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Outline 

Å Ancestral genome inference problem 
 

Å Algorithmic challenges in ancestral reconstruction 
ïGetting the alignment right [Hickey and Blanchette, RECOMB 2011] 
ï Inferring ancestral indels [Diallo et al., JCB 2009] 
ïEstimating the expected accuracy [Hickey and Blanchette, PSB 2010] 
 

Å Using ancestral reconstruction to annotate the human genome 
ï Identification of functional sites [Sadri et al. submitted to ISMB 2011] 
ï Identification of transcription factor binding sites 
ïPrediction of target genes for enhancers 
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The Human genome 
ω Sequence of ~3*109 nucleotides 

ω Complete sequence is known (2001) 





Margulies et al., PNAS 2005 

- Rapid radiation ~75 Myrs ago 

 

- Many nearly independent phyla 

- aŀƴȅ άƴƻƛǎȅέ ŎƻǇƛŜǎ ƻŦ ŀƴŎŜǎǘƻǊ 

 

- Accurate reconstruction of     ancestors 
may be feasible 

Mammalian  
evolution 

Ahmed Abu Safia: 

In the last part of this talk, I would like to talk 

about a project David Haussler, Webb Miller and I 

have been pushing forward for the last three 

years. The motivation is that after spending a year 

in Santa Cruz playing with and comparing 

mammalian and vertebrate genomes and 

extracting as much information as possible from 

these comparisons, we realized that there were a 

number of tasks for which knowing the outcome of 

the evolutionary process was not enough, but 

would really be useful would be a complete trace 

of the evolutionary process that led to present day 

genomes. For example: compensatory mutations 

in RNA secondary structures, binding site 

turnover, others?? More specifically, we set about 

to reconstruct, in silico, as much of the genome of 

ancestral species as possible.  

 

It turns out that we were quite lucky of being 

humans, (mammals really), because é 

 



Ancestral Genome Reconstruction 
Given: - Genomic sequences of several mammals 

        - Phylogenetic tree 

Find: The genomic sequence of all their ancestors 
ARMADILLO   T GCTACTAATATTTAGTACATAGAGCCCAGGGGTGCTGCTGAAAGTCTTAAAATGCACAGTGTAGCCCCTCCTCC 

COW         GCCTCTCTTTCTGCCCTGCAGGCTAGAATGTATCACTTAGATGTTCCAAATCAGAAAGTGTTCAGCCATTTCCATACC 

HORSE       GTCACAATTTAGGAAGTGCCACTGGCCTCTAGAGGGTAGAAGACAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCC 

CAT         GTCACAGTTTAGGGGGTACTACTGGCATCTATCGGGTGGAGGATAGGGATACTGATAATCATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCC 

DOG         GTCACAATTTGGGGGATACTACTGGCATCTAATGGGTAGAGGACAGGGATACTGATAATTGCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCC 

HEDGEHOG    GTCATAGTTTGATTATATGGGCTTCTTAGTAGACAAAGAAAAAGATGTTCTGGTAGTCATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTC 

MOUSE       GTCACAGTTTGGAGGATGTTACTGACATCTAGAGAGTAGACTTTAAAGATACTGATAGTCACCCCATTGTGCACCTCC 

RAT         GTCACAATTTGGAGGATGTTACTGGCATCTAGAGAGTAGACTTTAAGGACACTGATAATCATACTATGCTGCACTTCC 

RABBIT      ATCACAATTTGGGGAACACCACTGGCATCTCGGGTAGCAGGCCAGGCATGCTGGTAATTATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACC 

LEMUR       ATCACAATTGGGGGTGCCACGGTCCTCCAGTGGGTAGAGAACAGGGAGGCTGATAACCACCCTGCAGTGCACAGGGCAGTGCCCCACTCCCACCAC 

MOUSE- LEMUR ATCACAGTTGGGGGATGCCACTGGCCTCAAGTGGGTAGAGAACAGGGAGGCTGAAAACCACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCC 

VERVET      GTCAGAATTTGGGGGATGCTTCTGGCTCTACTTGGGTAGAGAAACAGGGATGCTTATAATCATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCC 

MACAQUE     GTCAGAATTTGGGGGATGCTTCTGGCTCTACTTGGGTAGAGAAACAGGAATGCTTATAATCATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCC 

