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Outline

I.  Fundamentals of Genome Mapping

ll. Fundamentals of Genome Sequencing

lll. Mapping & Sequencing in the Human Genome Project

IV. Comparative Sequencing

V. New DNA Sequencing Technologies
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Genome Sizes

Human Genome
Mouse Genome

U

~3,000,000,000 bp

Fruit Fly Genome m
~160,000,000 bp
Nematode Genome “]
~100,000,000 bp
Yeast Genome [J
~15,000,000 bp
E. coli Genome ﬂ
~5,000,000 bp

The Human Cytogenetic Map
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Construction of
YACs and BACs

4 * Telomeres
3 Yeast DNA

—  Plasmid DNA|
"\ Insert DNA

Green et al. (1998)
Birren et al. (1998)

YAC Vector Arms

-

YAC Insert: ~100-1000 kb

High-Molecular Weight DNA

¢ Partial Restriction Digestion

N

NAAAAN i
NN Size Se’ection
WA

BAC Vector

BAC Insert: ~100-200 kb

I BAC Vector|
AN Insert DNA

Genome Sizes Cloning Capacity
Human
~3,000,000,000 bp 1,000,000 bp
Fruit Fly 111] BAC j
~160,000,000 bp
~100,000 b
Nematode p
~100,000,000 bp ~ COSMId =
~45,000 bp
Yeast -
~ Bacteriophage
_ 15,000,000 bp 25,000 b
E. coli
~5,000,000 bp
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Bacterial Artificial Chromosomes (BACs)

¢ Bacterial-Based Cloning System

¢ 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

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

e See Birren et al. (1998)

(~3000 Mb)
(~130 Mb)
¢l of of ¢f of of caTceTCTAGAATCTC GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC GAGATCTCTGAGAGTC
6| 6| 6f | 6| 6| GTGGEAAACTGTGTGA GTGGGAAACTGTGTGA
T T T{ T{ T{ T{ TGTGACTAGCCACAGT TGTGACTAGCCACAGT
T T T{ T T{ T{ TGTGACTAGCCACAGT TAGGTATTGGGGCATT
7 1| 7| 7| 7| 7| TACGTGTGAGAGATGT TACGTGTGAGAGATGT
Al Al Al A] Al Al ATGATGCACCTGACCC ATGATGCACCTGACCC
6 6 Gf Gf G G GGGTTTCACTCTCAAC GGGTTTCACTCTCAAC
6f 6 6| 6f G| G| GACTCACTCCACCTCA ~ 1 M GACTCACTCCACCTCA ~
of f cf of cf cf CCGGTTAGACATACAT D= 1. CCGGTTAGACATACAT . 1=U.
GAGGCCCACCGCCGCT GAGGCCCACCGCCGCT
6| & 6| 6| & 6| GTGCACGTCCACCACE GTGCACGTCCACCACC
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Sequence-Ready Contig Map

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

Physical Mapping: Future Prospects

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

* Close Interplay of Mapping and Sequencing in the
Exploration of Genomes

* Availability of Many BAC Libraries is Allowing
Physical Mapping of More Species’ Genomes
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DNA Sequencing

History of DNA Sequencing

Miescher: Discovers DNA

Avery: Proposes DNA as ‘Genetic Material’
Efficiency

(bp/personlyear) Watson & Crick: Double Helix Structure of DNA

Holley: Sequences Yeast tRNAA2

Wu: Sequences A Cohesive End DNA

Sanger: Dideoxy Chain Termination
Gilbert: Chemical Degradation

Messing: M13 Cloning

Hood et al.: Partial Automation

50,000
200,000

« Cycle Sequencing
« Improved Sequencing Enzymes
« Improved F D i

100,000,000

Adapted from Messing & Llaca, PNAS (1998)
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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

R w I &
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Gel

Fluorescent DNA Sequencing
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Wilson & Mardis (1997)

Separated by

Optical
Detection System
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| Output to Computer |

Detection of Fluorescently Tagged DNA

DNA Fragments

Electrophoresis

W
s

Laser Excites
Fluorescent Dyes
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Analyzing Fluorescent DNA Sequencing Data

AGTACTGGGATC

Computer
Analysis
—

Fluorescent DNA Sequencing Results

CEG0T-GTGNGS GOT To0 - TEaCIGC-GETOR *CTCT =6 65 “NMCG - -G IE0066 T 16 TOO5 -GTET GITTTECT GE TG~ 0aCT *C- A GG -0 ETGITCCT TCTCGOCT |

