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Lecture Outhine

¢ Introduction to evolutionary genomics

*

* Brief review of next-generation DNA sequencing & its applications

* Benchmarking transcriptome sequencing for functional and
evolutionary genomics

* Transcriptome sequencing for molecular phylogenetics

-- -- -Coffee Break-------

% Genomics within species (using next-generation DNA sequencing)

* Genomics between species (using publicly available genome data)
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What is an Elephant Like?
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What is a Genome Like?

ACAACCCCTCCACCTCATGTACCTGCGGACTCTCCTCCAGTCACAGCTCAGGCAGTCCACTTTGCAACCCCTAAACCTCAAAACCGGTTT
GACGTTCTGTTAGACGAACAACTATGATATATCGACCCCGCCTAAGAACGGAGCCTCTGTCAGTGCTCCAGCTGAACGTAGGCCGCGGG
CCAGCCACTCATGAAATCGCCCTTTCATTAGCATACTCTAGCGGCATTGATATCATCCTTATACAGGAGCCATACATATATACTGACCTCA
GCCGGCAAATCACAAAAAGGCACCCATCATACGAGTGCTTCTCCCCAACAGACAGCTGGCTTGTAAGCGGTCGACCCCGGGTCCTCACC
TATGTCCGGAAAAAGATGGGCATTCGGGCCTCTCAGCTCCGCCCTCAGCCAATAGATCAAGATGTTCTCTCAGACCTTCTTCTACTACAG
ATCCTCTCCCGCTCTGGACAATCTGCATTGATAATCAACATCTATAATGCTCCAATCGGCTCAATCAGGTCAGGTGAGGCTGCAAAAGCG
CTTACACTCCTGCCTGACTCCTACTTTTCCCAGCCTACCGTGCTTGCCGGCGACTTCAACCTACTACATAGCAGGTGGCAGCCATCACTG
CATTGCAGCCCTACCACCTTTGCTGAGCCATTTGTTGACTGGCTTGATCGCCTAGGGCTGGTTCTTATCTCCGAGATAGACCAGCCTACAC
ACGATAGAGGCAACGTTCTTGACCTCACTTTCGCCTCCAGCTCCCTAGCACTGGCAGGGTCGAGTACCAGGATAGCAAGTCATTTAGAGT
CAACATCAGATCATCGGCCACTCCTCACCACCATGCCATGGAGCCAGAGATTCACAGAGGCAGCTCAGAAACTGAGATTTGATACATTA
GACCACCCTCGCTTCCTCTCACTACTCAGTTCCCACCTTGCTGTCATTGAATGCTCAGCTACAACAGAAGAGGGCCTGGACAGTCTAGCT
CATGGGTTAACCTTAGCAACTGCTAGTGCGTATAAAGGCTCTGCTAGGAGCTCCTTGGCGCAGGGAATAGGTCAGCCATGGTGGAATATT
GACTGCAGAAAAGCGTTGCAAGACTTCCGCTTAGGTCTCTGTTCAAGAAACGACTTCCGTCGGATAACTAGACGGTCTAAATAGCAGTTC
TGGCGAGATAAACTTACCGCAGTGACACAGATCAAAGATGTCTTTGACATAAGCAAGTGACATAAGTTTACAGGATCTTATCGAAACCCT
CCACTAAACGACCCTTTAAGGCCAAACAGCCCTCCAGCAGGGGCTCTGAATGAGAAACAAGACGTATTAGTCCGTAATCTTCTTCAGAAT
ACTGCTGAAGCGGGTGATATTGTCATAGGCTATGGCCTGGGCTGTGGTTGTCAGCCATGCCCTCAACCATAGAACATTCTAGAAGAACCA
TCGGGAAGAGGTTGGAACCCAGTGGAAGTTTGGGAACATGTATATAAGAAGGAGAGGGAGATGTATCTGCCTATTTCTCTCTCCAAGTCT
GCGATATTCGTTAATACATTATACAGGATTGCCAGTTGAAAACAATACTGCCTACGCCCGTCACAGGTACTGCAGTTTCCAACAAGAATC
AACGCTCGACCCGGCAATTATGGCTCAAGGTTAGACTACGTCCTGTGTAGCCTTGATATGCAAGATTAGTTCTGCGATTTGAATATCTAAG
AGGATCTAATGGTAAGCCCCAAGGCTGCCATGGCTTTATTGTAGATTGATTTTCTAGCTGACAATATGCAATTTGGGACAGGGATCTGATG
ATTGTCCGGTTTATGCTGTCTTCAAAAATGTTATACGCCTCGGCGAAGAAGAGGTCAACATTAAATGAGCCCTCCTGGGATGTTTAAAGAT
GGCGAGCGTCAGCAGGAATACTCTACTAAATATCTTCTGCCTACATCAGGGCGCTTAATACCAGAATTTAACAAGCGGAGGAGGATCAA
GGACATGTTCTTGCGTAAACCATCAGCCAACGTATAGAGACCGACGACGAACATCCTGACATTGAGATATTTTACCTCTAGTCAGGAAAA
GGGAACAGCACCCGCTATTTTGGAGAGTGCTGCCAGCGTCATAGCTACCTGCCAGCCTGTAGTAGCTGCTGACAGCACTCAAATGAAAG
AAGTTATTCGTAAGAGCTCTCAGAAATATGAGACAGGTTCCCCTGTCTCAGTCCAGTATTTGACATCGGGTTCAGCCCAATCATCAACAC
CCCCCACTGCTGGACAGAGGACTCTAAAGGGGTTCTTCAAACTTAAAAGTGGTCTAGCCAGCCAAATGGCCATAGCCCAGGATCCTGCA
ACAGTGTCTACTATGCCAACGAAACAACCAGCCGCATCCCCTACAAAATCTACCCCAGTTACAGAACCTCCTGCACTGGAAGCATTACTG
ACAGCTCCCGCTGGTGAAGCTTCTCCAGGAGAACAGCCAAATTCCGCGACTCCTACAGCTCCCGCTTCACCCCAAAGCAATGATACTATT
ATCGATCCCATTGTCAGCAAGGAAGATTGGTCAAAGCTCTTCACTAAAAAGCCCATTCCCAAGTGCGAGGGCCACCAGGAACCATGTTT
CAGTCTGACAACTAAGAAGCCTGGCATCAACTGCGGAAGATCGTTCTGGATCTGTTTGAGACCCCTTGGGCCCAGCGGAAACAAGGAAA
AGGGGATACAGTGGCGATTTCCTACATTCATATGGGCCAGCGATTGGAACCCTTCCGCTCCGTAGATTTTCTGTCTGGGGCAACTTCTTTT
TGCGATAGTGTAACGATACCCGGTTTTATACTTAGAAGGCTACGAATGGTATGATGTATCATGGTTTCAATGATAAGACATTTCGTCAAGT
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Understanding Sequences Requires Tools and Evolution

