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Outline

.  Fundamentals of Genome Mapping

ll. Fundamentals of Genome Sequencing

lll. Mapping & Sequencing in the Human Genome
Project... and Beyond

IV. Comparative Sequencing

Genome Sizes

Human Genome
Mouse Genome

~3,000,000,000 bp

Fruit Fly Genome ﬁiﬂ
~160,000,000 bp

Nematode Genome w
~100,000,000 bp

Yeast Genome ﬂ
~15,000,000 bp

E. coli Genome ﬂ
~5,000,000 bp
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Genome Mapping & Sequencing

The Human Cytogenetic Map
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Sequence-Tagged Sites (STSs)

100 kb

STS1 STS2 STS3 STS4 STSS

@ - — o

PCR Primer 1
T T e -

GGATTCCGACTAGGTCGGTCTT... // ..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
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Genome Mapping & Sequencing

YACs and BACs

into Yeast

Clone-Based Physical Mapping
I [ | [ ] [ | , Chromosome
\ “ ¢
Y i ~ , Clones
ay N
I | [
- -_ 1 Contigs
I |
High-Molecular Weight DNA
¢ Partial Restriction Digestion
SNAAAAAAAAAN
NS
RAAA AT
e Selectio™ W\A//\V\/\ %A
AVAAN
VIS VAARA
NAAAAAAA \AA\/\A/\AAN\
AVAVAVAVAVe VAN NWAAAA
YAC Vector Arms BAC Vector
Construction of P ———— —

Ligate & Transform

+— T O A A AL AN

YAC Insert: ~100-1000 kb

AP Telomeres
I Yeast DNA
— Plasmid DNA|

Green et al. (1998)

Birren et al. (1998) AV Insert DNA

-

Ligate & Transform
into Bacteria

{

BAC Insert: ~100-200 kb

I BAC Vector|
N\ Insert DNA
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Genome Mapping & Sequencing

Genome Sizes

Human
Mouse
~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

J997

~1,000,000 bp

i

~100,000 bp
[
~45,000 bp

[rowen)
~25,000 bp

Bacterial Artificial Chromosomes (BACs)

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

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

¢ Relatively Non-Chimeric

¢ BAC Libraries from Many Different Species now Available

(e.g., www.chori.org/bacpac)

e See Birren et al. (1998)
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Genome
(~3000 Mb)

Chromosome
(~130 Mb)

Genome Mapping & Sequencing

6f 6f 6] 6f 6f G GATCGTCTAGAATCTC GATCGTCTAGAATCTC
6f 6f 6] of 6 6| GAGATCTCTGAGAGTC GAGATCTCTGAGAGTC
G| G| 6] G| G| G| GTGGGAAACTGTGTGA GTGGGAAACTGTGTGA
T( T T{ T{ T{ T{ TGTGACTAGCCACAGT TGTGACTAGCCACAGT
T( T{ T{ T{ T{ T{ TGTGACTAGCCACAGT TAGGTATTGGGGCATT
7 7| 7] 7| 7| T| TACGTGTGAGAGATGT TACGTGTGAGAGATGT
A] Al A] A] Al A| ATGATGCACCTGACCC ATGATGCACCTGACCC
6 6 6f G| G G{ GGGTTTCACTCTCAAC GGGTTTCACTCTCAAC
GACTCACTCCACCTCA ~ GGACTCACTCCACCTCA ~
cf of of cf cf Cf CCGGTTAGACATACAT e LI 9 CCGGTTAGACATACAT « 1=U.
6f 6 6] of 6f ¢ eAGGCccAcceeeeeT GGAGGCCCACCGCCGCT
6| 6f 6] ¢ 6 GTGCACGTCCACCACC GTGCACGTCCACCACC
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Sequence-Ready Contig Map

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

DNA Sequencing

Page 9



Eric D. Green, M.D., Ph.D.

