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Genomes are easy… 

TAACCCTAACCCTAACCCTAACCCTAACCCTAACCGACCCTCACCCTCACCCTAACCACATGAGCAATGTGGGTGTTATATTTTAGCTGTCATGGGTGCATTAGGAATGCTGCATTTGTGTTTCAACGCT
GCAACTGGACCCTGCAATGCAGCCCCTCGCCTTGCCTTGGGAGAATCTCGGTGCCCAGGATTCAGAGGGGCTTTTAGTTTCCCATTTTCCACACTGAACCGTTCTAACTGGTCTCTGACCTTGATTATTC
ACGGCTGCAACCGGGAAAGATTTTATTCACTGTCAATGCGCCCCGAGTTGTCCCAAAGCCAGGCAGTGCCCCCAACGTCTGTGCTTAGCAGAATGCTGCTCCACCTTTACGGTGACCCCCAGGTCTGTGC
TGAGCAGAACGCAGCTCCGCCCTCGCAGTACCCTCAGCCCGCCCGCCCGGGTCTGACCTGAGCAGAACTCTGCTCTGCCTTCGCAGTACCACCGAAATCTGTGCAAAGGAGAACGCAGCTCCGCCCTCGC
GGTGCTCTCCGCGTCTGTGCTGAGGAGAACGCAACTCCGCCGTCGCAAAGGCGCGCGCCGCGCCGGCGCAGGCGCAGAGGGGCGCGCCGCGCCGGCGCAGGCGCAGAGACACATGCTAGCGCGTCCAGGG
GTGGAGGCGTGGCGCAGGCGCAGAGACGCACGCCTACGGGCGGGGGTTGGGGGGGCGTGTGTTGCAGGAGCAAAGTCGCACGGCGCCGGCCTGGGGGCGGGGGGTGGGGGGCGCCGTTGCACGCGCAGAA
ACTCACGTCACGGTGGCGCGGCGCAGAGACGGGTGGAACCTCAGTAATCCGAAAAGCCGGGATCGACCGCCCCTTGCTTGCAGCCGGGCACTACAGGACCCGCTTGCTCACGGTGCTGTGCCAGGGCGCC
CCCTGCTGGCGACTAGGGCAACTGCAGGGCTCTCTTGCTTAGAGTGGTGGCCAGCGCCCCCTGCTGGCGCCGGGGCACTGCAGGGCCCTCTTGCTTACTGTATAGTGGTGGCACGCCGCCTGCTGGCAGC
TAGGGACATTGCAGGCTCCTCTTGCTCAAAGTGTAGTGGCAGCACGCCCGCCTGCTGGCAGCTGGGGACACTGCCGGGCCCTCTTGCTCCAACAGTAGTGGCGGATTATAGGGAAACACCCGGAGCATAT
GCTGTTTGGTCTCAGTAGACTCCTAAATATGGGATTCCTGGGTTTAAAAGTATAAAATAAATATGTTTAATTTGTTAACTGATTACCATCAGAATTATACTGTTCTGTATCCCACCAGCAATGTCTAGGA
ATACCTGTTTCTCCACAAAGTGTTTACTTTTGGATTTTTGCCAGTCTAGCAGGTGAAGCCCTGGAGATTCTTATTAGTCATTTGGGCTGGGGCCTGGCCATGTGTATTTTTTTAAATTTCCACTGATGAT
TTTGCTGCATGGCCGGTGTTGAGAATGACTGCGCAAATTTGCCGGATTTCCTTTGCTGTTCCTGCATGTAGTTTAAACGAGATTGCCACCACCGGGTATCATTCACCATTTTTCTTTTTGTTAACTTGCC
GTCAGCCTTTTCTTTGACCTCTTCTTTCTCTTCATGTGTATTTGCTGTCTCTTAGCCCAGACTTCCCGTGTCCTTTCCACCGGGCCTTTGAGAGGTCACAGGGTCTTGATGCTGTGGTCTTGATCTGCAG
GTGTCTGACTTCCAGCAACTGCTGGCCTGTGCCAGGGTGCAAGCTGAGCACTGGAGTGGAGTTTTCCTGTGGAGAGGAGCCATGCCTAGAGTGGGATGGGCCATTGTTCATCTTCTGGCCCCTGTTGTCT
GCATGTAACTTAATACCACAACCAGGCATACGGGAAAGATTGGAGGAAAGATGAGTGAGAGCATCAACTTCTCTGACAACCTAGGCCAGTAAGTAGTGCTTGTGCTCATCTCCTTGGCTGTGATACGTGG
CCGGCCCTCGCTCCAGCAGCTGGACCCCTACCTGCCGTCTGCTGCCATCGGAGCCCAAAGCCGAGCTGTGACTGCTCAGACCAGCCGGCTGGAGGGAGGGGCTCAGCAGGTCTGGCTTTGGCCCTGGGAG
AGCAGGTGGAAGATCAGGCAGGCCATCGCTGCCGCAGAACCCAGTGGATTGGCCTAGGTGGGATCTCTGAGCTCAACAAGCCCTCTCTGGGTGGTAGGTGCAGAGAGGGGAGGGGCAGAGCCGCAGGCAC
AGCCAAGAGGGCTGAAGAAATGGTAGAACGGAGCAGCTGGTGATGTGTGGGCCCACCGGCCCCAGGCTCCTGTCTCCCCCCAGGTGTGTGGTGATGCCAGGCATGCCCTTCCCCAGCATCAGGTCTCCAG
AGCTGCAGAAGACGACGGCCGACTTGGATCACACTCTTGTGAGTGTCCCCAGTGTTGCAGAGGTGAGAGGAGAGTCGACAGTGAGTGGGAGTGGCGTCACCCCTAGGGCTCTACTGGGCCGGCGTCTCCT
GTCTCCTGGAGAGGCTTCGATGCCCCTCCACACCCTCTTGCTCTTCCCTGTGATGTCATCTGGAGCCCTGCTGCTTGCGGTGGCCTATAAAGCCTCCTGGTCTGGCTCCAAGGCCTGGCAGAGTCTTTCC
CAGGGAAAGCTATAAGCAGCAAACAGTCCGCATGGGTCATCCCCTTCACTCCCAGCTCAGAGCCCAGGCCAGGGGCCCCCAAGAAAGGCTCTGGTGGAGAACCTGTGCATGAAGGCTGTCAACCAGTCCA
TAGGCAAGCCTGGCTGCCTCCAGCTGGGTGGACAGACAGGGGCTGGAGAAGGGGAGAAGAGGAAAGGGGAGTTGCCTGCCCTGTCTCCTACCTGAGGCTGAGGAAGGAGAAGGGGATGCACTGTTGGGGA
GGCAGCTGTAACTCAAAGCCTTAGCCTCTGTTCCCATGAAGGCAGGGCCATCAGGCACCAAAGGGATTCTGCCAGCATAGTGCTCCTGGACCAGTGATACACCCGGCACCCTGTCCTGGACAGGCTGTTG
GCCTGAATCTGAGCCCTCGTGGAGGTCAAAGCAACCTTTGGTTCTGCCATTGCTGCTGTGTGGAAGTTCACTCCTGCCTTTTCCTTTCCCTAGAGCCTCCACCACCCCGAGATCACATTTCTCACTGCCT
