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A Ancestral genome inference problem

A Algorithmic challenges in ancestral reconstruction
I Getting the alignment right [Hickey and Blanchette, RECOMB 2011]
I Inferring ancestral indels [Diallo et al., JCB 2009]
I Estimating the expected accuracy [Hickey and Blanchette, PSB 2010]

A Using ancestral reconstruction to annotate the human genome
I Identification of functional sites [Sadri et al. submitted to ISMB 2011]
I Identification of transcription factor binding sites
I Prediction of target genes for enhancers



The Human genome

wSequence of ~3*Hhucleotides
wComplete sequence is knc
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GGTCAACGAGCAAGAATTTCTTTAGCAAGGTGARTAACTARTTATTGGTCTAGCAARGCATT TG
GGTCAACGAGCAAGAARTTTCTTTAGCAAGGTGARTAACTARTTATTGGTCTAGCAAGCATT TG
GGTCAACGAGCAAGAARTTTCTTTAGCAAGGTGARTAACTARTTATTGGTCTAGCARGCATTTG
GGTCAACGAGCAAGAARTTTCTTTAGCAAGGTGARTAACTARTTATTGGTCTAGCARGCATT TG
GGTCAACGAGCAAGAATTTCTTTAGCAAGGTGAR - -~ TAARTTATTGGTCTAACARGCATTTG
GGTCAACGAGCAAGAARTTTCTTTAGCAAGGTGAR- - - TAARTTATTGGTCTAACARGCATTTG
GGTCAACGAGCAAGAATTTCTTTAGCAAGGTGAR- - - TARTTATTAGTCTAACARGCATTTA

GETCAACGAGCAAGART TTC TTTAGCAAGGTGAGTAACTGATCATTGG TS TAGCAARAGCATTTG
GETCAACGAGCAAGART TTC T T TAGCAAGG TGAATAARCTGATTATTGGTCTAGCARGCATTTG
GEGTCAACGAGCAAGAART TTC TTTAGCAAGG TGAGTAARCTGATTATTGGTCTAGCARGCATTTG
GETCAACGAGCAAGART TTCTTTAGCAAGGTGAATAARTGGATTATTGGTCCAGTGAGCATTTG
GEGTCAACGAGCAAGAART TTC TTTAGCAAGG TGAATAARCGGATTATTGGTCCAGTGAGCATTTG
GETCAGCGAGCEAAGARTC TCTTTAGCAAGG TGAATAART GGG G TATGACTCCAGTGGGRCGTTTG
GETCAACGAGCAAGAART TTCTTTAGCAAGGTGAGTATCTGATTATTGGTCTACCARGCATTTG
GETCAACG TGCEAAGAART TTCTTTAGCAAGG TAARAC G TTCAAC TG TTIGGTTTGCTGAGARCTTG
GETCAGCG TGEAAGGAT TTC T TTAGCAAGG TAAATATTTAAC TG TTGGTCTTGTGAGCACTTG
GETCAGCGAGCEGAGART TTC T TTAGCEAAGG TGAATATC TG CCTATGGGTTCAGCAARAGCATTTG
GETCAGCGAGCAAGART TTC T TTAGCAAGG TAAATATC TGCTTATTGGTCCAGCARGCATTTG
GETCAACGAGCAAGART TTC TTTAGCAAGGTGAATATTGGCTTATTGGTCCAGCAARAGCATTTG
GETCAGCGAGCAAGART TTC T TTAGCAAGGTGAATATCACTTTATTGGTCCAGCARAGCGTTTG
GETCAGCGAGCEAAGGAT TTC TTTAGCEAAGG TGAATAGC TGATTATTGGTTCAGTGAGCCTTTG
GETCAGCGAGCEAAGART TTCC TTAGCAAGGTGAATATCTGATTATTGGTTCAGTGAGCTTTTG
GGGECAAAGAGCEAAGAART TTCCCTAGEAAGG TGAATATCCGACGATTGG T TTGGCGAGCATTGG
GECCAGCGAGEAAGART TTC T TTAGCEAAGGTGAATATCTGATTATTGGTCCAGT TAACATTTG
GEGCAGCGAGEGAGAART TTG T T TAGCAAGG TGAATATC TGATTATTGGT-CAGTGAGCATTTG

GETCAACGAGCAAGAART TTCATTAGCAAGGTGAATAT

AGCAH

TTTG

GETCAACGAGCAAGAART TTCTTTAGCAAGGT-ATTATCTGACTATTGGACCAGT TGACACTTG
GETCAACGAGCAAGART TTC TTTAGCAAGG T TAATATTTTGGTATTTATTCAGTTGAAATTTG
GETCAACGAGCAAGART TTCTTTAGCAAGG T TAATATTTTGGTATTTGTTCAGT TAAAATTTG
GETCAACGAGCAAGART TTC TTTAGCAAGG T TAATATTTTGGTATTTGT TCAGT TGAAATGTG
GETCAACGAGCAAGART TTCCTTAGCAAGG T TAATATTTTGATATTTGTTCAGCTAAAARATTTG

GEGTCAGCGGGECAGAART TTCATTAGCECAGGTGAGTA

GECCAGCGAGCACGARTCTCACTAGCEGAGGTGAGCATTTTGCTATCT
CTAGAATCTLC
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- Rapid radiation ~75 Myrs ago

- Many nearly independent phyla

Mammalian
evolution
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Maraulies et al.. PNAS 20



Ancestral Genome Reconstruction

Given:- Genomic sequences of several mammals
- Phylogenetic tree
Find: The genomic sequence of all their ancestors