Genome Mapping & Sequencing

History of DNA Sequencing

Miescher: Discovers DNA

Avery: Proposes DNA as ‘Genetic Material’

Efficiency

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

Holley: Sequences Yeast tRNAAR

Wu: Sequences A 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

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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Genome Mapping & Sequencing

Radioactive Sequencing

ST h __]

o} E—

AGTACTGGGATC
............................. ]
.................... a
..... a
lllllllllllll Gel
........................ E ] Electrophoresis
................................. u —
................. [
........................................ a
......... a
............................................ ]

Wilson & Mardis (1997)
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Detection of Fluorescently Tagged DNA

DNA Fragments
Separated by
Electrophoresis

NI

Laser Excites
Fluorescent Dyes

Optical “
Detection System

| Output to Computer |

Analyzing Fluorescent DNA Sequencing Data

AGTACTGGGATC

Computer
Analysis
—
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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 |
== a0 40 50 60 0 a0 a0 =22 110

3o CTTOCT CTT G E -+ TOCTC -+ GI00C *0CTCT 0000 TE 000 -GRC- TTEEC T THTTGTC HaT - -~ T - CT AT TA AN - 666 CrTa *GTGEGI-TaC *aTTaX|
110 120 === 150 1e0 170 180 === 200 210 220 ==

[~ TETERGoeCs 2 TR TOCTC SO CTGE *00CTaCT 665 65 *6GH GIT-TI00aE GT - TGl @00 TGGE T G- TTC G- +Ga3TCT TGS - Gar TIOGT -+ *00GTG -~ GaTak
240 280 ez2 270 220 290 == ) iz ERD) 340 350

o

| 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

Slab Gel-Based DNA Sequencing Instruments
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Capillary-Based DNA Sequencing Instruments

-

TR TN

Large-Scale cDNA Sequencing
« ESTs: Expressed-Sequence Tags
« SAGE: Serial Analysis of Gene Expression

* Full-Insert (Full-Length) cDNA Sequencing

=M
< °

mgc.nci.nih.gov
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Large-Scale Genomic Sequencing

Shotgun Sequencing

Wilson & Mardis (1997)
Green (2001)

Subclone Construction

BAC DNA

l Prepare Multiple Copies

388
388

GA] GA] GAT \TCTC
GA| GA{ GAGATCTCTGAGAGTC|
orf et

l Randomly Fragment

l Subclone Fragments

096966 c%
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Shotgun Sequencing Strategy

BAC
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Genome Mapping & Sequencing

Shotgun Sequence Assembly

811
AGCARARGAC TATCACAGCGTATTCCTGAARGAGATOARCTATGART THAGTGTAGGC T TCTCTGCAGAGGCAAR G TAGGATL

a3CTATOAsLthAZtE

AGGARARGACTATCACAGCGTATTCCTGAARGAGATGAACTATGAAT TEAGTGTAGGCT TCTCTGCAGAGGCAAA*GGTAGGATE
AGGARARGACTATCACAGCGTATTCCTGARRGAGATGAACTATGAAT TEAGTGTAGGCTTCTCTGCAGAGGCAAA=GLTAGGATL

AGGAAA)
AEGARARGACTSE

AGGARARGACTATCACAGCGTATTCCTGAARGAGATGAALT

bbb bbb bbb bbb YYTRYY

“Consed” (Gordon et al., 1998)

itatcAcagogtattoctgasagagatgaacTAtea tthAste agpctTCtoctboagagocaaaxogt gGATL

agCLTATTCCTGAAAGAGATOARACTATEEAT TEAGTGTAGGCTTCTCTGCAGAGGCAAA=GLTAGGATL
a8 aAARCACTATCACAGCGTALEECECAAAGAGATEARCTATGAAT TEAGTGTAGGC T TCTCTGCAGAZECAAA*GLETAGGATL
AGGARARGACTATCACAGCGTATTCCTGAARGAGATGAACTATGAAT THAGTGTAGGCTTCTETGEAGAGGEAAA*GLTAGGATE
3= anARGACTATCACAGC GTALEEEEEaAaGAGATOAACTATGART TEAGTGTAGGCTTCTETGCAG

aEeananCACTALESEagca TALEEEECARRGAGATEARCTATGAAT THAGTGTAGGC T TCTETGCAGAGGCAAR*GLTAGEATI

CARA=GETAGGATE

L

|
5 3

L
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Eric D. Green, M.D., Ph.D.

