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The Periodic Table
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1995 — 1996: The First Sequenced Genomes




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 the Genome Requires Tools
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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

Non-coding DNA Regulatory Motifs Exons Introns



Organization of the Human Genome

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

Alu elemants

(10%)

——

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

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




Understanding the Genome Requires a Theory

-




Similarity in Anatomy Suggests Common Origins

Human Cat Whale Bat

1000 Addison Wesley Longman, nc.

http://www.mun.ca/biology/scarr/139393_forelimb_homology.jpg




Differences in Anatomy Suggest Adaptations
Carnivore
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Similarity in the DNA Record Suggests Common Origins

=] The human chromosomes (each color indicates area(s) of sequence
— similarity with a particular chimp chromosome)
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Differences in the Record (Might) Suggest Adaptations

Rock pocket mouse Key
elanism
@ Melani
.... R18C ...“........... @ Reddish (human, horse)
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Mouse, chicken

Horse

Black bear

Melanocortin-1

Sheep
receptor (MC1R)

Human Rock pocket mouse

Majerus & Mundy (2003) Trends Genet.




Human Genes Mirror Geography
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Recent Postitive 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 SNPswith  Subset of Subset of Subset 0 SNPs Genes at or near SNPs that
(MB, HG17) Long Haplotype  SNPs that SNPs that that fulhi 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 + JPT LRH, iHS, XP-EHH 1.0 972 265 7 1
chr2:136.1 CEU LRH, iHS, XP-EHH 2.4 1213 282 24 3 RAB3GAP1, R3HDM1I, LCT
chr2:177.9 CEU,CHB + JPT LRH, iHS, XP-EHH 1.2 1,388 399 79 ) PDE11A
chr4:33.9 CEU,YRI, CHB + JPT LRH, iHS Li 413 161 33 0

chrd:42 CHB + JPT LRH, iHS, XP-EHH 0.3 249 94 65 6 SLC30A9
chr4:159 CHB + JPT LRH, iHS, XP-EHH 0.3 233 67 34 il

chrl0:3 CEU LRH, iHS, XP-EHH 0.3 179 63 16 1
chrl10:22.7 CEU, CHB + JPT XP-EHH 03 254 93 0 0
chrl0:55.7 CHB+IJPT LRH, iHS, XP-EHH 0.4 735 221 5 2 PCDH15
chrl2:78.3 YRI LRH, iHS 0.8 151 91 25 0
chri5:46.4 CEU XP-EHH 0.6 867 233 5 i
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, ADATI1, KARS
chrl7:53.3 CHB + JPT XP-EHH 0.2 143 41 0
chrl7:56.4 CEU XP-EHH 0.4 290 3 BCAS3
chrl19:43.5 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 50 35 25 0
chr23:63.5 YRI LRH, iHS 3.5 3 1 0

Total SNPs 16.74 2,898 480 41

In the European population,

involved in skin pigmentation

In the West African population,
related to Lassa virus infection

Sabeti et al. (2007) Nature




Genomes Provide a Common Yardstick for Comparison

Average proteome sequence similarity

4
60— o
Kluyveromyces lactis
Candida glabrata .
; fish
;| A. nidulans/niger 70l—
\ | A. oryzaefterreus
-
s birds
ST 80—
Morphologically A. clavatus S. uvarum
very similar!
20—
They Interbreed!
N. fischeri S. paradoxus ] mice
A. fumigatus 100 S. cerevisiae humans

Fedorova et al. (2008) PLoS Genet.



“...the search for homologous
genes is quite futile except in
very close relatives”

Ernst Mayr, 1963




What Makes Us Sick Is the Stuff of Life

F WY Cancer
ABL1
ar Acute Myeloid Leukemia-DEK
Adenomat. Polyposis Coli-APC
AKT2
Ataxia Telangiectasia-ATM
- BRCA1
BRCAZ
Basal Cell Nevus-PTC
B-Cell Lymphoma 2-BCL2
B-Cell Lymphoma 3-BCL3
Bloom-BLM
Burkit's Lymphoma-MYC
CDKEN2C
l CSF1R/C-Fms

Chk2 Protein Kinase

PDGFB

CML-BCR

Cyelin D1-CCND1

+
Cyclin Dep. Kinase 4-CDK4
EGFR
ERBBZ2

+

i

Y -

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*-MSHB
HNPCC*-MLH1
HNPCC*PMS2
KIT

F WY Neurological

Adrenoleukodystrophy-ABCD
Alzheimer-PS1

+ Alzheimer-APP

e Amyotrophic Lat. Sclero.-SOD1
Angelman-UBE3A

+ Aniridia-PAXE

+ Best Macular Dystrophy-VYMD2
+ Ceroid-Lipotuscinosis-PPT

+ ' Ceroid-Lipofuscinosis-CLN3

e Ceroid-Lipofuscinosis-CLN2
EX

Charcot-Marie-Tooth 1A-PMP22
- Charcot-Marie-Tooth 1B-MPZ
+ Choroideremia-CHM
= Creutzfeldt-Jakob-PRNP
FR Deatress, Hereditary-MYO15
Deafness, X-Linked-TIMMSA
Diaphanous 1-DIAPH1
Damentia, 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.-TALU
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.-OCRHL
Machado-Joseph-MJD1
Miller-Dieker Lissen.-PAF

F WY 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-RPSBKA3
Diastrophic Dyspl.-SLC26A2
EEC 3-Ket P53
Greig Cephalopolysynd.-GLI3
Hand-Foot-Genital- HOXA13
Holoprosencephaly 3-SHH
Holoprozencephaly-SIX3
Holt-Oram-TBXS
» ICF-DNMT3B
Kallman-KAL1
Laterality, X-Linked-ZIC3
Melnick-Fraser-EYA1
Nail Patella-LMX1B
- Opitz-MIDN
Renal Coloboma-PAX2
Rieger, Type 1-PITX2
Rubinstein-Taybi-CREBEP
Saethre-Chotzen-TWIST
Septooptic Dysplasia-HESX1
Simpson-Golabi-Behmel-GPC3