TTTGTCTGCCCAGTTTCACCAGAAGTAGGCCTCTTCCTGACAGGCAGCTGCACCACTGCCTGGCGCTGCGCCCTTCCTTTGCTCTGCCCGCTGGAGACGGTGTTTGTCATGGGCCTGGTCTGCAGGGATC
CTGCTACAAAGGTGAAACCCAGGAGAGTGTGGAATCCAGAGTGTTGCCAGGACCCAGGCACAGGCATTAGTGCCCGTTGGAGAAAACAGGGGAATCCCGAAGAAATGGTGGGTCCTGGCCATCCGTGAGA
TCTTCCCAGGGCAGCTCCCCTCTGTGGAATCCAATCTGTCTTCCATCCTGCGTGGCCGAGGGCCAGGCTTCTCACTGGGCCTCTGCAGGAGGCTGCCATTTGTCCTGCCCACCTTCTTAGAAGCGAGACG
GAGCAGACCCATCTGCTACTGCCCTTTCTATAATAACTAAAGTTAGCTGCCCTGGACTATTCACCCCCTAGTCTCCATTTAAAAAGATCCCCATGGCCACAGGGCCCCTGCCTGGGGGCTTGTCACCTCC
CCCACCTTCTTCCTGAGTCACTCCTGCAGCCTTGCTCCCTAACCTGCCCCACAGCCTTGCCTGGATTTCTATCTCCCTGGCTTGGTGCCAGTTCCTCCAAGTCGATGGCACCTCCCTCCCTCTCAACCAC
GTGAGCAAACTCCAAGACATCTTCTACCCCAACACCAGCAATTGTGCCAAGGGCCATTAGGCTCTCAGCATGACTATTTTTAGAGACCCCGTGTCTGTCACTGAAACCTTTTTTGTGGGAGACTATTCCT
CCCATCTGCAACAGCTGCCCCTGCTGACTGCCCTTCTCTCCTCCCTCTCATCCCAGAGAAACAGGTCAGCTGGGAGCTTCTGCCCCCACTGCCTAGGGACCAACAGGGGCAGGAGGCAGTCACTGACCCC
GAGACGTTTGCATCCTGCACAGCTAGAGGTCCTTTATTAAAAGCACACTGTTGGTTTCTGCTCAGTTCTTTATTGATTGGTGTGCCGTTTTCTCTGGAAGCCTCTTAAGAGAAGAACACAGTGGCGCAGG
CTGGGTGGAGCCGTCCCCCCATGGAGCACAGGCAGACAGAAGTCCCCGCCCCAGCTGTGTGGCCTCAAGCCAGCCTTCCGCTCCTTGAAGCTGGTCTCCACACAGTGCTGGTTCCGTCACCCCCTCCCAG
GGAAGCAGGTCTGAGCAGCTTGTCCTGGCTGTGTCCATGTCAGAGCAACGGCCAAGTCTGGGTCTGGGGGGGAAGGTGTCATGGAGCCCCCTACGATTCCCAGTCGTCCTCGTCCTCTGCCTGTGGCTGC
TGCGGTGGCGGCAGAGGAGGGATGGAGTCTGACACGCGGGCAAAGGCTCCTCCGGGCCCGTCACCAGCCCCAGGTCCTTTCCCAGAGATGCCTGGAGGGAAAAGGCTGAGTGAGGGTGGTTGGTGGGAAA
CCCTGGTTCCCCCAGCCCCCGGAGACTTAAATACAGGAAGAAAAAGGCAGGACAGAATTACAATGTGCCGGCCCAGGGTGGGCAGCGGCCCTGCCTCCTACCCTTGCGCCTCATGACCAGCTTGTTGAAG
AGATCCGACATCAAGTGCCCACCTTGGCTCGTGGCTCTCACTGCAACGGGAAAGCCACAGACTGGGGTGAAGAGTTCAGTCACATGCGACCGGTGGCTCCCTGTCCCCACCCCCATGACACTCCCCAGCC
CTCCAAGGCCACTGTGTTTCCTAGTTAGCTCAGAGCCTCAGTCGATGCCTGACCCAGCACCGGGCACTGATGAGAAAGTGGCTGTTTGAGGAGCCACCTCCCAGCCACCTCGGGGACAGGGCCAGGGTGT
GCAGCACCACTGTACGATGGGGAAACTGGCCCAGAGAGGTGAGGCAGCTTGCCTGGGGTCACAGAGCAAGGCAAAAGCAGCGCTGGGTACAAGCTCAAAACCATAGTGCCCAGGGCACTGCCGCTGCAGG
CGCAGGCATCGCATCACACCAGTGTCTGCGTTCACAGCAGGCATCATCAGTAGCCTCCAGAGGCCTCAGGTCCAGTCTCTAAAAATATCTCAGGAGGCTGCAGTGGCTGACCATTGCCTTGGACCGCTCT
TGGCAGTCGAAGAAGATTCTCCTGTCACAGTTTGAGCTGGGTGAGCTTAGAGAGGAAAGCTCCACTATGGCTCCCAAACCAGGAAGGAGCCATAGCCCAGGCAGGAGGGCTGAGGACCTCTGGTGGCGGC
CCAGGGCTTCCAGCATGTGCCCTAGGGGAAGCAGGGGCCAGCTGGCAGGAGCAGGGGGTGGGCAGAAAGCACCCGGTGGACTCAGGGCTGGAGGGGAGGAGGCGATCTTGCCCAAAGGCCCTCCGACCGC
AGGCTCCAGGGCCCGCTCACCTTGCTCCTGCTCCTTCTGCTGCTGCTTCTCCAGCTTTCGCTCCTTCATGCTGCGCAGCTTGGCCTTGCCGATGCCCCCAGCTTGGCGGATGGACTCTAGCAGAGTGGCC
CAGCCACCGGAGGGGTCGACCACTTCTCTGGGAGCTCCCTGGACTGGAGCCGGGAGGTGGGGAACAGGGCAAGGAGGAAAGGCTGCTCAGGCAGGGCTGGGGAAGCTTACTGTGTCCAAGAGCCTGCTGG
GAGGGAAGTCACCTCCCCTCAAACGAGGAGCCCCGCGCTGGGGAGGCCGGACCTTTGGAGACTGTGTGGGGCCCGGGCACTGACTTCGGCAACCACCTGAGCGCGGGCATCCTGTGTGCAGATACTCCCT
GCTTCCTCTCTAGCCCTCACCCTGCAGAGCTGGACCCCTGAGCTAGCCATGCTCTGACAGTCTCAGTTGCACACATGAGCCAGCAGAGGGGTTTTGTGCCACTTCTGGATGCTAGGGTTACACTGGGAGA
TACAGCAGTGAAGCTGAAATGAAAAATGTGTTGCTGTAGTTTGTTATTAGACCCCTTCTTTCCATTGGTTTAATTAGGAATGAGGAACCCAGAGCCTCACTTGTTCAGGCTCCCTCTGCCCTAGAAGTGA
GAAGTCCAGAGCTCTACAGTTTGAAAGCCACTATTTTATGAACCAAGTAGAACAAGATATTTGAAATGGAAACTATTCAAAAAATTGAGAATTTCTGACCACTTAACAAACCCACAGAAAATCCACCCGA
GTGCACTGAGCACGCCAGAAATCAGGTGGCCTCAAAGAGCTGCTCCCACCTGAAGGAGATGCGCTGCTGCTGCTGTCGTCCTGCCTGGCGCCTTGGCCTACAGGGGCCGCGGTTGAGGGTGGGAGTGGGG	



