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Human Genome Project

1998 1999 2000 2001 2003
: I : Finished
version of
human

genome
sequence
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IV.

Outline

Fundamentals of Genome Mapping

Fundamentals of Genome Sequencing

Mapping & Sequencing in the Human Genome Project

Comparative Sequencing

New Frontiers in Genome Analysis
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Genome Sizes
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Human Genome
Mouse Genome

~3,000,000,000 bp
Fruit Fly Genome [iﬂ]
~160,000,000 bp
Nematode Genome “]
~100,000,000 bp
Yeast Genome ﬂ
~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

YAC Insert: ~100

High-Molecular Weight DNA

l Partial Restriction Digestion

-1000 kb

A B Telomeres
1 Yeast DNA

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

™" Insert DNA

— Plasmid DNA|

eeeee

Genome Sizes

Human
Mouse
~3,000,000,000 bp
Fruit Fly 171,
~160,000,000 bp
Nematode
~100,000,000 bp
Yeast
~15,000,000 bp
E. coli

~5,000,000 bp

Cloning Capacity

~1,000,000 bp
BAC :|
~100,000 bp
Cosmid [y
~45,000 bp
Bacteriophage G
~25,000 bp
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Bacterial Artificial Chromosomes (BACs)

e Bacterial-Based Cloning System

e 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 See Birren et al. (1998)

¢ Availability of BAC Libraries from Many Vertebrate Species
(e.g., www.chori.org/bacpac)

Genome
(~3000 Mb)

Chromosome
(~130 Mb)

6| 6] 6f of 61 6f caTCGTCTAGAATCTC GATCGTCTAGAATCTC
¢l & of ¢f ¢ of cacatcTCTeAGAGTC GAGATCTCTGAGAGTC

6| 6] 6] G| 6] G| GTGGGAAACTGTGTGA GTGGGAAACTGTGTGA

T{ T 1) 7{ T{ T{ TETGACTAGCCACAGT TGTGACTAGCCACAGT

T 14 7{ T{ T{ T{ TGTGACTAGCCACAGT TAGGTATTGGGGCATT

7| 7| 7| 7| 7| 7| TAceTeTCAGAGATET TACGTGTGAGAGATGT

Al Al A] A| Al A] ATcATGCACCTGACCC ATGATGCACCTGACCC

6f 6] of 6f 6 6f GeeTTTCACTCTCAAC GGGTTTCACTCTCAAC

6| 6] 6f ¢f 6] 6| cacTcacTccaccTca ~0 5 1 0 Mb GACTCACTCCACCTCA ~ 1 2 Mb
cf of ¢f cf cf cf CCGGTTAGACATACAT e L I CCGGTTAGACATACAT « 1"V,

6l 6] 6f ¢f 6] 6f casecccaccaccaeT GAGGCCCACCGCCGCT

6] 6] 6] 6 6] 6] cTecAcsTCCACCACT GTGCACGTCCACCACC
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Sequence-Ready BAC Contig Map

Marra et al. (1997)

DNA Sequencing
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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
1977 Gilbert: Chemical Degradation
1980 Messing: M13 Cloning

1986 Hood et al.: Partial Automation

« Cycle Sequencing
« Improved Sequencing Enzymes
« Imp d Fluorescent D i

Adapted from Messing & Llaca, PNAS (1998)

DNA Tagged with Radioactivity

G A T C

—__ = G: G Reaction
— A: A Reaction
= — T: T Reaction

— = C: C Reaction
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PRoma

Radioactive Sequencing

¥l

Fluorescent DNA Sequencing
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Wilson & Mardis (1997)
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Detection of Fluorescently Tagged DNA

DNA Fragments
Separated by
Electrophoresis

.
o)

Optical <
Detection System
Laser Excites
l Fluorescent Dyes

Output to Computer

Analyzing Fluorescent DNA Sequencing Data

AGTACTGGGATC

Computer
Analysis
—
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Fluorescent DNA Sequencing Results

5@ GTGNGS GOT ToC-TGATTE CHG6T 05 *CTCT -G 68 “TN G G- R00G3 T TR 100G -GTGT GTT TTGCT B3 TE - <030T *0+ -GG 0 GT GTOCT TCTC GACTY|
10 2 0 40 50 &0 m 20 o0 B o