+ Townes-Brockes-SALLY
. Treacher-Collins-TCOF1
S 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




Nanoarchaeota

Genomes Can Sttt
Help Reveal Diplomonadida
the History of

Kinetoplastida
Chromalveolata
Plantae

Amoehozoa

Funai
Life “

Metazoa

-proteo-

1 s . L k E':
bacteria % y W

[3-protec- Bordetelia pertussis
bacteria

o-proteo- s P
bacteria MMM ;
: ]

Firmicutes

Ciccarelli et al.
(2006) Science

S-proteobacteria
Acidobacteria
Cyanobacteria

Deinococcales Planctomycetes

Chloroflexi Spirochaetes
Aquificae Actinobacteria
Thermotogae . Fibrobacteres
Fusobacteria Chlorobi

Chlamydiae Bacteroidetes



The

Drosophila
Body-
Building
Genes
Antennapedia complex bithorax complex
“'lab Pb Dfd Scr Anmtp  Ubx abdA AbdB

G—Em

@mmm.
amﬁ
labial (lab) Abdommal B (AbdB)

abdommal A (abdA)

Deformed (Dfd)

Car® G

Sex combs reduced (Scr) Antennapedm (Antp) Ultmb;thomx (Ubx)
EVOLUTION 2&, Figure 21.2 © 2009 Sinauer Associates, Inc.



Animal Bodies are Built from the Same Genetic Toolkit

——Urchins BE B

—Hemichordates n

Urochordates HE B
——Cephalochordates B B
FFE | =
ab =
Teleost fish St — e
Ca ==
77
TLE
Tetrapods DM
D =
Flies =
Lﬁlychaetes HE N

e 3 @+

D456

PHYLOGENY

GEMNES FOUND

V Swalla (2006) Heredity
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Altering the Coding Sequence of Genes

Brachiopod crustaceans Insects

s Loss of Ser phosphorylation sites

Limb-repression function HD| sss

Branchipod crustacean Ubx * Expansion of QA repeat

v

Limb-repression function HD | QA

Insect Ubx

V Ronshaugen et al. (2002) Nature




Altering the Expression of Genes

@ Python Chicken =&
\‘Q\E — “ Thoracic
W vertebrae

7;5 Lumbar
7 “Op . vertebrae
% Cervical =

° vertebrae
4

NS

: ®
=
Q
1)

Gene expression
during development

M Hoxcé
| Hoxc8

B Hoxc6 and Hoxc8

Caopyright © 2009 Pearson Education, Ine.



Teaching Genes New Tricks (Gene Co-Option)

v »

V Brunetti et al. (2001) Curr. Biol.



High-Throughput DNA Sequencing Technologies

454 | Roche
450 bp 1.5 Gbp / day 150 bp 35 Gbp / day

|55bp 4.5 Gb / day |

\ Helicos

L 3

“Traditional” Sanger / Capillary Sequencing
650 bp 2 Mbp / day

YD v )
7 )

SOLiD ABI PacBio
75 bp 22 Gbp /day 1000 bp 70 Gbp / day 100 bp 120 Gbp / day




Why Is High-Throughput DNA Sequencing So Exciting?

4 days’
output

100
90 -]
80
i e
60 ]
50 ]
40 -
30 7
20 -
10+

Mumber of bp (billions)

1995 ‘96 '97 '98 '99 2000 ‘01 ‘02 03 ‘D4 '0O5 ‘OB ‘OF ‘08
Years

V Gilad et al. (2009) Trends Genet.




. | Map | satelite | Hybrid |

World-Map of High-Throughput Sequencers

Fussly
Kazskhsisn
North :
Atlantie : Afghanistan
Gcean el Pakistan 44
Ingia
1r

Eraxi
P
Badivia 14
fndian
South Chile 11 SOuth QOcean Australin
Eacilic — Allantic e
] ocean .
Dcean %.' !\ p)
Argenlina
Gouogle [searchthe map | search
C : aoutharn Map data 82012 MapLink, Tele Atlas - Termes of L=

V http://pathogenomics.bham.ac.uk/hts/



Next-Gen Sequencing is Qualitative and Quantitative

Grey transcript
Grey transcript
Grey transcript

> 'é.,fé' Grey transcript
: fé) . ré) NGSTS Red trascript
o = ’é) cadh DNAtemP"ate Grey transcript

4 : nced directly Grey transcript

té-' is seque Grey transcript

* réJ Grey transcript
. Red trascript

: = e _ = Grey transcript

_ . S “ég’é’ Grey transcript
’édfé,’é’ (é) S - e Red transcript
> T ré)fé Grey transcript
S0 Grey transcript

: - to e seque Grey transcript
’éj . gether to Create 3 s}?} fnCEd i P
N COnsensys sequ e

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



patterns and processes using computational and
experimental approaches in a variety of lineages
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Fungi: the Most Sequenced Eukaryotic Lineage

Protists: 14%
34 genomes

Plants: 9%
22 genomes

Fungi: 42%
103 genomes

Metazoa: 35%

87 genomes @

fungi: 1000gcnomey

http://www.jgi.doe.gov/sequencing/cspseqplans2012.html

Data from GOLD 3.0 (www.genomesonline.org), March 2011




What Questions Should We Ask?

“Does the genome sequence per se now enable us to decode the
language of life? The answer, of course, is an emphatic "no".