From human chr. 16 
(<6.4 kb of 3x106 kb, 0.0002%) 

…or are they? 
TAACCCTAACCCTAACCCTAACCCTAACCCTAACCGACCCTCACCCTCACCCTAACCACATGAGCAATGTGGGTGTTATATTTTAGCTGTCATGGGTGCATTAGGAATGCTGCATTTGTGTTTCAACGCT
GCAACTGGACCCTGCAATGCAGCCCCTCGCCTTGCCTTGGGAGAATCTCGGTGCCCAGGATTCAGAGGGGCTTTTAGTTTCCCATTTTCCACACTGAACCGTTCTAACTGGTCTCTGACCTTGATTATTC
ACGGCTGCAACCGGGAAAGATTTTATTCACTGTCAATGCGCCCCGAGTTGTCCCAAAGCCAGGCAGTGCCCCCAACGTCTGTGCTTAGCAGAATGCTGCTCCACCTTTACGGTGACCCCCAGGTCTGTGC
TGAGCAGAACGCAGCTCCGCCCTCGCAGTACCCTCAGCCCGCCCGCCCGGGTCTGACCTGAGCAGAACTCTGCTCTGCCTTCGCAGTACCACCGAAATCTGTGCAAAGGAGAACGCAGCTCCGCCCTCGC
GGTGCTCTCCGCGTCTGTGCTGAGGAGAACGCAACTCCGCCGTCGCAAAGGCGCGCGCCGCGCCGGCGCAGGCGCAGAGGGGCGCGCCGCGCCGGCGCAGGCGCAGAGACACATGCTAGCGCGTCCAGGG
GTGGAGGCGTGGCGCAGGCGCAGAGACGCACGCCTACGGGCGGGGGTTGGGGGGGCGTGTGTTGCAGGAGCAAAGTCGCACGGCGCCGGCCTGGGGGCGGGGGGTGGGGGGCGCCGTTGCACGCGCAGAA
ACTCACGTCACGGTGGCGCGGCGCAGAGACGGGTGGAACCTCAGTAATCCGAAAAGCCGGGATCGACCGCCCCTTGCTTGCAGCCGGGCACTACAGGACCCGCTTGCTCACGGTGCTGTGCCAGGGCGCC
CCCTGCTGGCGACTAGGGCAACTGCAGGGCTCTCTTGCTTAGAGTGGTGGCCAGCGCCCCCTGCTGGCGCCGGGGCACTGCAGGGCCCTCTTGCTTACTGTATAGTGGTGGCACGCCGCCTGCTGGCAGC
TAGGGACATTGCAGGCTCCTCTTGCTCAAAGTGTAGTGGCAGCACGCCCGCCTGCTGGCAGCTGGGGACACTGCCGGGCCCTCTTGCTCCAACAGTAGTGGCGGATTATAGGGAAACACCCGGAGCATAT
GCTGTTTGGTCTCAGTAGACTCCTAAATATGGGATTCCTGGGTTTAAAAGTATAAAATAAATATGTTTAATTTGTTAACTGATTACCATCAGAATTATACTGTTCTGTATCCCACCAGCAATGTCTAGGA
ATACCTGTTTCTCCACAAAGTGTTTACTTTTGGATTTTTGCCAGTCTAGCAGGTGAAGCCCTGGAGATTCTTATTAGTCATTTGGGCTGGGGCCTGGCCATGTGTATTTTTTTAAATTTCCACTGATGAT
TTTGCTGCATGGCCGGTGTTGAGAATGACTGCGCAAATTTGCCGGATTTCCTTTGCTGTTCCTGCATGTAGTTTAAACGAGATTGCCACCACCGGGTATCATTCACCATTTTTCTTTTTGTTAACTTGCC
GTCAGCCTTTTCTTTGACCTCTTCTTTCTCTTCATGTGTATTTGCTGTCTCTTAGCCCAGACTTCCCGTGTCCTTTCCACCGGGCCTTTGAGAGGTCACAGGGTCTTGATGCTGTGGTCTTGATCTGCAG
GTGTCTGACTTCCAGCAACTGCTGGCCTGTGCCAGGGTGCAAGCTGAGCACTGGAGTGGAGTTTTCCTGTGGAGAGGAGCCATGCCTAGAGTGGGATGGGCCATTGTTCATCTTCTGGCCCCTGTTGTCT
GCATGTAACTTAATACCACAACCAGGCATACGGGAAAGATTGGAGGAAAGATGAGTGAGAGCATCAACTTCTCTGACAACCTAGGCCAGTAAGTAGTGCTTGTGCTCATCTCCTTGGCTGTGATACGTGG
CCGGCCCTCGCTCCAGCAGCTGGACCCCTACCTGCCGTCTGCTGCCATCGGAGCCCAAAGCCGAGCTGTGACTGCTCAGACCAGCCGGCTGGAGGGAGGGGCTCAGCAGGTCTGGCTTTGGCCCTGGGAG
AGCAGGTGGAAGATCAGGCAGGCCATCGCTGCCGCAGAACCCAGTGGATTGGCCTAGGTGGGATCTCTGAGCTCAACAAGCCCTCTCTGGGTGGTAGGTGCAGAGAGGGGAGGGGCAGAGCCGCAGGCAC
AGCCAAGAGGGCTGAAGAAATGGTAGAACGGAGCAGCTGGTGATGTGTGGGCCCACCGGCCCCAGGCTCCTGTCTCCCCCCAGGTGTGTGGTGATGCCAGGCATGCCCTTCCCCAGCATCAGGTCTCCAG
AGCTGCAGAAGACGACGGCCGACTTGGATCACACTCTTGTGAGTGTCCCCAGTGTTGCAGAGGTGAGAGGAGAGTCGACAGTGAGTGGGAGTGGCGTCACCCCTAGGGCTCTACTGGGCCGGCGTCTCCT
GTCTCCTGGAGAGGCTTCGATGCCCCTCCACACCCTCTTGCTCTTCCCTGTGATGTCATCTGGAGCCCTGCTGCTTGCGGTGGCCTATAAAGCCTCCTGGTCTGGCTCCAAGGCCTGGCAGAGTCTTTCC
CAGGGAAAGCTATAAGCAGCAAACAGTCCGCATGGGTCATCCCCTTCACTCCCAGCTCAGAGCCCAGGCCAGGGGCCCCCAAGAAAGGCTCTGGTGGAGAACCTGTGCATGAAGGCTGTCAACCAGTCCA
TAGGCAAGCCTGGCTGCCTCCAGCTGGGTGGACAGACAGGGGCTGGAGAAGGGGAGAAGAGGAAAGGGGAGTTGCCTGCCCTGTCTCCTACCTGAGGCTGAGGAAGGAGAAGGGGATGCACTGTTGGGGA
GGCAGCTGTAACTCAAAGCCTTAGCCTCTGTTCCCATGAAGGCAGGGCCATCAGGCACCAAAGGGATTCTGCCAGCATAGTGCTCCTGGACCAGTGATACACCCGGCACCCTGTCCTGGACAGGCTGTTG
GCCTGAATCTGAGCCCTCGTGGAGGTCAAAGCAACCTTTGGTTCTGCCATTGCTGCTGTGTGGAAGTTCACTCCTGCCTTTTCCTTTCCCTAGAGCCTCCACCACCCCGAGATCACATTTCTCACTGCCT