BABOON      GTCAGAATTTGGGGGATGCTTCTGGCTCTACTTGGGTAGAAAAACAGGGATGCTTATAATCATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCC 

ORANGUTAN   GTCACGATTTGGGAGATGCTTCTGGCTCGACTTGGGTAGAGAAGCGGGGATGCTTATAATCATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCC 

GORILLA     GTCACGATTTGGGGGATGCTTCTGGCTCAACTTGGGTAGAGAAGTGGGGATGCTTATACTCATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCC 

CHIMP       GTCACGATTTGGGGGATGCTTCTGGCTCAACTTGGGTAGAGAAGCGGGGATGCTTATAATCATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCC 

HUMAN       GTCACGATTTGGGGGATGCTTCTGGCTCAACTTGGGTAGAGAAGCGGGGATGCTTATAATCATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCC 

 Mutational operations 

ω Small-scale : Substitutions, deletions, insertions (inc. transposons) 

ω Large scale: Genome rearrangement,  segmental/tandem duplications 

 
(*): Heterochromatin non-included 

All of it: Functional,  
non-functional, introns,  

intergenic, repeats,  
everything*! 



Reconstruction algorithm 

1) Compute multiple genome alignment 

ÅTBA program (Blanchette, Miller, et al.) 

 

 

 

 

 

 

 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 

               

 
 
 
 
 
 

Å Goal: Phylogenetic correctness 
Å Two nucleotides are aligned if and only if 
they have a common ancestor. 

 



Reconstruction algorithm 

2) Reconstruct insertion/deletion history  

Å Find most likely explanation for gaps observed 

 

 

 

 

 

 

 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 



Reconstruction algorithm 

2) Reconstruct insertion/deletion history  

Å Find most likely explanation for gaps observed 

 

 

 

 

 

 

 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 



Reconstruction algorithm 

3) Reconstruct insertion/deletion history  

ς Find most likely explanation for gaps observed 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 

           NNNNNNNNNNNNNNNNNNNNNNNNNNNN----- N- NNNNN- NNNNNNN- NN- NNNNNNNNNNNNNNNNN---------- NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

 



Reconstruction algorithm 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 

           GTCACAATTTGGGGGATGCTACTGGCAT----- C- TAGTG- GGTAGAG- AA- CAGGGATGCTGATAATC---------- ATCCTACAGTGCACAGGACAGTGCCCCCACCCCCACTCCAACAACAAAGAATTATCCGGCCCAAAATGCCAATA-------- GT-- GCCCAGG 

 

3) Infer max.-like. nucleotide at each position 

ς Felsenstein algo. with context-sensitive model 

 

 

 

 

 

ω Ancestral sequences are inferred! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Getting the alignment right is hard 

Sequences are quite diverged 

Without a good model of substitutions and 

indels, you canôt distinguish among near 

optimal solutions 



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

©2005 by National Academy of Sciences 

More than 80% of indels are caused  

by DNA polymerase slippage 
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Indels rates are linked to sequence context 

A 
A 

G 
G 

A 
A 

G 
G 

A 
 - 

G 
 - 

- 
C 

- 
A 

C 
C 

- 
C 

A 
A 

A 
- 

C 
T 

C 
- 

A 
A 

A 
- 

T 
T 

T 
- 

Match 

Insert 

Delete 

A 
A 

G 
G 

A G A 
A 

G 
G C A 

C 
C 

- 
C 

A 
A 

A 
- 

C 
T 

C 
- 

A 
A 

A 
- 

T 
T 

T 
- 

Pair-HMM 

 

No context  

dependency 

Context-dependent model 

 

Better alignment 
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. 

. 

. 

Tree-Adjoining Grammars 

Å Mildly Context-Sensitive generalization of CFGs 

Å Defined by Trees, Terminal and Nonterminal symbols 

Å Strings are generated by combining trees via substitution and 
adjunction 

Substitution Adjunction 
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Context-Sensitive Pair-TAG Indel Model 

Substitution Trees 

Adjunction Trees 
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TAG Generation Example: 
- 

A 

C 

C 

T 

C 

C 

- 

T 

- 



Parameters 

Substitution and Adjunction Emission 

adj() and sub() probabilities 
are derived from six parameters: 
 
RI: Exponential Indel Rate 
RCI: Exponential Context Indel Rate 
PI: Geometric Indel Length 
PCI: Geometric Context Indel Length 
PA: Geometric Alignment Length 
t: divergence time 

emi() probability from twin Jukes 
Cantor model:  
 