ARMADILLO T CCTACTAATATTTAGTACATACA CCTCAAAGTCTTAAAAT CCACAGTGTACCCCOCCICC
— cow CCCICTCTTTCTCCCO CCAGCTACAA CCAAATCAGAAAGTGTTCACGCCATTTCCATACC
HORSE GTCACAATTTAGAAGT CCCACT CAGAACACCACCCOACCacAcccee
CAT GTCACAGTTTAGGGGTACTA CCQACTTTCACCCC
DG GTCACAATTTGGGCGATACTA CAOTATCTTCACCCC
HEBGEHOG  GTCATAGTTTCGATTATATGG CQATCTTCACTTC
""""""" MOUSE GTCACAGTTTGAGATGTTA(
—| RAT GTCACAATTTGAGATGTTA(
RABBIT ATCACAATTTGGGAACACCA C@CATCCC=CACC
! _|_ LEMUR ATCACAATTGGGGTEECCACG @CTCCQCCAC
- MOUSELEMURATCACAGTTGGGGATCCCACT TCACCACCACTCC
VERVET GCTCACAATTTGGGGATCCTT CCCCBCCQCACTCC
MACAQUE GCTCACAATTTGGGGATCCTT CCCCBCCQCACTCC
BABOON GCTCACAATTTGGGGATCCTT CCCCBCCQCACTCC
ORNGUTA  GTCACCATTTGGACATCCTT ACCCCBCCQCACTCC
GORILLA GTCACCATTTGGGGATCCTTCTGCTCAACT TG GAACACAAGT GGGATCCTTATACTCATCCTACAGT CCACAG CACAGTACCCCBCCQ\CACTCC
CHIMP GTCACCATTTGGGGATCCTTCTGCTCAACT TG GAACACAACCE GGATCCTTATAATCATCCTACAGT CCACAG CACAGTACCCCBCCQCACTCC
HUMN GTCACCATTTGGGGATCCTTCTGCTCAACT TG GAACACAACCE GGATCCTTATAATCATCCTACAGT CCACAG CACAGTACCCCBCCQCACTCC

Mutational operations

(WSmalscale : Substitutions, deletions, insertions (inc. transposons)
wlLarge scale: Genome rearrangement, segmental/tandem duplications

(*): Heterochromatin norincluded



Reconstruction algorithm

1) Compute multiple genome alignment
A TBA program (Blanchette, Miller, et al.)

=172\ o)W o Jpem————— TCCTACTAATAT----- T- TAGTA- CATACAG- CG CAGGGECCTCCT CAAA - TCTTAAAAT CCACAGT GTAGCCCQ CCT(

cow 60 [0 [0 | |y p— CTCCCOCCAG(C- TAGAA TGTATCA- CT- TAGATGTTCCAA --mmmrmmenmes ATCAGAAAGT GTTCAG - COA

HORSE TCACAATTTAG GAAGT CCCACT GCCCT----- C TAGAG GTAGAA- GA- CAGG@ATCCTAATAAT CATCCQCGTCATCCTACAGT CCTCAGAACACCACCC T A

CAT TCACAGTTTA TACTACTGC(CAT----- C TATCG GAGAG CA- TAGGATACTCATAAT Grmmemmmee ATTCTACAGTCCACAG GACAGTACCCTA

I [ple ] TCACAATTT ATACTACT GCCAT----- C TAATG GATAGAG- GA- CAGGATACT CTTTACAGTCCACAGGACACCACCATA

HEDGEHOG GTCATAGTTT--- CATTATATGGETT---- CTTAGTA- CACAAACAAA AACATGTTCT ATTCTCCTTTCCATATGATAGCACTCCGY
............. MOUSE TCACAGTTTGAGATGTTACTGACAT-—- G TAGAG- AGTAGAC- TT- TAAAGATACT JNCISl0C-\ | €1 L€ Yo —
{___ Rar TCACAATTTGAGATGTTACT GCCAT----- C TAGAG- AGTAGAC- TT- TAAGGACACT ATACTATCCTCCAG----mmmeemmemmeenne

RABBIT ATCACAATTTGGGBAACACCACT G(CAT----- C TCGGTACCAGC-- CAGCCATCCT ATACTACAGTCCACAGTACAGTTCCC@C

A — LEMUR ATCACAA-TT TCCCACG (T CCT----- C CAGTG GATAGAG- AA- CAGGAGCT ACCO CCAGTCCACAG GEAGTCCG COA

—_ MOUSELEMURTCACAG- TT ATCCCACTGCCCT - C AAGTG GATAGAG- AA- CAGGAGCT ACCO CCAGACCACG GG GAGT GCCT TCA(

VERVET TCAGAATTT ATCCTTCTGCCTC—-- T- ACTTG- GAACAG AAACAGGATCCTTATAATC--- ATCCTACAGTCCACAG GACAGTACCCCB(

MACAQUE TCAGAATTT ATCCTTCTGCCTC---- T- ACTTG- GATACAG AAACAGAATCCTTATAAT G- ATCCTACAGTCGCACAG (TCAGTACCCCB(

BABOON TCAGAATTT ATCCTTCTGCCTC--- T- ACTTG- GATACAA- AAACAGGATCCTTATAATC--- ATCCTACAGTCCACAG GACAGTACCCCB(

ORMNGUTA  GTCACCATTTGG@ACATCCTTCTGCCTC---- + ACTTG GATACAG- AACCGGGATCCTTATAATG-- ATCCAACAGT CCACAG GACAGTACCCCB(

GORILLA TCACCATTT ATCCTTCTGCCTC--- A- ACTTG GATACAG AACTGGGATCCTTATACTG-- ATCCTACAGTCCACAG GACAGTACCCCB(

CHIMP TCACCATTT ATCCTTCTGCCTC--- A- ACTTG GATACAG AACCGGGATCCTTATAATG-- ATCCTACAGTCCACAG GACAGTACCCCB(

HUMN TCACCATTT ATCCTTCTGCCTC--- A- ACTTG GATACAG AACCG G GATCCTTATAAT G --mmmemme ATCCTACAGTCCACAG GACAGTACCCCB(

AGoal: Phylogenetic correctness

ATwo nucleotides are aligned if and only if
they have a common ancestor.



Reconstruction algorithm

2) Reconstruct insertion/deletion history
A Find most likely explanation for gaps observed

ARMADILLO  --------mmmmm- TCCTACTAATAT----- T- TAGTA- CATACAG CG CAGGGECCT CCTCAAA--------- CTCTTAAAAT CCACAGTGTACCCCOCCT(

cow CCCICTCTTT----------- CTCCCAO CCAGEC- TAGAA- TGTATCA- CT- TACATCTTCCAA--------=----- ATCACAAAGTGTTCAG--------- (efey

HORSE GTCACAATTTAGAAGTCCCACTGECCT ----- C TACAG GATACAA- CA- CAGGATCCTAATAATCATCCAACGTCATCCTACAGT CCTCACAACACCACCCT A

CAT GTCACAGTTTAGGGGTACTACTGCCAT ----- C TATCG GAGMAG CA- TAGGATACTCGATAATG---------- ATTCTACAGTCCACAGACAGTACCCTAC

|: DGG GTCACAATTTGGGGATACTACT GCCAT ----- C TAATG GAACAG CA- CAGGATACTCGATAATT---------- CCTTTACAGTCCACAGACACCACCATA

HEBGEHOG GTICATAGTTT---- CATTATATGGETT----- CTTAGTA- CACAAACAAA AACATCTTCTGT AGTG---------- ATTCTCCTTTCCATATCATACCACTCCQY
............. MOUSE GTCACACTTTGAGATGTTACTCACAT---- G TAGAG AGTACAC- TT- TAAACATACT CATAGT G---------- ACCCATTGTCCAC--------==-==m-=m----
|: RAT GTCACAATTTGAGATGTTACTGCCAT ----- C TACAG ACGTACAC- TT- TAAGACACTGATAATG---------- ATACTATCCTCCAG---------=-===-==----