TTTGTCTGCCCAGTTTCACCAGAAGTAGGCCTCTTCCTGACAGGCAGCTGCACCACTGCCTGGCGCTGCGCCCTTCCTTTGCTCTGCCCGCTGGAGACGGTGTTTGTCATGGGCCTGGTCTGCAGGGATC
CTGCTACAAAGGTGAAACCCAGGAGAGTGTGGAATCCAGAGTGTTGCCAGGACCCAGGCACAGGCATTAGTGCCCGTTGGAGAAAACAGGGGAATCCCGAAGAAATGGTGGGTCCTGGCCATCCGTGAGA
TCTTCCCAGGGCAGCTCCCCTCTGTGGAATCCAATCTGTCTTCCATCCTGCGTGGCCGAGGGCCAGGCTTCTCACTGGGCCTCTGCAGGAGGCTGCCATTTGTCCTGCCCACCTTCTTAGAAGCGAGACG
GAGCAGACCCATCTGCTACTGCCCTTTCTATAATAACTAAAGTTAGCTGCCCTGGACTATTCACCCCCTAGTCTCCATTTAAAAAGATCCCCATGGCCACAGGGCCCCTGCCTGGGGGCTTGTCACCTCC
CCCACCTTCTTCCTGAGTCACTCCTGCAGCCTTGCTCCCTAACCTGCCCCACAGCCTTGCCTGGATTTCTATCTCCCTGGCTTGGTGCCAGTTCCTCCAAGTCGATGGCACCTCCCTCCCTCTCAACCAC
GTGAGCAAACTCCAAGACATCTTCTACCCCAACACCAGCAATTGTGCCAAGGGCCATTAGGCTCTCAGCATGACTATTTTTAGAGACCCCGTGTCTGTCACTGAAACCTTTTTTGTGGGAGACTATTCCT
CCCATCTGCAACAGCTGCCCCTGCTGACTGCCCTTCTCTCCTCCCTCTCATCCCAGAGAAACAGGTCAGCTGGGAGCTTCTGCCCCCACTGCCTAGGGACCAACAGGGGCAGGAGGCAGTCACTGACCCC
GAGACGTTTGCATCCTGCACAGCTAGAGGTCCTTTATTAAAAGCACACTGTTGGTTTCTGCTCAGTTCTTTATTGATTGGTGTGCCGTTTTCTCTGGAAGCCTCTTAAGAGAAGAACACAGTGGCGCAGG
CTGGGTGGAGCCGTCCCCCCATGGAGCACAGGCAGACAGAAGTCCCCGCCCCAGCTGTGTGGCCTCAAGCCAGCCTTCCGCTCCTTGAAGCTGGTCTCCACACAGTGCTGGTTCCGTCACCCCCTCCCAG
GGAAGCAGGTCTGAGCAGCTTGTCCTGGCTGTGTCCATGTCAGAGCAACGGCCAAGTCTGGGTCTGGGGGGGAAGGTGTCATGGAGCCCCCTACGATTCCCAGTCGTCCTCGTCCTCTGCCTGTGGCTGC
TGCGGTGGCGGCAGAGGAGGGATGGAGTCTGACACGCGGGCAAAGGCTCCTCCGGGCCCGTCACCAGCCCCAGGTCCTTTCCCAGAGATGCCTGGAGGGAAAAGGCTGAGTGAGGGTGGTTGGTGGGAAA
CCCTGGTTCCCCCAGCCCCCGGAGACTTAAATACAGGAAGAAAAAGGCAGGACAGAATTACAATGTGCCGGCCCAGGGTGGGCAGCGGCCCTGCCTCCTACCCTTGCGCCTCATGACCAGCTTGTTGAAG
AGATCCGACATCAAGTGCCCACCTTGGCTCGTGGCTCTCACTGCAACGGGAAAGCCACAGACTGGGGTGAAGAGTTCAGTCACATGCGACCGGTGGCTCCCTGTCCCCACCCCCATGACACTCCCCAGCC
CTCCAAGGCCACTGTGTTTCCTAGTTAGCTCAGAGCCTCAGTCGATGCCTGACCCAGCACCGGGCACTGATGAGAAAGTGGCTGTTTGAGGAGCCACCTCCCAGCCACCTCGGGGACAGGGCCAGGGTGT
GCAGCACCACTGTACGATGGGGAAACTGGCCCAGAGAGGTGAGGCAGCTTGCCTGGGGTCACAGAGCAAGGCAAAAGCAGCGCTGGGTACAAGCTCAAAACCATAGTGCCCAGGGCACTGCCGCTGCAGG
CGCAGGCATCGCATCACACCAGTGTCTGCGTTCACAGCAGGCATCATCAGTAGCCTCCAGAGGCCTCAGGTCCAGTCTCTAAAAATATCTCAGGAGGCTGCAGTGGCTGACCATTGCCTTGGACCGCTCT
TGGCAGTCGAAGAAGATTCTCCTGTCACAGTTTGAGCTGGGTGAGCTTAGAGAGGAAAGCTCCACTATGGCTCCCAAACCAGGAAGGAGCCATAGCCCAGGCAGGAGGGCTGAGGACCTCTGGTGGCGGC
CCAGGGCTTCCAGCATGTGCCCTAGGGGAAGCAGGGGCCAGCTGGCAGGAGCAGGGGGTGGGCAGAAAGCACCCGGTGGACTCAGGGCTGGAGGGGAGGAGGCGATCTTGCCCAAAGGCCCTCCGACCGC
AGGCTCCAGGGCCCGCTCACCTTGCTCCTGCTCCTTCTGCTGCTGCTTCTCCAGCTTTCGCTCCTTCATGCTGCGCAGCTTGGCCTTGCCGATGCCCCCAGCTTGGCGGATGGACTCTAGCAGAGTGGCC
CAGCCACCGGAGGGGTCGACCACTTCTCTGGGAGCTCCCTGGACTGGAGCCGGGAGGTGGGGAACAGGGCAAGGAGGAAAGGCTGCTCAGGCAGGGCTGGGGAAGCTTACTGTGTCCAAGAGCCTGCTGG
GAGGGAAGTCACCTCCCCTCAAACGAGGAGCCCCGCGCTGGGGAGGCCGGACCTTTGGAGACTGTGTGGGGCCCGGGCACTGACTTCGGCAACCACCTGAGCGCGGGCATCCTGTGTGCAGATACTCCCT
GCTTCCTCTCTAGCCCTCACCCTGCAGAGCTGGACCCCTGAGCTAGCCATGCTCTGACAGTCTCAGTTGCACACATGAGCCAGCAGAGGGGTTTTGTGCCACTTCTGGATGCTAGGGTTACACTGGGAGA
TACAGCAGTGAAGCTGAAATGAAAAATGTGTTGCTGTAGTTTGTTATTAGACCCCTTCTTTCCATTGGTTTAATTAGGAATGAGGAACCCAGAGCCTCACTTGTTCAGGCTCCCTCTGCCCTAGAAGTGA
GAAGTCCAGAGCTCTACAGTTTGAAAGCCACTATTTTATGAACCAAGTAGAACAAGATATTTGAAATGGAAACTATTCAAAAAATTGAGAATTTCTGACCACTTAACAAACCCACAGAAAATCCACCCGA
GTGCACTGAGCACGCCAGAAATCAGGTGGCCTCAAAGAGCTGCTCCCACCTGAAGGAGATGCGCTGCTGCTGCTGTCGTCCTGCCTGGCGCCTTGGCCTACAGGGGCCGCGGTTGAGGGTGGGAGTGGGG	