T TETIGEICGT
120 130 B 150 180 170 180 22 200 210 220

[FTET GO T MO AR CTR0 FOTTGCT G5 THES MGG THTTO0AEGT S TGT AT = TTCHGR HEEFTCT TTGG G0 TTOGT =+ H0GG TG GETGE|
210 250 Lk 270 280 200 ki EiL:] ] EE] Mo 280

TG GO TC =T T= 5T T T-T =TT *GEG A3 TT *6a0 TTTELT TT I TTTT =T = GTIR36C- T T-*GaCT To G TGTETICTTICT-T TCT 0 *CTTE - TCTT =600 -2 ganc =
360 31 s 360 400 410 420 a0 440 450 460 3z

Slab Gel-Based DNA Sequencing Instruments

/ & Washington
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Capillary-Based DNA Sequencing Instruments

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)
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Large-Scale Genome Sequencing

Shotgun Sequencing

Wilson & Mardis (1997)
Green (2001)

Subclone Construction

GATCGTCTAGAATCTC
GAGATCTCTGAGAGTC

i
ATGATGCACCTGACCC
T BAC DNA
GACTCAC CT

X

l Prepare Multiple Copies

l Randomly Fragment

l Subclone Fragments

o966 c%
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Shotgun Sequencing Strategy

BAC
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(a) Sequence reads
Read 1 [CACATACACATGG|
Read 2 TCAATGGGGCTAA
Read 3 AGCACGGACTTGTCACATACACATG
Read 4 ACACATGGAAATA]
Read 5 GGGCTAATGATTGTCAC

Read 7 [ATTCATGAAGCACGGA
Read 8 GTCACATACACATGATCAATGGGG

lUse computer to assemble sequence reads

"l) 7 ATTCATGAAGCACGGA
3/ AGCACGGACTTGTCACATACACATG
8/ GTCACATACACATGATCAATGGGG
2[TCAATGGGGCTAA |
5 GGGCTAATGATTGTCAC
6[TGATTGTCACATA |
1 CACATACACATGG |

4[ACACATGGAAATA

lﬁssembled sequence

{l) ATTCATGAAGCACGGACTTGTCACATACACATGATCAATGGGGCTAATGATTGTCACATACACATGGAAATA

Shotgun Sequence Assembly

[

0 0 1

AGGARARGACTATCACAGCGTATTCCTGRARGAGATGARCTATEAAT TGAGTGTAGGC TTCTETGCAGAGGCAAA*GGTAGGATL
PGGARAAGACTATCACAGCGTATTCCTGAARGAGATGAARCTATGAAT TGAGTGTAGGET TCTCTGCAGAGGLARA*GLGTAGGATL
itatcAcagoztattococtoasagagateaacTAtea tthAzte agpctTCtctboagagecaaaxzet gGATL

AGGARR

NEGANNAGACTatE BaglGTAT TCLTGANAGAGAT GAACTATgaaT TGAGTGAGGLT TCTCTELAGAGGLAAA=GETAGGATL
B28aAAACACTATCACAGCG TALEEe LEARABABATOARC TATGAAT TEAGTG TARGE TTE TC TGCAGAZECARA=GETAGGAT
HEGARAAGACTATCACAGCG TATTCC TEARAGAGAT GARC TATGART TEAG TG TARGE T TETCTGCAGAGGLARA=GGTAGGAT
G GARARGAC TATCACAG LG TAT TCC ToAAAGAGAT CAA T e eV P OLSLeD
EEEaAANCACTATCACAGCS THEREEECanatACATCARCTATGAAT TGAGT G TAGGLT TCTC T GLAGAZECARA*GET AGGATT

ag=ananGACTALEaEagcE TALEEEEGARAGAGATGARCTATGAAT TEAG TG TAGGET TETCTGEAGAGGLAAA*LGETAGEATL

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

“Consed” (Gordon et al., 1998)
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0 (o (=]

BAC

ing Strategy

Shotgun Sequenc

v

“Working Draft”
Sequence

Finished

“Finishing

Sequence
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Sequence Finishing: Resolving Ambiguities

