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Analyzing reads

               GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

ACACCCTATGTCGCA

               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

               GTCGCAGTATCTGTNN               
GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

ACACCCTATGTCGCA
               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

CCGGACACCCTATAT

GTCGCAGTATCTGTCT
ACACCCTATGTCGCA

TGTCGCAGTATCTGTC

CCGGACACCCTATAT

TAT--GTCGCAGTATCTG

ACACCCTATGTCGCA

|||  |||

|||||||

||||||||| |

Image source: http://ngm.nationalgeographic.com/your-shot/jigsaw-puzzles
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Analyzing reads

Image source: http://ngm.nationalgeographic.com/your-shot/jigsaw-puzzles

de novo Comparative

+
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Comparative

Image source: http://ngm.nationalgeographic.com/your-shot/jigsaw-puzzles

Comparative
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Comparative

Comparative

               GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

ACACCCTATGTCGCA

               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

               GTCGCAGTATCTGTNN               
GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

ACACCCTATGTCGCA
               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

CCGGACACCCTATAT

GTCGCAGTATCTGTCT
ACACCCTATGTCGCA

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA

TGTCGCAGTATCTGTC

CCGGACACCCTATAT

TAT--GTCGCAGTATCTG

ACACCCTATGTCGCA

|||  |||

|||||||

||||||||| |
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Comparative

Comparative

               GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

ACACCCTATGTCGCA

               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

               GTCGCAGTATCTGTNN               
GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

ACACCCTATGTCGCA
               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

CCGGACACCCTATAT

GTCGCAGTATCTGTCT
ACACCCTATGTCGCA

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA

TGTCGCAGTATCTGTC

CCGGACACCCTATAT

TAT--GTCGCAGTATCTG

ACACCCTATGTCGCA

|||  |||

|||||||

||||||||| |

H. sapiens, Nature, 2000
and Science, 2000
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Comparative

Comparative

               GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

ACACCCTATGTCGCA

               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

               GTCGCAGTATCTGTNN               
GTCGCAGTATCTGTNN

GTCGCAGTATCTGTCT

TGTCGCAGTATCTGTC

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

ACACCCTATGTCGCA
               GTCGCAGTATCTGTNN

TATGTCGCAGTATCTG

TATGTCGCAGTATCTT

CCGGACACCCTATAT

CCGGACACCCTATAT

GTCGCAGTATCTGTCT
ACACCCTATGTCGCA

>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA

TGTCGCAGTATCTGTC

CCGGACACCCTATAT

TAT--GTCGCAGTATCTG

ACACCCTATGTCGCA

|||  |||

|||||||

||||||||| |

H. sapiens, Nature, 2000
and Science, 2000D. melanogaster, 

Science, 2000
M. musculus, 
Nature, 2002
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Reference genome

Reference genome

Sample (true)
genome

Read

Sequence error

True variant
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Smith-Waterman
Aligning two sequences is a classic (and extremely important) 
problem in computational biology.

An ‘efficient’ solution is provided by the Smith-Waterman 
algorithm which produces the ‘best’ alignment under some 
statistical model. 

It handles insertions and deletions elegantly (the default does 
not handle base qualities), but is too slow for short reads.

(  Biostrings::pairwiseAlignment()  )



!

Smith-Waterman
Aligning d reads of length m to reference of length n is O(dmn)

Say:
m = 100 nt
d = 2 billion (2 x 109) reads
n = 3 billion (3 x 109) nt

{

≈ 1 week-long run of

Source: http://www.illumina.com/systems/hiseq_2000.ilmn

Illumina HiSeq 2000

Total of (6 x 1020) Smith-Waterman cell updates required

A cluster of 1,000 6 Ghz processors, where each processor 
computes 1 cell update per clock cycle, would take >3 years

≈ human

http://www.illumina.com/systems/hiseq_2000.ilmn
http://www.illumina.com/systems/hiseq_2000.ilmn
http://www.illumina.com/systems/hiseq_2000.ilmn
http://www.illumina.com/systems/hiseq_2000.ilmn
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Alignment

CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC

Take a read:

And a reference sequence:
>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGGATCCACCCAGCGCCTTGGCCTAAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAAG
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT
ACCTAAGAACAGCTAAAAGAGCACACCCGTCTATGTAGCAAAATAGTGGGAAGATTTATA
GGTAGAGGCGACAAACCTACCGAGCCTGGTGATAGCTGGTTGTCCAAGATAGAATCTTAG
TTCAACTTTAAATTTGCCCACAGAACCCTCTAAATCCCCTTGTAAATTTAACTGTTAGTC
CAAAGAGGAACAGCTCTTTGGACACTAGGAAAAAACCTTGTAGAGAGAGTAAAAAATTTA
ACACCCATAGTAGGCCTAAAAGCAGCCACCAATTAAGAAAGCGTTCAAGCTCAACACCCA
CTACCTAAAAAATCCCAAACATATAACTGAACTCCTCACACCCAATTGGACCAATCTATC
ACCCTATAGAAGAACTAATGTTAGTATAAGTAACATGAAAACATTCTCCTCCGCATAAGC
CTGCGTCAGATTAAAACACTGAACTGACAATTAACAGCCCAATATCTACAATCAACCAAC
AAGTCATTATTACCCTCACTGTCAACCCAACACAGGCATGCTCATAAGGAAAGGTTAAAA
AAAGTAAAAGGAACTCGGCAAATCTTACCCCGCCTGTTTACCAAAAACATCACCTCTAGC
ATCACCAGTATTAGAGGCACCGCCTGCCCAGTGACACATGTTTAACGGCCGCGGTACCCT
AACCGTGCAAAGGTAGCATAATCACTTGTTCCTTAAATAGGGACCTGTATGAATGGCTCC
ACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTGAAATTGACCTGCCCGTGAAGAGGCG
GGCATAACACAGCAAGACGAGAAGACCCTATGGAGCTTTAATTTATTAATGCAAACAGTA
CCTAACAAACCCACAGGTCCTAAACTACCAAACCTGCATTAAAAATTTCGGTTGGGGCGA
CCTCGGAGCAGAACCCAACCTCCGAGCAGTACATGCTAAGACTTCACCAGTCAAAGCGAA
CTACTATACTCAATTGATCCAATAACTTGACCAACGGAACAAGTTACCCTAGGGATAACA
GCGCAATCCTATTCTAGAGTCCATATCAACAATAGGGTTTACGACCTCGATGTTGGATCA
GGACATCCCGATGGTGCAGCCGCTATTAAAGGTTCGTTTGTTCAACGATTAAAGTCCTAC
GTGATCTGAGTTCAGACCGGAGTAATCCAGGTCGGTTTCTATCTACNTTCAAATTCCTCC
CTGTACGAAAGGACAAGAGAAATAAGGCCTACTTCACAAAGCGCCTTCCCCCGTAAATGA
TATCATCTCAACTTAGTATTATACCCACACCCACCCAAGAACAGGGTTTGTTAAGATGGC

How do we determine the read’s point of origin 
with respect to the reference?

CTCAAAGACCTGACCTTTGGTGATCCACCC-----GCCTNGGCCTTC
||||||  ||||   ||||  |||||||||     |||| |||||
CTCAAACTCCTGGATTTTG--GATCCACCCAGCTGGCCTTGGCCTAA

Match 1:

Match 2:

CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC
|||||||||||| ||||||||||||||||||||| ||||| |
CTCAAACTCCTG-CCTTTGGTGATCCACCCGCCTTGGCCTAC

Read

Reference

Read

Reference

Say match 2 is correct.  Why are there still 
mismatches and gaps?