@ Genome Assembly

@ Regulatory motif discovery
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What is a Genome Like?

ACAACCCCTCCACCTCATGTACCTGCGGACTCTCCTCCAGTCACAGCTCAGGCAGTCCACTTTGCAACCCCTAAACCTCAAAACCGGTTT
GACGTTCTGTTAGACGAACAACTATGATATATCGACCCCGCCTAAGAACGGAGCCTCTGTCAGTGCTCCAGCTGAACGTAGGCCGCGGG
CCAGCCACTCATGAAATCGCCCTTTCATTAGCATACTCTAGCGGCATTGATATCATCCTTATACAGGAGCCATACATATATACTGACCTCA
GCCGGCAAATCACAAAAAGGCACCCATCATACGAGTGCTTCTCCCCAACAGACAGCTGGCTTGTAAGCGGTCGACCCCGGGTCCTCACC
TATGTCCGGAAAAAGATGGGCATTCGGGCCTCTCAGCTCCGCCCTCAGCCAATAGATCAAGATGTTCTCTCAGACCTTCTTCTACTACAG
ATCCTCTCCCGCTCTGGACAATCTGCATTGATAATCAACATCTATAATGCTCCAATCGGCTCAATCAGGTCAGGTGAGGCTGCAAAAGCG
CTTACACTCCTGCCTGACTCCTACTTTTCCCAGCCTACCGTGCTTGCCGGCGACTTCAACCTACTACATAGCAGGTGGCAGCCATCACTG
CATTGCAGCCCTACCACCTTTGCTGAGCCATTTGTTGACTGGCTTGATCGCCTAGGGCTGGTTCTTATCTCCGAGATAGACCAGCCTACAC
ACGATAGAGGCAACGTTCTTGACCTCACTTTCGCCTCCAGCTCCCTAGCACTGGCAGGGTCGAGTACCAGGATAGCAAGTCATTTAGAGT
CAACATCAGATCATCGGCCACTCCTCACCACCATGCCATGGAGCCAGAGATTCACAGAGGCAGCTCAGAAACTGAGATTTGATACATTA
GACCACCCTCGCTTCCTCTCACTACTCAGTTCCCACCTTGCTGTCATTGAATGCTCAGCTACAACAGAAGAGGGCCTGGACAGTCTAGCT
CATGGGTTAACCTTAGCAACTGCTAGTGCGTATAAAGGCTCTGCTAGGAGCTCCTTGGCGCAGGGAATAGGTCAGCCATGGTGGAATATT
GACTGCAGAAAAGCGTTGCAAGACTTCCGCTTAGGTCTCTGTTCAAGAAACGACTTCCGTCGGATAACTAGACGGTCTAAATAGCAGTTC
TGGCGAGATAAACTTACCGCAGTGACACAGATCAAAGATGTCTTTGACATAAGCAAGTGACATAAGTTTACAGGATCTTATCGAAACCCT
CCACTAAACGACCCTTTAAGGCCAAACAGCCCTCCAGCAGGGGCTCTGAATGAGAAACAAGACGTATTAGTCCGTAATCTTCTTCAGAAT
ACTGCTGAAGCGGGTGATATTGTCATAGGCTATGGCCTGGGCTGTGGTTGTCAGCCATGCCCTCAACCATAGAACATTCTAGAAGAACCA
TCGGGAAGAGGTTGGAACCCAGTGGAAGTTTGGGAACATGTATATAAGAAGGAGAGGGAGATGTATCTGCCTATTTCTCTCTCCAAGTCT
GCGATATTCGTTAATACATTATACAGGATTGCCAGTTGAAAACAATACTGCCTACGCCCGTCACAGGTACTGCAGTTTCCAACAAGAATC
AACGCTCGACCCGGCAATTATGGCTCAAGGTTAGACTACGTCCTGTGTAGCCTTGATATGCAAGATTAGTTCTGCGATTTGAATATCTAAG
AGGATCTAATGGTAAGCCCCAAGGCTGCCATGGCTTTATTGTAGATTGATTTTCTAGCTGACAATATGCAATTTGGGACAGGGATCTGATG
ATTGTCCGGTTTATGCTGTCTTCAAAAATGTTATACGCCTCGGCGAAGAAGAGGTCAACATTAAATGAGCCCTCCTGGGATGTTTAAAGAT
GGCGAGCGTCAGCAGGAATACTCTACTAAATATCTTCTGCCTACATCAGGGCGCTTAATACCAGAATTTAACAAGCGGAGGAGGATCAA
GGACATGTTCTTGCGTAAACCATCAGCCAACGTATAGAGACCGACGACGAACATCCTGACATTGAGATATTTTACCTCTAGTCAGGAAAA
GGGAACAGCACCCGCTATTTTGGAGAGTGCTGCCAGCGTCATAGCTACCTGCCAGCCTGTAGTAGCTGCTGACAGCACTCAAATGAAAG
AAGTTATTCGTAAGAGCTCTCAGAAATATGAGACAGGTTCCCCTGTCTCAGTCCAGTATTTGACATCGGGTTCAGCCCAATCATCAACAC
CCCCCACTGCTGGACAGAGGACTCTAAAGGGGTTCTTCAAACTTAAAAGTGGTCTAGCCAGCCAAATGGCCATAGCCCAGGATCCTGCA
ACAGTGTCTACTATGCCAACGAAACAACCAGCCGCATCCCCTACAAAATCTACCCCAGTTACAGAACCTCCTGCACTGGAAGCATTACTG
ACAGCTCCCGCTGGTGAAGCTTCTCCAGGAGAACAGCCAAATTCCGCGACTCCTACAGCTCCCGCTTCACCCCAAAGCAATGATACTATT
ATCGATCCCATTGTCAGCAAGGAAGATTGGTCAAAGCTCTTCACTAAAAAGCCCATTCCCAAGTGCGAGGGCCACCAGGAACCATGTTT
CAGTCTGACAACTAAGAAGCCTGGCATCAACTGCGGAAGATCGTTCTGGATCTGTTTGAGACCCCTTGGGCCCAGCGGAAACAAGGAAA
AGGGGATACAGTGGCGATTTCCTACATTCATATGGGCCAGCGATTGGAACCCTTCCGCTCCGTAGATTTTCTGTCTGGGGCAACTTCTTTT
TGCGATAGTGTAACGATACCCGGTTTTATACTTAGAAGGCTACGAATGGTATGATGTATCATGGTTTCAATGATAAGACATTTCGTCAAGT
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Organization of the Human Genome