From human chr. 16 
(<6.4 kb of 3x106 kb, 0.0002%) 

We know the sequence—but can we understand it? 

We don’t know (all) the language: 

Understanding the genome 

Гостиная Анны Павловны начала понемногу наполняться. Приехала высшая знать Петербурга, 
люди самые разнородные по возрастам и характерам, но одинаковые по обществу, в каком все 
жили; приехала дочь князя Василия, красавица Элен, заехавшая за отцом, чтобы с ним вместе 
ехать на праздник посланника. Она была в шифре и бальном платье. Приехала и известная, как 
la femme la plus séduisante de Pétersbourg 1, молодая, маленькая княгиня Болконская, прошлую 
зиму вышедшая замуж и теперь не выезжавшая в большой свет по причине своей беременности, 
но ездившая еще на небольшие вечера. Приехал князь Ипполит, сын князя Василия, с 
Мортемаром, которого он представил; приехал и аббат Морио и многие другие. 
 
— Вы не видали еще, — или: — вы не знакомы с ma tante? 2 — говорила Анна Павловна 
приезжавшим гостям и весьма серьезно подводила их к маленькой старушке в высоких бантах, 
выплывшей из другой комнаты, как скоро стали приезжать гости, называла их по имени, 
медленно переводя глаза с гостя на ma tante, и потом отходила. 
 
Все гости совершали обряд приветствования никому не известной, никому не интересной и не 
нужной тетушки. Анна Павловна с грустным, торжественным участием следила за их 
приветствиями, молчаливо одобряя их. Ma tante каждому говорила в одних и тех же 
выражениях о его здоровье, о своем здоровье и о здоровье ее величества, которое нынче было, 
слава Богу, лучше. Все подходившие, из приличия не выказывая поспешности, с чувством 
облегчения исполненной тяжелой обязанности отходили от старушки, чтоб уж весь вечер ни	



Even if we did, we don’t know the grammar or 
punctuation: 
annapavlovnasdrawingroomwasgraduallyfillingthehighestpetersburgsocietywasassembledt
herepeopledifferingwidelyinageandcharacterbutalikeinthesocialcircletowhichtheybelonged
princevasilisdaughterthebeautifulhelenecametotakeherfathertotheambassadorsentertainmen
tsheworeaballdressandherbadgeasmaidofhonortheyouthfullittleprincessbolkonskayaknowna
slafemmelaplusseduisantedepetersbourgwasalsothereshehadbeenmarriedduringtheprevious
winterandbeingpregnantdidnotgotoanylargegatheringsbutonlytosmallreceptionsprincevasili
ssonhippolytehadcomewithmortemartwhomheintroducedtheabbemorioandmanyothershadal
socometoeachnewarrivalannapavlovnasaidyouhavenotyetseenmyauntoryoudonotknowmya
untandverygravelyconductedhimorhertoalittleoldladywearinglargebowsofribboninhercapw
hohadcomesailinginfromanotherroomassoonastheguestsbegantoarriveandslowlyturninghere
yesfromthevisitortoherauntannapavlovnamentionedeachonesnameandthenleftthemeachvisit
orperformedtheceremonyofgreetingthisoldauntwhomnotoneofthemknewnotoneofthemwant
edtoknowandnotoneofthemcaredaboutannapavlovnaobservedthesegreetingswithmournfulan
dsolemninterestandsilentapprovaltheauntspoketoeachoftheminthesamewordsabouttheirhealt
handherownandthehealthofhermajestywhothankgodwasbettertodayandeachvisitorthoughpol
itenesspreventedhisshowingimpatiencelefttheoldwomanwithasenseofreliefathavingperform
edavexatiousdutyanddidnotreturntoherthewholeeveningtheyoungprincessbolkonskayahadbr
oughtsomeworkinagold-	



1428 “nucleotides”	
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And even then, do we understand what it means? 

Understanding the genome 

Anna Pavlovna's drawing room was gradually filling. The highest 
Petersburg society was assembled there: people differing widely in age and 
character but alike in the social circle to which they belonged. Prince 
Vasili's daughter, the beautiful Helene, came to take her father to the 
ambassador's entertainment; she wore a ball dress and her badge as maid 
of honor. The youthful little Princess Bolkonskaya, known as la femme la 
plus seduisante de Petersbourg, was also there. She had been married 
during the previous winter, and being pregnant did not go to any large 
gatherings, but only to small receptions. Prince Vasili's son, Hippolyte, had 
come with Mortemart, whom he introduced. The Abbe Morio and many 
others had also come.



To each new arrival Anna Pavlovna said, "You have not yet seen my aunt," 
or "You do not know my aunt?" and very gravely conducted him or her to a 
little old lady, wearing large bows of ribbon in her cap, who had come 
sailing in from another room as soon as the guests began to arrive; and 
slowly turning her eyes from the visitor to her aunt, Anna Pavlovna 
mentioned each one's name and then left them.


--Tolstoy, War and Peace	



Genome Annotation 
Having	
  the	
  raw	
  genome	
  sequence	
  is	
  therefore	
  just	
  a	
  beginning.	
  To	
  make	
  use	
  of	
  the	
  
sequence,	
  we	
  must	
  annotate	
  it—describe	
  the	
  func<on	
  of	
  each	
  basepair	
  of	
  sequence.	
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Prokaryotes	
  

Completed	
  Genomes	
   Genomes	
  in	
  Progress	
  

Buchnera	
  aphidicola	
  BCc	
  (bacterium) 	
  422	
  kb	
  
Bacillus	
  anthracis	
  (anthrax) 	
  5228	
  kb	
  
S.	
  cerivisiae	
  (yeast) 	
  12,069	
  kb	
  
Drosophila	
  melanogaster	
  (fruit	
  fly) 	
  137,000	
  kb	
  

Oryza	
  sa;va	
  (rice) 	
  420,000	
  kb	
  
Mus	
  musculus	
  (mouse) 	
  2,493,000	
  kb	
  
Homo	
  sapiens	
  (human) 	
  2,900,000	
  kb	
  
Amoeba	
  dubia	
  (amoeba) 	
  670,000,000	
  kb	
  

Source:	
  Qp://Qp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/	
  

so	
  what?	
  

Genome	
  sequencing	
  helps	
  in:	
  
• 	
  iden<fying	
  new	
  genes	
  (“gene	
  discovery”)	
  	
  
• iden<fying	
  muta<ons	
  and	
  varia<ons	
  
• 	
  looking	
  at	
  chromosome	
  organiza<on	
  and	
  structure	
  
• 	
  finding	
  gene	
  regulatory	
  sequences	
  
• 	
  compara<ve	
  genomics	
  

	
  
These	
  in	
  turn	
  lead	
  to	
  advances	
  in:	
  	
  

• medicine	
  
• agriculture	
  
• biotechnology	
  	
  
• understanding	
  evolu<on	
  and	
  other	
  basic	
  science	
  
ques<ons	
  

	
  
	
  

Genes	
  (protein	
  coding)	
  
	
  
But.	
  .	
  .	
  less	
  than	
  2%	
  of	
  the	
  human	
  genome	
  encodes	
  proteins	
  
	
  
Genes	
  (non-­‐protein	
  coding:	
  rRNA,	
  tRNA,	
  miRNAs,	
  etc.)	
  
	
  
	
  
Other	
  than	
  genes,	
  what	
  is	
  there?	
  

