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VWhy did we sequence so many different flies?

D. simulans

D. sechellia

D. melanogaster
mefanogaster subgroup D. yakuba

D. ananassae Comparative genome
ora obscura group r D. pseudoobscura .
Sophophors L b. persimite sequence analysis
NI Groe) D. willistoni
b D. mojavensis
virlls Group D. vivills
D. grimshawi
Hawaiian drosophila

\VWhy did we sequence a single-celled pond protozooan?

exploiting unusual adaptations
and unusual genomes

Oxytricha trifallax



Symbolic texts can be cracked by statistical analysis

“Cryptography has contributed a new
weapon to the student of unknown
scripts.... the basic principle is the
analysis and indexing of coded texts, so
that underlying patterns and regularities
can be discovered. /f a number of
instances can be collected, it may appear
that a certain group of signs in the coded
text has a particular function....”

John Chadwick,
The Decipherment of Linear B
Cambridge University Press, 1958

tad

¥ Linear B, from Mycenae
ca. 1500-1200 BC
deciphered by Michael Ventris and John Chadwick, 1953
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How much data are we talking about, really?

raw images
 unassembled reads
mapped reads
assembled genome
differences

my coffee coaster
3 GB

WAR AND
PEACE

LEO TOLSTOY

selab:"eddys,Music/iTunes
128 alburns
15 GB

STORAGE TIME TO
COST/YEAR DOWNLOAD

30TB  $36,000 20 days

100 GB $120 1 hr
100 GB $120 1 hr
6 GB $7 5 min

A4MB  $0.005 0.2 sec
selab:/misc/datal/genomes
450 GB

JFRC computing, available disk
~ 1 petabyte (1000 TB)