3o CTTCCT CTTE @ -+ TOCTC -+ GI000 *00TCT = TGOOCHERCRTTEINC *T TTTETC =T O -] O CT AT TG A2 = GEE00Ta *GTGEGI-TE0= *GTTa|
110 130 === 150 1e0 170 180 === 200 210 220 SES

R TGT a0 O S TC R MIOCTO R A CTG FOMTTACT A GEE TG GG GTT-TT THTETE TCRGEGGITCT TIGA LA TIOGT = - 0RGTG - OaTEG|
240 250 2= 270 280 290 === 310 ES 130 340 350

| EE0G TG TG TCTTICT T T~ 0 C- TG0 TISAGGETT 66 G Tl G+ GE-T TICTET GG TGE 60T 6T - CT00n Ol T #0030 CTC -+ TCTCTT TR A CTGIOC - TCCT= |
120 490 === 510 520 530 540 550 S 570 520 590 =
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Slab Gel-Based DNA Sequencing Instruments
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Large-Scale cDNA Sequencing

« ESTs: Expressed-Sequence Tags

« SAGE: Serial Analysis of Gene Expression

* Full-Insert (Full-Length) cDNA Sequencing

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

Large-Scale Genome Sequencing

Shotgun Sequencing

Wilson & Mardis (1997)
Green (2001)
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Subclone Construction

BAC DNA

l Prepare Multiple Copies

l Randomly Fragment

l Subclone Fragments

096966 c%

Shotgun Sequencing Strategy

BAC
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Shotgun Sequence Assembly

11

AGGARARGACTATCACAGCGTATTLCTGARAGAGATGARCTATEAAT TEAGTGTAGGC TTCTETGLAGAGGLARA=*GGTAGGATL
AGGAAARGACTATCACAGCGTATTCCTGARAGAGATGARC TATEAAT TGAGTGTAGGC TTC TETGCAGAGGCARA* GG TAGGATL
tatcAcagogtattoctpaaagagateaacThitea tthaete @cpctTCtothoagageocaaaxgat aGATI

FGGARA
NECARAAGACTEEE BagLG TAT TCCTGARAGAGAT GARCTATgaaT TGAGTGTAGGLT TCTC T ECAGAGELARA*GETAGGATL
BEEannCACTATCACAGC G TAEEEEEEARAGABATEAACTATGAAT TEABTETARGC 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*LGETAGEATL

-
-
-
-
-
-
-
-
-
-
-
-
-
-
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-

“Consed” (Gordon et al., 1998)
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Sequence Finishing: Resolving Ambiguities

[

Trace Window: Contigh

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

| Genome Sequences

TIGR-CMR

survey

genomes. [More Information)] [Publicatio

almln
Bl B Y Go Bockmaks Look Wedow tids
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Click here to take the CMR user feedback

Welcome to the Comprehensive Microbial Resource (CMR) Home Page

The Comprehensive Microblal Resource (CMR) is a free website used to display information on all of the publicly available, complete
prokaryotic genomes. In addition to the convenience of having all of the organisms on a single website, common data types across all
genomes in the CMR make searches more meaningful, and cross genome analysis higniight differences and similaribes between the

Lists|C:

n Information]

August 11, 2006: CMR
expansion of the CMR.

For informal

Prokaryotic Annotation and Analysis Classes: June 13-15, August 8-10, October 10-12, 2006

NEW on the CMR

Feedback Survey: TIGR is curmently seeking funding for the maintenance and
Please help us with our grant application by taking our user feedback survey.

tion on the latest CMR updates, subscribe to the CMR Mailing List

Agrobacterium tumefaciens C58 Cereon
Agrobacterium tumefaciens C58 UWash
| Anabaena variabilis ATCC 20413

| Anaplasma margnale St Manies

Visit a CMR page for an individual genome CMR Genomes: Data Release 19.0
[ |[ Search List || Show Al | Complete Incomplete  Totals
o - Bacterla e 17 296
[Acidthicbacilus fesrocnidans ATCC 23270
Acinetabactsr sp. ADP1 Archaea 2 0] 23
Actinomyces nassndl MG1 Viruses 3 o 3
fveropyrum permix K1 Totals 305 17 322