[...] Thanks to genomics and reverse genetics, we now know that the
inactivation of most genes yields either no obvious phenotype or
early death, neither of which is immediately informative of the
gene's function.

In any case, even a gene whose mutant phenotype is, say, a change in

nose shape, cannot be called "a gene for the nose". The genome does

not say "make nose'", it says "make serpentine receptors'—it speaks
biochemistry, not phenotype.”

v Plasterk (1999) Nature Genet.







Fungi Eat by Absorption

Fungus excretes

ﬁdigestive enzymes \

— C?) Food is digested
by enzymes
— Digested food 4/

eaten by fungus

*+ Fungi have evolved
powerful “weapons” to
defend their food

*» Different fungi have
specialized to “eating”
different foods



Metabolism is Fundamental to the Fungal Lifestyle

** The genes involved in fungal primary metabolism are
their “teeth”

*+ The genes involved in fungal secondary metabolism
are their “horns”, “spines”, and “claws”

Beetle horns




Fungi “Eat” Almost Everything, Grow on Any Surface

Wood, leaves, nails, leather, cloth, manure, animal
carcasses, live hosts, ink, syrup, paint, glue, hair

“l put maybe a shot of whiskey in a liter of agar and filled the petri plates
with it. That made [the fungus] grow a hell of a lot faster”

) Dr. James Scott, Mycologist
s iy Wired Magazine, 06/11 issue

e 116 T i N AR R
= 1 T T R R R
i 111 el e S| I;:E!li; .




What Fungi Cannot Eat!

Diner fries McDonald’s fries



Fungal Metabolic Genes Are Often Physically Clustered

2 A oo B O we C oo,

Enzymes ‘ a q
Metabolic pathway O — - Q — 9___9/

HOW? WHY?




The CRAP (Cluster Reconstruction And Phylogeny) Pipeline

K¢dto Encyclopedia of
GG€nes and/Genomes

o —

-ﬁf_@ Retrieve genes from 173 pathways from
= | 35 KEGG-annotated genomes (23 fungi)

_‘.' o) S
] =2 i b i}
: ; X i p : _:.n'{_'. :' i ¢
—_ i e
L e ok Search for presence of pathway

~.+== | homologs in ~130 genomes (105 fungi)
by BLAST and OrthoMCL

—

( Y Search for
| Infer phylogenetic : :
= . . physical linkage
relationships of :
o (clustering) of

pathway homologs

pathway homologs
V Jason Slot - N\ /




Variation in GAL Gene Clustering Across Fungi

GALl . Galactose-1- GAL7 - GAL].O._

Galactose Phosphate UDP-Galactose UDP-Glucose
GAL7 GAL10 GAL1/3

Saccharomyces (Ascomycota: Saccharomycetes) | 4lll—

GAL7 GAL10 GAL1

Aspergillus (Ascomycota: Eurotiomycetes) H—_——— HE— >
GAL10 GAL1 GAL7

Cryptococcus (Basidiomycota: Tremellomycetes) ————

GAL10 GAL1 GAL7

Ustilago (Basidiomycota: Ustilaginomycetes) Hi— HEll—

GAL7 GAL10 GAL1

Batrachochytrium (Chytridiomycota: Chytridiomycetes) Hil»—j HEll—

V Slot & Rokas (2010) PNAS




Three Distinct Types of Fungal GAL Gene Clusters

Saccharomyces

GAL7 GAL10 GAL1/3 ORF-X ?  KI1F

| e = —— =
Candida /Schizosaccharomyces

GAL7 ORF-Y ORF-X GAL10 GALT K1F

P
Cryptococcus

GAL10 GAL1 GAL7 PTP ORF-Y ORF-X K1F

—_ - - = —

V Slot & Rokas (2010) PNAS



Schizosaccharomyces Gained Its GAL Cluster by HGT from Candida

Debaryomyces hansenii
Schizosaccharomyces octosporus .
Schizosaccharomyces pombe Schizosaccharomyces
Schizosaccharomyces japonicus GAL10 recent duplicate | clustered GAL10
Schizosaccharomyces japonicus GAL10
Candida lusitaniae pseudogene
Candida guillermondii
Pichia stipitis
Candida tropicalis _
Candida albicans e
Candida dubliniensis fused
Candida parapsilosis Gal1 Op
Lodderomyces elongosporus
Pachysolen tannophilus
Kluyveromyces lactis 0.8 substitutions / site
Kluyveromyces thermotolerans
Vanderwaltozyma polyspora
Zygosaccharomyces rouxii
Saccharomyces castellii
Saccharomyces bayanus
Saccharomyces mikatae
Saccharomyces cerevisiae
Saccharomyces paradoxus
/b Yarawia lipolydes I Pezizomycotina (Sordariomycetes, Leotiomycetes,
. =l = Dothidiomycetes, and Eurotiomycetes) (31 sequences)

Schizosaccharomyces pombe .
Schizosaccharomyces octosporus| Schizosaccharomyces
i Schizosaccharomyces japonicus unclustered GAL170

GAL10

fusion\

unfused
Gal10p

~1 Non-Ascomycete GAL10s

Slot & Rokas (2010) PNAS




Even Very Large Gene Clusters are Subject to HGT

R ¥ SR

The Sterigmatocystin Gene Cluster - Structural genes

In the US, agricultural loss due to . Regulators
aflatoxin contamination is ~ $1B/yr

Aspergillus (Eurotiomycetes) Podospora (Sordariomycetes)

V Slot & Rokas (2011) Curr. Biol.