1000 Genomes Project pilot
5 TB (30 GB/genome]

NCBI Short Read Archive
200 TB + 10-20 TB/mo



GAGTTTTATCGCTTCCATGACGCAGAAGTTAACACTTTCGGATATTTCTGATGAGTCGAAAAATTATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGAAGTGGACTGCTGG
CGGAAAATGAGAAAATTCGACCTATCCTTGCGCAGCTCGAGAAGCTCTTACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGATGAGGAGAAGTGGCTTAATATG
CTTGGCACGTTCGTCAAGGACTGGTTTAGATATGAGTCACATTTTGTTCATGGTAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTGGATTACTATCTGAGTCCGATGCTGTTCAACCACTAATA
GGTAAGAAATCATGAGTCAAGTTACTGAACAATCCGTACGTTTCCAGACCGCTTTGGCCTCTATTAAGCTCATTCAGGCTTCTGCCGTTTTGGATTTAACCGAAGATGATTTCGATTTTCTGACGA
GTAACAAAGTTTGGATTGCTACTGACCGCTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCG
TCATTGCTTATTATGTTCATCCCGTCAACATTCAAACGGCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAAACATTATTAATGGCGTCGAGCGTCCGGTTAAAGCCGCTGAATTGTTCGCGT
TTACCTTGCGTGTACGCGCAGGAAACACTGACGTTCTTACTGACGCAGAAGAAAACGTGCGTCAAAAATTACGTGCGGAAGGAGTGATGTAATGTCTAAAGGTAAAAAACGTTCTGGCGCTCGCCC
TGGTCGTCCGCAGCCGTTGCGAGGTACTAAAGGCAAGCGTAAAGGCGCTCGTCTTTGGTATGTAGGTGGTCAACAATTTTAATTGCAGGGGCTTCGGCCCCTTACTTGAGGATAAATTATGTCTAA
TATTCAAACTGGCGCCGAGCGTATGCCGCATGACCTTTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTCGTCTTATTACCATTTCAACTACTCCGGTTATCGCTGGCGACTCCTTCGAGATGGA
CGCCGTTGGCGCTCTCCGTCTTTCTCCATTGCGTCGTGGCCTTGCTATTGACTCTACTGTAGACATTTTTACTTTTTATGTCCCTCATCGTCACGTTTATGGTGAACAGTGGATTAAGTTCATGAA
GGATGGTGTTAATGCCACTCCTCTCCCGACTGTTAACACTACTGGTTATATTGACCATGCCGCTTTTCTTGGCACGATTAACCCTGATACCAATAAAATCCCTAAGCATTTGTTTCAGGGTTATTT
GAATATCTATAACAACTATTTTAAAGCGCCGTGGATGCCTGACCGTACCGAGGCTAACCCTAATGAGCTTAATCAAGATGATGCTCGTTATGGTTTCCGTTGCTGCCATCTCAAAAACATTTGGAC
TGCTCCGCTTCCTCCTGAGACTGAGCTTTCTCGCCAAATGACGACTTCTACCACATCTATTGACATTATGGGTCTGCAAGCTGCTTATGCTAATTTGCATACTGACCAAGAACGTGATTACTTCAT
GCAGCGTTACCATGATGTTATTTCTTCATTTGGAGGTAAAACCTCTTATGACGCTGACAACCGTCCTTTACTTGTCATGCGCTCTAATCTCTGGGCATCTGGCTATGATGTTGATGGAACTGACCA
AACGTCGTTAGGCCAGTTTTCTGGTCGTGTTCAACAGACCTATAAACATTCTGTGCCGCGTTTCTTTGTTCCTGAGCATGGCACTATGTTTACTCTTGCGCTTGTTCGTTTTCCGCCTACTGCGAC
TAAAGAGATTCAGTACCTTAACGCTAAAGGTGCTTTGACTTATACCGATATTGCTGGCGACCCTGTTTTGTATGGCAACTTGCCGCCGCGTGAAATTTCTATGAAGGATGTTTTCCGTTCTGGTGA
TTCGTCTAAGAAGTTTAAGATTGCTGAGGGTCAGTGGTATCGTTATGCGCCTTCGTATGTTTCTCCTGCTTATCACCTTCTTGAAGGCTTCCCATTCATTCAGGAACCGCCTTCTGGTGATTTGCA
AGAACGCGTACTTATTCGCCACCATGATTATGACCAGTGTTTCCAGTCCGTTCAGTTGTTGCAGTGGAATAGTCAGGTTAAATTTAATGTGACCGTTTATCGCAATCTGCCGACCACTCGCGATTC
AATCATGACTTCGTGATAAAAGATTGAGTGTGAGGTTATAACGCCGAAGCGGTAAAAATTTTAATTTTTGCCGCTGAGGGGTTGACCAAGCGAAGCGCGGTAGGTTTTCTGCTTAGGAGTTTAATC
ATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTTCTGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGTTTTACAGACACCTAAAGCTACATCGTCAACGTTA
TATTTTGATAGTTTGACGGTTAATGCTGGTAATGGTGGTTTTCTTCATTGCATTCAGATGGATACATCTGTCAACGCCGCTAATCAGGTTGTTTCTGTTGGTGCTGATATTGCTTTTGATGCCGAC
CCTAAATTTTTTGCCTGTTTGGTTCGCTTTGAGTCTTCTTCGGTTCCGACTACCCTCCCGACTGCCTATGATGTTTATCCTTTGAATGGTCGCCATGATGGTGGTTATTATACCGTCAAGGACTGT
GTGACTATTGACGTCCTTCCCCGTACGCCGGGCAATAACGTTTATGTTGGTTTCATGGTTTGGTCTAACTTTACCGCTACTAAATGCCGCGGATTGGTTTCGCTGAATCAGGTTATTAAAGAGATT
ATTTGTCTCCAGCCACTTAAGTGAGGTGATTTATGTTTGGTGCTATTGCTGGCGGTATTGCTTCTGCTCTTGCTGGTGGCGCCATGTCTAAATTGTTTGGAGGCGGTCAAAAAGCCGCCTCCGGTG
GCATTCAAGGTGATGTGCTTGCTACCGATAACAATACTGTAGGCATGGGTGATGCTGGTATTAAATCTGCCATTCAAGGCTCTAATGTTCCTAACCCTGATGAGGCCGCCCCTAGTTTTGTTTCTG
GTGCTATGGCTAAAGCTGGTAAAGGACTTCTTGAAGGTACGTTGCAGGCTGGCACTTCTGCCGTTTCTGATAAGTTGCTTGATTTGGTTGGACTTGGTGGCAAGTCTGCCGCTGATAAAGGAAAGG
ATACTCGTGATTATCTTGCTGCTGCATTTCCTGAGCTTAATGCTTGGGAGCGTGCTGGTGCTGATGCTTCCTCTGCTGGTATGGTTGACGCCGGATTTGAGAATCAAAAAGAGCTTACTAAAATGC
AACTGGACAATCAGAAAGAGATTGCCGAGATGCAAAATGAGACTCAAAAAGAGATTGCTGGCATTCAGTCGGCGACTTCACGCCAGAATACGAAAGACCAGGTATATGCACAAAATGAGATGCTTG
CTTATCAACAGAAGGAGTCTACTGCTCGCGTTGCGTCTATTATGGAAAACACCAATCTTTCCAAGCAACAGCAGGTTTCCGAGATTATGCGCCAAATGCTTACTCAAGCTCAAACGGCTGGTCAGT
ATTTTACCAATGACCAAATCAAAGAAATGACTCGCAAGGTTAGTGCTGAGGTTGACTTAGTTCATCAGCAAACGCAGAATCAGCGGTATGGCTCTTCTCATATTGGCGCTACTGCAAAGGATATTT
CTAATGTCGTCACTGATGCTGCTTCTGGTGTGGTTGATATTTTTCATGGTATTGATAAAGCTGTTGCCGATACTTGGAACAATTTCTGGAAAGACGGTAAAGCTGATGGTATTGGCTCTAATTTGT
CTAGGAAATAACCGTCAGGATTGACACCCTCCCAATTGTATGTTTTCATGCCTCCAAATCTTGGAGGCTTTTTTATGGTTCGTTCTTATTACCCTTCTGAATGTCACGCTGATTATTTTGACTTTG
AGCGTATCGAGGCTCTTAAACCTGCTATTGAGGCTTGTGGCATTTCTACTCTTTCTCAATCCCCAATGCTTGGCTTCCATAAGCAGATGGATAACCGCATCAAGCTCTTGGAAGAGATTCTGTCTT
TTCGTATGCAGGGCGTTGAGTTCGATAATGGTGATATGTATGTTGACGGCCATAAGGCTGCTTCTGACGTTCGTGATGAGTTTGTATCTGTTACTGAGAAGTTAATGGATGAATTGGCACAATGCT
ACAATGTGCTCCCCCAACTTGATATTAATAACACTATAGACCACCGCCCCGAAGGGGACGAAAAATGGTTTTTAGAGAACGAGAAGACGGTTACGCAGTTTTGCCGCAAGCTGGCTGCTGAACGCC
CTCTTAAGGATATTCGCGATGAGTATAATTACCCCAAAAAGAAAGGTATTAAGGATGAGTGTTCAAGATTGCTGGAGGCCTCCACTATGAAATCGCGTAGAGGCTTTGCTATTCAGCGTTTGATGA
ATGCAATGCGACAGGCTCATGCTGATGGTTGGTTTATCGTTTTTGACACTCTCACGTTGGCTGACGACCGATTAGAGGCGTTTTATGATAATCCCAATGCTTTGCGTGACTATTTTCGTGATATTG
GTCGTATGGTTCTTGCTGCCGAGGGTCGCAAGGCTAATGATTCACACGCCGACTGCTATCAGTATTTTTGTGTGCCTGAGTATGGTACAGCTAATGGCCGTCTTCATTTCCATGCGGTGCACTTTA
TGCGGACACTTCCTACAGGTAGCGTTGACCCTAATTTTGGTCGTCGGGTACGCAATCGCCGCCAGTTAAATAGCTTGCAAAATACGTGGCCTTATGGTTACAGTATGCCCATCGCAGTTCGCTACA
CGCAGGACGCTTTTTCACGTTCTGGTTGGTTGTGGCCTGTTGATGCTAAAGGTGAGCCGCTTAAAGCTACCAGTTATATGGCTGTTGGTTTCTATGTGGCTAAATACGTTAACAAAAAGTCAGATA
TGGACCTTGCTGCTAAAGGTCTAGGAGCTAAAGAATGGAACAACTCACTAAAAACCAAGCTGTCGCTACTTCCCAAGAAGCTGTTCAGAATCAGAATGAGCCGCAACTTCGGGATGAAAATGCTCA
CAATGACAAATCTGTCCACGGAGTGCTTAATCCAACTTACCAAGCTGGGTTACGACGCGACGCCGTTCAACCAGATATTGAAGCAGAACGCAAAAAGAGAGATGAGATTGAGGCTGGGAAAAGTTA
CTGTAGCCGACGTTTTGGCGGCGCAACCTGTGACGACAAATCTGCTCAAATTTATGCGCGCTTCGATAAAAATGATTGGCGTATCCAACCTGCA

bacterial virus phiX174
Fred Sanger, Alan Coulson, et al. (197/8]