RABBIT ATCACAATTTGGGAACACCACT GCCAT----- C TCGGOACCAGE--- CAGECATCCTGTAATT---------- ATACTACAGTCCACAGTACAGTTCCCAC

f — LEMUR ATCACAA- TTGGGGLTCCCACG T CCT----- C- CACTG GTACAG AA- CAGGAGCTCGATAACG--------- ACCO CCAGTCCACAGGEAGTCCG CCA
— MOUSELEMURTCACAG TTGGGGATCCCACTGECCT ----- C AACTG GTACAG AA- CAGGAGECTCAAAALCG--------- ACCO CCACACCACGGGCAGTCCCTTCAC
VERVET GTCACAATTTGGGGATCCTTCTGECTC---- T- ACTTG GAACAG AAACAGGATCCTTATAATG---------- ATCCTACAGTCCACAGACAGTACCCCE(

MACAQUE GTCACAATTTGGGGATCCTTCTGECTC---- T- ACTTG GAAACAG AAACAGGAATCCTTATAATG---------- ATCCTACAGTCCACAGTCAGTACCCCE(
BABOON GTCACAATTTGGGCGATCCTTCTGETC---- T- ACTTG GAACAA- AAACAGGATCCTTATAATG---------- ATCCTACAGT CCACAG(ACAGTACCCCa(
ORNGUTAN GTCACCATTTGGACATCCTTCTGETC---- G ACTTG GOACAG AACCGGGATCCTTATAATG---------- ATCCAACAGT CCACAGACAGTACCCCa(
GORILLA GTCACCATTTGGGCGATCCTTCTGTC---- A- ACTTG GAACAG AACTGGGATCCTTATACTG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(
CHIMP GTCACCATTTGGGCGATCCTTCTG TG~ A- ACTTG GAACAG AACCGGGATCCTTATAATG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(
HUMN GTCACCATTTGGGCGATCCTTCTGETC---- A- ACTTG GAACAG AACCGGGATCCTTATAATG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(




Reconstruction algorithm

2) Reconstructnsertion/ deletionhistory
A Find most likely explanation for gaps observed

ARMADILLO  ---rmemmemmemmev TCCTACTAATAT----- T- TAGTA- CATAGAG- CG CAG GG ECCTCCT CAAA - GTCTTAAAAT CCACAGT GTAGCCCTCCT(
cow [€'ol0: (01101 iy y p— CTCCCOCCAG (G- TAGAA- TGTATCA- CT- TAGATGTTCCAA. ATCACAAAGT GTTCAG --mmmmnmn CON
HORSE GTCACAATTTAGAAGTCCCACT GCCT - G TACGAG GTAGAA- GA- CAG GATCCTAATAATARTCCQCGTCRTCCTACAGT CCTCAGAACACCACCCTA(
CAT GTCACAGTTTAG G GGTACTACT G (CAT----- G TATCG GAGAG CA- TAGGATACTCATAAT G TTCTACAGTGCACAG (ACAGTACCCT A
I DAG GTCACAATTTGG GGATACTACT G (CAT----- G TAATG GTAGAG GA- CAG G@ATACT CATAAT T---m-mnm- CCTTTACAGT CCACAG (ACACCACCO TA
HEDGEHOG GTCATAGTTT--- CATTATATGG@TT----- CTTAGTA- CACAAACAAA AACATGTTCT G (TAGT G -rmmmmeev ATTCTCCTTTCCATAT GATAGCACTCCGY
............. MOUSE GTCACAGTTTGAGATGTTACTCACAT-—- G TAGAG AGTAGAG- TT- TAAACATACT CATAGT G--rmmmmeev ACCC@TTGTCCAC
|——.—|: RAT GTCACAATTTGAGATGTTACT G (CAT----- G TAGAG- AGTAGAG- TT- TAAG ACACT CATAAT G- ---nnmnmv ATACTATCGCTCCAC
RABBIT ATCACAATTTG G GBACACCACT G AT - G TCGGTFACCAGC--  CAGCATCCTG T AAT T-wnmmmmmee ATACTACAGTCCACAGTACAGTTCCCRL

r' — LEMUR ATCACAA- TTGGGGLTCCCACG T CCT----- C- CACTG GTACAG AA- CAGGAGCTCGATAACG--------- ACCO CCAGTCCACAGGEAGTCCG CCA

— MOUSELEMURTCACAG TTGGGGATCCCACTGECCT ----- C AACTG GAACAG AA- CAGGAGECTCAAAALCG--------- ACCO CCACACCACGGGCAGTCCCTTCAC
VERVET GTCACAATTTGGGGATCCTTCTGECTC---- T- ACTTG GAACGAG A GGATCCTTATAATG---------- ATCCTACAGTCCACAGACAGTACCCCE(
MACAQUE GTCACAATTTGGGGATCCTTCTGECTC---- T- ACTTG GOACAG GGAATCCTTATAATG---------- ATCCTACAGTCCACAGTCAGTACCCCE(
BABOON GTCACAATTTGGGCGATCCTTCTGETC---- T- ACTTG G ACAA- GGATCCTTATAATC---------- ATCCTACAGT CCACAG(ACAGTACCCCa(

ORNGUTAN GTCACCATTTGGACATCCTTCTGETC---- G ACTTG GAACGAG GGATCCTTATAATG---------- ATCCAACAGT CCACAGACAGTACCCCa(
GORILLA GTCACCATTTGGGCGATCCTTCTGTC---- A- ACTTG GAACAG GGGATCCTTATACTG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(
CHIMP GTCACCATTTGGGCGATCCTTCTG TG~ A- ACTTG GAACAG GGATCCTTATAATG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(
HUMN GTCACCATTTGGGCGATCCTTCTGETC---- A- ACTTG GAACAG GGATCCTTATAATG---------- ATCCTACAGT CCACAG (ACAGTACCCCa(