Trace Window: Contigs =

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

Historically Significant
Genome Sequencing Projects
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Model Organisms

1,000 Myr

Human Mammalian Multicellular Unicellular
Biology Biology Biology Biology

Microbial Genome Sequences

Locus - for

parative Tools Lists Downboads Carts

Welcome to the Comprehensive Microbial
Resource Announcements

The Comprehensive Microbial Resource (CMR) is a free website used
to display information on all of the publicly available, complete
prokaryotic genomes. In addition to the conwenience of hawving all of

the organisms on a single website, common data types across all
genomes in the CMR mazke searches more meaningful, and cross
genome analysis highlight differences and similarities beteeen the

Genome List

Gene Search

Search by: QEMOIMmE: CMER_Mimor site maintained by the Genome Encyclopedia
Locus - of Microbes (GEM} in Korea is also availzble. More -
Match: Information] [Publication Informition CAMERA's debut coincides
® exact C Inexact CMR Menu Bar Tools E:t';:;;'ef}lhll%l?f the
Keywords/Accession: ) . - . Siobal Doean Saregiing
CHR. offers a wide wariety of tocls and resources, all of which are expediton’s extensive
available off of our menu bar at the top of each page. Below is an dataset cataloging over &
explanation and link for each of these menu options. First ime users millien new genes from
Data Summary can use our CMR tutorial to learm how to nawvigate this site. uncultured marine microbes.
Complete Come wisit CAMERA, and see
Bacteria 3153 Genome Tools our growing collection of
Berhaez 28 Fin anism lsts as well as summary information and metagenamics datasets and
Viruses 3 ¥ elected genomes. tools.
Totaks 384 Searches
Search CMR for genes, genomes, sequence regions, and Latest Releases
dence. Data Release:

www.tigr.org
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First Eukaryotic Genome Sequence

Goffeau et al. (1997)

First Animal Genome Sequence

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

The C. elegans Sequencing Consortium*

C. elegans Sequencing Consortium (1998)
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Second Animal Genome Sequence

R CEATATETT TTEEATAG T TTCAG ANGCRTECEACE AL ABGOEACET]
AT M oATCCg g p TENT LT CT GTOETARD
ETchcATCE x&%u‘::wsac —————————— THi DRosOPHILA GEMOME ——

Review

TheGenomeSeqmeofDmMzmelanogamr

‘#tr.ul FOAMETGL AL

5,!2.«\0\ ACACTGEEA

c.cnnccnv(.cc 168
STCCATETATATCCATCRT
TRGCATAAGACTACTATTG

CCCCTATCOCORT)

ABTCARATCCGEA A
CATCCTTEG TCAG

EATAATCAGCTGATTA
[CCATAGGAATTAAG

SCTTACTGTGGCANT O : . ) einstock,’ ‘Waissenbach, revor Wu,
YT TGAGATTICACCCTIC Tribdi mvu Q. Alison nq.‘nmn. wvﬁ“wxm‘mm‘ m‘qlnu.‘
LATCTATTGTARTE AC X LUansheng D " Xianggun H. Zheng." Fel N. Zhong,' Wenyan Zhong, g.u
GOATCATATCCTE i Xisohong Zhu," Hamilton O. Smith," Richard A. Gibbs, Eugens W. m‘mum
TCCATTCCTCATCACCO

FCG GG TGAAT CEACL GRS T P

FETCEGLETOOATCTERDE

SAGTTCGTOCTTCTTEFCOATET

Adams et al. (2000)

[SERISTRY | QLTI

T T R R T T Y AT AT A L 5 £ s aTE b COme A

Human Genome Sequencing Centers
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Clone-Based Shotgun Sequencing

Construct
clone map
and select

mapped
clones

Generate
several
thousand
sequence
reads per
clone

Assemble

ANTCGNTATCGAT|

ATACAGCTTCTAT| )

Green (2001)

e T

Whole-Genome Shotgun Sequencing

Generate tens of millions

Green (2001)
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February, 2001 Draft Sequence

International Human Genome Venter et al. (2001)
Sequencing Consortium (2001)

Apr|I 2003 Completion

B Ay P A i

LS8 s

HUMAN- -
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October, 2004 Publication