GAGTTTTATCGCTTCCATGACGCAGAAGTTAACACTTTCGGATATTTCTGATGAGTCGAAAAATTATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGAAGTGGACTGCTGG
CGGAAAATGAGAAAATTCGACCTATCCTTGCGCAGCTCGAGAAGCTCTTACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGATGAGGAGAAGTGGCTTAATATG
CTTGGCACGTTCGTCAAGGACTGGTTTAGATATGAGTCACATTTTGTTCATGGTAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTGGATTACTATCTGAGTCCGATGCTGTTCAACCACTAATA
GGTAAGAAATCATGAGTCAAGTTACTGAACAATCCGTACGTTTCCAGACCGCTTTGGCCTCTATTAAGCTCATTCAGGCTTCTGCCGTTTTGGATTTAACCGAAGATGATTTCGATTTTCTGACGA
GTAACAAAGTTTGGATTGCTACTGACCGCTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCG
TCATTGCTTATTATGTTCATCCCGTCAACATTCAAACGGCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAAACATTATTAATGGCGTCGAGCGTCCGGTTAAAGCCGCTGAATTGTTCGCGT
TTACCTTGCGTGTACGCGCAGGAAACACTGACGTTCTTACTGACGCAGAAGAAAACGTGCGTCAAAAATTACGTGCGGAAGGAGTGATGTAATGTCTAAAGGTAAAAAACGTTCTGGCGCTCGCCC
TGGTCGTCCGCAGCCGTTGCGAGGTACTAAAGGCAAGCGTAAAGGCGCTCGTCTTTGGTATGTAGGTGGTCAACAATTTTAATTGCAGGGGCTTCGGCCCCTTACTTGAGGATAAATTATGTCTAA
TATTCAAACTGGCGCCGAGCGTATGCCGCATGACCTTTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTCGTCTTATTACCATTTCAACTACTCCGGTTATCGCTGGCGACTCCTTCGAGATGGA
CGCCGTTGGCGCTCTCCGTCTTTCTCCATTGCGTCGTGGCCTTGCTATTGACTCTACTGTAGACATTTTTACTTTTTATGTCCCTCATCGTCACGTTTATGGTGAACAGTGGATTAAGTTCATGAA
GGATGGTGTTAATGCCACTCCTCTCCCGACTGTTAACACTACTGGTTATATTGACCATGCCGCTTTTCTTGGCACGATTAACCCTGATACCAATAAAATCCCTAAGCATTTGTTTCAGGGTTATTT
GAATATCTATAACAACTATTTTAAAGCGCCGTGGATGCCTGACCGTACCGAGGCTAACCCTAATGAGCTTAATCAAGATGATGCTCGTTATGGTTTCCGTTGCTGCCATCTCAAAAACATTTGGAC
TGCTCCGCTTCCTCCTGAGACTGAGCTTTCTCGCCAAATGACGACTTCTACCACATCTATTGACATTATGGGTCTGCAAGCTGCTTATGCTAATTTGCATACTGACCAAGAACGTGATTACTTCAT
GCAGCGTTACCATGATGTTATTTCTTCATTTGGAGGTAAAACCTCTTATGACGCTGACAACCGTCCTTTACTTGTCATGCGCTCTAATCTCTGGGCATCTGGCTATGATGTTGATGGAACTGACCA
AACGTCGTTAGGCCAGTTTTCTGGTCGTGTTCAACAGACCTATAAACATTCTGTGCCGCGTTTCTTTGTTCCTGAGCATGGCACTATGTTTACTCTTGCGCTTGTTCGTTTTCCGCCTACTGCGAC
TAAAGAGATTCAGTACCTTAACGCTAAAGGTGCTTTGACTTATACCGATATTGCTGGCGACCCTGTTTTGTATGGCAACTTGCCGCCGCGTGAAATTTCTATGAAGGATGTTTTCCGTTCTGGTGA
TTCGTCTAAGAAGTTTAAGATTGCTGAGGGTCAGTGGTATCGTTATGCGCCTTCGTATGTTTCTCCTGCTTATCACCTTCTTGAAGGCTTCCCATTCATTCAGGAACCGCCTTCTGGTGATTTGCA
AGAACGCGTACTTATTCGCCACCATGATTATGACCAGTGTTTCCAGTCCGTTCAGTTGTTGCAGTGGAATAGTCAGGTTAAATTTAATGTGACCGTTTATCGCAATCTGCCGACCACTCGCGATTC
AATCATGACTTCGTGATAAAAGATTGAGTGTGAGGTTATAACGCCGAAGCGGTAAAAATTTTAATTTTTGCCGCTGAGGGGTTGACCAAGCGAAGCGCGGTAGGTTTTCTGCTTAGGAGTTTAATC
ATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTTCTGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGTTTTACAGACACCTAAAGCTACATCGTCAACGTTA
TATTTTGATAGTTTGACGGTTAATGCTGGTAATGGTGGTTTTCTTCATTGCATTCAGATGGATACATCTGTCAACGCCGCTAATCAGGTTGTTTCTGTTGGTGCTGATATTGCTTTTGATGCCGAC
CCTAAATTTTTTGCCTGTTTGGTTCGCTTTGAGTCTTCTTCGGTTCCGACTACCCTCCCGACTGCCTATGATGTTTATCCTTTGAATGGTCGCCATGATGGTGGTTATTATACCGTCAAGGACTGT
GTGACTATTGACGTCCTTCCCCGTACGCCGGGCAATAACGTTTATGTTGGTTTCATGGTTTGGTCTAACTTTACCGCTACTAAATGCCGCGGATTGGTTTCGCTGAATCAGGTTATTAAAGAGATT
ATTTGTCTCCAGCCACTTAAGTGAGGTGATTTATGTTTGGTGCTATTGCTGGCGGTATTGCTTCTGCTCTTGCTGGTGGCGCCATGTCTAAATTGTTTGGAGGCGGTCAAAAAGCCGCCTCCGGTG
GCATTCAAGGTGATGTGCTTGCTACCGATAACAATACTGTAGGCATGGGTGATGCTGGTATTAAATCTGCCATTCAAGGCTCTAATGTTCCTAACCCTGATGAGGCCGCCCCTAGTTTTGTTTCTG
GTGCTATGGCTAAAGCTGGTAAAGGACTTCTTGAAGGTACGTTGCAGGCTGGCACTTCTGCCGTTTCTGATAAGTTGCTTGATTTGGTTGGACTTGGTGGCAAGTCTGCCGCTGATAAAGGAAAGG
ATACTCGTGATTATCTTGCTGCTGCATTTCCTGAGCTTAATGCTTGGGAGCGTGCTGGTGCTGATGCTTCCTCTGCTGGTATGGTTGACGCCGGATTTGAGAATCAAAAAGAGCTTACTAAAATGC
AACTGGACAATCAGAAAGAGATTGCCGAGATGCAAAATGAGACTCAAAAAGAGATTGCTGGCATTCAGTCGGCGACTTCACGCCAGAATACGAAAGACCAGGTATATGCACAAAATGAGATGCTTG
CTTATCAACAGAAGGAGTCTACTGCTCGCGTTGCGTCTATTATGGAAAACACCAATCTTTCCAAGCAACAGCAGGTTTCCGAGATTATGCGCCAAATGCTTACTCAAGCTCAAACGGCTGGTCAGT
ATTTTACCAATGACCAAATCAAAGAAATGACTCGCAAGGTTAGTGCTGAGGTTGACTTAGTTCATCAGCAAACGCAGAATCAGCGGTATGGCTCTTCTCATATTGGCGCTACTGCAAAGGATATTT
CTAATGTCGTCACTGATGCTGCTTCTGGTGTGGTTGATATTTTTCATGGTATTGATAAAGCTGTTGCCGATACTTGGAACAATTTCTGGAAAGACGGTAAAGCTGATGGTATTGGCTCTAATTTGT
CTAGGAAATAACCGTCAGGATTGACACCCTCCCAATTGTATGTTTTCATGCCTCCAAATCTTGGAGGCTTTTTTATGGTTCGTTCTTATTACCCTTCTGAATGTCACGCTGATTATTTTGACTTTG
AGCGTATCGAGGCTCTTAAACCTGCTATTGAGGCTTGTGGCATTTCTACTCTTTCTCAATCCCCAATGCTTGGCTTCCATAAGCAGATGGATAACCGCATCAAGCTCTTGGAAGAGATTCTGTCTT
TTCGTATGCAGGGCGTTGAGTTCGATAATGGTGATATGTATGTTGACGGCCATAAGGCTGCTTCTGACGTTCGTGATGAGTTTGTATCTGTTACTGAGAAGTTAATGGATGAATTGGCACAATGCT
ACAATGTGCTCCCCCAACTTGATATTAATAACACTATAGACCACCGCCCCGAAGGGGACGAAAAATGGTTTTTAGAGAACGAGAAGACGGTTACGCAGTTTTGCCGCAAGCTGGCTGCTGAACGCC
CTCTTAAGGATATTCGCGATGAGTATAATTACCCCAAAAAGAAAGGTATTAAGGATGAGTGTTCAAGATTGCTGGAGGCCTCCACTATGAAATCGCGTAGAGGCTTTGCTATTCAGCGTTTGATGA
ATGCAATGCGACAGGCTCATGCTGATGGTTGGTTTATCGTTTTTGACACTCTCACGTTGGCTGACGACCGATTAGAGGCGTTTTATGATAATCCCAATGCTTTGCGTGACTATTTTCGTGATATTG
GTCGTATGGTTCTTGCTGCCGAGGGTCGCAAGGCTAATGATTCACACGCCGACTGCTATCAGTATTTTTGTGTGCCTGAGTATGGTACAGCTAATGGCCGTCTTCATTTCCATGCGGTGCACTTTA
TGCGGACACTTCCTACAGGTAGCGTTGACCCTAATTTTGGTCGTCGGGTACGCAATCGCCGCCAGTTAAATAGCTTGCAAAATACGTGGCCTTATGGTTACAGTATGCCCATCGCAGTTCGCTACA
CGCAGGACGCTTTTTCACGTTCTGGTTGGTTGTGGCCTGTTGATGCTAAAGGTGAGCCGCTTAAAGCTACCAGTTATATGGCTGTTGGTTTCTATGTGGCTAAATACGTTAACAAAAAGTCAGATA
TGGACCTTGCTGCTAAAGGTCTAGGAGCTAAAGAATGGAACAACTCACTAAAAACCAAGCTGTCGCTACTTCCCAAGAAGCTGTTCAGAATCAGAATGAGCCGCAACTTCGGGATGAAAATGCTCA
CAATGACAAATCTGTCCACGGAGTGCTTAATCCAACTTACCAAGCTGGGTTACGACGCGACGCCGTTCAACCAGATATTGAAGCAGAACGCAAAAAGAGAGATGAGATTGAGGCTGGGAAAAGTTA
CTGTAGCCGACGTTTTGGCGGCGCAACCTGTGACGACAAATCTGCTCAAATTTATGCGCGCTTCGATAAAAATGATTGGCGTATCCAACCTGCA