[ Submit ][ Reset |

www.tigr.org

First Eukaryotic Genome Sequence

Goffeau et al. (1997)
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First Animal Genome Sequence

Science

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

The C. elegans Sequencing Consortium*

C. elegans Sequencing Consortium (1998)

Second Animal Genome Sequence

THE D. A GENOME
REVIEW

The Genome Sequence of Drosophila me[anogaster
Mark D. Adams,’® Susan E. Celniker, lvhr(A.M‘ﬂmylA.h.n. Jeannine D, Gocayne,"

Peter G. Amanatides,’ Steven E. Scherer,” Pater W. L' Roger A. Hoskins,* R lm*nudn.om-p'
Suzanna E. Lewis,* Staphen Richards,” Michael Ashburner,” Scott N. Henderson," Gi wus«m
Jennifer R. Wortman,” Mark D. Yandell,’ Qing Zhang," Lin X. Chen," Rhonda C. Brandon,’ Yu-Hul C. Rogers,”
Robert G. Blaze],” Mark Champe,” Barret D. Meiffer,” Kenneth H. Wan,” Clare Doyle,” Evan G. Baxter,”
Gregg Helt.* Catherine R. Nelson,* George L Gabor Miklos,” Josep F. Abril,® Anna Agbayani,! Hul-jin An,'
Cynthia Andrews-Pfannkoch,' Danita Baldwin,' Richard M. Ballew,’ Anand Basu, 'J-m- Baxendale,

Layla Bayraktaroglu,? Ellen M. Beasley,’ Karen Y. lum‘r V. um"lmhmlnr Berman,? Deepali Bhandari,
Slava Bolshakov," Dana Mwl.‘Hkhni R. Botchan,” john Bouck.? Peter Brokstein,* H-Mpv Brottier,™
Kenneth C. Burtis,"® Dana A. um'uumrm-r“:hurdc-m‘ﬂm Ishwar Chandra,
;.nducw“stmc.m"mnﬂh‘u-(l.n-m‘lmnmu‘mkdunum.”
Arthur Delcher,’ Zuoming Deng,' nmmmu-xu'um‘snmn.nlm.‘lmHmm'
uuam'womm."shmmum Boris C. mﬁw”mm'xml wofn.'
Carlos €. Emg-nm Concepcion Ferraz, Steven Ferriera,’ Wolfgang Fleischmann.” Carl Fosler,
‘Andrei £ Gabrielian,’ Neha S. Garg," William M. Gelbart,” Ken Glasser, Anna Glodek,' wm'

! 3 % rvey,* Thomas ). Heiman,'
Judith R. Hernandez,” Jarrett Houck,' Damon Hostin," Kathryn A A. Houston ? Th mmyluwm»d'nln‘mwot‘
mmum-m,‘nmmu‘rrmla Kalush," Gary H. Karpen,®" Zhaoxl Ke,' James A. Kennison, ™

A Ketchum,' Bruce E. Kimmel” Chinnappa D. Kodira,' Cheryl Kratt,  Saul Kravita,” David Kolp'®
umgw L-I.‘ Paul Lasko 2 Yiding Lei," Alexander A. Levitsky,' nmn ! Elmq'l u! vm Liang, mwyin. lin*
" Bettina Mattel,' Tina C. Mcintosh," Michasl P, Mc " Gennady M

Nt . Nlllllln_‘(l.lvﬁl‘o!ury Jou Morris,® All W‘ M mm"nun-y' Brian uu-pw.‘
Lee Murphy,® Donna M. Murny, David L Nelson® David R. Nelson,™ Keith A. Nelson," ine Nixon*
Deborah R. Nusskern,' Joarne M. Pacleb, Michael Palazzolo.’ Gjange 5. Pittman." Sue Pan,” John Pollard,’

Vinita Pur,' Martin G. Reese,* Knut Reinert," Karin Remi ‘nnhnn.c.s-mdm" Scheeler,'
mm'nmmmﬂmm'mﬂww; Michael Simpson,’ Marlan P. Skupskl,’ Tom Smith,’

Eugene Spier,’ Allan C. Spradling”' Mark ? Renee " Erl Sun, Robert Svirskas,™ Cyndes Tector,!