Shotgun Sequencing Strategy

BAC

v

“Working Draft”

Sequence

Finished
Sequence

“Finishing

ing Ambiguities

Resolv

Sequence Finishing

Trace wWindow: Contigh

*** Sequence Finishing: Remains Relatively Expensive ***
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Genome Mapping & Sequencing

Historically Significant
Genome Sequencing Projects

J
J

Bacterial Genome Sequences

MG
J"( K!.'?J

Welcome to the
Comprehensive Microbial
Resource (CMR) Home Page

Funded by: The and The
U.S. Department @& National Science &
of Energy Foundation

The Comprehensive Microbial Resource (CMR) is
a tool that allows the researcher to access all of
the bacterial genome sequences completed to
date. For each genome not sequenced at TIGR
two kinds of annotation are displayed: the
Primary annotation taken from the genome
sequencing center and the TIGR annotation
generated by an automated annotation process at
TIGR. Use the CMR to access information on all
of the bacterial genomes or any subset of them.

The CMR is fully described in: J.D. Peterson, L.A.
Umayam, T.M. Dickinson, E.K. Hickey and O.
White. The Comprehensive Microbial Resource.
Mucleic Acids Research, 29:1 (2001), 123-125.

www.tigr.org
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First Eukaryotic Genome Sequence

Nature 387:1-105, 1997

First Animal Genome Sequence

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

The C. elegans Sequencing Consortium*

Science 282:1012-2018, 1998

Page 20



Eric D. Green, M.D., Ph.D.

Second Animal Genome Sequence

THE D. A GENOME
REVIEW

9
The Genome Sequence of Drosophila melanogaster
Mark D. ldllnl."h_h:.lnlklr’hhﬂl.ﬂdt.‘ﬂ-rylmhn Jeannine D. Gocayne,"
mnmmh‘m:m Peter W. Li," Roger A. Hoskins,” Richard F. m'nmxm'
Suzanna E. Lewis,* Stephen Richards,” Michael Ashburner,” Scott N. Henderson,’ Granger G. Sutton,’
Jenniter R. wm‘murm‘mum'unx.m‘mmcmm'r«mcm‘
Robert G. Blazs),” Mark Champs,” Barret D, Pfeiffer,” 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 wmnm'mnmuw... Richard M. Ballew,' Anand Basu,' James Baxendale,’
Leyla Bayraktaroglu? Ellen M. Beasley,’ Karen Y. Beeson,’ P. V. Bancs, ™ Benjamin P. Berman,’ Deepall Shandari,’

jwm'wm‘mwm'mma‘mumm'mm Thomas J. Heiman,
Judith R. Hernandez,” Jarrett Houck," Damon Hostin,' Kathryn A. Houston, nwyp.mm'nlumww
an,me- ‘Hm-j-hu rrmd::dmll.‘G-ryHK-pm“Mm Jares A, Kennison,™
Ketchum," Bruce E. Kimmel,? Chinnappa D. Kodira,' m&m'mxum'wm‘
nmu rniudw“vmn;ul Alexander A. Lavitsky, Jlayin UL Zhanya U," Yong Usng." Xieoying Lin*
Liu, Bettina Mattsi,’ Tina C. Mclntosh,” Michael P. McLeod,” Duncan McPherson,’ Gannady Markulov,

Il.lmSpllr'llIlnt ng.” Mark /" Renee Strong," Erlc Sun," Robert Svirskas,** Cyndes Tector,!
‘urner,” Eli Venter," Allwm.w-m Xin Wang,' Zhen-Yuan Wang, David A. Wassarman,”®
aq-n.wmm'nmw-lm Sherita M. Williams," Trevor Woodage," Kim C. Worley,” David Wu,"
song Yang* qmvm. )ﬁn“ Ru-Fang Yeh,'® Jayshree . Zaveri,' wum*wm‘mm'
Uansheng Theng,' Xiar M. Zheng,' Fel N. Thong,' Wenyan Zhong,' Xiaojun Zhou," Shisoping Zhu,'
xlmmm‘mmlmo m‘mdnam'mw Myers," Gerald M. Rubin,™ J. Craig Venter!