 

   : Substitution rate 
   : Context substitution rate 

A 

T 

T C 

C 

t 

EX: Match Context Delete 
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TAG Algorithms 

Table Size: 
Time: 

O(n2) 
O(n2) 

O(n4) 
O(n4) 

O(n4) 
O(n6) 

O(n8) 
O(n12) 

Dynamic programming generalizations of 
 

Forward: Probability of homology 
 

Viterbi: Maximum Likelihood alignment 
 

Baum-Welch: Estimate emi(), sub(), adj() probabilities 

EM loop: probabilities estimated 
from data using Baum-Welch, 
then parameters approximated 
using gradient descent. 

Most indels are small, 
becomes O(n2 L2) if we bound 
length by L 



Results: Genomic Data 

Most short indels have context match 
 
Identity between context and 
indel is lost for more diverged sequences 
(as expected) 
 
Relative context-indel rate slowly decreases 
with divergence   
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Results: TAG fits data significantly better than HMM 

(H
M

M
-T

A
G

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



Reconstruction algorithm 

2) Reconstruct insertion/deletion history  

ς Find most likely explanation for gaps observed 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 

           NNNNNNNNNNNNNNNNNNNNNNNNNNNN----- N- NNNNN- NNNNNNN- NN- NNNNNNNNNNNNNNNNN---------- NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

 



Optimal indel reconstruction 
Not so easy! 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 



Reconstructing indel history 
Not so easy! 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 



Reconstructing indel history 
Not so easy! 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 



Reconstructing indel history 
Not so easy! 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NN---------------------- NNNNNNN 

NNNN----------------------- NNNN 

NNNNNN--------------------- NNNN 



Reconstructing indel history 
Not so easy! 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 

NNNNNNNNNNNNNNN 

NN------ NNNNNNN 

NNNN------- NNNN 

NNNNNN----- NNNN 

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN 

NN---------------------- NNNNNNN 

NNNN----------------------- NNNN 

NNNNNN--------------------- NNNN 



Inferring indel history 
ÅGiven:  
ïA multiple sequence alignment,  
ïA phylogenetic tree,  
ïProbability model for deletions 

ÅProbability depends on deletion length and branch length 
ïProbability model for insertions 

ÅProbability depends on insertion length, branch length, and content 

ÅFind: The most likely set of insertions and deletions that lead to 
the given alignment 
 
 

ÅNP-hard (Chindelevitch et al. 2006) 
ÅFredslund et al. (2003): Restricted enumeration 
ÅBlanchette et al. (2004): Greedy algorithm 
ÅChindelevitch et al. (2006): Integer Linear Programming 

 
ÅDiallo and Blanchette (2007): Exact tree-HMM approach 



Reconstruction algorithm 

ARMADILLO  ---------------- TGCTACTAATAT----- T- TAGTA- CATAGAG- CC- CAGGGGTGCTGCTGAAA---------- GTCTTAAAATGCACAGTGTAGCCCCTCCTCC------------ ACAAAGAATTAACTAGCCCAGAATGTCAGGA-------- GT-- A- CCAAG 

COW        GCCTCTCTTT----------- CTGCCCTGCAGGC- TAGAA- TGTATCA- CT- TAGATGTTCCAA--------------- ATCAGAAAGTGTTCAG---------- CCATTTCCATACCACC---- AGGAGCTA- CAATGTTGGGCTGCAGCTA-------- TTTGGATCAAA 

HORSE      GTCACAATTTAGGAAGTGCCACTGGCCT----- C- TAGAG- GGTAGAA- GA- CAGGGATGCTAATAATCATCCCACGTCATCCTACAGTGCTCAGAACAGCACCCCTACCCTCACCCCATCAACAAAGAATTATCCAGCCCAAAATGCCAATA-------- GT-- GCCCAGA 

CAT        GTCACAGTTTAGGGGGTACTACTGGCAT----- C- TATCG- GGTGGAG- GA- TAGGGATACTGATAATC---------- ATTCTACAGTGCACAGGACAGTACCCCTACTTTCACCCCACAA- CAAAGAATTATCCAGCCCAAAATGCCAACA-------- GT-- GCTCAGA 