Turner,” Eli Venter," Alhui H. w-u'mwu'mv-mwm David A. W.

mnn.mmm‘]mw-lmm"umunwmm Trevor Woodage,” Kim C. Worley,” David wu.'

Song Yang? Q. Alson Yao,' pn-v-,‘ Fu-Fang Yeh,'® Jayshres 5. Zaveri' Ming Zhan,' ﬁm\F‘n ‘omnn'
Uansheng Zhang,' Xiangqun H. Zheng," Fel N. Zhong," Wenyan Zhong, ' Xiaojun Zhou," shisoping

Xiaoheng Zhu,' Hamilten 0. Smith," Richard A. Gibbs,’ Eugene W, Myers, Gerald M. Ruin* J. :rd;v.m«'

Adams et al. (2000)
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Human Genome Sequencing Centers

e ——i

Clone-Based Shotgun Sequencing

Construct | &
clone map |
and select |,
mapped
clones

Generate
several
thousand =
sequence
reads per
clone

Assemble

Green (2001)
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Whole-Genome Shotgun Sequencing

Generate tens of milions
of sequence reads

Green (2001)

THESR - -3
HUMAN
GENOME [

A Aserican AssociaTio

Techniques for Genome Mapping & Sequencing

International Human Genome
Sequencing Consortium (2001)

Venter et al. (2001)
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April, 2003 Completion

0D 7

&

Tetraodon
to human

Evolutionary history
in genome sequences

General relativity
Did the orbit move for you?

The human genome
Going the last mile

Antiblotics crisis
Market forces fail to deliver

Medical ethics
Choosing deafness

articles

Finishing the euchromatic sequenne?
the human genome

vt st e e S Dt

O i P s i s b

International Human Genome
Sequencing Consortium (2004)
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CNN'’s #1 Medical Story of Past 25 Years

Gy PRINTTHIS
mlcom Powered by ®odasy
& Ouck 1o Prive | SAVE THIS | EMAIL THIS | Close

Top 25: Medical stories

Human genome mapping ranks No. 1 in health news
Tuesday, March 29, 2005 Posted: 4:24 PM EST (2124 GMT)

(CNN) -- Much of the marvel of medicine has to do with discovery. Mapping
the human genome, the complete sequence of DNA, gave scientisis a
blueprint for building a person, making it the No. 1 medical story, according
to a distinguished panel CNN gathered to rank the top 25 medical stories of
the past quarter-century.

Two men from two separate groups -- Francis Collins of the National Institutes of Health and Craig
Venter of Celera Genomics Inc., a pharmaceutical-development company -- worked independently
to discover the sequence of the human genome and identify the genes that it contains. This

April, 1953 =——= April, 2003

2

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

What’s Next?

helix
at50 |

Bismuth-209 |

Inside the element
factories
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feature

A vision for the future of
genomics research

ot
Ptk Somards he drvadopmret of g
"

Collins et al. (2003)
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Mapping )
~1990 to ~2000
the Human Genome
The Human
Genome Project
Sequencing
~1998 to ~2003
the Human Genome
J
Interpreting Beyond
the Human Genome  ~2003 to ??? The Human
Genome Project
Sequence

[5e: NERmm |
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~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA

3 GGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGETGGCCAACCGAGCT TCGEAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGETTGGETT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGAT TGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGT TACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAAT TACEE A TG AR TAACCATACTCACETATCAAAAAAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGT TGGCCC ARG A e T e AT A B A AT I T AC T C T TIEGARTTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT

AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAAC TCATGGATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGGTTTTTATATAATTTTCTTTTTACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTG

CAATGA
TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGT TAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT

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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Foundational Milestones in Genetics & Genomics

Darwin Mendel Miescher Avery Watson

& Crick
1859 1865 1871 1944 1953

Comparing Genomes is Like Cryptography

CKQEBHEREYTWASU|I

w0

CZME 1 SDFOGE|[THEBLPBGOODFQSTLKSTUFFRTAC

DLUCEHEREZBRTTO[I SAWNDCDARJJPTHERROHGOODERGHCLISTUFFBRHA
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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

— I

— I
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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

Comparative Sequence Analysis

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

Compare

<

GATCGTCTAGAATCTCGAGATC
TOTG: SACTGT

GTGA
COTGTRAGARNEGTATBATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACC!

GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
TA

ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA

—

Species B

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

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

nawre

)

The chicken genome

-
Therat genome

Cow

Xenopus Zebrafish

Monodelphis Platypus

Pufferfish

Hybrid Shotgun Sequencing

U U

Green (2001)
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Low-Redundancy, Whole-Genome
Shotgun Sequencing

An initial strategy for the systematic identification of
functional elements in the human genome by
low-redundancy comparative sequencing

Elliott H. Margulies*', Jade Vinson'', NISC Comparative Sequencing Program*¥®, Webb Miller!, David B. Jaffe’,
Kerstin Lindblad-Toh®, Jean Chang’, Eric D. Green®S, Eric 5. Lander!, James C. Mullikin®*5**, and Michele Clamp***

Margulies EM et al. (2005)

| Mone
| Marsupiaia

Afttesa
Xonarhr
Lawessistharia
Cow
=
Dog
Moz
Rat
Eusrchontogives
Macaque
Human
Chimganzee

Landscape of Vertebrate Genome Sequencing

Human
Mouse
Rat ~ = = o e e e e e e e  —— — ——— — —
Pufferfish =—— = —— — e —— — — ——————————
Zebrafish =—— =—— —————————————— — —
Chicken @ = = —— —— e — —————————— — —
Chimpanzee == =— =— = —— — — — — —————————
Dog @ =————— e ———— —
Cw  —m—m————_—————————————
Xenopus = = m— m— e e ——— ——— — — — — —
Monodelphis == == = =— ——————————————
Macaque = = = = —— — — ———————— — —
Platypus = = = e o — —— — ——————— — —
Marmoset = = m— ——— — ——— —— ———— — — —
Orangutan = = = —— —— — — — — ——————— — —
Armadillo .................................................................................................
Elephant  cecececececeresasastiiitieitttutetututututtetitttecetececacastsactetetcetececacasasasacacnes
TENr@C = cccecececccccccccccecccesccecccesccesccescscscscscsescscscsescscscscscscscscscscscscscscscssscscs
Rabbit = cececcrccectciccttitcettecctccttettitcttctttcotteccttettotttcctscttetcescesctccscoccascsscsens
(o3 | L L LT T PP P
SHIEW = secesceecectteeeecttcecsceceecscsscccscescecscssscccscssccsscssccsscsssccsssssscsssssscssssssnns
Guinea P|g .................................................................................................
Hedgehog  seecesreresrerereeeetutttuittatititititttetitetitetitetttettotetiotecatetatesactecanes
(and others...)
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Multi-Species Sequence Comparisons

GATCGTCTAGAATCTCG

GATCGTCTAGAATCTCG

[GATCGTCTAGAATCTCGAG
STCTCTRAGAG TUATRICA
| AACTGTGTGATGTGACTAG
[CCACAGTTACGTGTGAGAG
| ATGTATGATGCACCTGACC

ceG:
[CTCACTCCACCTCAGAGGC

AGATC AGATCTCTGAGAGTCGT
\TGT ToT
TACG
\TGTATGAT
T
CACTCTCAACGACTCAC CACTCTCAACGACTCAC
TCCACCTCAGAGGCCCA TCCACCTCAGAGGCCCA
\TCCTTACCA CACCACGATCCTTACCA CACCACGATCCTTACCA
CACTTACACATTACCAT CACTTACACATTACCAT CACTTACACATTACCAT
T, \TCCACCT/ -ATCCACCT/
ATACCTACCCCATTGCA ATACCTACCCCATTGCA ATACCTACCCCATTGCA

CACCTATTATTATTACC CACCTATTATTATTACC

CACCTATTATTATTACC

[CCACCACGATCCTTACCAC
ACTTACACATTACCATATA

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT |

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT

TGT

GACT/ TACG

TTACG

T/ STTAC
TGTGAGAGATGTATGAT

TGAT| TGTATGAT
GCACCTGACCCGGGTTT T GCACCT T
CACTCTCAACGACTCAC CACTCTCAACGACTCAC CACTCTCAACGACTCAC

TCCAC

CCGCCGCTGTGCACGTC

CACCTATTATTATTACC]

TCCACCT

CACCTATTATTATTACC

CACCACGATCCTTACCA

CACCTATTATTATTACC

Multi-Species Conserved Sequences (MCSs)

Margulies et al. (2003)