Reconstruction algorithm

3) Reconstructnsertior deletionhistory
¢ Find most likely explanation for gaps observed

ARMADILLO |tomomomme- GCTACTAATAT--—- T~ TAGTA- CATAGAG CG CAGGGECCT CCT CAAA - GTCTTAAAAT CCACAGT GTAGCCCTCCT
cow (TCAGAAAGTGTTCAGE——— O
HORSE CGTCACAATTTAG GAAGTCCCACTG (T TCCTACAGTCCTCACGAACACCACCCTA
CAT GTCACAGTTTAG G GGTACTACT G (CAT----- G TATCG GAGAG CA- TAGGATACTCATAAT G ATTCTACAGT CCACAG (ACAGTACCCT A
DAG GTCACAATTTGG G GATACTACT G (CAT----- G TAATG GTAGAG: CA- CAG GATACTCATAATT--- CCTTTACAGT CCACAG (ACACCACCO TA
HEDSEHOG GTCATAGI'TEATTATATGG(ETT ----- GTA- GACA AACATGTTCTGTAGTG-- ATTCTCCTTTCCATATCATACCACTCCOY
MOUSE GTCACAGTTTG(AGATGTTACT CACAT----- - TACAG- AGTAGAG- TT- TAAACATACTCATAGTG-- ACCC@TTGTCCAC
RAT GTCACAATTTGAGATGTTACT G (CAT----- G TAGAG- AGTAGAGC- TT- TAAGACACT CATAATG--- ATACTATCGCTCCAC
RABBIT ATCACAATTTG G GBACACCACT G AT - ¢ Tecdilceac GCCATCCTG T AATT-- ATACTACAGTCCACAGTACAGTTCCCRL
LEMUR ATCA clelele ¢ [eole-locle (oo G CAGTG GTACGA GGAGECTCATAACG-- ACCO CCAGTCCACAG GE@AGTCCG COA
MOUSELEMURTCACAC 1 TG G GGAT gAICACT G(CCT - G AAGTG GAAGAG AA- CAGGAGETCAAALCG-- ACCO CCAGACCACG G G GAGT GCCTTCA(
VERVET GTCA TGGGGATECTTCTGCT G- T- ACTTG GAACGAG AMAG GATCCTTATAATG-- ATCCTACAGTCCACAG GACAGTACCCCB(
MACAQUE  GTCAGAATTTGGGGATCCTTCTGCTC-- T- ACTTG GAACGAG GAATCCTTATAATG-- ATCCTACAGTCCACAG (TCAGTACCCCE(
BABOON GTCAGAATTTGG GGATCCTTCTGCTG--- T- ACTTG GATAGAA- GGATCCTTATAATG-- ATCCTACAGTCCACAG GACAGTACCCCB(
ORMNGUTAl  GTCACCATTTGGACGATCCTTCTGCTC-- G ACTTG GTAGAG GGATCCTTATAATG--- ATCOAACAGT CCACAG GACAGTACCCCB(
GORILLA  GTCACCATTTGGGGATCCTTCTGCTC- A- ACTTG- GAACAG GGATCCTTATACTG-- ATCCTACAGTCCACAG GACAGTACCCCB(
CHIMP GTCACCATTTGG GGATCCTTCTGCTG--- A- ACTTG- GAACAG GGATCCTTATAATG--- ATCCTACAGTCCACAG GACAGTACCCCB(
HUMN GTCACCATTTGG GGATCCTTCTGCTG--- A- ACTTG- GAACAG GGATCCTTATAATGrmememee ATCCTACAGTCCACAG ACAGTACCCCB(

S~ - »  NNNNNNNNNNNNNNNNNNNNNNNRNNRNAE NNNNNNNNNNNANN NNNNNNNNNNNNNNNNS--- NNNNNNNNNNNNNNNNNNNNNNNNI

A This defines the presence/absence of a base a
each position of each ancestor



Reconstruction algorithm

3) Infer maxlike. nucleotide at each position
¢ Felsenstein algo. with contesensitive model

ARMADILLO [ FGCTACTAATAT....__T- TAGTA- CATAGAG CG CAGGGEGCTCCT GAAA-—----— GTCTTAAAAT CCACAGT GTAGCCCTCCT

cow (TCAGAAAGTGTTCAGE——— O

HORSE CGTCACAATTTAG GAAGTCCCACTG (T TCCTACAGTCCTCACGAACACCACCCTA

CAT GTCACAGTTTAGGGGTACTACT G(CAT - G TATCG GAGAG GA- TAGGATACTCGATAAT G ATTCTACAGTCCACAGGACAGTACCCTAC

L DG GTCACAATTTGG G GATACTACT G (CAT - C- TAATG- GAAGAG GA- CAGGATACTGATAATT--- CCTTTACAGTCCACAGGACAGCACCAOTA

—QO-@ @ ——— HEIEHOG CTCATACTT| - FATTATATCGETT----- GTA- GACA AACATGTTCTG (TAGTG--- ATTCTCCTTTCOATATGATAGCACTCCQY
MOUSE GTCACAGTTTGGAGATGTTACT GACAT - - TAGAG- AGTAGAC- TT- TAAACATACTGATAGT G- ACCC@TTCTECAC
RAT GTCACAATTTGGAGATGTTACT G(CAT - G TAGAG- AGTAGAGC- TT- TAAGGACACTGATAATG--- ATACTATCCTCCAC

RABBIT ATCACAATTTG G GAACACCACT G (CAT---- ¢ Tecifecac GCATCCTGTAATT--- ATACTACAGTCCACACTACAETTCCCRL:

LEMUR ATCA clelele ¢ [eole-locle (oo G CAGTG GATAGA GGAGATCATAACG-- ACCOGCAGTGCACAG GEAGTCECG COA