Exons (regions of genes coding
for protein, rRNA, or tRNA) (1.5%)

Alu elements
(10%)

Simple sequence Large-segment
DNA (3%) duplications (5-6%)

http://www.bio.miami.edu/~cmallery/150/gene/c7.19.14.human.genome.jpg
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The DNA Record

[ ] Glacial ice
[ Tundra and
cold grassland

B Woody

vegetation

Horse
(four digits lost;
other bones fused)
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Human Genes Mirror Geography
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Recent Positive Selection in Human Populations

in the Asian Population, involved
in hair follicle development \

The twenty-two strongest candidates for natural selection

Chr:position Selected population Long Haplotype Test  Size (Mb) Total SNPs with ~ Subset of Subset of Subset 0{ SNPs Genes at or near SNPs that
(MB, HG17) Long Haplotype = SNPs that SNPs that that full fulfil all three criteria

Signal fulfil criteria  fulfil criteria  criteria 1,

1 land 2 and 3

chrl:166 CHB + JPT LRH, iHS 0.4 92 39 30 2 BLZF1, SLC19A2
chr2:72.6 CHB + JPT XP-EHH 0.8 732 250 0 0
chr2:108.7 CHB A+ JPT LRH, iHS, XP-EHH 1.0 972 265 7 1
chr2:136.1 CEU LRH, iHS, XP-EHH 24 1213 282 24 3 RAB3GAP1, R3HDM1, LCT
chr2:177.9 CEU,CHB + JPT LRH, iHS, XP-EHH 1.2 1,388 399 79 9 PDE11A
chr4:33.9 CEU,YRI, CHB + JPT LRH, iHS 1.7 413 161 33 0
chr4:42 CHB + JPT LRH, iHS, XP-EHH 0.3 249 94 65 6 SLC30A9
chr4:159 CHB + JPT LRH, iHS, XP-EHH 03 233 67 34 1
chrl0:3 CEU LRH, iHS, XP-EHH 0.3 179 63 16 1
chrl0:22.7 CEU, CHB + JPT XP-EHH 03 254 93 0 0
chr10:55.7 CHB+JPT LRH, iHS, XP-EHH 0.4 735 221 5 2 PCDH15
chrl2:78.3 YRI LRH, iHS 0.8 151 91 25 0
chr15:46.4 CEU XP-EHH 0.6 867 233 5 |
chrl5:61.8 CHB + JPT XP-EHH 0.2 252 73 40 6 HERC1
chrl6:64.3 CHB + JPT XP-EHH 0.4 484 137 2 0
chrl6:74.3 CHB + JPT, YRI LRH, iHS 0.6 55 35 3 CHSTS, ADAT1, KARS
chrl7:53.3 CHB:+JPT XP-EHH 0.2 143 41 0
chrl7:56.4 CEU XP-EHH 0.4 290 3 BCAS3
chr19:43.5 YRI LRH, iHS, XP-EHH 0.3 83 0
chr22:32:5 YRI LRH 0.4 318 35 3
chr23:35.1 YRI LRH, iHS 0.6 35 25 0
chr23:63.5 YRI LRH, iHS 3.5 3 Il 0
Total SNPs 16.74 2,898 480 41
In the European population, In the West African population,
involved in skin pigmentation related to Lassa virus infection

Sabeti et al. (2007) Nature
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Morphologically very similar!
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Genomes Provide a Common Yardstick for Comparison

Average protein
sequence identity

Kluyveromyces lactis
Candida glabrata -
fish
birds
S. uvarum
They Interbreed!
S. paradoxus ] mice
S. cerevisiae humans

V Fedorova et al. (2008) PLoS Genet.
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What Makes Us Sick Is the Stuff of Life