Parasitol Res
DOl 10.1007/s00436-010-2098-1

ORIGINAL PAPER

Larvicidal activity of metabolites from the endophytic
Podospora sp. against the malaria vector Anopheles gambiae

Josphat C. Matasyoh - Birger Dittrich -

Anja Schueffler - Hartmut Laatsch

Abstract In a screening for natural products with mosquito
larvicidal activities. the endophvtic fungus Podospora sp.

isolated from the plant Laggera alata (Asteraceae) was

conspicuous. Two xanthones, sterigmatocystin (1) and

secosterigmatocystin (2), and an anthraquinone derivative
(3) 13-hydroxyversicolorin B were 1solated after fermenta-
tion on M> medium. These compounds were characterised
using spectroscopic and X-ray analysis and examined
against third instar larvae of Anopheles gambiae. The
results demonstrated that compound 1 was the most potent
one with LCsp and LCyy values of 13.3 and 73.5 ppm,
respectively. Over 95% mortality was observed at a
concentration 100 ppm after 24 h. These results compared



Does HGT of Metabolic Gene Clusters Contribute Anything Else?

- ey @ - — 0 -

bik6 bik5 bik4  bik3 bik2 bik1

. . Structural genes
The Bikaverin Gene Cluster g

Regulators

Fusarium (Sordariomycetes) Botrytis (Leotiomycetes)

Campbell et al. (2012) Genome Biol. Evol.



HGT of Metabolic Clusters Also Contributes Novel Regulation

Botrytis (Leotiomycetes)

Structural genes

Regulators

bik6 bik5 bik4  bik3 bik2 bik1

- )@= - — 0 -

l

/a

Campbell et al. (2012) Genome Biol. Evol.




The Saccharomyces & Cryptococcus Clusters Evolved Independently

Saccharomyces cerevisiae
Saccharomyces kudriavzevii
Saccharomyces bayanus

Candida glabrata
Saccharomyces castellii
Vanderwaltozyma polyspora

Zygosaccharomyces rouxii
Kluyveromyces thermotolerans

Kluyveromyces waltii
Saccharomyces kluyveri
Kluyveromyces lactis

[x} Eremothecium gossypii

. —E Debaryomyces hansenii
Wk Candida lusitaniae

] Yarrowia lipolytica
Sordariomycetes
Leotiomycetes Pezizomycotina
il Dothidiomycetes [ (33 genomes)
Eurotiomycetes

Schizosaccharomyces pombe, S. octo-
?Of!-'s . .
chizosaccharomyces japonicus

Taphrina deformans
Pneumocystis carinii

Laccaria bicolor

Coprinapsis cinerea .
Phanerochaete chrysosporium
Postia placenta

Cryptococcus neoformans
Cryptococcus grubii
Cryptococcus gattii

Tremella mesenterica
Ustilago maydis, Malassezia globosa

Melampsora laricis-populina, Sporobo-
— lomyces roseus, Puccinia graminis

£

Pichia stipitis,Candida guilliermondii {

Candida albi C. 8 fis, C. -
—ngamafodﬁgnmfmwergp;cgn’;spa?ua;a {"‘ sl —<{i o B

E—F

Saccharomyces GAL Gene Synteny

GALT GALL10 GP.LI.!/3 ORF-X ?

= = = =

s

K1F

|

il

>

Candida / Schizosaccharomyces GAL Gene Synteny

ORF-Y

33
= B

GAL10 GAL1 ORF-X alt. KI1F

ORF-X

Hil-+ Hil - il
i~ i i Hlp~ il

WL

Cryptoccus GAL Gene Synteny

GAL1O GATL1l GAL7 PTP ORF-Y ORF-X K1F
— | e

{ Hl= = A= Hil [
[ T
BT R

e e e ] il
[-.-' O B ] i
ST S -

phylum
Ascomycota

phylum
Basidiomycota



Independently Evolved (Analogous) Traits

Saccharomyces J Candlda lineage

GAL7 GAL10 GAL1/3

GAL1 GAL7 GAL10

<|—.—||—.—1|—.—|~
- | | -~ ——— — —

GAL1 GAL7 GAL10 GAL10 GAL1 GAL7

Cryptococcus li neage Slot & Rokas (2010) PNAS




Why Cluster?

Organs Affected by Galactosemia Galactose
A
i £ *
Brai?n . GAL1
[ —
Eyes c ‘/
\ Several
Galactose-1-Phosphate mutations in
A the three
. GAL
=R enzymes
cause
Y n
galactosemia
UDP-Galactose in humans
A
GAL1O
\
b UDP-Glucose

Fridovich-Keil (2006) J. Cell. Physiol.



What are the Evolutionary Effects of Pathway Clustering?

Saccharomyces cerevisiae
Saccharomyces kudriavzevii
Saccharomyces bayanus

Candida glabrata
Saccharomyces castellii

Vandenwvaltozyma polyspora

Zygosaccharomyces rouxii
Kluyveromyces thermotolerans

Kluyveromyces waltii
Saccharomyces kluyveri
Kluyveromyces lactis

Eremothecium gossypii

£

GAL Gene Synteny

Saccharomyces
7 GALLO GAL1/3 ORF-X

3

|
il

>

Candida / Schizosaccharomyces GAL Gene Synteny

Pichia stipitis,Candida guilliermondii {

Debaryomyces hansenii
Candida lusitaniae

Yarrowia lipolytica

Sordariomycetes

Leotiomycetes Pezizomycotina
Dothidiomycetes [ (33 genomes)
Eurotiomycetes

Schizosaccharomyces pombe, S. octo-
?Of!-'s . .
chizosaccharomyces japonicus

Taphrina deformans
Pneumocystis carinii

Laccaria bicolor

Coprinapsis cinerea
Phanerochaete chrysosporium
Postia placenta

Cryptococcus neoformans
Cryptococcus grubii
Cryptococcus gattii

Tremella mesenterica

Ustilago maydis, Malassezia globosa

— lomyces roseus, Puccinia graminis

Candida albicans,C. tropicalis, C. para-
psitosis, Lodderomyces siongispors. |+ il—I—ll—l—I>>

Melampsora laricis-populina, Sporobo-

ORF-Y ORF-X GAL10

GAL1 ORF-X alt.