Finishing the euchromatic sequence of
the human genome

Tha sapnce of- guassc mstuctas x -

Tetraodon -~ “%W.J S

oty o B ety

to human : = STt T
Evolutionary history - = N
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

International Human Genome
Sequencing Consortium (2004)

CNN'’s #1 Medical Story of Past 25 Years

GE&PRINTTHIS
Ml.com Powered by oy
ey 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 scientists 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
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April, 1953 April, 2003

wo azss April 25, 1953 NATURE 1Y g
MOLECULAR STRUCTURE OF -

NUCLEIC ACIDS . -

A Structure for Deoxyribose Nucleic Acid .'-’
I 5 -\

7| HUMAN- -

RE B8 g SEQUENGE/
. ,'_/ ' ‘T . i z ﬁt :
. - - - & N $ L 8

“ - p R

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

What’s Next?
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Adult stem cells
Hybrid cells pose
\|nl»lunx

The first stars

I';\Lh ries

feature

A vision for the future of
genomics research

Collins et al. (2003)
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Computational biolog

b
=
B = 1 ——i
Genomics to health
3 | —

Mapping )
~1990 to ~2000
the Human Genome
The Human
Genome Project
Sequencing
~1998 to ~2003
the Human Genome
S
Interpreting Beyond
the Human Genome  ~2003 to ??? The Human
Genome Project
Sequence
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~3,000 bp (0.0001%) of Human Genome Sequence

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCT] ( GAGCAAAAGGAAGGGGTGG
TGTGCGGAGTAGGGGTGGGTGGGGGGAATT! AATGACATL G 5 YoACC GCAGGCACCCAGAGTAGTAG
GTCTTTGCCATTAGGACCTTGAGCCCAGACGGCCCTAGCAGGCACCCCAGCGCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGT
TGTCTCCAAACTTTTTTTCAGGTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGGCGTGTGTATGGGTTGGGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAATTA T AAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAA ACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCTTGAAG! GTGGATGAGAGAGAAGGACT TTACTCTTIGGAATTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAA TTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT
AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAAC

AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTG

TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
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The Human Genome... by the Numbers

~5% of Human Genome Sequence is Constrained

Across Mammals (and Presumed Functional)
5% of 3B Bases = ~150M Bases

Do NOT Yet Know the Position of these ~150M Functional Bases
Lower Bound for the Amount that is Functional

~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

Foundational Milestones in Genetics & Genomics

" a
wH e
Darwin Mendel Miescher Avery Watson
& Crick
1859 1865 1871 1944 1953
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Comparing Genomes is Like Cryptography

CKQEBHEREYTWASU | SCZME I SDFOGETTHEBLPBGOODFQSTLKETUFFRTAC

DLUCEHERE¥YBRTTO ] SAWNDCDARJJPITHERROF5OO0DERGHCLETUFFBRHA

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
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The Language of the Genome

— T
_ Bl
— I
—

AT T
B

. — I

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
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Comparative Sequence Analysis

Using the ‘Experiments of Evolution’
to Decode the Human Genome

Species A Species B
GATCGTCTAGAATCTCGAGATC TATCGGCTAGAATCTCGAGATC
TCTGAGAGTCGTGGGAAACTGT TCTGAGAGTCGTGGGAAACTGT
GTGATGTGACGATTTAGCCACA GTGATGTGACTAGCCACAGTTA
GTTACGTGTGAGAGATGTATGA CGTGTGAGAGATGTATGATGCA
TGCACCTGACCCGGGTTTCACT CCTGACCCGGGTTTCACTCTCA
CTCAACGACTCACTCCACCTCA c om pa re ACGACTCACTCCACCTCAGAGG