F WY

F W Y Cancer

ABL1

+ Acute Myeloid Leukemia-DEK
Adenomat. Polyposis Coli-APC
AKT2

Ataxia Telangiectasia-ATM

- BRCA1

BRCA2

ElY Basal Cell Newus-PTC

+ B-Cell Lymphoma 2-BCL2
- B-Cell Lymphoma 3-BCL3
S ©:com-BLM

Burkitt's Lymphoma-MYC
CDKN2C

CSF1R/C-Fms

Chk2 Protein Kinase
PDGFB

CML-BCR

Cyclin D1-CCND1

Cyclin Dep. Kinase 4-CDK4
EGFR

ERBB2

ETS

E-Cadherin-CDH1

Ewing Sarcoma-FLI-1

FGF3

Fanconi's Anemia A-FANCA
Fanconi's Anemia C-FANCC
Fanconi's Anemia G-FANCG
HNPCC*-MSH2
HNPCC*-MSH3
HNPCC*-MSH8
HNPCC*-MLH1
HNPCC*-PMS2

KIT

+.q+.'rl+

F W Y Neurological

'Adr&noleukodystrophy-Ach
Alzheimer-PS1

+ Alzheimer-APP

Amyotrophic Lat. Sclero.-SOD1
Angelman-UBE3A
Aniridia-PAX6

Best Macular Dystrophy-VMD2
Ceroid-Lipofuscinosis-PPT
Ceroid-Lipofuscinosis-CLN3
Ceroid-Lipofuscinosis-CLN2
Charcot-Marie-Tooth 1A-PMP22
Charcot-Marie-Tooth 1B-MPZ
Choroideremia-CHM
Creutzfeldt-Jakob-PRNP
E Dcatness, Hereditary-MYO15
Deafness, X-Linked-TIMMSA
Diaphanous 1-DIAPH1
Dementia, Multi-Infarct-NOTCH3
Duchenne MD'-DMD
Emery-Dreifuss MD"-EMD
Emery-Dreifuss MD"-LMNA
Familial Encephalopathy-Pl12
Fragile-X -FRAXA

Friedreich Ataxia-FRDA
Frontotemporal Dement.-TAU
Fukuyama MD*-FCMD
Huntington-HD

Limb Girdle MD* 2A-CAPN3
Limb Girdle MD* 2B-YSF

Limb Girdle MD" 2E-BSG
Lissencephaly, X-Linked-DCX
Lowe Oculocerebroren.-OCRL
Machado-Joseph-MJD1
Miller-Dieker Lissen.-PAF

'.. o

“‘i*.' ++TIT+

wy

o+

I.i-,-li-lql

Ee

Malformation Syndromes
Aarskog-Scott-FGD1
Achondroplasia-FGFR3
Alagille-JAG1

Barth-TAZ
Beckwith-Wiedemann-CDKN1C
Cerebral Cavern. Malf.-CCM1
Chondrodyspl. Punct. 1-ARSE
Cleidocranial Dysplasia-OFC1
Cockayne I-CKN1
Coffin-Lowry-RPS6KA3
Diastrophic Dyspl.-SLC26A2
EEC 3-Ket. P63

Greig Cephalopolysynd.-GLI3
Hand-Foot-Genital-HOXA13
Holoprosencephaly 3-SHH
Holoprosencephaly-SIX3
Holt-Oram-TBX5
ICF-DNMT3B

Kallman-KAL1

Laterality, X-Linked-ZIC3
Melnick-Fraser-EYA1

Nail Patella-LMX1B
Opitz-MID1

Renal Coloboma-PAX2
Rieger, Type 1-PITX2
Rubinstein-Taybi-CREBBP
Saethre-Chotzen-TWIST
Septooptic Dysplasia-HESX1
Simpson-Golabi-Behmel-GPC3
Townes-Brockes-SALL1
Treacher-Collins-TCOF1
VMCM-TEK
Wardenburg-PAX3
Zellweger-PEX1

Human disease-associated genes shared with flies (F), worms (W), and Yeast (Y);

Jrom Rubin et al. (2000) Science
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The
Drosophila
Body-
Building

Genes

Antennapedia complex bithorax complex

A
’ lab Pb Dfd Scr Antp 'be abdA AbdB

S

abdominal A (abdA)

- i
aamﬁ
labial ( lab) Abdominal B (AbdB)

Deformed (Dfd)

Sex combs reduced (Scr) Antennapedza (Antp)  Ultrabithorax (Ubx)

EVOLUTION 2e, Figure 21.2 © 2009 Sinauer Associates, Inc.
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Animal Bodies are Built from the Same Genetic Toolkit

lab antp abd-B
1 Hox 13
——Urchins HE = EEE B BN

?
——Hemichordates Il W EEE R EN (‘,.._

Urochordates HE = O HEEN
Cephalochordates N

aa =

o
Teleost fish Fy—la

ca = =

7

AN W - . [ -3 | -

: BEENEN mm N BN B . =

Tetrapods = = e

O mm = L 8 1 1 J | |
Flies ooonOo O
olychaetes n EEEE B B

PHYLOGENY GENES FOUND KNOWN EXPRESSION

V Swalla (2006) Heredity
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“...the search for homologous
genes is quite futile except in
very close relatives. If there is
only one efficient solution for a
certain functional demand, very
different gene complexes will
come up with the same solution,
no matter how different the
pathway by which it is achieved.
The saying ‘Many roads lead to
Rome’ is as true in evolution as
in daily affairs”

Ernst Mayr, 1963
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Altering the Expression of Old Genes
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python lHoch

Carroll et al. (2005) From DNA to Diversity, 2nd ed., Fig. 5.6
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Teaching Old Genes New Tricks (Gene Co-Option)

engrailed spalt & engrailed

V Beldade & Brakefield (2002) Nature Rev. Genet.