Science 287:2185-2195, 2000

Revised Timetable for Human Genome Sequencing
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Genome Mapping & Sequencing
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Timetable for Human Genome Sequencing
100
Working Draft—l T
80 Finished
=
9
% 60
o
£ Human
O 40 Sequence
2
20
2 — N O < I O~ 0 S «— (N M < 1D
=y B By B B B = r B w7 B v r R = B B e B o [ o [ o TR e Y o
a0 OO0 000 200 00
™ T v v v - - v N N NN NN

Human Genome Sequencing Centers

‘Whitehead Institute/MIT
Genome Sequencing Center

HUMAN GENOME SEDUENCING CENTER

The Sanger Centre

g Mesmer
>
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Human Genome Sequencing Centers

N—

Page 23



Eric D. Green, M.D., Ph.D.

Genome Mapping & Sequencing

February, 2001 Publications

A Asericas AssociaTio

Pages 1145-1434 §8

BAC-by-BAC Shotgun Sequencing

. AGTTOGTAMCCTA] To3CARTTGTAGA T
Construct | ATroaacTrooes| sasceroentser

clone map | CakTosATaACTa e
oo CT GGATCTTACAMST| AraaccTooCT
and SEIEC | AcTooGRTCCTAC] aarTTANAKACEA o r
mapped | TOGOSTATAGECE| AACOTTAGATO0A| naconteTAL
clones AXTOGATATOGAT| TAGCACATCOCOT] prer
ATACAGCTTCTA
AT

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

Assemble

/A Green (2001)

Whole-Genome Shotgun Sequence Assembly
STS

Mapped Genome
Scaffolds:
1 L1 I kil T | | I |
Scaffold: | | | |
TN 4
1 Read pair (mates) Gap (mean & std. dev. Known)
Contig:
) — — — Consensus
o “@=__ ==__ Reads (of several haplotypes
=gk ¢ ( haplotypes)
® SNPs
== BAC Fragments

Venter et al., 2001

Genome Mapping & Sequencing
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April, 2003 Completion

U I
%_(} 2
. ! .q‘
- 4 J:ﬁ’)
DOUBLE, & |
- ; %

SEQUENCE/
__ 3

' . '_ é oS ;,;

g

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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.3

v SOLVING
W

HE| -
MYSTERIES
- JOF

|

The 50th Anniversary.
Reliving Watson and Crick's
historic discovery e

4 How gene science has
changed our lives

Visions of the future

108T1H CONGRESS
542§, CON. RES. 10
[ ] [ ] [ ]

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

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

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

CONCURRENT RESOLUTION

Designating April 2003 as “Human Genome Month” and
April 25 as “DNA Day™”.
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Genome The End of the Beginning
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Genome Mapping & Sequencing

Medical ethics
Choosing deafne

October, 2004 Publication

|mmh}i-;\|.-..q,1..r...m_\-

Tetraodon
to human

Evolutionary histo
in genome sequences

General relativity
Did the orbit move fi

The human genome
Going the last mile

Finishing the euchromatic sequenne?
the human genome

vt st e e S Dt
D —

T spnie of et et bn et i o et
o e

T 9
o iy ety comiein coverage. Rk, e separt B el o s Riahin rocent. e cured e
b

e (i 5 e 1 b et e S g 21 1 it
e et et 1 000 i, R o P g AP 11 1 S i e

Il

o e

IS 300 W S 0D ik W ST [ SRR St Tt 017 1 3 et .
s 4 B

Nature 431:931-945, 2004

nature = ¢
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April, 1953 April, 2003

wo axss April 25, 1953 NATURE - «.?rcy =
MOLECULAR STRUCTURE OF -

NUCLEIC ACIDS _ .

A Structure for Deoxyribose Mucleic Acid 4 >
4 :

// - b a

¢ 2 %

e -

A . HUMAN.