bacterial virus phiX174
Fred Sanger, Alan Coulson, et al. (197/8]



GAGTTTTATCGCTTCCATGACGCAGAAGTTAACACTTTCGGATATTTCTGATGAGTCGAAAAATTATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGAAGTGGACTGCTGG
CGGAAAATGAGAAAATTCGACCTATCCTTGCGCAGCTCGAGAAGCTCTTACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGATGAGGAGAAGTGGCTTAATATG
CTTGGCACGTTCGTCAAGGACTGGTTTAGATATGAGTCACATTTTGTTCATGGTAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTGGATTACTATCTGAGTCCGATGCTGTTCAACCACTAATA
GGTAAGAAATCATGAGTCAAGTTACTGAACAATCCGTACGTTTCCAGACCGCTTTGGCCTCTATTAAGCTCATTCAGGCTTCTGCCGTTTTGGATTTAACCGAAGATGATTTCGATTTTCTGACGA
GTAACAAAGTTTGGATTGCTACTGACCGCTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGACTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCG
TCATTGCTTATTATGTTCATCCCGTCAACATTCAAACGGCCTGTCTCATCATGGAAGGCGCTGAATTTACGGAAAACATTATTAATGGCGTCGAGCGTCCGGTTAAAGCCGCTGAATTGTTCGCGT
TTACCTTGCGTGTACGCGCAGGAAACACTGACGTTCTTACTGACGCAGAAGAAAACGTGCGTCAAAAATTACGTGCGGAAGGAGTGATGTAATGTCTAAAGGTAAAAAACGTTCTGGCGCTCGCCC
TGGTCGTCCGCAGCCGTTGCGAGGTACTAAAGGCAAGCGTAAAGGCGCTCGTCTTTGGTATGTAGGTGGTCAACAATTTTAATTGCAGGGGCTTCGGCCCCTTACTTGAGGATAAATTATGTCTAA
TATTCAAACTGGCGCCGAGCGTATGCCGCATGACCTTTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTCGTCTTATTACCATTTCAACTACTCCGGTTATCGCTGGCGACTCCTTCGAGATGGA
CGCCGTTGGCGCTCTCCGTCTTTCTCCATTGCGTCGTGGCCTTGCTATTGACTCTACTGTAGACATTTTTACTTTTTATGTCCCTCATCGTCACGTTTATGGTGAACAGTGGATTAAGTTCATGAA
GGATGGTGTTAATGCCACTCCTCTCCCGACTGTTAACACTACTGGTTATATTGACCATGCCGCTTTTCTTGGCACGATTAACCCTGATACCAATAAAATCCCTAAGCATTTGTTTCAGGGTTATTT
GAATATCTATAACAACTATTTTAAAGCGCCGTGGATGCCTGACCGTACCGAGGCTAACCCTAATGAGCTTAATCAAGATGATGCTCGTTATGGTTTCCGTTGCTGCCATCTCAAAAACATTTGGAC
TGCTCCGCTTCCTCCTGAGACTGAGCTTTCTCGCCAAATGACGACTTCTACCACATCTATTGACATTATGGGTCTGCAAGCTGCTTATGCTAATTTGCATACTGACCAAGAACGTGATTACTTCAT
GCAGCGTTACCATGATGTTATTTCTTCATTTGGAGGTAAAACCTCTTATGACGCTGACAACCGTCCTTTACTTGTCATGCGCTCTAATCTCTGGGCATCTGGCTATGATGTTGATGGAACTGACCA
AACGTCGTTAGGCCAGTTTTCTGGTCGTGTTCAACAGACCTATAAACATTCTGTGCCGCGTTTCTTTGTTCCTGAGCATGGCACTATGTTTACTCTTGCGCTTGTTCGTTTTCCGCCTACTGCGAC
TAAAGAGATTCAGTACCTTAACGCTAAAGGTGCTTTGACTTATACCGATATTGCTGGCGACCCTGTTTTGTATGGCAACTTGCCGCCGCGTGAAATTTCTATGAAGGATGTTTTCCGTTCTGGTGA
TTCGTCTAAGAAGTTTAAGATTGCTGAGGGTCAGTGGTATCGTTATGCGCCTTCGTATGTTTCTCCTGCTTATCACCTTCTTGAAGGCTTCCCATTCATTCAGGAACCGCCTTCTGGTGATTTGCA
AGAACGCGTACTTATTCGCCACCATGATTATGACCAGTGTTTCCAGTCCGTTCAGTTGTTGCAGTGGAATAGTCAGGTTAAATTTAATGTGACCGTTTATCGCAATCTGCCGACCACTCGCGATTC
AATCATGACTTCGTGATAAAAGATTGAGTGTGAGGTTATAACGCCGAAGCGGTAAAAATTTTAATTTTTGCCGCTGAGGGGTTGACCAAGCGAAGCGCGGTAGGTTTTCTGCTTAGGAGTTTAATC
ATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTTTCTGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGTTTTACAGACACCTAAAGCTACATCGTCAACGTTA
TATTTTGATAGTTTGACGGTTAATGCTGGTAATGGTGGTTTTCTTCATTGCATTCAGATGGATACATCTGTCAACGCCGCTAATCAGGTTGTTTCTGTTGGTGCTGATATTGCTTTTGATGCCGAC
CCTAAATTTTTTGCCTGTTTGGTTCGCTTTGAGTCTTCTTCGGTTCCGACTACCCTCCCGACTGCCTATGATGTTTATCCTTTGAATGGTCGCCATGATGGTGGTTATTATACCGTCAAGGACTGT
GTGACTATTGACGTCCTTCCCCGTACGCCGGGCAATAACGTTTATGTTGGTTTCATGGTTTGGTCTAACTTTACCGCTACTAAATGCCGCGGATTGGTTTCGCTGAATCAGGTTATTAAAGAGATT
ATTTGTCTCCAGCCACTTAAGTGAGGTGATTTATGTTTGGTGCTATTGCTGGCGGTATTGCTTCTGCTCTTGCTGGTGGCGCCATGTCTAAATTGTTTGGAGGCGGTCAAAAAGCCGCCTCCGGTG
GCATTCAAGGTGATGTGCTTGCTACCGATAACAATACTGTAGGCATGGGTGATGCTGGTATTAAATCTGCCATTCAAGGCTCTAATGTTCCTAACCCTGATGAGGCCGCCCCTAGTTTTGTTTCTG