18



Rokas@WCG, Czesky Krumlov, 01/21/2011

“Our method suggests a yeast model for angiogenesis defects, a
worm model for breast cancer, mouse models of autism, and a plant
model for the neural crest defects associated with Waardenburg

syndrome, among others”
McGary et al. (2010) PNAS

“Modelling neurodegeneration in Saccharomyces cerevisiae”

Khurana & Lindquist (2010) Nat. Rev. Neurosci.
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Deep Homology for Nonobvious Human Disease Gene Discovery

Organism 1 Organism 2

Orthologous

genes ‘ Candidate for
» Gene A = chenotype 2

Candidate for
phenotype 1

Gene £ i m—ju

Orthologous
<= = phenotypes= 3
(phenologs)

Mutations lead
to phenotype 2

Mutations lead
to phenotype 1

s A worm model for breast cancer
% Ayeast model for angiogenesis defects
% A plant model for the neural crest defects

V McGary et al. (2010) PNAS

20



Rokas@WCG, Czesky Krumlov, 01/21/2011

A Yeast Model for Angiogenesis

Angiogenesis= ~ Lovastatin A

abnormal sensitive

in mice in yeast
p<10"

Vertebrate orthologs are candidate
angiogenesis genes
(3 confirmed by literature; 5 more by in situ,
including SOX13)

Controlll  ~ SOX13-siRNA

McGary et al. (2010) PNAS
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Lecture Outhine

¢ Introduction to evolutionary genomics

*

* Brief review of next-generation DNA sequencing & its applications

* Benchmarking transcriptome sequencing for functional and
evolutionary genomics

* Transcriptome sequencing for molecular phylogenetics

-- -Coffee Break----

% Genomics within species (using next-generation DNA sequencing)

* Genomics between species (using publicly available genome data)

\4

22



OFFICE OF SCIENCE

J. Craig Venter
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Genomics: “Big Science” Driven by a Few Centers

SYsanger BCM

INnstitute Baylor College Qf'.\lcdu‘inn:

JGIC

DOE JOINT GENOME INSTITUTE

US DEPARTMENT OF ENERGY

| B o B i | P S -

THE

Genome

CENTER

AT WASHINGTON UNIVERSITY
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Next-Generation DNA Sequencing Technologies

Helicos lllumina
2x55bp ~8days 35Gb 2x100bp ~8days 200 Gb

454 | Roche
2x400bp ~0.4 days 0.6 Gb 2x75bp ~14 days 300 Gb

SOLiD ABI
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The Speaker Declares No Competing Financial Interests
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“New Technology Level of Enthusiasm” Curve

Level of
excitement

Enthusiasm

Initial
idea

Hype

Reality
check

Disillusionment

Rokas@WCG, Czesky Krumlov, 01/21/2011

True
performance

Time

—>

V Collins (2006) Nature
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Meeting report
Genome informatics: taming the avalanche of genomic data

Erik LL Sonnhammer

Address: Center for Genomics and Bioinformatics, Karolinska Institutet, 171 77 Stockholm, Sweden. E-mail: Erik.Sonnhammer@cgb.ki.se

Comment
Tsunami
Gregory A Petsko

Address: Rosenstiel Basic Medical Sciences Research Center, Brandeis University, Waltham, MA 02454-9110, USA.
E-mail: petsko@brandeis.edu

B PERSPECTIVES
wH
i o Preparing for the flood: evolutionary
5 biology in the age of genomics

James R. Brown

.4
Beyond the Tsunami: = s
Developing the In frastructure R
EMEL-furopmn
fiarformatcs Istitute
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Why Is Next-Generation DNA Sequencing So Exciting?

4 days’
output

100 ]
90 7
80 |
707
60 -
50 7
40 ]
30
20

10 7]

N S NN SN NS N NN SN —

1995 ‘96 ‘97 ‘98 ‘99 2000 ‘01 ‘02 ‘03 ‘04 ‘05 ‘06 ‘07 ‘08
Years

V Gilad et al. (2009) Trends Genet.

Number of bp (billions)
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Billions of base pairs

The Sequence -

Explosion

300~

$10, 000

250

454 PYROSEQUENCING:

James Watson®, a woman with
acute myeloid leukemia®,

- - -Quake™; another cancer - - -

E The Sequence Read Archive (SRA) houses raw data from

' next-generation sequencing and has grown to 25 trillion base
airs. If this chart were to accommodate it, it would stretch to
i more than 12 metres — twice the height of an average giraffe.

A glioma cell line", Inuk'8,
1Gubi and Archbishop
Desmond Tutu'®, James
Lupski2?, and a family of four?!

Two Korean males including
Seong-Jin Kim319, Stephen

genome®, Gearge Church, a
Yoruban female, another
male'3, and four others'+-16

Released in 2005, 454 sequencing is e
considered the first ‘next-g ion’ a Yoruba male from Nigeria’ lm w
Cos¢ A hine could and the first Asian genome®
St Permillion b hundreds of millions of base pairs ina [ B ]
; se pa|
: e uf’“""e"ﬂ(lvgs:aln) single run. ww .
200t B s e e s s e e I P e A L e i
AUTOMATED SANGER SEQUENCING: :
Based on a decades-old method, at the el Vart |
peak of the technique, a single machine di !?;dg :r:"‘i"e, ° i
could produce hundreds of thousands of Gkl |
base pairs in a single run. ) g
$1,000 ; |
1504 SEQUENCINGBY SYNTHESIS: 7 N 77 e PR g e e R
Other companies such as Solexa (now ] g '
Hlumina) modified the next-generation, ' ' i
sequencing-by-synthesis techniques 5100 ; ; :
and can produce billions of base pairs s A {
ina single run. ¢ ;
100/ === e L3 T Yy o oo THIRD-CENERATION SEQUENCING: - B
: i : ) v Companies such as Helicos BioSciences
’ ; , Human Ge?ome Project; : already read sequence from short, single
: ® completed i DNA molecules. Others, such as Pacific
0 Biosciences, Oxford Nanopore and lon
|n‘ Torrent say they can read from longer
o molecules as they pass through a pore.
504 -----aioao-- 4 ey, R B RON T L LR SEQUENCING BY LIGATION: oo - S g =
| - 5 F This technique employed in SOLID and 4 y
fi ; : . | ! Polonator instruments uses a different it
irst drafts of two composite i1 ' ' hemistry from & i '
haploid h imesl2 " ' v : I = i}
aploid human genémes .: T Gene sequernce stored in  and samples every base twice, reducing "
: : international public databases : theerrorrate. : e
S : : e : : | =
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
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Next-Gen Sequencing is Qualitative and Quantitative