EE i 'l SEQUENGE/

N #1 {1
//.’ . D T3
C

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

What’s Next?
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Genome Mapping & Sequencing

International weekly journal of sc

Double Y 4
helix 7 sy

Bismuth-209

Adult stem cells
cells pose

The first stars
Ins dlemer

A vision for the future of
genomics research

feature
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Genome Mapping & Sequencing

2 H B E
s o Genomics to society
s é‘
S = ‘
ﬂ" * _ Genomics to health
:a.-,,_.omwm e
Mapping A
~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
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FEASE o oo |
'j?;\J_“ YRR hurﬁ.ua

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

TGCCGCGGAACTTTTCGGCTCTCTAAGGCTGTATTTTGATATACGAAAGGCACATTTTCCTTCCCTTTTCAAAATGCACCTTGCAAACGTAACAG
GAACCCGACTAGGATCATCGGGAAAAGGAGGAGGAGGAGGAAGGCAGGCTCCGGGGAAGCTGGTGGCAGCGGGTCCTGGGTCTGGCGGACCCTGA
CGCGAAGGAGGGTCTAGGAAGCTCTCCGGGGAGCCGGTTCTCCCGCCGGTGGCTTCTTCTGTCCTCCAGCGTTGCCAACTGGACCTAAAGAGAGG
CCGCGACTGTCGCCCACCTGCGGGATGGGCCTGGTGCTGGGCGGTAAGGACACGGACCTGGAAGGAGCGCGCGCGAGGGAGGGAGGCTGGGAGTC
AGAATCGGGAAAGGGAGGTGCGGGGCGGCGAGGGAGCGAAGGAGGAGAGGAGGAAGGAGCGGGAGGGGTGCTGGCGGGGGTGCGTAGTGGGTGGA
GAAAGCCGCTAGAGCAAATTTGGGGCCGGACCAGGCAGCACTCGGCT----“-“-“lAGAGCAAAAGGAAGGGGTGG
TGTGCGEAGTAGGEGTEEGTEBOEGG - fi." i \ I : ; ]

‘ L e el e s TG
Ay : 1. GTGAGAAGGTGGCCAACCGAGCTTCGGAAAGACACGTGCCCACGAAAGAGGAGGECGTGTGTATGEGTTGRGTT
TGGGGTAAAGGAATAAGCAGTTTTTAAAAAGATGCGCTATCATTCATTGTTTTGAAAGAAAATGTGGGTATTGTAGAATAAAACAGAAAGCATTA
AGAAGAGATGGAAGAATGAACTGAAGCTGATTGAATAGAGAGCCACATCTACTTGCAACTGAAAAGTTAGAATCTCAAGACTCAAGTACGCTACT
ATGCACTTGTTTTATTTCATTTTTCTAAGAAACTAAAAATACTTGTTAATAAGTACCTAAGTATGGTTTATTGGTTTTCCCCCTTCATGCCTTGG
ACACTTGATTGTCTTCTTGGCACATACAGGTGCCATGCCTGCATATAGTAAGTGCTCAGAAAACATTTCTTGACTGAATTCAGCCAACAAAAATT
TTGGGGTAGGTAGAAAATATATGCTTAAAGTATTTATTGTTATGAGACTGGATATATCTAGTATTTGTCACAGGTAAATGATTCTTCAAAAATTG
AAAGCAAATTTGTTGAAATATTTATTTTGAAAAAAGTTACTTCACAAGCTATAAATTTTAAAAGCCATAGGAATAGATACCGAAGTTATATCCAA
CTGACATTTAATAAATTGTATTCATAGCCTAATGTGATGAGCCACAGAAGCTTGCAAACTTTAATGAGATTTTTTAAAATAGCATCTAAGTTCGG
AATCTTAGGCAAAGTGTTGTTAGATGTAGCACTTCATATTTGAAGTGTTCTTTGGATATTGCATCTACTTTGTTCCTGTTATTATACTGGTGTGA
ATGAATGAATAGGTACTGCTCTCTCTTGGGACATTACTTGACACATAAT TACHE B i i Bl AAAAGTCAAATATGT
TATAAATAGCTCATATATGTGTGTAGGGGGGAAGGAATTTAGCTTTCACATCTCTCTTATGTTTAGTTCTCTGCATGTGCAGTTAATCCTGGAAC
TCCGGTGCTAAGGAGAGACTGTTGGCCCHER ey oy i : EBTATCTTTTTGTGT
TGATGTTATCCACCTTTTGTTACTCCACCTATAAAATCGGCTTATCTATTGATCTGTTTTCCTAGTCCTTATAAAGTCAAAATGTTAATTGGCAT