K1F

-

Hil-+ Hil - il
i~ i i Hlp~ il

E—F

Cryptoccus GAL Gene Synteny

GALL GAL7 PTP ORF-Y ORF-X

GAL10

il
{ i~ "l

|

Hil~
Hilp-
=

"

4

WL

K1F

ey

phylum
Ascomycota

phylum
Basidiomycota



Clustered Pathways Are Easier Lost

Two potentially functional GAL states:
clustered - C
unclustered - U

One nonfunctional GAL state:
nonfunctional — N

Rate DF p-value Mean Transition
Restriction rate
none -28.82 gCN = 30.9
qUN =1.0
gNC =77.8
gNU = 2.2
gNC = gNU -29.64 1.62 1 0.25 |gNC =gNU =12.9
gCN = qUN -32.95 8.24 2 0.02 |gCN=qUN=24

Species with Clusters Have Higher Rates of GAL Pathway Loss

Analyses done using Mark Pagel’s BayesTraits program
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Aspergillus oryzae: Cornerstone of Several Japanese Tasty Liquids

Archaeological evidence
suggests that mixed fermented
alcoholic beverage of rice, honey
and fruit was made in China as
early as 7 — 9 millennia ago

Aspergillus oryzae, a filamentous fungus, is involved in the
production of sake (rice wine), miso (soy bean paste), su (vinegar)
and shoyu (soy sauce)

v McGovern et al. (2004) PNAS




How Sake is Made

1. Polishing 2. Washing

: B 1 "'E!ﬁ._'-' .
f i z . ; ?

4. Koji making 5. Yeast starter 6. Pressing

| gy =

http://www.sakejapan.com.au/whats_nihonshu.html#what




The A. oryzae and A. flavus Genomes are Nearly Identical

e

*

8 Chromosomes
37 Mb

12,000 genes
99.5% nt identity

e

*

e

*

e

*

6.5 Mb Chromosome 1

A. oryzae A. flavus
*» Sake, soy sauce, miso ¢ Agricultural pest
*» Non-aflatoxin producer ¢ Aflatoxin producer
% USDA GRAS species % ~3%1 billion annually

V Rokas et al. (2007) Stud. Mycol.




The Road to Domestication

*  Evolutionary Relationship?

I > Positively Selected Genes?

PR Functional Differences?

A. flavus A. oryzae
Wz |

DOMESTICATION RD ] £




Sequencing 16 Genomes

A. oryzae A. flavus

SRRC 302 Sake SRRC 1273 Soil, Arizona
RIB 331 Miso SRRC 1357 Dried bacon, Croatia
RIB 333 Miso SRRC 2112 Hazelnut, Turkey
RIB 537 Sake SRRC 2114 Wheat, USA
RIB 632 Sake SRRC 2524 Dead termites, China
RIB 642 Sake SRRC 2632 Blood, Chicago, lllinois
RIB 949 Soy Sauce SRRC 2653 Corneal ulcer, Miami, Florida

RIB 40 Sake, Reference Strain NRRL 3357 Peanut, Reference strain, USA

\QL? 1“)4{{\ N e T ._“-4,_;_ %




Aspergillus oryzae Isolates are Genetically Distinct

100f A. oryzae RIB 333 ==seneanmenaenees
4100[ A. oryzae RIB 642 -eeeseresennmnnss
81 A. oryzae RIB 331 sessssassinsesesas

r A. oryzae RIB 302 ssssasss

81
100 k A oryzae RIB 40 =ssssssss

88 A. oryzae RIB 537

100 k A. oryzae RIB 632
A. oryzae RIB 949
A. flavus SRRC 1357
A. flavus SRRC 2112

81

100

— /. flavus SRRC 2632

99 _I_ A._ﬂﬂVUS SRRC 2524
100 A. flavus SRRC 2653 ==ssssssnsnnsnssasss

A. flavus SRRC 2114
A. flavus SRRC 1273 ==s=ss

100 ||
100 k A. flavus NRRL 3357 ===+=1

| | 0 0.0 0.20 0.30 0.40 .0‘50 060 0.70 0.80 0.90 1.00
5000 Membership Coefficient (Q)

100,084 SNPs

Gibbons et al. (2012) Curr. Biol.




Non-homologous Alleles

Upstream Flanking Downstream Flanking

Sesquiterpene Cluster

Region Region
405 406 408 410 411 412 413 414 415 416 417 418 419 420
A. oryzae RIB 40
Cluster Wersion 1
ADTS00 11000404
AFL2G 05181
A. flavus NRRL 3357
Cluster Version 2
5182 5183 5184 5185 5186 5187 5188 5189 5190 5191 5192
o s 10 15 w0 2% 30 35 Kb

A. f_Ia vus

| )

an— e—— - E—— - - —

1|38
[LL )RS PR
mn

rnnn bl g

Gibbons et al. (2012) Curr. Biol.
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u Neutral mutation

SELECTION

—>

A. oryzae

NO SELECTION

—>

A. flavus

Detecting Recent Positive Selection in A. oryzae

\/\\( Advantageous mutation

———

———

| | | ]
] | Y B |

e

————
| | ] | L |

ol

Relative nucleotide diversity (0, ;.. / © 4 f12vus)
% 5kb sliding windows, 500bp steps; >65,000 windows
% Overlapping regions of windows in the lowest 0.25%

RECOMBINATION

RECOMBINATION

Gibbons et al. (2012) Curr. Biol.