Grey transcript
Grey transcript

Grey transcript
(éj Grey transcript

' ’é’ ‘ . ’é) NGSTS Red trascript
réJ ' ach DNAtemp\ate Grey transcript

, E ed directly Grey transcript

(§ is seque Grey transcript

féd - 'é) Grey transcript
§r§ : féié“ : Red trascript

S : S < : Grey transcript

’é)ré) Grey transcript

féJ’éJ’éJ ’é’ ’é)’éé Red transcript

Grey transcript

re se i
to ue Grey transcript
’é-‘ ' sl Create 4 siczl ’”CEd
Consensys seq gle

Uence

V Rokas & Abbot (2009) Trends Ecol. Evol.
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Sequence Census Assays

Temporal
changes
R ((
Protein-DNA i R i Copy number
interactions variation
.
'8 &
o¥ '
7 VAN
Transcriptional
T ly DNA bar codes
J (R
[Ny
LT L |

Kahvejian et al . (2008) Nature Biotech.

31



Rokas@WCG, Czesky Krumlov, 01/21/2011

The Genomes of Non-Model Organisms are the New Frontiers

What is the aetiology of emerging, uncharacterized infectious
Epidemiology diseases? What are the core genomes of different microbes or
pathogens occupying different niches or hosts?

Are maternal care and sibling care behaviors regulated by similar
patterns of gene expression?

What is the extent of undocumented microbial diversity in different

Social Evolution

=logiversity ecosystems? What is the microbial flora of the human gut?

Phylogenetics What is the phylogeny of all vertebrate species or angiosperms using
organelle or nuclear genome data?

Populgtlon What is the variation in the mutation rate across organisms?

Genetics

Experimental What is the genetic basis of phenotypes emerging during laboratory

evolution evolution?

What are the evolutionary relationships of ancient organisms to

Felzohielogly extant taxa?

How do regulatory networks evolve and rewire? What are the cis-
regulatory targets of all transcription factors in a species and how do
they evolve?

V Rokas & Abbot (2009) Trends Ecol. Evol.

Evolution of
development
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Lecture Outhine

¢ Introduction to evolutionary genomics

*

% Brief review of next-generation DNA sequencing & its applications

% Benchmarking transcriptome sequencing for functional and
evolutionary genomics

* Transcriptome sequencing for molecular phylogenetics

-- -Coffee Break----

% Genomics within species (using next-generation DNA sequencing)

* Genomics between species (using publicly available genome data)

\4
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RNA-Seq for Non-Model Organisms: What’s in it for You?

22, ""'?“:‘t‘: g

V John Gibbons
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A Typical RNA-Seq Experiment

AAAAAAAA mRNA

|

» AAAAAADRA
e — T*.‘T'I'I”’I‘T'I‘
RNA fragments l, cDNA

T e T e EST lib'ar)’
J’ with adaptors

ATCACAGTGGGACTCCATAAATTTTTCT
CGAAGGACCAGCAGAAACGAGACTERNR Short sequence reads
GGACAGAGTCCCCAGCGGGCTGARGGGE
ATGAAACATTAAAGTCAAACAATATGAA

|

ORF
Coding sequence =

poly(A) end reads

Mapped sequence reads

RNA expression level

Nucleotide position

Nature Reviews | Genetics

Wang et al. (2009) Nature Rev. Genet.
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The Next-Gen Revolution: What’s in it for You?

e

Aedes Culex Anopheles Drosophila Bombyx Apis Triboleum
gaster mori mellifera castaneum

B Py
e

PR

‘.-ﬁ._.,; k= 2 5 “

How much? How good? How useful for functional studies?
How useful for evolutionary studies?

Gibbons et al. (2009) Mol. Biol. Evol.
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% of Test Contigs Mapped

o

Aedes aegypti

27% of te trahscriptome
34% of each transcript

Aedes aegypti

w

0
10 20 30 20 30 60 70 80 %0 100

% of Reference Transcript Length Recovered

©

% of Test Contigs Mapped

Rokas@WCG, Czesky Krumlov, 01/21/2011

Anopheles gambiae

20% of the transériptome
50% of each transcript

Anopheles gambiae

10 20 20 40 50 60 70 80 90 100
% of Reference Transcript Length Recovered
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RNA-Seq Data is Qualitatively Accurate

Reference
Substitutions
Test
Reference
Indels
Test
Reference
Assembly Breaks
Test

CAG

1]
CAG

CAG

11
CAG

ATG

CCA

Il
CCA

cca

1]
CCcA

cCa

GGG

ATG AGG

NN
ATC AGG

|11
ATG AGG

ATG AGG

|11
TAC AGG

TCT CAG

N
TCA CAG

TCT CAG

RN ER
TCT CAG

TCG

|1
TCG

TCG

|11
TCG

TCG

|11
TCG

3x10°3

4x10°°

2x10°*

Gibbons et al. (2009) Mol. Biol. Evol.
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RNA-Seq Data is Quantitatively Accurate

r=4062

Microarray Expression Value

0 T T T T T 1

0 0.5 1.0 1.5 2.0 2.5 3.0

Next-generation Sequencing Coverage Value

Gibbons et al. (2009) Mol. Biol. Evol.
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RNA-Seq Data is Functionally Diverse