AAATTATAGACTTTTTTTAGCAGAGAACTTTGAGGAACCTAAATGCCAACE B R BT TCcATGRATA
GTTCTAAATACTAATGAACTTTAAAATAGCTTACTATTGATCTGTCAAAGTGGb|||||ATATAA|||ILI||||ACAAATCACCTGACACATTT
AATATAGGTTAAAAAATGCTATCAGGCTGGTTTGCAAAGAAAATGTATTACAAAGGCTGCTAAGTG

TTACAAACTTCCTTCTGGCCTTCTGGACTGCAATTCTAAAAGTGTAAAAAACATATTTTCTGCATTAAGTTAGGCAGTATTGCTTAGTTTTCAAA
GTGGTAGGCTTTGGAGTCAGATTATTTTGATTCAGATCCTACATCTACTGTTTAGTAGCTCTGTTGCCTGAGGCAGGTCCCTTAACATCTCTGTG
TGTGACTTGACCTTTAAAATTTGGAGACTGTCATAGGGGTTAATCCCTTGAGAAAATGAATGTGAAAAGTTAGCCTAATGTTAACTGCTATTATT
ATGGATTACCATATTTTCACATTCATCACAGTACATGCACCTTGTTAATATAAGATGCTCAATTCATCTTTGAGTATAATTTTGTGACTCTCAAT
CTGGATATGCAATGAGTGGGCCTGTATGAGAATTTAATTTATGAAAAATTGTGTTTCACATGGCCTTACCAGATATACAGGAAACACGTCACATG
TTTCTATTGTATGTTGTTAAATGCCTTAGAATTTAACTTTCTGAATAGGATCCCTTCAGTTTGAGAGTCATAAAAGAGTAAAATTATTATGGTAT
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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
ATCCTTACCACACTTACACATT
ACCATATATCCACCTACCACAC
ATACCTACCCCATTGCACACCT
ATTATTATTACCGGGACCGAGG

Compare

<

GATCGTCTAGAATCTCGAGATC

3 L ITGT
GTGATGTGACTAGCCACAGTTA
COTESTEHNEINEEATCCA
CCTGACCCGGGTTTCACTCTCA
ACGACTCACTCCACCTCAGAGG
CCCACCGCCGCTGTGCACGTCC
ACCACGATCCTTACCACACTTA
CACATCACTCTCAACGACTCAC
TCCACCH
GCTGTGCACGTCCACCACGATC
CTTACCACACTTACACATTACC
ATATATCCACCTACCACACATA

v c
ACACATACCTACCCCATTGCAC
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’)

)

CZME 1 SDFOGE|THE

Comparing Genomes is Like Cryptography

CKQEBHEREYTWASU|I BLPBGOODFQSTLKISTUFFRTAC

DLUCEHEREZBRTTO[l

wn

AWNDCDARJJP|THERROFGOODERGHCLISTUFFBRHA
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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

Hybrid Shotgun Sequencing

Green (2001)
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Hybrid Shotgun Sequencing

What is the optimal mixture???