Recent Positive Selection in the A. oryzae Genome

Chromosome

-3

IS

Logl’(ef\ oryrae / e/\ ,'krvu'.)

65,894 total windows

v

164 candidate windows

l’ Aflatrem = ;\CHS

61 Putative Selective

Sweep Regions (PSSRs) Genes in Sweep Regions
ll are Enriched in Secondary

148 Genes m Metabolism (P < 0.0006)

Gibbons et al. (2012) Curr. Biol.




The Complex Flavor of Sake

e

*

Fragrance
Impact
Sweet/Dry
Acidity
Presence
Complexity
Earthiness
Tail

e

*

e

*

J/
0’0

e

*

e

*

J/
’0

L)

e

*

OTOKOYAMA

NUAMIR WOR T A
well S o B

_— =
.

Have “flavor” genes been under selection?

\4




Differences in a Flavor Associated Gene

Chromosome

LOgE (84 oryzae / 8.4. ﬂavus)

MONOSODIUM GLUTAMATE
O
HO O" Na'
NH,
SODIUM SALT OF GLUTAMIC ACID Glutamic Acid

Gibbons et al. (2012) Curr. Biol.




Detecting Differences in Transcript and Protein Abundance

A. flavus SRRC 2112

A. flavus SRRC 2632

99

A. flavus SRRC 2653
A. flavus SRRC 2114
A. flavus SRRC 1273

100

100

—

000 ¢ Sake strains
< Gene Expression (RNA-Seq) *30°C
% Protein Abundance (MudPIT) * 24hours

V Gibbons et al. (2012) Curr. Biol.




Down-Regulation of Secondary Metabolism in A. oryzae

>>>>>bD>

Aflatoxin

oryzae
flavus
flavus
flavus

Max

Putative NRPS Cluster Putative PKS Cluster Putative Terpene Cluster

Gibbons et al. (2012) Curr. Biol.




Why is A. oryzae Atoxic?

Aflatoxin is genotoxic to S. cerevisiae

1.E-03

120 4

o
m
S
B

& 132x Induction

"""""""" @ 3.7x Induction
& — & — — — —K 26 7x Induction
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-
m
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1.E-08 - .
0 100 200 300 0 100 200 300

MM Aflatoxin B1 uM Aflatoxin B1

The atoxicity of A. oryzae might have been driven by its
iImpact on yeast survival and, as a consequence,
fermentation for making sake

Keller-Seitz et al. (2004) Mol. Biol. Cell




A. oryzae Breaks Down Starch into Sugar

Rice Preparation Saccharification Fermentation

OH
CH,OH CHZOH CHZOH A. oryzae Yeast T Tl
O, O O,
IR 5% S EEEEp  r—ccon
OH O O OH HO o | |
OH OH J, OH
i H H
Starch Sugar Alcohol
v 48 4 !
P 38 ¢ it




a-amylase is Highly Abundant

A. oryzae RIB 642 o2 Gene ExpreSSiOn t P =1e-300

< Protein Enrichment 1 P=8e-63
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A. oryzae RIB 40
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Gibbons et al. (2012) Curr. Biol.




DOMESTICATION RD

CARBOHYDRATE METABOLISM

« o-amylase production - AD090023000944, ADDI012000019
» Sorbitol dehyd ogenase up-regulation - A0090020000647

FLAVOR

DETOXIFICATION * Glycosyl transferase up-regulation - Aooso701000572
* Down-regulation of cyclopiazonic acid, aflatoxin

and other secondary metabolism gene clusters

CARBOHYDRATE METABOLISM

+ Sorbitol dehydogenase up-regulation - Aoos0020000847
s amyR up-regulation - Aooso003001208

A. oryzae RIB 333
l A. oryzae RIB 642
l A. oryzae RIB 331
A. oryzae RIB 302
A. oryzae RIB 40

FLAVOR

s Glutaminase allele - Aoosoo10000571

A. oryzae RIB 537

A. oryzae RIB 632

A. oryzae RIB 949

A. flavus SRRC 1357

A. flavus SRRC 2112

REMODELLING OF PRIMARY AND
SECONDARY METABOLISM

A. flavus SRRC 2632
A. flavus SRRC 2524

A. flavus SRRC 2653

A. flavus SRRC 2114

A. flavus SRRC 1273
A. flavus NRRL 3357




Contrasting Domestication Patterns Across Kingdoms

Plants Microbes Animals

V Gibbons et al. (2012) Curr. Biol.
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The Dawkins Delusion

“... there is, after all, one true tree of life [...]. It exists. It is in
principle knowable. We don’t know it all yet. By 2050 we should — or
if we do not, we shall have been defeated only at the terminal twigs,

by the sheer number of species.”

Richard Dawkins

V Dawkins (2003), A Devil’s Chaplain



The Problem of Incongruence

Gene X Gene Y

d d

b C  Species tree?
C b

A: All organisms B: Mammals C: Insects ]
Incongruence is

pervasive in the
phylogenetics
literature

Rokas & Chatzimanolis (2008) in Phylogenomics (W. J. Murphy, Ed.)