01 - METABOLISM

02 - ENERGY

10 - CELLCYCLE AND DNA PROCESSING

11 - TRANSCRIPTION

12 - PROTEIN SYNTHESIS

14 - PROTEIN FATE

16 - PROTEIN WITH BINDING FUNCTION
ORCOFACTOR REQUIREMENT

18 - REGULATION OF METABOLISM
AND PROTEIN FUNCTION

20.1 - transported compounds

20.03 - transpon facilities

20.09 - transportroutes

30 - CELLULAR COMMUNICATION /SIGNAL
TRANSDUCTIONMECHANISM

32 - CELL RESCUE DEFENSE AND VIRULENCE

34 - INTERACTION WITHTHE ENVIRONMENT

36 - SYSTEMIC INTERACTION WITH
THEENVIRONMENT

40 - CELLFATE

41 - DEVELOPMENT Systemic

42 - BIOGENESIS OF CELLULAR COMPONENTS

43 - CELLTYPEDIFFERENTIATION

45 - TISSUE DIFFERENTIATION

47 - ORGAN DIFFERENTIATION

Aedes aegypti Anopheles gambiae

=

[l Reference Transcript Set
[ Test Contig Set

10 15 20 20 15 10 5

Percentage of Total Transcriptome Set (%)

o o
w
P

Gibbons et al. (2009) Mol. Biol. Evol.

01 - METABOLISM

02 - ENERGY

10 - CELLCYCLE AND DNA PROCESSING

11 - TRANSCRIPTION

12 - PROTEIN SYNTHESIS

14 - PROTEIN FATE

16 - PROTEIN WITH BINDING FUNCTION
OR COFACTOR REQUIREMENT

18 - REGULATION OF METABOLISM
AND PROTEIN FUNCTION

20.1 - transported compounds

20.03 - transpont facilities

20.09 - transport routes

30 - CELLULAR COMMUNICATION /SIGNAL
TRANSDUCTIONMECHANISM

32 - CELL RESCUE DEFENSE AND VIRULENCE

34 - INTERACTION WITHTHE ENVIRONMENT

36 - SYSTEMIC INTERACTION WITH
THEENVIRONMENT

40 - CELLFATE

41 - DEVELOPMENT Systemic

42 - BIOGENESIS OF CELLULAR COMPONENTS

43 - CELL TYPE DIFFERENTIATION

45 - TISSUE DIFFERENTIATION

47 - ORGAN DIFFERENTIATION
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Our RNA-Seq Data is a Goldmine for Molecular Markers

&
3% 16,789
¥
Z 100%
.: 90%
-*]
< 80% +
=
= 70% +
S 0% o
‘:‘i 50% 4
58 40% 4
L
S 30% o
w i,
z 4822 W True Positives
2 100% 4,245 . Fal Positi
B 100% 1 l._,_\ alse Positives
2 W% 1 .__. a,67 Test Contigs Lacking A
@ 80% -+ ¥
50 3,029
£ o ’\\ 2663 ag 272 | Corresp‘ondmg Reference
<= 0% 4 .____ . _. Transcript
= — 3 .
O 50% 1 B Putative Novel Transcripts
Ty 4% 4
y—
G 30% o
o Ld Ld Ld Ld Ld v Ll
X Aedes Culex Anopheles Drosophila Bombyx Apis  Triboleum
aegypti  pipiens gambiae melanogaster mori mellifera castaneum
- (9 - ..P
-~ N ™ ¢y & -
Gibbons et al. (2009) Mol. Biol. Evol.
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Lecture Outhine

¢ Introduction to evolutionary genomics

*

% Brief review of next-generation DNA sequencing & its applications

% Benchmarking transcriptome sequencing for functional and
evolutionary genomics

* Transcriptome sequencing for molecular phylogenetics

-- -Coffee Break----

% Genomics within species (using next-generation DNA sequencing)

* Genomics between species (using publicly available genome data)

\4
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Taxonomic Breadth versus Genomic Depth

heterokonts alveolates

1/40 species-rich angiosperms

fungal orders fungi
supported

mosses
liverworts

cnidarians I

nematodes '\

molluscs \

birds
16/57
. . VN species-rich
oA / mamnais vertebrate
orders
supported arthropods ray finned fishes
PP echinoderms supported

V Sanderson (2008) Science
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Can we Use RNA-Seq to Increase Genomic Depth?

Targeting the transcriptome is a good idea because:

1. Smaller than genome (coding parts cover 7% of
Anopheles gambiae genome)

2. Fewer repetitive and transposable elements

3. Unequal representation (5 orders of magnitude)

Enriched for housekeeping and energy genes (they tend to be
conserved)

4. The overwhelming majority of sequence evolution
models have been developed for and tested in coding
sequences

V Hittinger et al. (2010) PNAS
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Can we Use RNA-Seq to Increase Genomic Depth?