Which match is better?
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Alignment

CTCAAACTCCTGACCTTTGGTGATCCA

Take a read:

And a reference sequence:
>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA 
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT
ACCTAAGAACAGCTAAAAGAGCACACCCGTCTATGTAGCAAAATAGTGGGAAGATTTATA
GGTAGAGGCGACAAACCTACCGAGCCTGGTGATAGCTGGTTGTCCAAGATAGAATCTTAG
TTCAACTTTAAATTTGCCCACAGAACCCTCTAAATCCCCTTGTAAATTTAACTGTTAGTC
CAAAGAGGAACAGCTCTTTGGACACTAGGAAAAAACCTTGTAGAGAGAGTAAAAAATTTA
ACACCCATAGTAGGCCTAAAAGCAGCCACCAATTAAGAAAGCGTTCAAGCTCAACACCCA
CTACCTAAAAAATCCCAAACATATAACTGAACTCCTCACACCCAATTGGACCAATCTATC
ACCCTATAGAAGAACTAATGTTAGTATAAGTAACATGAAAACATTCTCCTCCGCATAAGC
CTGCGTCAGATTAAAACACTGAACTGACAATTAACAGCCCAATATCTACAATCAACCAAC
AAGTCATTATTACCCTCACTGTCAACCCAACACAGGCATGCTCATAAGGAAAGGTTAAAA
AAAGTAAAAGGAACTCGGCAAATCTTACCCCGCCTGTTTACCAAAAACATCACCTCTAGC
ATCACCAGTATTAGAGGCACCGCCTGCCCAGTGACACATGTTTAACGGCCGCGGTACCCT
AACCGTGCAAAGGTAGCATAATCACTTGTTCCTTAAATAGGGACCTGTATGAATGGCTCC
ACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTGAAATTGACCTGCCCGTGAAGAGGCG
GGCATAACACAGCAAGACGAGAAGACCCTATGGAGCTTTAATTTATTAATGCAAACAGTA
CCTAACAAACCCACAGGTCCTAAACTACCAAACCTGCATTAAAAATTTCGGTTGGGGCGA
CCTCGGAGCAGAACCCAACCTCCGAGCAGTACATGCTAAGACTTCACCAGTCAAAGCGAA
CTACTATACTCAATTGATCCAATAACTTGACCAACGGAACAAGTTACCCTAGGGATAACA
GCGCAATCCTATTCTAGAGTCCATATCAACAATAGGGTTTACGACCTCGATGTTGGATCA
GGACATCCCGATGGTGCAGCCGCTATTAAAGGTTCGTTTGTTCAACGATTAAAGTCCTAC
GTGATCTGAGTTCAGACCGGAGTAATCCAGGTCGGTTTCTATCTACNTTCAAATTCCTCC
CTGTACGAAAGGACAAGAGAAATAAGGCCTACTTCACAAAGCGCCTTCCCCCGTAAATGA
TATCATCTCAACTTAGTATTATACCCACACCCACCCAAGAACAGGGTTTGTTAAGATGGC

CTCAAACTCCTGACCTTTGGTGATCCA
|||||||||||| ||||||||||||||
CTCAAACTCCTGCCCTTTGGTGATCCA

Match 1:

Match 2:

Read

Reference

Read

Reference

Is there any way to break the tie?

Which match is better?

CTCAAACTCCTGACCTTTGGTGATCCA
|||||||||||||||||| ||||||||
CTCAAACTCCTGACCTTTCGTGATCCA
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Two types of qualities
• Base (sequence) quality

Represents the chance that the sequence machine made an 
error.  Produced by the sequence machine (possibly with some 
post-processing, “calibration”).  The ‘Q’ in FASTQ "les.

• Alignment quality
Represents the chance that the alignment is wrong.  Produced 
by the alignment software.