GAGGCCCACCGCCGCTGTGCAC CCCACCGCCGCTGTGCACGTCC

TACCGAGATACACGATACCTAC < > ACCACGATCCTTACCACACTTA
ACAGGTGTGACACACCCCTACC CACATCACTCTCAACGACTCAC

CGTCCACCACACGACTCACTCC TCCACCTCAGAGGCCCACCGCC
ACCTCAGAGGCCCACCGCCGCT GCTGTGCACGTCCACCACGATC
GTGCACTACCGAGATACACGAT CTTACCACACTTACACATTACC
ACCTACACAGGTGTGACACACG ATATATCCACCTACCACACATA
ATCCTTACCACACTTACACATT CCTTACCATATATCCACCTACC
ACCATATATCCACCTACCACAC ACACATACCTACCCCATTGCAC
ATACCTACCCCATTGCACACCT ACCTATTATTATTACCGAGGGA
ATTATTATTACCGGGACCGAGG GAGGGGTGACCACACTGTGACA

GATCGTCTAGAATCTCGAGATC
(SE ACTGT
GTGATGTGACTAGCCACAGTTA
CGT ATGCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCIGABAGHECOACLEOC
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA
COTTACCATATAT TACC
ACACATACCTACCCCATTGCAC
ACCTATTATTATTACCGAGGGA
GAGGGGTGACCACACTGTGACA

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

Vertebrate Genome Sequences

.
-

Platypus

Xenopus Zebrafish Pufferfish
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Hybrid Shotgun Sequencing

Generate BAC
shotgun reads

Combine overlapping whole-genome:
and BAC-derved reads

Assemble
and finish

Green (2001)

Diverse Landscape of Genome Sequencing

Human

Mouse
Rat ——m——_——_———_—————_—————————————
Pufferfish =—— = —— e e — — — ———————— — —
Zebrafish = = ——— — ————————— — — — —
Chicken = = == mm e o o e e —— — — — —
Chimpanzee == =— = =—— — — — ———————————
Dog == = e e e e e e e e i ——— —
Cw ——m—m———————————————
Xenopus - m—— m— m—— e — —— —— ———————— —
Monodelphis — — — — — —_———— ———— ——— — —
Macaque — — — — ——_——_———— ——— ——— — —
Platypus = = = = e e o e o — ——— ——— — —
Marmoset = = = — ——— — — — — — —————— —
etC.... = e e e e e e e e e m m— — — — — — —

Techniques for Analyzing Genomes I
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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*s", Webb Miller!, David B. Jaffet,
Kerstin Lindblad-Toh*, Jean Chang*, Eric D. Green*S, Eric . Lander’, James C. Mullikin***, and Michele Clamp***

Margulies et al. (2005)

| Marsupiaia

Abtheta
Kenarthen
- Lawrasistheria
- Cow
= Do
Wouse
Pt
Eusrchoriogives
Macague
Human
Crimgarzoe

Diverse Landscape of Genome Sequencing

Human
Mouse

Rat B B NS EE Y EEN N SRR .
Pufferfish == |=t= | == | === == == == == == == = == = || ] T =
Zebrafish et [t | et | ot | | ] et ottt bt [t [t |t [ ot | | sttt et
Chicken B B I e e N - Y [ Sy R o S [ AR S g A

Chimpanzee = |=+= | ==|==| | T T 1 =t == = == | | T T T

Dog B B I e e N - Y [ Sy R o S [ AR S g A
Cow et | et | et |t | (et (et f—— f—— (—— | —— — — —— t—— —— f——
Xenopus =T (= |TT|TT| T T T T T T T T T T T T T T

Monodelphis = | |T|T| T ™ ™ T I e T T T T T T T T

Macaque e |t | et | et | | | o] ol ettt [ttt | et | et | | | et et
Platypus endkndbedbesbesbionineienfienionlieondiendbndbesdbesbnnbenlinn
Marmoset — == |=f=f | = | st ] ] e et ottt [t |t | et | et | et | sttt et
etc... e |t | et | et | | | ] bt bttt [ttt | et | et | | et st et

Armadillo
Elephant
Tenrec
Rabbit

Cat

Shrew
Guinea Pig
Hedgehog
(and others...)
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Techniques for Analyzing Genomes I