• 	
  structural	
  sequences	
  (scaffold	
  adachment	
  regions)	
  
• 	
  regulatory	
  sequences	
  
• 	
  other	
  (including	
  transposons,	
  retroviral	
  inser<ons,	
  etc.)	
  

	
  

What’s in a genome? 
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Protein-coding genes, Non–protein-
coding genes 

• Genes	
  are	
  easier	
  to	
  find	
  than	
  other	
  func<onal	
  
elements	
  

• Why?	
  

• Genes	
  are	
  transcribed—which	
  means	
  that	
  we	
  can	
  
iden<fy	
  them	
  by	
  looking	
  at	
  RNA	
  

• tradi<onally	
  this	
  has	
  been	
  done	
  by	
  cDNA	
  or	
  EST	
  
sequencing,	
  more	
  recently	
  by	
  microarray,	
  SAGE,	
  
next-­‐gen	
  sequencing,	
  etc.	
  

	
  

• We	
  can	
  also	
  find	
  (predict)	
  genes	
  using	
  computa<onal	
  methods	
  

• For	
  example	
  protein-­‐coding	
  genes	
  have	
  recognizable	
  features	
  
• open	
  reading	
  frames	
  (ORFs)	
  
• codon	
  bias	
  
• known	
  transcrip<on	
  and	
  transla<onal	
  start	
  and	
  stop	
  mo<fs	
  
(promoters,	
  3’	
  poly-­‐A	
  sites)	
  
• splice	
  consensus	
  sequences	
  at	
  intron-­‐exon	
  boundaries	
  

• We	
  can	
  design	
  soQware	
  to	
  scan	
  the	
  genome	
  and	
  iden<fy	
  these	
  
features	
  

• Some	
  of	
  these	
  programs	
  work	
  quite	
  well,	
  especially	
  in	
  bacteria	
  
and	
  simpler	
  eukaryotes	
  with	
  smaller	
  and	
  more	
  compact	
  genomes	
  

Gene prediction 

Validating predictions and refining gene 
models 

Standard	
  types	
  of	
  evidence	
  for	
  valida<on	
  of	
  predic<ons	
  
include:	
  

• match	
  to	
  previously	
  annotated	
  cDNA	
  

• match	
  to	
  EST	
  from	
  same	
  organism	
  

• similarity	
  of	
  nucleo<de	
  or	
  conceptually	
  translated	
  protein	
  
sequence	
  to	
  sequences	
  in	
  GenBank	
  

• protein	
  structure	
  predic<on	
  match	
  to	
  a	
  PFAM	
  domain	
  

• associated	
  with	
  recognized	
  promoter	
  sequences,	
  i.e.	
  TATA	
  
box,	
  CpG	
  island	
  

• known	
  phenotype	
  from	
  muta<on	
  of	
  the	
  locus	
  

c
o

n
fi

d
e

n
c

e
 

Genes	
  (protein	
  coding	
  and	
  non-­‐coding)	
  
	
  
But.	
  .	
  .	
  only	
  <2%	
  of	
  the	
  human	
  genome	
  encodes	
  proteins	
  
	
  
Other	
  than	
  genes,	
  what	
  is	
  there?	
  

• 	
  structural	
  sequences	
  (scaffold	
  adachment	
  regions)	
  
• 	
  regulatory	
  sequences	
  
• 	
  other	
  (including	
  transposons,	
  retroviral	
  inser<ons,	
  
etc.)	
  

	
  

What’s in a genome? 

Every cell has the same DNA and 
therefore the same genes.  

But different genes need to be “on” and 
“off” in different types of cells. Therefore, 
gene expression must be regulated. 

embryo 

bone 

liver 

muscle 

sperm 

Gene expression must be regulated 

in space 

 Paddock S.W. (2001). BioTechniques 30: 756 - 761.


and in abundance 

Clyde et al. (2003). Nature 426:849-853 

in time 
10 wks 14 wks 1 day 6 mos 

12 mos 18 mos 2 yrs 3 yrs 

4 yrs 5 yrs 6 yrs 7 yrs 
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behavior"
pattern"

chromosome 
inactivation"

metabolism"

pathology (mutation)"

common variation!

evolution!

Importance of gene regulation 

But mutations can also affect non-protein 
coding genes and gene regulatory regions. 
 
However, these are much harder to detect and 
there are not that many known examples in 
humans (we’ll see one in a little bit). 

When gene regulation goes awry… 

Control of Gene Expression 

Wolpert, Principles of Development"

TFBS!
TFBS!

transcription factor binding site (TFBS)!

cis-regulatory module (CRM)!

Control of Gene Expression—Modules 

TFBS!
TFBS!

transcription factor binding site (TFBS)!
cis-regulatory module (CRM)!
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Genes are often regulated in a modular fashion. A gene might have many 
CRMs, each responsible for a different part of its overall expression pattern. 

cis-Regulatory Modules (enhancers) 

eve 

Map of 3ʼ regulatory region of Drosophila even skipped (Fujioka et al. 1999)"

agataatgtagTccctggcctca!

agataatgtagCccctggcctca!

tolerant 

intolerant 

++ 

+ 

Oct-1 
binding phenotype 

SNP C/T-13910 correlates with 
activation of the lactase promoter and 

with lactose tolerance/intolerance 

Olds, L. C. and E. Sibley (2003). Hum. Mol. Genet. 12(18): 2333-2340. 

++ 

+ 

ability to 
activate 

TFBS!
TFBS!

transcription factor binding site (TFBS)!

cis-regulatory module (CRM)!

Looking at cis-regulatory modules: 
Reporter Genes 

green fluorescent protein CRM 
e.g., from a gene 

expressed in tendons 

minimal promoter 

green fluorescent protein minimal promoter CRM 

reporter construct 

transfect cells make transgenic animal 

Looking at cis-regulatory modules: 
Reporter Genes 

Annotating the Regulatory Genome: 
The REDfly database 

http://redfly.ccr.buffalo.edu 
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Database of known Drosophila cis-regulatory elements 

• v4.0 just released, all sequences now R6 
coordinates 

• over 5500 CRMs so far from >500 genes   

• based on >11,600 reporter gene assays  
(>11,000 transgenic in vivo) 

• over 2000 TF binding sites (footprint & EMSA) 

• includes sequence and expression pattern 

• includes graphical views and links to other relevant 
databases 

• average ~400 hits/month, >100 citations (ISI) 
 

Regulatory Element Database for Drosophila 

hdp://redfly.ccr.buffalo.edu	
   @REDfly_database


Regulatory Element Database for Drosophila
Home     Search   Help   Resources/Links   News   About REDfly   Contact Us 

