sequencing Efforts

.
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Human Mouse

Pufferfish




Hybrid Shotgun Sequencing

Green (2001)

Hybrid Shotgun Sequencing

Redundant
Coverage: 0 ~10-fold

Whole-Genome Shotgun
Sequence Reads

BAC-by-BAC Shotgun
Sequence Reads

Redundant
Coverage: ~10-fold




Human-Mouse Sequence Comparisons

* ~40% in Alignments

~5% Under Selection

~1.5% Protein Coding
~3.5% Non-Coding

Multi-Species Comparative Sequence Analysis

Comparative analyses of

multi-species sequences
from targeted genomic regions

* Targeted Genomic Regions

* BAC-Based Sequencing in
Multiple Vertebrates

* Identify Highly Conserved
Non-Coding Sequences

* Conserved Sequences Correlate
with Functional Elements

Thomas et al. (2003)




Whole-Genome Vertebrate Sequencing Efforts

e |

Human Mouse Rat Chimpanzee Dog Cow

k

S ' '
Chicken Xenopus Zebrafish Pufferfish
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