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT

Multi-Species Sequence Comparisons

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT

GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT

GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT

\CCTGACCCGGGTTT
CACTCTCAACGACTCAC

GATCGTCTAGAATCTCG
AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT
GACTAGCCACAGTTACG
TGTGAGAGATGTATGAT

CACTCTCAACGACTCAC

TCCACCTCAGAGGC

CTGACCCGGGTTT

\CCTGACCCGGGTTT
CACTCTCAACGACTCAC

CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA
CACTTACACATTACCAT
ATATCCACCTACCACAC
ATACCTACCCCATTGCA

\GAGGCCC \CCTCAGAGGC
CCGCCGCTGTGCACGTC CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA CACCACGATCCTTACCA
CACTTACACATTACCAT CACTTACACATTACCAT
ATATCCACCTACCACAC ATATCCACCTACCACAC
ATACCTACCCCATTGCA ATACCTACCCCATTGCA

CACCTATTATTATTACC

CACCTATTATTATTACC

CACCTATTATTATTACC

Multi-Species Conserved Sequences (MCSs)

Margulies et al. (2003)
Thomas et al. (2003)

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
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GEMES IN ACTION

VIEWPOINT

The ENCODE (ENCyclopedia Of
DNA Elements) Project

The ENCODE Project Consortium®+

ENCODE Project Consortium (2004)

IS ’ :
¥ ¥ v K
Gene
- . —-— .
Long-range regulatory elements. cis-regulatary elements
{enhancers, repressors! silencers, insulators) (promoters, transcription = '
factor binding sites) nsere

IR LT

TN

genome.gov/ENCODE genome.ucsc.edu/ENCODE
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DECODING ;
THE BLUEPRINT <

The ENCODE pilot maps
human genome function

A A e
4 E §!| ¥ ” 1 -

1 H ill Hlif ”d

_ ||| IJ Uy

ENCODE Project Consortium (2007) ENCODE Spectal issue

Expanding ENCODE Portfolio
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nature ;¢ o

Page 38



Eric D. Green, M.D., Ph.D. Techniques for Analyzing Genomes I

All humans are ~99.9% identical at
the DNA sequence level, and yet...

all of us carry a significant number
of ‘glitches’ in our genomes.

DOOOHDHOOOHDON
HOBBOHC 4v 4» 0
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ONAL WEEKLY JOURNAL OF SCIENCE

natur C

_&

; - &iﬁii'-'

h.."'" :
i\ S,
L

omELECTRONlcs
Germanium boostfor ' 'm- ‘Ll_

silicon chips
LAW OF THE JUNGLE
Illy Don'taskachimpanzee
;!in for help
1
m MEN OF LETTERS | HT

If Darwin and Einstein
) had e-mail, "m ~"

THEHAPMAP — ,.-..
PROJ ECT Biodefence boom

Chapter and verse on T e
human genetic variation |I|

International HapMap Consortium (2005, 2007)
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Medicine

The Pathway to Genomic Medicine

Realization of
Genomic Medicine
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Techniques for Analyzing Genomes I

Interpreting
the Human
Genome Sequence

nagure

ot
uman
R_. #7 & | genome

The Pathway to Genomic Medicine

Implicating
Genetic Variants
with Human Disease

Realization of

Genomic Medicine

Human Genome Sequence

>$1,000,000,000

~$1,000

&

o

HUMAN.
SEQUENGE/

vy, Y
. Y

Page 42



Eric D. Green, M.D., Ph.D. Techniques for Analyzing Genomes I

En Route to the $1000 Genome

TSUNAMI SCIENCE: ONE YEAR AFTER THE WAVE THAT ROCKED THE WORLD
Alternatives to
Toxic Tests
on Animals
AMERICAN .=
WWH.SCAM COM

Know Your /

DNA

Inexpensive gene readers will soon
unlock the secrets in your
personal double helix

The Hazy Origin of
Brown Dwarf Stars

Winning Tricks of the
Racing Robots

Does Motherhood
Make Women Smarter?
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Realities of New DNA Sequencing Technologies...

MR

Changing Infrastructure Requirements

DNA Sequence Bioinformatic
Production Analysis
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Expanding Universe of Sequence-Based Explorations

Enard and Paabo (2004)

nagure

Collins and Barker (2007) ﬁ’\‘ , .‘\ ‘
} b L." - 32

Turnbaugh et al. (2007) Green et al. (2006)

NEANDERTHAL
3 ICS

The Human Genome Sequence to Genomic Medicine...

" -

...from base pairs to bedside.
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