Species Stock No. Collection Location
Anopheles albimanus(Nyssorhynchus) MRA-126 El Salvador
Anopheles arabiensis Cellia) MRA-339 Zimbabwe
Anopheles dirus (Cellia) MRA-700 Thailand
Anopheles farauti (Cellia) MRA-489 Papua New Guinea
Anopheles freeborni (Anopheles) MRA-130 USA
Anopheles gambiae (Cellia) MRA-765 Liberia
Anopheles quadriannulatus (Cellia) MRA-761 South Africa
Anopheles quadrimaculatus (Anopheles) MRA-139 USA
Anopheles stephensi (Cellia) MRA-128 India
Aedes aegypti (Stegomyia) MRA-735 West Africa
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Experimental Design: The “Singlecontig” Strategy

Raw 35bp Align Keep contigs 2
Sequence — > Reads with ™ > 100bp and 2
Reads Velvet 300bp
Identify orthologs

Keep only loci between Aedes full

with orthologs transcripts and

from all Anopheles contigs
Anopheles using RBH

Locally align
each locus <

(using RBH)

|

Remove gaps

and sites with _5 pat3 matrix
too much data

missing

V Hittinger et al. (2010) PNAS
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Robust Phylogenetic Inference from RNA-Seq Data

Using =2 100bp contigs

0.05

e

*/*

A. albimanus
—— A. dirus

]

*/*

—— A. farauti

.. [A. arabiensis
A;I[ A. quadriannulatus

A. gambiae
A. stephensi
— A. freeborni

— A. quadrimaculatus

Aedes aegypti

553 loci

Aln L: ~390 Kb

Missing data: 51%

Using = 300bp contigs

*/*

* /%

*/’*

*/*

* /3

0.05

‘;{A. arabiensis
= A. gambiae

A. stephensi
—A.

——A. quadrimaculatus

A. albimanus
—A. dirus

A. farauti
quadriannulatus

freeborni

69 loci

Aedes aegypti

Aln L: ~73 Kb
Missing data: 44%

V Hittinger et al. (2010) PNAS
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Accurate Phylogenetic Inference From our Data

553 loci
Aln L: ~390 Kb
Missing data: 51%

Rokas@WCG, Czesky Krumlov, 01/21/2011

A — A albimanus

w = A. dirus

£

—— A. farauti
~ rA. arabiensis

ofad [Py E:A. gambiae

—+ A. quadriannulatus

A. stephensi
«+ —A. freeborni

B — A albimanus

A. dirus
A. farauti

«+ [ A. quadriannulatus
_[A. gambiae
A. arabiensis
A. stephensi
o+ —A. freeborni
0.05 ' — A. quadrimaculatus
Aedes aegypti

Exclude erroneous loci

0.05 — A. quadrimaculatus
Aedes aegypti
C —— A. albimanus D — A. albimanus
&I—_A dirus A. dirus
A. farauti A. farauti
1 . A gambiae ... [A- gambiae
_&.A‘ quadriannulatus —“EA. quadriannulatus
UL W A. arabiensis A. arabiensis
A. stephensi A. stephensi
x I:A. freeborni A. freeborni
004 A. quadrimaculatus 004 A. quadrimaculatus
Aedes aegypti Aedes aegypti

Use only sites without

Use A. gambiae as ref.

491 loci
Aln L: ~329 Kb
Missing data: 50%

V Hittinger et al. (2010) PNAS

data missing
AlInL: ~15 Kb
Missing data: 0%

634 loci
Aln L: ~472 Kb
Missing data: 50%
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Our Data Matrices Can Detect Population-Level Events

mtDNA rDNA S el i

A. arabiensis

A. gambiae
@_ ————— A. quadriannulatus

A. arabiensis
10/237

.E A. melas
A. quadriannulatus ga_ 11 A. gambiae

—— A. quadriannulatus

A. s A. arabiensis
mtDNA + rDNA inversions
A. gambiae 12 / 2 3 7
A. arabiensis —
- / I ¢~ A.quadriannulatus
A. quadriennulatus —— A. arabiensis
A. gambiae
A. melas
A. merus 1 0 / 2 3 7
V Besansky et al. (1994) PNAS Hittinger et al. (2010) PNAS
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Robust Phylogenetic Inference From Few Sequence Reads

Number of resolved internodes

(&}

singlecontig approach

3
_,.data matrix from = 100 bp contigs,
singlecontig approach
2 / _._data matrix from = 300 bp contigs,

—_

0 4: < T : v v - v '
0 2 4 6 8 10 12 14
Number of sequence reads assembled (x10°)

Hittinger et al. (2010) PNAS
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Experimental Design: The “Supercontig” Strategy

Raw 35bp Align Keep contigs 2
Sequence — > Reads with ™ > 100bp and 2
Reads Velvet 300bp
Identify orthologs

Keep only loci
with orthologs

between Aedes full
<«<——— transcripts and

Locally align
each locus <

from 24 )
(using RBH) Anopheles contigs
Anopheles using locally relaxed
l RBH

Remove gaps Singlecontig strategy

and sites with _5  pot3 matrix I
too much data

missing Supercontig strategy

ERRRRRRNANY LI
V Hittinger et al. (2010) PNAS

51



Rokas@WCG, Czesky Krumlov, 01/21/2011

Robust Phylogenetic Inference From Even Fewer Reads

2 million reads

(&)

N

w

___data matrix from = 100 bp contigs,

singlecontig approach
data matrix from = 300 bp contigs,

singlecontig approach

N

—

Number of resolved internodes

\VA

0 2 4 6 8 10 12 14
Number of sequence reads assembled (x108)

553 loci, AlnL: ~390Kb, %miss: 51

Vv

0.5 million reads

()]

i

w

_..data matrix from 2 100 bp contigs,
supercontig approach

Number of resolved internodes

2 _,data matrix from 2 300 bp contigs,
supercontig approach
1
0 2 4 6 8 10 12 14

Number of sequence reads assembled (x10°)

2,661 loci, AInL: ~971Kb, %miss: 62

Hittinger et al. (2010) PNAS
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Our Data Matrices are Derived from Highly-Expressed Transcripts

2008 cost: ~$50
2011 cost: ~$10

on

Expressi

ik
o
o/ O

Rokas@WCG, Czesky Krumlov, 01/21/2011

160

140‘

Mins | o

for accurate inference

80 \
60 \
40 \\
20 ~—
0
0 2 4 6 8 10 12 14

Number of sequence reads assembled (x10°)

V Hittinger et al. (2010) PNAS
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