DOG        GTCACAATTTGGGGGATACTACTGGCAT----- C- TAATG- GGTAGAG- GA- CAGGGATACTGATAATT---------- GCTTTACAGTGCACAGGACAGCACCCTTATCTTCACCCCAAAAGCAAAGTATTATCCAGCCCCAAATGCCAATG-------- GT-- GCTCAGA 

HEDGEHOG   GTCATAGTTT---- GATTATATGGGCTT----- CTTAGTA- GACAAAGAAA- AAGATGTTCTGGTAGTC---------- ATTCTGCTTTCCATATGATAGCACTCCCATCTTCACTTCCAAAATTAAGAGTCATCATACTCAGTGTGCCAATA-------- TG-- GCCCAGA 

MOUSE      GTCACAGTTTGGAGGATGTTACTGACAT----- C- TAGAG- AGTAGAC- TT- TAAAGATACTGATAGTC---------- ACCCCATTGTGCAC--------------------- CTCCAACAATAATGGCTCATCGAAACCTAAATGCCAATCTGCCAATTAT-- GTCCATG 

RAT        GTCACAATTTGGAGGATGTTACTGGCAT----- C- TAGAG- AGTAGAC- TT- TAAGGACACTGATAATC---------- ATACTATGCTGCAC--------------------- TTCCAACAATAATGGCTCATCTAGACCTAAATACCAATCTGCCAATTAT-- ATCCATG 

RABBIT     ATCACAATTTGGGGAACACCACTGGCAT----- C- TCGGGTAGCAGGC---- CAGGCATGCTGGTAATT---------- ATACTACAGTGCACAGTACAGTTCCCCACATCCCGCACCAACAACA-- GGTTTATGCTGCCCAAAGTGCCAGTGTGC----------- CCACG 

LEMUR      ATCACAA- TTGGGGG- TGCCACGGTCCT----- C- CAGTG- GGTAGAG- AA- CAGGGAGGCTGATAACC---------- ACCCTGCAGTGCACAGGGCAGTGCC- CCACTCCCACCACAACAATGGAGAATTATTGGGCCCCAAATGCCAATA-------- GT-- GCCCAAG 

MOUSELEMUR ATCACAG- TTGGGGGATGCCACTGGCCT----- C- AAGTG- GGTAGAG- AA- CAGGGAGGCTGAAAACC---------- ACCCTGCAGAGCACGGGGCAGTGCCTTCACCACCACTCCAACAACGGAGAATTATTGGGTCCCAAATGCCAATA-------- GTð- GCCCAGG 

VERVET     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGAACCCAAAATGTTAATA-------- GT-- GTCCAGG 

MACAQUE    GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAG- AAACAGGAATGCTTATAATC---------- ATCCTACAGTGCACAGGTCAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGCTAATG-------- GT-- GTCCAGG 

BABOON     GTCAGAATTTGGGGGATGCTTCTGGCTC----- T- ACTTG- GGTAGAA- AAACAGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTATCGAAGAATCATTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

ORANGUTAN  GTCACGATTTGGGAGATGCTTCTGGCTC----- G- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCAACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCACTGGACCCAAAATGTTAATG-------- GT-- GTCCAGG 

GORILLA    GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGTGGGGATGCTTATACTC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGG 

CHIMP      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCGAAAATGTTAATG-------- GT-- GTCCAGA 

HUMAN      GTCACGATTTGGGGGATGCTTCTGGCTC----- A- ACTTG- GGTAGAG- AAGCGGGGATGCTTATAATC---------- ATCCTACAGTGCACAGGACAGTACCCCCACCCACACTCCAGTAATGAAGAATCATTAGACCTAAAATGTTAATG-------- GT-- GTCCAGG 

 

           GTCACAATTTGGGGGATGCTACTGGCAT----- C- TAGTG- GGTAGAG- AA- CAGGGATGCTGATAATC---------- ATCCTACAGTGCACAGGACAGTGCCCCCACCCCCACTCCAACAACAAAGAATTATCCGGCCCAAAATGCCAATA-------- GT-- GCCCAGG 

 

3) Infer max.-like. nucleotide at each position 

ς Felsenstein algo. with context-sensitive model 

 

 

 

 

 

ω Ancestral sequences are inferred! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Tree from Margulies et al., PNAS 2005 

Ancestral mammalian genome reconstruction   

   [Miller, Haussler, Blanchette] 

Mathieu 

Blanchette: 

Is it recent ancestors 

like the ape 

ancestor, or the 

rodent ancestor? 