click to sort

click to access search options browser links

positional data

legacy 
coordinatescontext-specific help

click to open detailed 
results window

click to open detailed 
results window

click to initiate new 
REDfly searchbatch download 

selected results

A

D E

F

H
I

G

B

C

>eve_late_element_2_even7|Drosophila melanogaster|eve|FBgn0000606|2R:5868446..5870246!
GCTGCGCTGCTGACTGCTGACCTTCCCAGGGAAACTGTGGCAAATCGAACGGAAGAGCGGCAGAGCGGCAGAGCCGCA!
GAGCGTGCCGAGTGTCCTTCGGAGTGGCCACCCACAATCAGGAGTAAGGGTTCCCGATGCGGCACCGGCGGGGAAGGG!
AACAACATCCACGGGGGATTGGCACAAGCCAATGGCTTATTAATGCGATCCGAACGGATCCAAGCGGGAGGGCCCATT!
GCAAATGCAGAGCCACCCCGCTGGGCGGCGACCTTGGCGAGGAGTTGGGCCCACTCCCTGCCACGCGTCAGGTTGCAT!
TGCCAATGGAATCAATTTCGGTGTCCTCGGATTGCATTGGGCTCGGCTAATTAATTGTCACCTCACCCGTTGAGTGAC!
TTTTTTGTTTGTTGGTCCTGGCCTTATGTTTGCTTTCTCTTCTCCATCGCCAGGCAATTGTCATAATTGAGAAATCAT!
CGGAAGGACGAGCCAGTGCGAGAAAGAGACAGAGAGAGAGAGAGAGAGGGCTGGTGGTAGAGTCCTTCTCGAATCAAA!
TCCCAATTTAATTACCGTGCAAAACATGTGTTTCAATTGCTCAGCCGTGGTGTAAAGGGGTGTCAATTGCTCATAATC!
CCACAGCTAAAAAACGAGAGTCAACCCAAAGGCAGGATAAACGATGGGTAAACGATGCGAGCGAGGCACAAGGATGTA!
GATACCAGCCACGGATGCTGATACACCCAGCCAGCCACCCCTGATCCCGGCTGTGTCTAATATCTAATTGAGCGCCTG!
GCATCAAAACATGTTTTGACACTTGCCAGCCGAGCCAAATGGGCATAAAAAATGGTCCTTGAAGTGTTATCCTTGCAG!
TTGGAGTGCCACGCACACACCCCTTTCCTTTGCTGGTGTTTTGCGGAGTTTCGTCTCGTGTTTTCACTTGGGGGATGC!
GAACACACAAGTGGCAGCATTTTATGATTTGATAATAAAGATACGCGCCACGGTTCCGCCCTGGGGAATTCCCCAGCA!
GATTCGGATACAGTAAATTAAAAAATAGCCAAACAGGAAATCTCTGCAGGATTGCCGGCGGGGGAATCCGATTGCTGG!
GTGGTTGACGCGACGTGGCGCAGGTTGATAATTAATCATATGGGGATTAGGGATTAGGCTTGTTGAAATCCAGAAATC!
ATCAAGTTGTTTATTGCAAAATTATGCGACTAGCTGCCCGAATGGCAGGCGAGAGGATTAGTTTGTCCAAAGGGCAGA!
TGGGAACTGATGAATCCGAATATCACATCTACAGCTGCTCGTCCGGCGGCATAAAAGAGTTAACTGATTTCGAGGGAG!
TAAGTGTGATATTATTATCAATTAGGCATTCGCCTCTAATTCGACATATTCTCCGCCAAAGAAACGAGAATCTCGATA!
TTTCCAGCGTTTATGGGGGCAATCAATGCTGCGATCCAGTGGATACATGACCGCGCAGATGCCCAGATACCCAGATAC!
TCAGATACTTAGATACACAGCCATGAATGGGTGCCACTTCATGCGAAGTTCTCCCACGAAACAATGCATTATTCAAGA!
GCCAAGGCTCTACGCATTTACCATATGATGTGCAAACAAAATTAAGTTTTATTGGGGCGTGATGAGTGGTGAGCGAGG!
AACTAGGGATTGTCGAGGATGGGTTTCTGTTTCGGTTTCGGTTTCTGTTTCTGATTTCTTTTAATAGTGAATTAGCAC!
CTCGGAATCGGGCGTTTATGGCGCAAACTCTCCTCTTACCAGCTGCGGAGCCGACAAAAGGCAGCTTTTGTGGCCAAG!
ACGACC!
>eve_proximal_promoter_inc._TATA|Drosophila melanogaster|eve|FBgn0000606|2R:5866619..5866826!
CGCTTTGTCCCGCCTCGTTATCGCCGCTCAGCACCGAGAGCACAGCAGCGCATCCACTCTCAGCACCGCACGATTAGC!
ACCGTTCCGCTCAGGCTGTCCCGCTCGCACCTGCCTGGGTCGCTGCGATTGGCCGCTCCCAGCGACGGCGGCCATTTG!
CCTGCAGAGCGCAGCGGTATAAAAGGGCGCGGGGTGGCTGAGAGCAGCACA!
>eve_CQ/late_APR|Drosophila melanogaster|eve|FBgn0000606|2R:5870361..5871145!
AGATCTGAGGCTGGAGCCGGGAATCTGGTTGTTATCCAATCCCATGCCTAGCCATAGAGAGCCAGTGAGATTCCCAGA!
GCTGAATACTCCAAACTGCGATACTCCATTCACGTGGTAATTGCAGTCCGAGAGCTGAGAGCGCTAAACGAAGTCGAA!
AATGCTTTATGACCCTGCCAATAGATGAGGGGTTTTGCAATCAGCCAGCGAATGAATAAACATCTTTGTAAAATGATG!
ATGCCAGCACTGAAATAATTTCACACGTTTCTCGCACACACAGCATCTATCTAGTGTGTGTATGCGTCATGAGGGGCA!
GAGATTCGGTTTCGGACGCGGAATCGAAATCGGATTCAGATACTTTATTGGCATGGTATTTGCCAATTTGCACGCTGT!
CCATTAACGGACCATGCGCCGTTTATCGGACTCGTATGCGAGCCATTCTGCCAATCCATTTTCATGGATATTAACGCA!
CTGATAATCGCGACAATCAAACTCGTGTTTAGCCAACAGTCGCAGCATTTCCATACCATGGGGGTGGTCTCTGCTGGG!
TGTTGCGAATGCGACGCCAATTGGTCAGGGTTCACTGTAAATGGCCCAGCCAAATGGGAAGCGGCAGTTGAGGAGCGC!
CCGAATCAATTGCCCTGATGGATGCTGCGGCTGTCCAAAGTTGCAGCTTTTCGGGTCACTCCGCGCTGGGGCTGGAGG!
GCTATAAATCCGCAGGCCAGATAATGAAACTAGAATGATTGAGGCAATCACTGGTGTGGCCAGCAGTCTGCTGGCGGA!
GTTT!
>eve_EL|Drosophila melanogaster|eve|FBgn0000606|2R:5868742..5869843!
ACGCGTCAGGTTGCATTGCCAATGGAATCAATTTCGGTGTCCTCGGATTGCATTGGGCTCGGCTAATTAATTGTCACC!
TCACCCGTTGAGTGACTTTTTTGTTTGTTGGTCCTGGCCTTATGTTTGCTTTCTCTTCTCCATCGCCAGGCAATTGTC!
ATAATTGAGAAATCATCGGAAGGACGAGCCAGTGCGAGAAAGAGACAGAGAGAGAGAGAGAGAGGGCTGGTGGTAGAG!
TCCTTCTCGAATCAAATCCCAATTTAATTACCGTGCAAAACATGTGTTTCAATTGCTCAGCCGTGGTGTAAAGGGGTG!
TCAATTGCTCATAATCCCACAGCTAAAAAACGAGAGTCAACCCAAAGGCAGGATAAACGATGGGTAAACGATGCGAGC!
GAGGCACAAGGATGTAGATACCAGCCACGGATGCTGATACACCCAGCCAGCCACCCCTGATCCCGGCTGTGTCTAATA!
TCTAATTGAGCGCCTGGCATCAAAACATGTTTTGACACTTGCCAGCCGAGCCAAATGGGCATAAAAAATGGTCCTTGA!
AGTGTTATCCTTGCAGTTGGAGTGCCACGCACACACCCCTTTCCTTTGCTGGTGTTTTGCGGAGTTTCGTCTCGTGTT!
TTCACTTGGGGGATGCGAACACACAAGTGGCAGCATTTTATGATTTGATAATAAAGATACGCGCCACGGTTCCGCCCT!
GGGGAATTCCCCAGCAGATTCGGATACAGTAAATTAAAAAATAGCCAAACAGGAAATCTCTGCAGGATTGCCGGCGGG!
GGAATCCGATTGCTGGGTGGTTGACGCGACGTGGCGCAGGTTGATAATTAATCATATGGGGATTAGGGATTAGGCTTG!
TTGAAATCCAGAAATCATCAAGTTGTTTATTGCAAAATTATGCGACTAGCTGCCCGAATGGCAGGCGAGAGGATTAGT!
TTGTCCAAAGGGCAGATGGGAACTGATGAATCCGAATATCACATCTACAGCTGCTCGTCCGGCGGCATAAAAGAGTTA!