GTGCTATGGCTAAAGCTGGTAAAGGACTTCTTGAAGGTACGTTGCAGGCTGGCACTTCTGCCGTTTCTGATAAGTTGCTTGATTTGGTTGGACTTGGTGGCAAGTCTGCCGCTGATAAAGGAAAGG
ATACTCGTGATTATCTTGCTGCTGCATTTCCTGAGCTTAATGCTTGGGAGCGTGCTGGTGCTGATGCTTCCTCTGCTGGTATGGTTGACGCCGGATTTGAGAATCAAAAAGAGCTTACTAAAATGC
AACTGGACAATCAGAAAGAGATTGCCGAGATGCAAAATGAGACTCAAAAAGAGATTGCTGGCATTCAGTCGGCGACTTCACGCCAGAATACGAAAGACCAGGTATATGCACAAAATGAGATGCTTG
CTTATCAACAGAAGGAGTCTACTGCTCGCGTTGCGTCTATTATGGAAAACACCAATCTTTCCAAGCAACAGCAGGTTTCCGAGATTATGCGCCAAATGCTTACTCAAGCTCAAACGGCTGGTCAGT
ATTTTACCAATGACCAAATCAAAGAAATGACTCGCAAGGTTAGTGCTGAGGTTGACTTAGTTCATCAGCAAACGCAGAATCAGCGGTATGGCTCTTCTCATATTGGCGCTACTGCAAAGGATATTT
CTAATGTCGTCACTGATGCTGCTTCTGGTGTGGTTGATATTTTTCATGGTATTGATAAAGCTGTTGCCGATACTTGGAACAATTTCTGGAAAGACGGTAAAGCTGATGGTATTGGCTCTAATTTGT
CTAGGAAATAACCGTCAGGATTGACACCCTCCCAATTGTATGTTTTCATGCCTCCAAATCTTGGAGGCTTTTTTATGGTTCGTTCTTATTACCCTTCTGAATGTCACGCTGATTATTTTGACTTTG
AGCGTATCGAGGCTCTTAAACCTGCTATTGAGGCTTGTGGCATTTCTACTCTTTCTCAATCCCCAATGCTTGGCTTCCATAAGCAGATGGATAACCGCATCAAGCTCTTGGAAGAGATTCTGTCTT
TTCGTATGCAGGGCGTTGAGTTCGATAATGGTGATATGTATGTTGACGGCCATAAGGCTGCTTCTGACGTTCGTGATGAGTTTGTATCTGTTACTGAGAAGTTAATGGATGAATTGGCACAATGCT
ACAATGTGCTCCCCCAACTTGATATTAATAACACTATAGACCACCGCCCCGAAGGGGACGAAAAATGGTTTTTAGAGAACGAGAAGACGGTTACGCAGTTTTGCCGCAAGCTGGCTGCTGAACGCC
CTCTTAAGGATATTCGCGATGAGTATAATTACCCCAAAAAGAAAGGTATTAAGGATGAGTGTTCAAGATTGCTGGAGGCCTCCACTATGAAATCGCGTAGAGGCTTTGCTATTCAGCGTTTGATGA
ATGCAATGCGACAGGCTCATGCTGATGGTTGGTTTATCGTTTTTGACACTCTCACGTTGGCTGACGACCGATTAGAGGCGTTTTATGATAATCCCAATGCTTTGCGTGACTATTTTCGTGATATTG
GTCGTATGGTTCTTGCTGCCGAGGGTCGCAAGGCTAATGATTCACACGCCGACTGCTATCAGTATTTTTGTGTGCCTGAGTATGGTACAGCTAATGGCCGTCTTCATTTCCATGCGGTGCACTTTA
TGCGGACACTTCCTACAGGTAGCGTTGACCCTAATTTTGGTCGTCGGGTACGCAATCGCCGCCAGTTAAATAGCTTGCAAAATACGTGGCCTTATGGTTACAGTATGCCCATCGCAGTTCGCTACA
CGCAGGACGCTTTTTCACGTTCTGGTTGGTTGTGGCCTGTTGATGCTAAAGGTGAGCCGCTTAAAGCTACCAGTTATATGGCTGTTGGTTTCTATGTGGCTAAATACGTTAACAAAAAGTCAGATA
TGGACCTTGCTGCTAAAGGTCTAGGAGCTAAAGAATGGAACAACTCACTAAAAACCAAGCTGTCGCTACTTCCCAAGAAGCTGTTCAGAATCAGAATGAGCCGCAACTTCGGGATGAAAATGCTCA
CAATGACAAATCTGTCCACGGAGTGCTTAATCCAACTTACCAAGCTGGGTTACGACGCGACGCCGTTCAACCAGATATTGAAGCAGAACGCAAAAAGAGAGATGAGATTGAGGCTGGGAAAAGTTA
CTGTAGCCGACGTTTTGGCGGCGCAACCTGTGACGACAAATCTGCTCAAATTTATGCGCGCTTCGATAAAAATGATTGGCGTATCCAACCTGCA

bacterial virus phiX174
Fred Sanger, Alan Coulson, et al. (197/8]



Sequence conservation is an important signal

UCSC Genome Browser on Human Mar. 2006 Assembly

move <<< [_fij_f_‘{_l__l, >> ‘:ilt zoom in’ 1-5)‘,‘{__35‘.],_1%_]‘ basej zoom out 1.5x Jgﬁ\y_"_«!

position/search %khrl?:7,512,445-7,531,642 jump |~c_le¢1l size 19,198 bp. | configure |

25, I[RCEElE c24. 2 Creie | - 21,3 . 7 . IS 17015 ) [JENE P13.3 | chri? (p13.1)

7514068

RefSeq Genes

vertebrate MUlItiz Alignment & PhastCons Conserwation (2

Click on a feature for details. Click on base position to zoom in around cursor. Click gray/blue bars on left for track

options and descriptions.

a view of 20 kb around the human P53 gene

UCSC Browser: Jim Kent and David Haussler

Ensembl Browser: Ewan Birney
MULTIZ: Webb Miller
PhastCons: Adam Siepel



More genomes = more resolution
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Figure 1. Number of Genomes Required for Single Nucleotide Resolution

It's not that we’re so interested in genomes of 100’s of species;
We're interested in comparing 100's of genomes to our main model systems.
This is the driver for comparative genome sequencing.