MOUSELEMURTCACA! I TG GG GAT ggCACT GCCT - G AAGTG GA@AGAG- AA- CAGGAGTGAAALCG-- ACCO GCAGAGCACG G G GAGT CCCTTCA(

VERVET  CTCA TGGGGATEETTCTGATC—- T- ACTTG GA@AGAG ARG GATCCTTATAATC--- ATCCTACAGT GCACAG GACAGTACCCCE(

MACAQUE  GTCACAATTTGGGGATCCTTCTGCTC- T- ACTTG GATACGAG GGAATCCTTATAATG-- ATCCTACAGTGCACAG T CAGTACCCCEB(

BABOON  GTCACAATTTGGGGATCCTTCTGCTC- T- ACTTG GAAGAA GGATCCTTATAATG- ATCCTACAGTGCACAG GACAGTACCCCB(

ORMNGUTN  GTCACCATTTGGBCATCCTTCTGCT G- G ACTTG GAACGAG GGATCCTTATAATC--- ATCOAACAGT GCACAG GACAGTACCCCB(

GORILLA  GTCACCATTTGGGGATCCTTCTGCTC—-- A- ACTTG GA@AGAG GGATCCTTATACTC-- ATCCTACAGTGCACAG GACAGTACCCCB(

CHIMP GTCACGATTTGGGGATCCTTCTGCTC--- A- ACTTG GA@AGAG GGATCCTTATAATC--- ATCCTACAGTGCACAG GACAGTACCCCB(

HUMN GTCACGATTTGGGGATCCTTCTGCTC--- A- ACTTG GA@AGAG GGBTCGCTTATAAT Grremremeev ATCCTACAGTGCACAG GACAGTACCCCB(

S~ - p CTCACAATTTGGGGATCCTACTGCAT - G TAGTG GAAGAG- AA- CAGG@TGCTGATAAT Grrrmremeev ATCCTACAGT GCACAG GACAGT CCCCCEB(

w Ancestral sequences are Iinferred!



Getting the alignment right is hard

Sequences are quite diverged

Without a good model of substitutions and

il ndel s, you cano6t distinguish among ne
optimal solutions A
1
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2 0.8 4 B TBA(R=50)
3 0.7 | OMAVID
= l OMLAGAN
g 06 EDIALIGN
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< I | B DIALIGN/CHAOS
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Human- Human- Human- Human- Pig-Cow Cow- Mouse-
Mouse Cow Dog Baboon Cat Rat



More than 80% of indels are caused
by DNA polymerase slippage

9 GTGTGTGTGTGT— 3" Primer strand
3' CACACACACACACA %' Template strand

l Transient dissociation

GT GT GT—
5 GTGTGT 3
3' CACACACACACACA 5~

/ Misaligned reannealing

G =T
5" GTGTGTGTGTGT— 5'-GTGTGTGTGTGT 3'
3" CACACACACACACA & 3 -CAC,/A\QACACACA 5
l ol
Insertion of repeats in Deletion of repeats from
primer strand primer strand

Hawk J D et al. PNAS 2005;102:8639-8643



Indels rates are linked to sequence context
Pair-HMM

No context
dependency

ACCGAGCAATAT- - - -
AC- GAGAGACATACAT

AP S~ *+*\N

Context-dependent model ACCGAG - -CAATAT- - - -
AC- GAGAG- - ACATACAT

Better alignment

14



TreeAdjoining Grammars

A Mildly ContextSensitive generalization of CFGs
A Defined by Trees, Terminal and Nonterminal symbols

A Strings are generated by combining treessauastitutionand
1% .

T W w "
O+ [\ = |y ;Ix\ + |\ = /‘
x\?/" e : b Y \/ /\

Y z

Substitution



ContextSensitive PakTAG Indel Model

) M | D
@/‘ Maﬁ !ns(‘ DEA
S M | D

Substitution Trees

BCl

/

Match B

BCI*

16

/

/

Insert

Cl BCD*

BCD

BCD  Match

BCD

N

Delete

Cl

CI* Match

Insert
Cl

@

Delete

Tree |Emission

Delete (D} E

Insert (1) ;

Match (M) E
Context Delete (BCD, CD) E
Context Insert (BCI, Cl} §



TAG Generation Example:

-CTCT
ACC- -



Parameters

Substitution and Adjunction

adj() and sub() probabilities
are derived from six parameters:

R: Exponential Indel Rate

Rei Exponential Context Indel Rate
P: Geometric Indel Length

Pct Geometric Context Indel Length
Px Geometric Alignment Length

t: divergence time

EX:

Emission

emi() probability from twin Jukes
Cantor model:

A : Substitution rate
7Y : Context substitution rate

Match Context Delete
GCACGC A CAATA

| H

GCTCGC GCT- - -



TAG Algorithms

Dynamic programming generalizations of EM loop:probabilities estimated
from data using BaurVelch,

then parameters approximated
Viterbi: Maximum Likelihood alignment usinggradient descent

Forward Probability of homology

BaumWelch Estimateemi(), sub() adj() probabilities

Br—e—mt----- [
1 P m
A :_: ------ n F2(i,j,k,p): TAG Context Delete A ; i :_; ------- L A ; i :-: i -k'_|l- ) -L
B¥r——=t----- 1 B t - - deee] - -1 B ¢t -t - -t -1
1 P m Ab—tccccean- I 1 P q m 1p q r m
] ;
Pair-HMM / Bt et Pair-sCFG Pair-TAG
F’(i,p): TAG No Context 1 p grom (General)
F3(i,p,q,r): TAG Context Insert
Table Size: O(r?) O(rf) O(rf) O(rf)
Time: O(rv) O(rf) O(rf) o(n?)

\ Most indels are small,
becomes O@L?) if we bound
length by L



Results: Genomic Data

Species A Y Ry Rer P Per
Chimp 0.020968 0.144747 0.000111 0.000669 0.576667 0.633721
Gorilla  0.026970 0.118685 0.000193 0.000672 0.553240 0.691680
Macaque 0.094694 0.236328 0.000579 0.001951 0.587768 0.672405
Marmoset 0.158098 0.209717 0.000951 0.003485 0.450678 0.7738480
Tarsier 0.341867 0.332006 0.003834 0.007663 0.453935 (.634864
Dog 0.414850  0.473482
Mouse 0.528795 0.388574 0.007306 0.013690 0.494740 0.646847
0.5 q
Most short indels have context match 045 1
0.4 A
Identity between context and £ 0%
indel is lost for more diverged sequences g
(as expected) g
° 0.15 1
Relative contexindel rate slowly decreases o1
with divergence 0.05 1
0
1 2

3

4

5

M |ndels

Context Indels

6 7
Length

8

T

9

10 11 12



Results: TAG fits data significantly better than HMM

250 1
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—~ —i
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Y7150 -
=
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100 -
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50
0
0 0.1 0.2 0.3 0.4 0.5 0.6