##gff-version 3  
##source-version REDfly v1.0  
##date 20060210 
2L REDfly  regulatory_region 2445769 2446581 .  .  .  I D="dpp_dpp813"; Dbxref="Flybase:FBgn0000490", "PMID:7821226, "REDfly:246"; Ontology_term="FBbt:00005653","FBbt:00001051";  
2L REDfly  regulatory_region 2446030 2446449 .  .  .  I D="dpp_dpp419"; Dbxref="Flybase:FBgn0000490", "PMID:7821226, "REDfly:245"; Ontology_term="FBbt:00005653","FBbt:00001051";  
2L REDfly  regulatory_region 2455781 2457764 .  .  .  I D="dpp_intron2"; Dbxref="Flybase:FBgn0000490", "PMID:8167377, "REDfly:247"; Ontology_term="FBbt:00005304";  
2L REDfly  regulatory_region 19195039 19196250 .  .  .  I D="drl_drlR"; Dbxref="Flybase:FBgn0015380", "PMID:10354482, "REDfly:248"; Ontology_term="FBbt:00001082","FBbt:00005125";  
2L REDfly  regulatory_region 19185372 19189647 .  .  .  I D="drl_drlU"; Dbxref="Flybase:FBgn0015380", "PMID:10354482, "REDfly:250"; Ontology_term="FBbt:00001082","FBbt:00005125";  
2L REDfly  regulatory_region 19189646 19192890 .  .  .  I D="drl_drlT"; Dbxref="Flybase:FBgn0015380", "PMID:10354482, "REDfly:249"; Ontology_term="FBbt:00001082","FBbt:00005125";  
2L REDfly  regulatory_region 2446030 2446286 .  .  .  I D="dpp_dpp261"; Dbxref="Flybase:FBgn0000490", "PMID:7821226, "REDfly:244"; Ontology_term="FBbt:00005630","FBbt:00001051";  
2L REDfly  regulatory_region 2453756 2454345 .  .  .  I D="dpp_phasesII/III"; Dbxref="Flybase:FBgn0000490", "PMID:7791801, "REDfly:243"; Ontology_term="FBbt:00005304","FBbt:00005397";  
2L REDfly  regulatory_region 2471967 2475410 .  .  .  I D="dpp_BS2.0"; Dbxref="Flybase:FBgn0000490", "PMID:1908769, "REDfly:239"; Ontology_term="FBbt:00001778","FBbt:00001780";  
2L REDfly  regulatory_region 2469788 2471526 .  .  .  I D="dpp_BS1.1"; Dbxref="Flybase:FBgn0000490", "PMID:1908769, "REDfly:238"; Ontology_term="FBbt:00001767","FBbt:00001780";  
2L REDfly  regulatory_region 2475948 2487950 .  .  .  I D="dpp_BS3.0"; Dbxref="Flybase:FBgn0000490", "PMID:1908769, "REDfly:240"; Ontology_term="FBbt:00001767","FBbt:00001778";  

 



6/30/15	



7	



We can test assumptions using the 
REDfly collection 

280 non-overlapping CRMs: 

Li, Zhu, He, Sinha, and Halfon. (2007). Genome Biol., 8:R101 

SCRMshaw: 
Supervised CRM 
discovery 

Kantorovitz et al. (2009). Dev. Cell, 17:568-579 
Kazemian et al. (2011) Nuc. Acids Res. 39:9463-9472 
Kazemian et al. (2014) Genome Biol. Evol. 6:2301-2320 

Halfon lab (SUNY Buffalo), Saurabh Sinha lab (UI Urbana-Champaign) 

We can search for genomic windows with word profiles 
similar to those in a training set of known CRMs. We do not 
concern ourselves with trying to discover the identities of 
the most relevant words at this stage. 

Get set of similar CRMs 
from REDfly 

Get k-mer profiles and 
compute score 

Search genome for high-
scoring windows 

with Saurabh Sinha, UI Urbana-Champaign 

Supervised motif-blind approaches 

CGGAA!
GGAAT!
GAATC!
AATCA!
ATCAC!
TCACC!
CACCA!

ACCAC!
CCACT!
CACTT!
ACTGG!
CTGGA!
TGGAT!
GGATG!

S = z(w)n(w)
w!W
"

Kantorovitz et al. (2009). Dev. Cell, 17:568-579; Kazemian et al. (2011) Nuc. Acids Res. 39:9463-9472; unpublished data. 

SCRMshaw has a high success rate 

In vivo validation:  
~80% true-positive rate 

In silico validation:  
83% recovery rate (P	
  ≈	
  0) 

4608	
  
(83%)	
  

5547	
  REDfly	
  
known	
  CRMs	
  

101671	
  
SCRMshaw	
  	
  
predic<ons	
  

In mouse 

2/2 successful predictions (100%) 

heart	



liver	



blood vessels	



use of additional post-search filtering enhances tissue-specificity of results	



Kantorovitz, M.R., Kazemian, . . . Halfon, M.S. and Sinha, S. (2009). Dev. Cell, 17:568-579. 

Discovering new regulatory regions Cross-species SCRMshaw: Can Drosophila help 
us discover CRMs in other insects?!

1.  Train on Drosophila CRMs as previously 

2.  Make predictions in other genomes: 
Anopheles gambiae, Nasonia vitripennis, Apis 
mellifera, Tribolium castaneum  

3.  Test high-scoring sequences in transgenic 
Drosophila 

Kazemian et al. (2014) Genome Biology and Evolution 
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  This information would have been impossible 
to obtain without the kind of large-scale 
study enabled by the REDfly database. 

 
These data will help us to understand: 
 
• how regulatory modules are organized 

• how to identify regulatory modules by examining 
the genome sequence (and therefore also 
mutations in regulatory sequences) 

• how genes are regulated at different times and 
places 

• how gene regulation has evolved 

Why bother? 

Ul<mately,	
  we’d	
  like	
  to	
  be	
  able	
  to	
  describe	
  all	
  of	
  
development	
  in	
  terms	
  of	
  gene	
  expression	
  and	
  regula<on.	
  
	
  

That	
  is,	
  in	
  every	
  cell,	
  at	
  every	
  <me,	
  which	
  genes	
  are	
  on	
  or	
  
off,	
  and	
  why.	
  	
  

And help to understand how we go from 

here . . .  

. . . to here! 

. . . to here . . . 

http://nobelprize.org/medicine 

http://www.alphascientists.com/embryology_images/
cleavage_stage_embryos.html 