SR Eddy, PLoS Biology 3-¢10 [2005)

Greg Cooper, Arend Sidow, others



The pattern of conservation iIs also informative

Mouse SRA1

NM_025291.3
NM_ 081035235

Human SRA1
NM_025291, 3
NM_001035235

NM_B825291. 3
NM_B8081035235

tart start of cOMNA analyzed in Lanz et al [Cell 37:17 1333]
star

afgcgctgocccactag

tgcggaagtggagatggcggagetgtacgtgaageccggcaacaaggaacgcggetggaacgaccegee 95
ANgcgctgoccocgotgg gcggaagtggagatggoggagetgtacgtgaagocc ggcaacaaggaacgcggoctggaacgacccgoo
ARGCGCTGCCCCGITRG GLGGAAGTGGAGATGRCGGAGCTGTACGT GAAGCCGGECAACAAGGAACGCGECTGOAACGACCCGCC £98

604 GAA
B T T T T P S e e el o]

ca ttctc tacggget cagac cagllc g ggacccal cgc cttac aagagggtcge gc cc caggatggatccce agag
699 GCAGTTCTCATACGGGCTRCAGACCCAGECCGGLGGACCCABGLCGE CTTACCAAGAGGGTCGCCGCACCCCAGGATGGATCCCCCAGAG 793
L e S T e Y o]

96 acaattctcctacgggotecagactcaglctggtggaccca@acgc@ctcfccttactaagagyggtcgogygccccacaggatggatcccctagag 194
C
GC

191 BCCCinnvns agaadactt...ctggaccacctccafjtggatca@tccacctocttcaagtaaggetficcagoBctccgecclitggggagefigtcct 276
cco aga actt ctgg ccl cc ccafitggl cltccacctccttcaagtaaggetfccaggic cc cc @tggggag tcct
794 MCCCegoateAGAGACT TeteCTGGLCCTCCCCCANT GLBGCETCCACCTCCTTCAAGTAAGGCTRCCAGGRCCCCACCTRTGGLGAGTRGTCCT 888

BETE2333337TEREETTE 22 25 T Doksksk o shis s s s sk s s s o o o o o oo s o o s o o s s s s s s s e e s o e ook s sl sl sk bk s ok sk bk ok ik PP

714 aligned positions, ATG to TAA
Human SRA1l: 711 nt (236aa) 4 insertions:
Mouse SRA1l: 699 nt (232aa) 1 insertion:

1st position: 18
2nd position: 20
3rd position:

pioneered by Jonathan Badger and Gary Olsen (CRITICA)
many comparative coding region and genefinders, including work from
Michael Brent, Irmi Meyer, Manolis Kellis, others



Different sequences evolve under different constraints

I
i
ACG

' P —

BN
el
CTGAGT

G = > —

|
)
A

Ox——
-] —

|
I
G

G Q K V L
| | | | . |

GGTCAGAAAGTACTT
lx P I x I x| | x

GGACAGAAGGTTCTC

4
CG

||||||‘
e
X
CGAAAGG

| ‘
[0
TTG

X — —
Ox——
—~HxP>—

E Rivas and SR Eddy, BMC Bioinf 2:8 [2001)

OTHER model:
terms P(a,b | OTH]
sequence divergence only

CODING model:
terms P(aaa,bbb | COD)]
codon constraints

RNA model;
terms P(a-a', b-b'| RNA)]
secondary structure constraints

introduced by Elena Rivas (QRNA])

now also Ivo Hofacker et al [RNAz), Jakob Pedersen (EvoFold)



Even some subtle biophysical effects show up in sequence

BUDDD | ! I I I ! I I I T I I T T |

20000

terminator

10000

origin

-10000

probably multiple effects;
2goool~ ~ oneis C>T deamination on the more solvent-exposed lagging strand ]

Excess G over C [cumulative GC skew]
=

-BDDUD ] 1 | I | 1 1 I l | 1 | | 1 | 1 | 1 1 1
1.0M 20M 3.0M 40 M

Genome position [Escherichia caoli K12 MG1655, M56 assembly)

pioneered by Jean Lobry
now also Alexander Grigoriev, others
RNA genefinding applications by Phil Green, Arian Smit



G/C fraction (window=100)

Galtier & Lobry, IME 44:652 [1997); RJ Klein et al PNAS 99: 7542 [2002)

Genomic G+C content %

tRNA G+C content %
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Fetch me an AT-rich hyperthermophile

n=224 genera

0%8%
°g

0 20 30 40 50 60 70 8 % 100 lo

Optimal growth temperature °C

n=>51 genéra

Genome GC content uncorrelated w/ growth temp

GC content of structural RNAs highly correlated

positions 826437..831330 of 5/99 P. furiosus genome

— tANAAG

tANAAlIa

W

So: in the most extreme AT-rich hyperthermophiles,
structural RNA genefinding becomes trivial

Pyrococcus furiosus - \ulcano Island, Italy. 98C. BO%AT.
P. abyssi, P. horikoshii
Methanococcus jannaschii

2000 3000
position

1000

4000

5000

Robbie Klein, Peter Schattner



Fetch me an organism with one gene per chromosome

A. alpha-telomere binding protein (2166nt) B. U2 snRNA (471nt) C. histone H3 and tRNA (1250nt)
GB:AJ490820 OXAO-aab15a03 OXAE-a3229d04
nano-chr. nano-chr. nano-chr. L
structure -—',l:ﬁ >i—- structure -—g:H_- structure I I I HRNA (Hig)
80 | i | 80 | 80 : : .
GC% GC% | i GC%
ol i . oL °
o% " bl — l. o T - ox T8
S.lemnae F_T | - . - S lemnae [, ! : S lemnae = & oTm—bl
DNA = - DNA | —f DNA | - - - T
so- |1 50~ HoEoo-
prediction :(:"1 D> prediction . prediction E—
protein/RNA : . proteidRNA i o 0% e 108
DB simitarity ! prp—— DB similarity 12 CM [Riam RFD0004) DB similanty  op 4aps673 1 : JRNA CM (Rian RFDO00S)
EST matches L mp ESTmatches ——— goypp EST matches e mip

Oxytricha trifallax
Average macronuclear chromosome: 2.2kb

50 am Seolkyoung Jung, Laura Landweber, David Prescott



Sequence analysis means putting labels on residues
.. L.e. assigning Aidden states to observed symbols ...