Results: Our TAG model can align diverged
sequences more accurately than the HMM

0.1 -
009 mHMM
® 0.08
qu TAG
= 0.07
&
S 0.06
174 ]
£0.05 -
W
‘6 0.04 -
5
2 0.03
®
+ 0.02
0.01 I
0 . || . ‘
N2 2 * & % 2
*{\‘@Q o‘\\\ S & & S
< % ~ & @ &



Reconstruction algorithm

2) Reconstructnsertion/ deletionhistory
¢ Find most likely explanation for gaps observed

ARMADILLO |tomomomme- GCTACTAATAT--—- T~ TAGTA- CATAGAG CG CAGGGECCT CCT CAAA - GTCTTAAAAT CCACAGT GTAGCCCTCCT
cow (TCAGAAAGTGTTCAGE——— O
HORSE CGTCACAATTTAG GAAGTCCCACTG (T TCCTACAGTCCTCACGAACACCACCCTA
CAT GTCACAGTTTAG G GGTACTACT G (CAT----- G TATCG GAGAG CA- TAGGATACTCATAAT G ATTCTACAGT CCACAG (ACAGTACCCT A
DAG GTCACAATTTGG G GATACTACT G (CAT----- G TAATG GTAGAG: CA- CAG GATACTCATAATT--- CCTTTACAGT CCACAG (ACACCACCO TA
HEDSEHOG GTCATAGI'TEATTATATGG(ETT ----- GTA- GACA AACATGTTCTGTAGTG-- ATTCTCCTTTCCATATCATACCACTCCOY
MOUSE GTCACAGTTTG(AGATGTTACT CACAT----- - TACAG- AGTAGAG- TT- TAAACATACTCATAGTG-- ACCC@TTGTCCAC
RAT GTCACAATTTGAGATGTTACT G (CAT----- G TAGAG- AGTAGAGC- TT- TAAGACACT CATAATG--- ATACTATCGCTCCAC
RABBIT ATCACAATTTG G GBACACCACT G AT - ¢ Tecdilceac GCCATCCTG T AATT-- ATACTACAGTCCACAGTACAGTTCCCRL
LEMUR ATCA clelele ¢ [eole-locle (oo G CAGTG GTACGA GGAGECTCATAACG-- ACCO CCAGTCCACAG GE@AGTCCG COA
MOUSELEMURTCACAC 1 TG G GGAT gAICACT G(CCT - G AAGTG GAAGAG AA- CAGGAGETCAAALCG-- ACCO CCAGACCACG G G GAGT GCCTTCA(
VERVET GTCA TGGGGATECTTCTGCT G- T- ACTTG GAACGAG AMAG GATCCTTATAATG-- ATCCTACAGTCCACAG GACAGTACCCCB(
MACAQUE  GTCAGAATTTGGGGATCCTTCTGCTC-- T- ACTTG GAACGAG GAATCCTTATAATG-- ATCCTACAGTCCACAG (TCAGTACCCCE(
BABOON GTCAGAATTTGG GGATCCTTCTGCTG--- T- ACTTG GATAGAA- GGATCCTTATAATG-- ATCCTACAGTCCACAG GACAGTACCCCB(
ORMNGUTAl  GTCACCATTTGGACGATCCTTCTGCTC-- G ACTTG GTAGAG GGATCCTTATAATG--- ATCOAACAGT CCACAG GACAGTACCCCB(
GORILLA  GTCACCATTTGGGGATCCTTCTGCTC- A- ACTTG- GAACAG GGATCCTTATACTG-- ATCCTACAGTCCACAG GACAGTACCCCB(
CHIMP GTCACCATTTGG GGATCCTTCTGCTG--- A- ACTTG- GAACAG GGATCCTTATAATG--- ATCCTACAGTCCACAG GACAGTACCCCB(
HUMN GTCACCATTTGG GGATCCTTCTGCTG--- A- ACTTG- GAACAG GGATCCTTATAATGrmememee ATCCTACAGTCCACAG ACAGTACCCCB(

S~ - »  NNNNNNNNNNNNNNNNNNNNNNNRNNRNAE NNNNNNNNNNNANN NNNNNNNNNNNNNNNNS--- NNNNNNNNNNNNNNNNNNNNNNNNI

A This defines the presence/absence of a base a
each position of each ancestor



Optimal indel reconstruction
Not so easy!

NNNNNNNNNNNNNNN
NN----- NNNNNNN
NNNMN------ NNNN
NNNNNN--- NNNN



Reconstructing indel history
Not so easy!

NNNNNNNNNNNNNNN
NNE----- NNNNNNN
NNNN------ NNNN
NNNNNN--- INNNN



Reconstructing indel history
Not so easy!

NNNNNNNNNNNNNNN
NNE----- NNNNNNN
NNNN------ NNNN
NNNNNN--- INNNN

NNNNNNNNNFNNNNN

NNE----- | _INNINNNNN
NNNIN--1--- NNNN
NNNNNN--- NNNN



Reconstructing indel history

Not so easy!
NNNNNNNNNNNNNNN
NNF----- NNNNNNN
NNNN------ NNNN

NNNNNN--- INNNN

NNNNNNNNNFNNNNN
NNE----- | _INNINNNNN
NNNIN--1--- NNNN
NNNNNN--- NNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
]V S —— NNNNNNN
NV V] —— NNNN
NN VTN ———— NNNN



Reconstructing indel history

Not so easy!
NNNNNNNNNNNNNNN
NNF----- NNNNNNN
NNNN------ NNNN

NNNNNN--- INNNN

NNNNNNNNNFNNNNN
NNE----- | _INNINNNNN
NNNIN--1--- NNNN
NNNNNN--- NNNN

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
] e NNNNNNN
NV V] — NNNN
NN VTN ———— NNNN




Inferring indel history

Iven.
I A multiple sequence alignment,
I A phylogenetic tree,
I Probability model for deletions
A Probability depends on deletion length and branch length

I Probability model for insertions
A Probability depends on insertion length, branch length, and content

A Find: The most likely set of insertions and deletions that lead
the given alignment

A NPRhard (Chindelevitch et al. 2006)

A Fredslund et al. (2003): Restricted enumeration

A Blanchette et al. (2004): Greedy algorithm

A Chindelevitch et al. (2006): Integer Linear Programming

A Diallo and Blanchette (2007): Exact tid®&M approach




Reconstruction algorithm

3) Infer maxlike. nucleotide at each position
¢ Felsenstein algo. with contesensitive model