Or distant 

ancestors? 

Note that this is 

counter intuitive to 

people used to play 

with human-mouse 

alignment, but thatôs 

because  rodents 

are very fast 

evolvers. Note that 

the sequences that 

are shown here are 

not ideal, because 

they are fast 

evolvers 

Boreoeutherian ancestor 
 

Expected reconstruction accuracy(*):  

Å From ideal choice of extant mammals 99% 
Å From soon-to-be available genomes: 96% 
Å With currently available sequences:  90%  

                 
 (full or 2X coverage) 

 
(*) For >90% of euchromatic genome 

~70 Myrs 

Base-by-base reconstruction of complete 
ancestral genomes 
ω Including coding, non-coding, repetitive 
regions 
 





Even if we had the full genomes of all living mammalian 
species: 

ÅTechnological problem:  

ï²Ŝ ŎŀƴΩǘ ǎȅƴǘƘŜǎƛȊŜ ƭŀǊƎŜ ǊŜƎƛƻƴǎ ƻŦ 5b! 

Åaŀƴȅ ǊŜƎƛƻƴǎ ŎŀƴΩǘ ōŜ ǊŜŎƻƴǎǘǊǳŎǘŜŘ ŀǘ ŀƭƭΥ 

ïHeterochromatin 

ïRegions with high recombination rates 

Å99% base-by-base accuracy is not enough 

ïOne mistake may be enough to make life impossible 





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 



Predicting site-specific selective pressure 

Å Vertebrate evolution = Billions of years of 
functional assays on genomes 

ÅGoal:  
ïGiven: Ancestral reconstruction of complete 

genomes 
ïPredict: Which sites are under selective 

pressure of the site in human 
Surrogate: Mutation since human-chimp 

divergence 

Note: This is different from simply measuring 
evolutionary rates, it asks to predict them 



Classification problem 

ÅTraining set:Complete evolutionary history of 

ï25,000 human sites with mutation since human/chimp 
ancestor 

ï25,000 human sites with conservation since human/chimp 
ancestor 

ÅGoal: Train a classifier to predict conserved sites 

 



Individual event informativeness 
Presence of orthologous base 



Individual event informativeness 
Ancestral events 



/ƭŀǎǎƛŦƛŜǊΩǎ ǇŜǊŦƻǊƳŀƴŎŜ 

 





A 3D genome 

42 

Dekker et al 2009 



Regulation of gene expression 

Core promoter: 
binding region for pre-initiation 
complex 
 
Proximal promoter:  
located within 1.5 kb from the 
Transcription Start Site 
direct interaction 
 
Long-range regulatory regions: 
from ~1.5 kb to > 1 Mb 
Specific mechanisms needed to 
interact with the promoter 
 
  



Detecting regulatory regions is ñeasyò: 
 

Å Experimental assays:  

Å DNAseI hypersensitivity assays 

Å Histone modifications 

Å Chip-chip / Chip-Seq  

Å Computational predictions:   

Å Comparative genomics 

Å Sequence analysis 

 

 

 

 

 

 

 

 



Associating regulatory regions  
to the gene(s) they regulate is hard 

 

 

 

 

 

 

 

 

 

 

 

Challenge: Determine which regulatory region regulate which gene 

Rationale:   

Å There is selective pressure to maintain to maintain a regulatory region and its gene together.  

Å Genome 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: 

Å 25,575 Human genes (Ensembl) 

Å 123,905 Human NCEs (Phastcons vertebrate elements) 

 

 

 

 

 

 

 

Å1,5 Million candidate NCE-gene pair (within 1Mb of each other) 

Å Mixture of functional associations and coincidental pairs. 

Å Which ones are functional?? 

 



Step I ς Synteny assessment 

Determine synteny of each pair in 15 other vertebrate species 
 
For each (NCE,gene) candidate pair: 

For each species s: 
If (d(NCE,gene)< 1 Mb*scaling(s))  status((NCE,gene),s) = ASSOCIATED 
If (d(NCE,gene)> 1Mb*scaling(s))  status((NCE,gene),s) = SEPARATED 
If (NCE absent)  status((NCE,gene),s) = NCE_MISSING 
If (gene absent)  status((NCE,gene),s) = GENE_MISSING 
If (Both NCE and gene absent)  status((NCE,gene),s) = BOTH_MISSING 