A Systematic Evaluation of Single Gene Phylogenies

S. cerevisice SEBING)) EDEEDEIDE)SED IDIDDEE

S. paradoxus mmim) EEEIHONE) € ED ) BIBDEEE

S. bayanus EEW¢BO»EEEIH) S GED HHBBOE

Dataset: 106 genes on all 16 chromosomes totaling 127kb corresponding
roughly to 1% of the genomic sequence, 2% of genes

Analyses: Maximum Likelihood (ML) & Maximum Parsimony (MP) on nt
data sets and MP on amino acid data sets

V Kellis et al. (2003) Nature




Incongruence at the Single Gene Level

YBL091C

YGL001C

99/100

91/80 C

100/99

ML / MP
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S
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cerevisiae
paradoxus
mikatae
kudriavzevii
bayanus
castellii
kluyveri

. albicans

cerevisiae
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bayanus
castellii
kluyveri
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YDLO31W

YNL155W

95/100

100/100
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cerevisiae
paradoxus
mikatae
kudriavzevii
bayanus
kluyveri
castellii
albicans

cerevisiae
paradoxus
kudriavzevii
bayanus
mikatae
castellii
kluyveri
albicans

Rokas et al. (2003) Nature



Concatenation of 106 Genes Yields a Single Yeast Phylogeny

100/ 100 S. cerevisiae

100/100) 190 @ S, paradoxus

100/100§ 100
100

S. mikatae
100/ 100
100

S. kudriavzevii
100/ 100

m— S. bayanus

S. castellii
S. kluyveri
C. albicans

ML / MP on nucleotide alignments
MP on amino acid alignments

v Rokas et al. (2003) Nature

Clade support values =




Reconstructing the Tree of Life
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Methods of Assessing Robustness are Subject to Systematic Error

53% 47%

. .
B B

taxonA AAAAAAAAAATTTTTTTTT
taxonB AAAAAAAAAACCCCCCCCC
taxonC GGGGGGGGGGTTTTTTTTT
taxonD GGGGGGGGGGCCCCCCCCC

S. cerevisiae
S. paradoxus
S. kudriavzevii
S. bayanus

S. mikatae

S. castellii

S. kluyveri

C. albicans

taxon A taxon C

~72%

100 characters —_— >—<
taxon B taxon D
taxon A 97% taxon C
1,000 characters — > >—‘<
taxon B taxon D
taxon A taxon C
100%
10,000 characters —  »
taxon B taxon D
S. cerevisiae 100/100 S. cerevisiae
S. paradoxus 100’-‘&E S. paradoxus
S. kudriavzevii 100/1 %"97 S. mikatae
S. bayanus 100/100 S. kudriavzevii
S. mikatae | S. bayanus
100/100 E S. castellii S. kluyveri
S. kluyveri S. castellii
C. albicans C. albicans

Rokas & Carroll (2006) PLoS Biol.; Rokas et al. (2003) Nature



Gene Trees Can Differ from Species Trees

Lineage Sorting Horizontal Gene Transfer

Speciation -

Speciation -----;

V Degnan & Rosenberg (2009) Trends Ecol. Evol.



Inferring the Species Tree from Individual Gene Histories

Concordance Factor: The proportion of the genome for which a clade
is true
98 (95, 100)[~ S. Serevisiae

92 (86, 97) Ls. paradoxus
92 (86, 97) S. mikatae
99 (97, 100) S. kudriavzevii
93 (87, 98) S. bayanus
S. castellii
S. kluyveri
C. albicans

Ané et al. (2007) Mol. Biol. Evol.




How Much Data is Sufficient to Recover the Species Tree?
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V Rokas et al. (2003) Nature







Estimating the Taxonomic Breadth of the Tree of Life

2002: Cracraft
“guess-timates”
that 0.4% of all
known species
have been
included in at least
one published

phylogeny

2008: Sanderson
reports that
molecular
sequence data
have been sampled ‘
from 10% of all
known species

-

&




The Genomic Depth of the Tree of Life

heterokonts alveolates 3/45
— T angiosperms )
1/40 fungal | angiosperm
orders  fungi T orders
> mosses
liverworts

cnidarians ,

\ red algae
nematodes \ e
molluscs \ —
16/57

1/45 species-rich N N 4 vertebrate
arthropod orders B ) mammals orders

amphibians
supported arthropods

ray finned fishes
echinoderms

V Sanderson (2008) Science




Next-Gen Sequencing is Qualitative and Quantitative

Grey transcript
Grey transcript
Grey transcript

> 'é.,fé' Grey transcript
: fé) . ré) NGSTS Red trascript
o = ’é) cadh DNAtemP"ate Grey transcript

4 : nced directly Grey transcript

té-' is seque Grey transcript

* réJ Grey transcript
. Red trascript

: = e _ = Grey transcript

_ . S “ég’é’ Grey transcript
’édfé,’é’ (é) S - e Red transcript
> T ré)fé Grey transcript
S0 Grey transcript

: - to e seque Grey transcript
’éj . gether to Create 3 s}?} fnCEd i P
N COnsensys sequ e

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




Transcriptome Sequencing to Increase Genomic Depth

1. Smaller than genome (in Anopheles gambiae
the transcriptome makes up 7% of the genome)

2. Fewer repetitive and transposable elements

3. Unequal representation (up to 6-7 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




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

—

INlumina ~150,000,000 reads
RNA-Seq 5,250,000,000 bp




Data Matrix Construction: The “Singlecontig” Strategy

Raw 35bp Assemble Keep contigs 2
sequence > reads into > 100bp and 2
reads contigs 300bp

1

Identify orthologs

_ Keep loci with between Aedes
Locally align _ orthologs from «— reference transcripts
each locus all Anopheles and Anopheles
contigs using the
Reciprocal Best Blast
l Hit (RBBH) algorithm
Remove gaps
and sites with _ Data matrix Aedes reference transcript
too much data T
missing Anopheles contig

v Hittinger et al. (2010) PNAS



Robust Phylogenetic Inference from RNA-Seq Data

Using 2 100bp contigs Using 2 300bp contigs
A. albimanus A. albimanus
[ —— A. dirus /o —A. dirus
— A. farauti A. farauti
.. [ A. arabiensis L4 rA. quadriannulatus
ﬂA. quadriannulatus ‘;[A. arabiensis
ild Y™ A. gambiae hyr A. gambiae
A. stephensi o/ A. stephensi
- «x  —— A. freeborni «« —A. freeborni
0.05 —— A. quadrimaculatus | 005 —— A. quadrimaculatus
Aedes aegypti Aedes aegypti
# Loci = 553 # Loci =69
Aln Length = ~390 Kb Aln Length = ~73 Kb
% Missing data = 51 % Missing data = 44