ARMADILLO [ FGCTACTAATAT....__T- TAGTA- CATAGAG CG CAGGGEGCTCCT GAAA-—----— GTCTTAAAAT CCACAGT GTAGCCCTCCT

cow (TCAGAAAGTGTTCAGE——— O

HORSE CGTCACAATTTAG GAAGTCCCACTG (T TCCTACAGTCCTCACGAACACCACCCTA

CAT GTCACAGTTTAGGGGTACTACT G(CAT - G TATCG GAGAG GA- TAGGATACTCGATAAT G ATTCTACAGTCCACAGGACAGTACCCTAC

L DG GTCACAATTTGG G GATACTACT G (CAT - C- TAATG- GAAGAG GA- CAGGATACTGATAATT--- CCTTTACAGTCCACAGGACAGCACCAOTA

—QO-@ @ ——— HEIEHOG CTCATACTT| - FATTATATCGETT----- GTA- GACA AACATGTTCTG (TAGTG--- ATTCTCCTTTCOATATGATAGCACTCCQY
MOUSE GTCACAGTTTGGAGATGTTACT GACAT - - TAGAG- AGTAGAC- TT- TAAACATACTGATAGT G- ACCC@TTCTECAC
RAT GTCACAATTTGGAGATGTTACT G(CAT - G TAGAG- AGTAGAGC- TT- TAAGGACACTGATAATG--- ATACTATCCTCCAC

RABBIT ATCACAATTTG G GAACACCACT G (CAT---- ¢ Tecifecac GCATCCTGTAATT--- ATACTACAGTCCACACTACAETTCCCRL:

LEMUR ATCA clelele ¢ [eole-locle (oo G CAGTG GATAGA GGAGATCATAACG-- ACCOGCAGTGCACAG GEAGTCECG COA

MOUSELEMURTCACA! I TG GG GAT ggCACT GCCT - G AAGTG GA@AGAG- AA- CAGGAGTGAAALCG-- ACCO GCAGAGCACG G G GAGT CCCTTCA(

VERVET  CTCA TGGGGATEETTCTGATC—- T- ACTTG GA@AGAG ARG GATCCTTATAATC--- ATCCTACAGT GCACAG GACAGTACCCCE(

MACAQUE  GTCACAATTTGGGGATCCTTCTGCTC- T- ACTTG GATACGAG GGAATCCTTATAATG-- ATCCTACAGTGCACAG T CAGTACCCCEB(

BABOON  GTCACAATTTGGGGATCCTTCTGCTC- T- ACTTG GAAGAA GGATCCTTATAATG- ATCCTACAGTGCACAG GACAGTACCCCB(

ORMNGUTN  GTCACCATTTGGBCATCCTTCTGCT G- G ACTTG GAACGAG GGATCCTTATAATC--- ATCOAACAGT GCACAG GACAGTACCCCB(

GORILLA  GTCACCATTTGGGGATCCTTCTGCTC—-- A- ACTTG GA@AGAG GGATCCTTATACTC-- ATCCTACAGTGCACAG GACAGTACCCCB(

CHIMP GTCACGATTTGGGGATCCTTCTGCTC--- A- ACTTG GA@AGAG GGATCCTTATAATC--- ATCCTACAGTGCACAG GACAGTACCCCB(

HUMN GTCACGATTTGGGGATCCTTCTGCTC--- A- ACTTG GA@AGAG GGBTCGCTTATAAT Grremremeev ATCCTACAGTGCACAG GACAGTACCCCB(

S~ - p CTCACAATTTGGGGATCCTACTGCAT - G TAGTG GAAGAG- AA- CAGG@TGCTGATAAT Grrrmremeev ATCCTACAGT GCACAG GACAGT CCCCCEB(

w Ancestral sequences are Iinferred!



Ancestral mammalian genome reconstruction

[Miller, Haussler, Blanchette]

Baseby-base reconstruction of complete
ancestral genomes

wlincluding coding, nokoding, repetitive
regions

but t hat 6s

Boreoeutherian ancestor

Expected reconstruction accurdey

AErom ideal choice of extant mamma89%0

AFrom sooro-be available genomes:96%
AWith currently available sequences:go%

(full or 2X coverage)

) For >90% of euchromatic genome

Elephant
Armadillo

a

Shrew
Microbat (brown bat)

~ ~70 Myrs

Hedgehog

)e bat)

Dog
Squirrel
Mouse
Rat
Guinea Pig
Rabbit
Tree Shrew
Lemur
Bushbaby
Macaque
4':[ Human
Chimpanzee

Afrotheria

Xenarthra

Laurasiatheria

Euarchontoglire

Tree from Margulies et al., PNAS









EARUIER MAVAL Shedding Their Ancestry

Many mammals trace back to a common ancestor

COMMON whose DNA has disappeared to varying degrees.
MAMMAL Percentages indicate how much original DNA has
ANCESTOR been lost in each animal over XX million years.

SUIWING LCST
OFIGINAL TNA

Souncés. O Daexd Haussiag Lvenaessy of CaNoeo 55%
St Coue, Dv Manie: BRnete, MG vty B Marshy The New York Times



Three uses of ancestral genomics

1) Predict functional nucleotides in human
genome based on their evolutionary history

2) Predict transcription factor binding sites

3) Associate regulatory regions to their target
gene



Predjgting sitespecific selective pressur:

Telraodon

X ropicalis
Lizard
— Zebra finch

L ﬁarypus
Opoassum

[ A Vertebrate evolution = Billions of years of
Eieghon functional assays on genomes
A Goal:

I Given: Ancestral reconstruction of complete
e pita genomes

sqanef . ) . . .
%,&ﬁ i Predict: Which sites are under selective
5

Jouee pressure of the siten human

Mowse lemur

s Surrogate: Mutation since humashimp
virgian divergence
Hid

Note: This is different from simptypeasuring
evolutionary rates, it asks foredictthem

chrd:  BoezEceEn | gsezsong | szezsion | gasasiin | EELE LN
S ETGETAGAAMATTGAGTTCCTAGGE COETGGTTTATCOCTACTATTIGOATAACAGE
G Losabions
Gap
Cooacing: 1
ceegees: [l TN | P - Bl B B B N ENE im
baseProbs
- = -—
¥ f fift ﬁ.".pﬂ MTTTATAAATA .I T
| | | |
| | |
U [ XL & X
U & G = &k G L2 | ..u:GU,
Firecirir
proseniness [N LLLLRR L
Hurnan proteins mapped by chaned 8LASTn
Mulliphs Aigrment
berooouthoran CTGTAGAAAATTGAGTTCCTAGRE C ATCOCTACTATTOGCATAACAGS
e CTGTAGAAAACTGAGTTCCTAGRE ATCCCTACTATTGCATAACAGG
primate CTETAGAAMACTEAGTTE T TAGALD ATCTCTACTAATGOALAGT AGG
ape CTETAGAMAMACTGAGTTIC T TAG ATETCT TAATGEACAGT AGG
human CTGETAGAAMACTGAGTTIC I TAG ATETET TAATGCACAGT AGG
thmp CTGTAGAAAACTGAGTTC TTAG ATCTCTGTTAATGCACAGTAGG
tosus CTGTAGAAAACTGAGTTCTTAG ATCTCTACTAATGCACAGTAGG
rat=TATALAA TGAGTTCCTOG A COTACKCATTAGCATAATTGS
mouse CTGTAGAA TGAGTTECTGGG ACCCCTACKATTIGCATAATIGG
sodent GTGTAGAL TGAGTTCCTGGE ACGECTACKATTIGCATAAT TGG
bt G T AGAAMACTGAGTTICETCGE TCCTATTIGCATGACAGG
Qe CTGTAGAAAACTGAGTTCETGG ATCCCTACITATTOCATAACAGS
cow CTGTAGAAAATTGAATTCCT TCOTTATTATTG TAACAAG
g CTGTAGAAAATTGAGTTOLD ATCOCTATTATTGCATAACAGG
arpss CTETAGAAMATTGAGTTCCT ATCCCTATTATTIGCATAACAGS
sl
wnAl CTETAGAAAATTGAGTTCET ATCECTACTATTGCATAACAGE
tonrec CTGTA - AATATTCAGTTCCT TCEC c TGGTCG
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human/ch
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history of
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to predict conserved sites
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7
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Complete evolut
25,000 human sites with mutat
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Inac

Classification problem

Tra
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ancestor

A Goal

A Training set
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Individual event informativeness
Presence of orthologous base

{A.} E ln-.

TP oy
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Individual event informativeness

Ancestral events

i pooysegrdan




[ f 1 aairTASNRQA

0.8
——8VM, FeatureSet1, w=0
0.75 —SVM, FeatureSet1, w=1
' —Naive Bayes, FeatureSet 2, w=0
—KMNMN, FeatureSet 2, w=0
0.7 —PhyloP - SCORE
—PhyloP - LRT
> ] PhyloP - GERP B
& 0.65 PhastCons
0.6
0.55 1
0.5

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Fraction predicted positive
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Vertebrate Cons

42

A 3D genome

Zcale S8 kb| i
chiT ! 2710aa680a| 271sa68aa| 272aa80a|
UCEC Genes Baszed on Eefzed, UniFrot, GenBank, CCOE and Comparative Genomics

HOAAL sy HORAS mer-d HOEAS wd HOAAS 4 HOHRAT mH HOHAL 6wk HOsALS mHp

GEEGH mil HOxAS mfcpcccccecey HOXAE 4 HOxAD -4 HOxALL m<] AKBOE05ST

BCAS1342 e AKI11355 ra FAT472E5 kbl HOXAL B meeeeeech

HoxAZ BCASSSST -1 DEESSOSE e HOXALL e
HOxAS m-f 4 i Ak 95554 - HOXAL LAS m—-a

Vertebrate MUITiz Alighment & Conserwvation (44 Species)

= Vertehrate Basewize Conserwation bd FhaloF

—-A.,5 _

Encdclopedia of DHA Elements (EMCODE) Regions
EHMmBa1a

Dekker et al 2009




Reqgulation of gene expression

Core promoter:
binding region for prenitiation

Chromatin remodelling Histone
com p I ex Long-range complex
cis-regulatory region

Proximal promoter:

located within 1.5 kb from the
Transcription Start Site

direct interaction

\ Transcription factor

/ i Transcription
Co-activator Z start site

Proximal promoter PIC

Longrange regulatory regions:
from ~1.5kb to>1 Mb

Specific mechanisms needed to
Interact with the promoter




Detecting regul ato

AExperimental assays:
ADNAsel hypersensitivity assays
AHistone modifications
AChip-chip / Chip-Seq

AComputational predictions:
AComparative genomics
ASequence analysis

Scale ] [ 500 kgt i M (l)_
chr16: 53ppooool 53500000 54000000 |
RefSeq Genes
IRX3 b CRNDE m IRX6 Nl
CRNDEm
IRX5 b
50 _ FINCODE [Erfhancef and Promoter Histone Mark (H3K4Me1) on 8 Cell Lines
Enhancer H3K4Me1
0
ENCOPDIE Digital DNase| Hvpersensitivitv Clusters
DNase Clusters || 1| {10 W0y mf o o I EuPio"3! PNpse] Hyp Vi TEETY N T AT
Placentgl[Mammal Basewise Conservation by PhyloP
Mammal Cons JL “J‘ Lw ILN'LU' L .|,|._ L.JA‘MM J
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Associating regulatory reglons
to the gene(g they r

7 ?
?
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0
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Challenge: Determine which regulatory region regulate which gene

Rationale:
AThere is selective pressure to maintain to maintain a regulatory region and its gene together.

AGenome rearrangements that separate them should rarely become fixed in a population
Idea: Use rearrangements (or absence thereof) to predict functional association



Data set

Building blocks:
A25,575 Human genes (Ensembl)
A123,905 Human NCEs (Phastcons vertebrate elements)

@  Non-coding

conserved regions Human
I—» emm———dMb__ L IMb__

Gene CTTTTThMe T T T TTTTTTT Mo

Candidate
N association

AL,5 Million candidate NCE-gene pair (within 1Mb of each other)
AMixture of functional associations and coincidental pairs.
AWnhich ones are functional??



Step I Synteny assessment

Determine synteny of each pair in 15 other vertebrate species

For eachNICE,genecandidate pair:
For each species
If (d(NCE,gene& 1 Mb*scaling(s))status(NCE,gene))ss ASSOCIATED
If (d(NCE,gene 1Mb*scaling(s)) status(NCE,gene))ss SEPARATED
If NCEabsent) status(NCE,gene))ss NCE_MISSING
If (geneabsent) status(NCE,gene))ss GENE_MISSING
If (BothNCEandgeneabsent) status(NCE,gene))ss BOTH_MISSING