Redundant
Coverage: 0 ~5-fold ~10-fold
Whole-Genome Shotgun
Sequence Reads
BAC-by-BAC Shotgun
Sequence Reads
Redundant
Coverage: ~10-fold ~5-fold 0

The mouse
genome
“Exp

&
Therat genome

Insights into mammalian evolution

Superconductivity Officelife SARS vaccine
b1 g Imi ed

- .r;... s k '. 4
Nature 420:520-562, 2002 Nature 428:493-521, 2004

Initial sequencing and comparative Genome sequence of the Brown _
analysis of the mouse genome Norway rat yields insights into
e mammalian evolution

P T T
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Human-Rodent Sequence Comparisons

» ~40% in Alignments

* ~5% Under Selection

~1.5% Protein Coding
~3.5% Non-Coding

rat genome

mali;

Nature
428:493-521, 2004

Multi-Species Sequence Comparisons

GATCGTCTAGAATCTCG GATCGTCTAGAATCTCG [GATCGTCTAGAATCTCGAG GATCGTCTAGAATCTCG GATCGTCTAGAATCTCG GATCGTCTAGAATCTCG
AGATCTC \GATCTCTG) | T AGATCTCTGAGAGTCGT AGATCTCTGAGAGTCGT AGATCTCTGAGAGTCGT
GGGAAACTGTGTGATGT GGGAAAC GTG AG GGGAAACTGTGTGATGT

GACTAGCCACAGTTACG GACTAGCCACAGTTACG GACTAGCCACAGTTACG GACTAGCCACAGTTACG

TGTGAGAGATGTATGAT TGTGAGAGATGTATGAT TGTGAGAGATGTATGAT TGTGAGAGATGTATGAT TGTGAGAGATGTATGAT TGTGAGAGATGTATGAT
T T GCA T GCACC’ T GCACCT T GCA
CACTCTCAACGACTCAC CACTCTCAACGACTCAC CACTCTCAACGACTCAC CACTCTCAACGACTCAC CACTCTCAACGACTCAC CACTCTCAACGACTCAC

TC TCCACCTCAGAGGCCCA TCCACCTCAGAGGCCCA TCCACCTCAGAGGCCCA
CCGCCGCTGTGCACGTC CCGCCGCTGTGCACGTC
CACCACGATCCTTACCA CACCACGATCCTTACCA
CACTTACACATTACCAT CACTTACACATTACCAT
ATATCCACCTACCACAC ATATCCACCTACCACAC [ TACCCCATTGCACACCTAT ATATCCACCTACCACAC ATATCCACCTACCACAC ATATCCACCTACCACAC
ATACCTACCCCATTGCA ATACCTACCCCATTGCA ENi fa LB ATACCTACCCCATTGCA ATACCTACCCCATTGCA ATACCTACCCCATTGCA
CACCTATTATTATTACC CACCTATTATTATTACC CACCTATTATTATTACC | TACCACCTAGAGGGAGCTA CACCTATTATTATTACC CACCTATTATTATTACC CACCTATTATTATTACC
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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)
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Additional Vertebrate Genome Sequencing Efforts

et

Chimpanzee Macaque Dog Cow

nature

(e
The chicken genome

[m

Chicken Xenopus

Zebrafish

Monodelphis

Pufferfish

Low-Redundancy Sequencing of Multiple Vertebrate Genomes

Opossum
Tenrec
Elephant Shrew
Hyran
- Elephant
Armadilla
— e T T Hedgehog
FomHuman  Added Dwergence Shrew

Microbat (brown bat)

040 0450 0&0 Meaabat (horseshoe hatl
b cis oo osw Megabat (horseshoe bat)
Chimpanzes 0009 004 054 Cow
Dog 0xXe 0 07 cat
Macagque oot (12 0745 o
Cow 0¥ 0;  0mMB Dog
:‘:‘:'_; o - 1 Squirrel
; — Mouse
Rat
Guinea Pig
abbit
Tree Shre
Lermur
Bushbaby
1 Macaque
[Hwnan
Chimpanzee

at tumarmte Srgence 1 0550

Margulies et al., PNAS, in press, 2005

| Monotremata
Marsupialia

Afrotheria

Xenarthra

Laurasiatheria

Euarchontoglires
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Future Genomes to Sequence???

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 approaches to study and
analyze that 1% in a consortium fashion
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ENCODE Project: Web Sites

genome.gov/ENCODE genome.ucsc.edu/ENCODE

Current Big Challenges...

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

* The “$1000 Genome”

* Medical Sequencing (aka, Human Re-Sequencing)
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