V Hittinger et al. (2010) PNAS



Accurate Phylogenetic Inference From our Data

A A. albimanus
E I
A. farauti
... [A. arabiensis
_ —“EA. quadriannulatus
553 loci el A. gambiae
Aln L: ~390 Kb AA.fste?en:ss
. . . 0 +x  —A. Ireeporm
Missing data: 51% 005 — A. quadrimaculatus
Aedes aegypti
B e A, a@lbimanus C — A. albimanus D e A @lbimanus
2|__A dirus _*‘*_l__A dirus e A. dirus
A. farauti A. farauti A. farauti
- .. A quadrannulatus .. [ A gambiae 2+ A gambiae
_[A, gambiae —L[LA. quadriannulatus '—“EA. quadriannulatus
K7 e A. arabiensis L o A. arabiensis L1 [ A. arabiensis
A. stephensi A. stephensi A. stephensi
w+ = A. freeborni ++ A freeborni s = A. freeborni
0.05 — A. quadrimaculatus 0.04 —A. quadrimaculatus 0.04 —A. quadrimaculatus
Aedes aegypti Aedes aegypti Aedes aegypti

Exclude erroneous loci Use only sites without Use A. gambiae as ref.

491 loci data missing 634 loci
Aln L: ~329 Kb Aln L: ~15 Kb Aln L: ~472 Kb
Missing data: 50% Missing data: 0% Missing data: 50%

V Hittinger et al. (2010) PNAS



Gene Trees Can Differ from Species Trees

Lineage Sorting Horizontal Gene Transfer

Speciation -

Speciation -----;

V Degnan & Rosenberg (2009) Trends Ecol. Evol.



Our Data Matrices Can Detect Population-Level Events

5 o

mtDNA

. arabiensis

A. melas

A. quadriannulatus

mtDNA + rDNA

A. gambiae

. arabiensis

<

A. quadriannulatus

Besansky et al. (1994) PNAS

rDNA

@_
@

inversions

4

| — A. gambiae

— A. arabiensis

A. quadriannulatus

10/237

11 — A. gambiae

—— A. quadriannulatus

A. arabiensis

12/237

11 ¢~ A. quadriannulatus

— A. arabiensis

A. gambiae

10/237

Hittinger et al. (2010) PNAS



Robust Phylogenetic Inference From Few Sequence Reads

™~

N
--..\‘__‘

w
'---.....________-

_,.data matrix from =100 bp contigs,

singlecontig approach
_,data matrix from = 300 bp contigs,

singlecontig approach

(%]

Number of resolved internodes

=

0o 2 4 6 8 10 12 14
Number of sequence reads assembled (x10°)

V Hittinger et al. (2010) PNAS




Experimental Design: The “Supercontig” Strategy

Raw 35bp Assemble Keep contigs 2
sequence > reads into > 100bp and 2
reads contigs 300bp
_ Identify orthologs
Keep only loci between Aedes
Locally align < with orthologs <«— reference transcripts
each locus from =4

and Anopheles contigs
Anopheles using a locally relaxed
l RBBH algorithm

RemO_VG ga!os Aedes reference transcript

and sites with _y pata matrix I ]

too much data Anopheles contigs
missing

V Hittinger et al. (2010) PNAS



Robust Phylogenetic Inference From Very Few Reads

2 million reads 0.5 million reads

6 1 i S el

) "

% 5 % 5 1

<) o

c c
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:lé 4 :E 4 |

o o

23 . . 23]

o / data matrix from = 100 bp contigs, o data matrix from =100 bp contigs

brd - . I —a- 1 ;

o, singlecontig approach _ @, supercontig approach

< _..data matrix from 2 300 bp contigs, w < | _,_data matrix from = 300 bp contigs,

4 singlecontig approach E | supercontig approach

o o, |

o1 217

£ / £

s 5 |

z 0 J;_v - T T 7 v v Y z 0 + T T T T T J
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Number of sequence reads assembled (x10°) Number of sequence reads assembled (x10°)

553 loci, AlnL: ~390Kb, %miss: 51 2,661 loci, AlnL: ~971Kb, %miss: 62

V Hittinger et al. (2010) PNAS




Our Sequences are from Highly-Expressed Transcripts

2008 cost: ~$50 160
2013 cost: ~$5 140‘

_E 100 | Minimumamount required —
9 80 for accurate inference
o
5 |\
X 6o \
40

20 \

o 2 4 6 8 10 12 14
Number of sequence reads assembled (x10°)

V Hittinger et al. (2010) PNAS
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The Age of High Throughput Technologies

Transcriptome mRNA: "\_.,\_f T

. Rt

Proteome proteins: P

R

Metabolome metabolites:

q.'..'_‘i‘ . . : &
V Goodacre (2005) Metabolomics




Novel Technologies for Probing Gene Function

RNAI TAL Effectors

Dicer,

RISC loading

o TR
AR

Targeted
DNA cleavage

Boutros & Ahringer (2008) Nat. Rev. Genet.;
Bogdanove & Voytas (2011) Science




The Genomes of Non-Model Organisms are the New Frontiers

Rokas & Abbot (2009) Trends Ecol. Evol.
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