C. elegans Dicer (dcr-1; K12H4.8)

@ ——00 @& @& 8o

14 180 440498 506 602 TBS 061 1348 1524 1614 1740176891820

DEAD Helicase C PAZ RNaselll RNaselll dsrm
dsRNA_bind

domain found in

RNA helicase Argonaute/Dicer  RNaselll ribonuclease dsRNA binding
RNAI proteins



Probabllistic models of biological sequences

hidden Markov models (HMMs)

linear sequence
developed for digital signal processing, speech recognition

protein and DNA analysis

stochastic context-free grammars (SCFGs)
sequence + nested pairwise correlations
developed in computational linguistics

RNA analysis
R Durbin, SR Eddy, GJ Mitchison, A Krogh HMMs introduced by : Gary Churchill,
Biological Sequence Analysis: Gary Stormo, Anders Krogh, David Haussler
Probabilistic Models of Proteins and Nucleic Acids SCFGs introduced by : Yasu Sakakibara,

Cambridge Univ. Press, 1998 Sean Eddy, David Haussler



BLAST Is an approximation to a profile HMM

Standard Smith/Waterman local alignment
(as a state machine)

Probabilistic local alignment

. L
(i-1) log 75
P (L) log L
°9 72 ] L+2
2 XY 1
*+log gy match +log 5
log t(DM)

S/W: Temple Smith, Michael Waterman
BLAST: Gene Myers, Warren Gish, David Lipman, Stephen Altschul, Sam Karlin, others

BLOSUMGBZ2: Steve and Jorja Henikoff
FASTA: Bill Pearson



"HMM methods are limited by computational complexity”
No; the problem is the amount of work needed to write real software.

Vol. 23 no. 2 2007, pages 156-161

B I OI N F OR MA TI CS ORI Gl NA L P A P E R doi: 10.1093/biocinformatics/bti582

Sequence analysis
Striped Smith—Waterman speeds database searches six times
over other SIMD implementations

Michael Farrar

Received on June 22, 2006; revised on November 13, 2006; accepted on November 14, 2006
Advance Access publication November 16, 2006
Associate Editor: Nikolaus Rajewsky

HMMERZ (Forward]) / Mc/s
NCBI BLASTP 9000 Mc/s } 1000x needed (per core]
HMMERS3 4000 Mc/'s

One typical database search, 400 aa protein against 10 million proteins:
HMMERZ Forward: 3000 CPU-minutes
NCBI BLASTP: 3 CPU-minutes
Why not 100 milliseconds (interactive)? 14 Tc/s:  2,000,000x needed [overall]

HMMERS servers (hmmer.org) on 144 cpus: now 1 sec (200,000x]



Pfam

11,912 protein families
Cambridge | Janelia | Stockholm
Interpro Consortium: Cambridge | Geneva
pfam.janelia.org

HMMER

protein domains and DNA elements
sequence homology recognition
linear models: profile HMMs
44K lines ANSI C99

hmmer.org

Easel

Rfam

1,446 BNA families
Cambridge | Janelia
rfam.janelia.org

Infernal

RNA structures
sequence homology recognition
binary tree models: profile SCFGs
104K lines ANSI C99
infernal.janelia.org

biosequence analysis code library
foundation for most lab code
59K lines ANSI C99



GAGTTTTATCGCTTCCATGACGCAGAAGTTAACACTTTCGGATATTTCTGATGAGTCG
AAAAATTATCTTGATAAAGCAGGAATTACTACTGCTTGTTTACGAATTAAATCGAAGT
GGACTGCTGGCGGAAAATGAGAAAATTCGACCTATCCTTGCGCAGCTCGAGAAGCTCT
TACTTTGCGACCTTTCGCCATCAACTAACGATTCTGTCAAAAACTGACGCGTTGGATG
AGGAGAAGTGGCTTAATATGCTTGGCACGTTCGTCAAGGACTGGTTTAGATATGAGTC
ACATTTTGTTCATGGTAGAGATTCTCTTGTTGACATTTTAAAAGAGCGTGGATTACTA
TCTGAGTCCGATGCTGTTCAACCACTAATAGGTAAGAAATCATGAGTCAAGTTACTGA
ACAATCCGTACGTTTCCAGACCGCTTTGGCCTCTATTAAGCTCATTCAGGCTTCTGCC
GTTTTGGATTTAACCGAAGATGATTTCGATTTTCTGACGAGTAACAAAGTTTGGATTG
CTACTGACCGCTCTCGTGCTCGTCGCTGCGTTGAGGCTTGCGTTTATGGTACGCTGGA
CTTTGTGGGATACCCTCGCTTTCCTGCTCCTGTTGAGTTTATTGCTGCCGTCATTGCT
TATTATGTTCATCCCGTCAACATTCAAACGGCCTGTCTCATCATGGAAGGCGCTGAAT
TTACGGAAAACATTATTAATGGCGTCGAGCGTCCGGTTAAAGCCGCTGAATTGTTCGC
GTTTACCTTGCGTGTACGCGCAGGAAACACTGACGTTCTTACTGACGCAGAAGAAAAC
GTGCGTCAAAAATTACGTGCGGAAGGAGTGATGTAATGTCTAAAGGTAAAAAACGTTC
TGGCGCTCGCCCTGGTCGTCCGCAGCCGTTGCGAGGTACTAAAGGCAAGCGTAAAGGC
GCTCGTCTTTGGTATGTAGGTGGTCAACAATTTTAATTGCAGGGGCTTCGGCCCCTTA
CTTGAGGATAAATTATGTCTAATATTCAAACTGGCGCCGAGCGTATGCCGCATGACCT
TTCCCATCTTGGCTTCCTTGCTGGTCAGATTGGTCGTCTTATTACCATTTCAACTACT
CCGGTTATCGCTGGCGACTCCTTCGAGATGGACGCCGTTGGCGCTCTCCGTCTTTCTC
CATTGCGTCGTGGCCTTGCTATTGACTCTACTGTAGACATTTTTACTTTTTATGTCCC
TCATCGTCACGTTTATGGTGAACAGTGGATTAAGTTCATGAAGGATGGTGTTAATGCC
ACTCCTCTCCCGACTGTTAACACTACTGGTTATATTGACCATGCCGCTTTTCTTGGCA
CGATTAACCCTGATACCAATAAAATCCCTAAGCATTTGTTTCAGGGTTATTTGAATAT
CTATAACAACTATTTTAAAGCGCCGTGGATGCCTGACCGTACCGAGGCTAACCCTAAT
GAGCTTAATCAAGATGATGCTCGTTATGGTTTCCGTTGCTGCCATCTCAAAAACATTT
GGACTGCTCCGCTTCCTCCTGAGACTGAGCTTTCTCGCCAAATGACGACTTCTACCAC
ATCTATTGACATTATGGGTCTGCAAGCTGCTTATGCTAATTTGCATACTGACCAAGAA
CGTGATTACTTCATGCAGCGTTACCATGATGTTATTTCTTCATTTGGAGGTAAAACCT
CTTATGACGCTGACAACCGTCCTTTACTTGTCATGCGCTCTAATCTCTGGGCATCTGG
CTATGATGTTGATGGAACTGACCAAACGTCGTTAGGCCAGTTTTCTGGTCGTGTTCAA
CAGACCTATAAACATTCTGTGCCGCGTTTCTTTGTTCCTGAGCATGGCACTATGTTTA
CTCTTGCGCTTGTTCGTTTTCCGCCTACTGCGACTAAAGAGATTCAGTACCTTAACGC
TAAAGGTGCTTTGACTTATACCGATATTGCTGGCGACCCTGTTTTGTATGGCAACTTG
CCGCCGCGTGAAATTTCTATGAAGGATGTTTTCCGTTCTGGTGATTCGTCTAAGAAGT
TTAAGATTGCTGAGGGTCAGTGGTATCGTTATGCGCCTTCGTATGTTTCTCCTGCTTA
TCACCTTCTTGAAGGCTTCCCATTCATTCAGGAACCGCCTTCTGGTGATTTGCAAGAA
CGCGTACTTATTCGCCACCATGATTATGACCAGTGTTTCCAGTCCGTTCAGTTGTTGC
AGTGGAATAGTCAGGTTAAATTTAATGTGACCGTTTATCGCAATCTGCCGACCACTCG
CGATTCAATCATGACTTCGTGATAAAAGATTGAGTGTGAGGTTATAACGCCGAAGCGG
TAAAAATTTTAATTTTTGCCGCTGAGGGGTTGACCAAGCGAAGCGCGGTAGGTTTTCT
GCTTAGGAGTTTAATCATGTTTCAGACTTTTATTTCTCGCCATAATTCAAACTTTTTT
TCTGATAAGCTGGTTCTCACTTCTGTTACTCCAGCTTCTTCGGCACCTGTTTTACAGA
CACCTAAAGCTACATCGTCAACGTTATATTTTGATAGTTTGACGGTTAATGCTGGTAA
TGGTGGTTTTCTTCATTGCATTCAGATGGATACATCTGTCAACGCCGCTAATCAGGTT
GTTTCTGTTGGTGCTGATATTGCTTTTGATGCCGACCCTAAATTTTTTGCCTGTTTGG
TTCGCTTTGAGTCTTCTTCGGTTCCGACTACCCTCCCGACTGCCTATGATGTTTATCC
TTTGAATGGTCGCCATGATGGTGGTTATTATACCGTCAAGGACTGTGTGACTATTGAC
GTCCTTCCCCGTACGCCGGGCAATAACGTTTATGTTGGTTTCATGGTTTGGTCTAACT
TTACCCCTACTAAATCCCCCCCATTCCETTTCCCTCAATCACCTTATTAAACACATTAT