Future Genomes to Sequence???
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ENCODE Project

e ENCODE: ENCyclopedia Of DNA Elements

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

e Initial Pilot Project: 1% of Human Genome

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

GENES IN ACTION
VIEWPOINT

The ENCODE (ENCyclopedia Of
DNA Elements) Project

The ENCODE Project Consortium*

ENCODE Project Consortium (2004)

: ™
Sy T,
S\ <
DA Ropicat '}
J A Sites >
D CHCO  CHy
Epiganatic Modifications.
r.
ChiP-chip e
5 Computational
: Prodictions
Digestion Assays | Mybridization e

Long-rangs regulalony elements
{enhancess, reprossors! silencers, insulators)

;;;;;;;;;;
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Euarchontoglires

Boreoeutheria

Eutheria || ——

ENCODE Project: Comparative Sequencing

RaTJ1ll
\ | Emﬁans
Rabbit 23.8

Human 28.9
Chimpanzee 28.2

Macagque 255
Baboon 34.9 ”
Colobus monkey 1.8

Owl monkey 2.1 '8

Marmoset 35.6

Dusky titi 2.1 %
Mouse lemur 1.6
Galago 33.5

sajBWUg

Dog 26.1 m\
ENZEo
Bat 26.1

Shrew 29.1
‘ﬂ-—.

G!JWW!WJ ney  sa9

Mammalia

. Armadillo 25.7
— Elephant 27.0

m

Tenrec 18.5 "‘
Monodelphis 37.3 m-\
Platypus 17.2 t
Chicken 11.0 ? ‘\,
Xenopus 10.8 &
Tetraodon 4.2 T
Fugu 3.1 M-ﬂ
Zebwafish 8.5 e

ENCODE Project: Web Sites

genome.gov/ENCODE

genome.ucsc.edu/ENCODE
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>$1,000,000,000

!

~$100,000

!

~$1,000
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EXCLUSIVE
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e
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ags r Include all
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B o]
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Genome sequencing in microfabricated
high-density picolitre reactors

Marcel Margulies'*, Michael Egholm'*, William E. Altman', Said Attiva', Joel 5. Bader’, Lisa A. Bemben',

Jan Berka', Michael 5. Braverman', Yi-Ju Chen', Zhoutao Chen’', Scott B. Dewell', Lei Du', Joseph M. Fierra', .

Kavier V. Gomes', Brian C. Godwin', Wen He', Scott Helgesen', Chun He Ho', Gerard P. Irzyk', Margu I 1es M et al. (2005)
Szilveszter C. Jando', Maria L. L Alenquer', Thomas P. larvie', Kshama B, lirage', Jong-Bum Kim',

James R. Knight', Janna R. Lan:a John H. Leamon', Steven M. Lefkowitz', Ming Lei", Jing Li", Kenton L. Lohman',

Hong Lu', Vinod B. Maknuan Keith E. McDade', Michael P. McKenna', Eugene W. Myers’,

Elizabeth Nickerson', John R. Mobile', Ramona Plant’, Bernard P. Puc’, Michael T. Ronan', George T. Roth',

Gary J. Sarkis', Jan Fredik Simons', John W. Simpson', Maithreyan Srinivasan', Karrie R. Tartaro',

Alexander Tomasz', Karl A, Vogt', Greg A. Volkmer', Shally H. Wang', Yang Wang', Michael P. Weiner',
Pengguang Yu', Richard F. Begley' & Jonathan M. Rothberg'

Solexa Ltd =2l

Sirrvour Beewesost PRl)
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Bennett (2004)
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DNA Sequencing Technologies

Method Feasibility
Sanger Well
Sequencing Established
Stepwise Becoming
Synthesis Established
Single Far from
Molecule Established

Raw Data

Read Length Data Quality Production

Long +++ +
(800-1200 bases)

Short + +++++
(25-100 bases)

Long 227 4+ ?

(>1000 bases ?)

Realities of New DNA Sequencing Technologies...

R .
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“Inter-Species” Comparisons
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The Pathway to Genomic Medicine

Realization of
Genomic Medicine

nature

b

The Pathway to Genomic Medicine

Realization of
Genomic Medicine

nature
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The Current Big Challenges...

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

» Achieving the “$1000 Genome”

» Large-Scale Deployment of Medical Sequencing

The Human Genome Sequence to Genomic Medicine...

...from base pairs to bedside.
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