for (i

rsc
tsc

=1; i <= L; i++)

om->rf[dsglil ];
om->tf;

dov = infv;
xEv = infv;
Dmaxv = infe;
xBv = _wm_setl ps{xB);

#* Right shifts by 4 bytes. 4,8,12,x becomes x,4,8,12.
*

ipy = TME(Q-1);

for

; mpv = _nm_shuffle_ps(mpv, mpv, _MM_SHUFFLE(Z, 1, 0, 0}); mpv
; dpv = nm_shuffle_ps{dpv, dpv, _MM_SHUFFLE(2, 1, 0, 0}); dpv
ipv = _mm_shuffle ps{ipv, ipv. MM _SHUFFLE(Z, 1, 0, 0}); ipv

(g =0; q<Q; g}

* l:alculate new MMI(i,q); don't store it yet, hold it in sv. */
= rm_add_ps(xBv, *tsc); tsc++;
= mm_max_ps(sv, mm_add_ps(mpv, *tsc)); tsc+;
. mﬁﬂdd‘ps(lpv *tscl); tscee;
mm_add_ps(dpv, *tsc)); tsc+;
- *rsc). rSCHE]

oad {MDI}{i-1,q) into wpv, dpv, ipv;
MDI}ME{q) is then the current, not the prev row
*

-~
* *

N
-

/* Calculate the next D{i,q+1) partially: M->D only;
* delay storage, holding 1t in dev

*

dev = _wn_add ps(sv. *tsc): tsc++;

Dnaxv = _mn_max_ps{dcv, Dmaxv);

#* calculate and store I{i,q) */

sV = _mn_add_ps{mpv,
_nn_max_ps{sv, _mm_add_ps{ipv,
_wm_add ps(sv, *rsc):

*tsc);
*tse));

tscrs;
tscrs;
FSCHE

sv
g}

/* Now the "special" states, which start from Mk—>E (-2>C, ->J-2B) */

>

The following incantation takes the max of xEv's elements */

XEv = _ym_max_ps(xEv, _mm_shuffle_ps{xEv, xEv, _MM_SHUFFLE(0, 3, 2, 1)));
xEv = _ym_max _ps{xEv, _mm_shuffle ps{xEv, xEv, _MM_SHUFFLE{1, 0, 3, 2)})

_mn

N
xC
xJ
xB
7+

*

\_store_ss{(&xE, xEv);

xN +  on—>xf[p70_N][p70_LOOE] ;

ESL_MAX(xC + om->x£[p70_C][p70_LOOP], xE + om->x£[p70_E][p70_MOVE]):
ESL_MAM(xJ + om—>x£[p70_J][p70_LOOP]. xE + on-»>x£[p70_E][p70_LOOR]);
= ESL_MAX(xJ + om—>xf[p70_J][p70_MOVE], xN + om—>xf[p70_N][p70_MOVE]);:
and now xB will carry over into next i, and xC carries over after i=L */

Finally the "lazy F' loop (sensu [Farrar07]). We can often

* prove that we don’t need to evaluate any D->D paths at all.

B R R K N N B B B b H

/

B->M{i+1,k) paths always dominate M->D->...

The observation is that if we can show that on the next row,
-»0->M{i+l, k) paths
for all k, then we don’t need any D->D calculations.
The test condition is:
max_k D{i,k) + max k { TOD(k-2) + TOM{k-1) - TBM{k) ) < xB{i)

So:

max_k (TDD(k-2) + TOM(k-1} - TBM(k)) is precalc'ed in om->dd_bound;

wax_k D{i,k) is why we tracked Dmaxv

*B{i) was just calculated above.

Dmaxv = _mm_max_ps{Dmaxv, _mm_shuffle ps{Dmaxv, Dmaxv, _MM SHUFFLE{0, 3, 2, 1})):
Dwaxv = _wm_wax ps{Dmaxv, _wm_shuffle ps{Dmaxv, Dmaxv, _MM SHUFFLE{1l, 0, 3, 2))):

_an_
if

store_ss{&Dmax, Dmaxv):
{Dnax + on->ddbound_£f > xB)

/* Now we’re obligated to do at least one complete DD path to be sure. */
7* dov has carried through from end of q loop above */

dev = _mm_shuffle_ps{dcv, dev., _MM_SHUFFLE(2, 1, 0, 0));

dev = _mm_wove_ss{dcv, infv);

tsc = om—>tf + THO; /* set tsc to start of the DD's */

for (g =10: q < Q: ge+)

DME(q) = _wm_max_ps(dcv, DMI(qg));
dev = _nm_add_ps(DMX(q), *tsc); tsc++;
}

/* We way have to do up to three more passes; the check
* is for whether crossing a segment bouwndary can improve
* pur score.
*f
do {
dev = _mm_shuffle_ps(dcv, dcv, _MM_SHUFFLE(Z, 1, 0, 0)):
dev = _mm_move_ss{dcv, infv);
tsc = om—>tf + T*); /* set tsc to start of the DD's */
for (g =0; q < Q; q++)
if (! sse_any gt_psi{dcv, DMX(q))) break;
IMICq) = _mm_max_ps(dcv, DME(q,
= _rw_add ps{DM{q), *tsc)

}
} while {q == 0);

tsces;

_mm_move_ss(mpv,
_mm_move_ss{dpv,
mm_nove_ss{ipv,

infw);
infw);
infv);
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