Does base quality really re#ect the chance of a sequence error?
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Alignment

CTCAAACTCCTGACCTTTGGTGATCCA

Take a read:

And a reference sequence:
>MT dna:chromosome chromosome:GRCh37:MT:1:16569:1
GATCACAGGTCTATCACCCTATTAACCACTCACGGGAGCTCTCCATGCATTTGGTATTTT
CGTCTGGGGGGTATGCACGCGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTC
GCAGTATCTGTCTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATT
ACAGGCGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAATA
ACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAAATTTCCACCA
AACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACACATCTCTGCCAAACCCCAAAA
ACAAAGAACCCTAACACCAGCCTAACCAGATTTCAAATTTTATCTTTTGGCGGTATGCAC
TTTTAACAGTCACCCCCCAACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAAT
CTCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAACCCCATA
CCCCGAACCAACCAAACCCCAAAGACACCCCCCACAGTTTATGTAGCTTACCTCCTCAAA
GCAATACACTGACCCGCTCAAACTCCTGGATTTTGTGATCCACCCAGCGCCTTGGCCTAA
CTAGCCTTTCTATTAGCTCTTAGTAAGATTACACATGCAAGCATCCCCGTTCCAGTGAGT
TCACCCTCTAAATCACCACGATCAAAAGGAACAAGCATCAAGCACGCAGCAATGCAGCTC
AAAACGCTTAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATTAACCTTTAGCAATAA
ACGAAAGTTTAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACCGC
GGTCACACGATTAACCCAAGTCAATAGAAGCCGGCGTAAAGAGTGTTTTAGATCACCCCC
TCCCCAATAAAGCTAAAACTCACCTGAGTTGTAAAAAACTCCAGTTGACACAAAATAGAC
TACGAAAGTGGCTTTAACATATCTGAACACACAATAGCTAAGACCCAAACTGGGATTAGA
TACCCCACTATGCTTAGCCCTAAACCTCAACAGTTAAATCAACAAAACTGCTCGCCAGAA
CACTACGAGCCACAGCTTAAAACTCAAAGGACCTGGCGGTGCTTCATATCCCTCTAGAGG
AGCCTGTTCTGTAATCGATAAACCCCGATCAACCTCACCACCTCTTGCTCAGCCTATATA
CCGCCATCTTCAGCAAACCCTGATGAAGGCTACAAAGTAAGCGCAAGTACCCACGTAAAG
ACGTTAGGTCAAGGTGTAGCCCATGAGGTGGCAAGAAATGGGCTACATTTTCTACCCCAG
AAAACTACGATAGCCCTTATGAAACTTAAGGGTCGAAGGTGGATTTAGCAGTAAACTAAG
AGTAGAGTGCTTAGTTGAACAGGGCCCTGAAGCGCGTACACACCGCCCGTCACCCTCCTC
AAGTATACTTCAAAGGACATTTAACTAAAACCCCTACGCATTTATATAGAGGAGACAAGT
CGTAACCTCAAACTCCTGGCCTTTGGTGATCCACCCGCCTTGGCCTACCTGCATAATGAA 
AAGCACCCAACTTACACTTAGGAGATTTCAACTTAACTTGACCGCTCTGAGCTAAACCTA
GCCCCAAACCCACTCCACCTTACTACCAGACAACCTTAGCCAAACCATTTACCCAAATAA
AGTATAGGCGATAGAAATTGAAACCTGGCGCAATAGATATAGTACCGCAAGGGAAAGATG
AAAAATTATAACCAAGCATAATATAGCAAGGACTAACCCCTATACCTTCTGCATAATGAA
TTAACTAGAAATAACTTTGCAAGGAGAGCCAAAGCTAAGACCCCCGAAACCAGACGAGCT
ACCTAAGAACAGCTAAAAGAGCACACCCGTCTATGTAGCAAAATAGTGGGAAGATTTATA
GGTAGAGGCGACAAACCTACCGAGCCTGGTGATAGCTGGTTGTCCAAGATAGAATCTTAG
TTCAACTTTAAATTTGCCCACAGAACCCTCTAAATCCCCTTGTAAATTTAACTGTTAGTC
CAAAGAGGAACAGCTCTTTGGACACTAGGAAAAAACCTTGTAGAGAGAGTAAAAAATTTA
ACACCCATAGTAGGCCTAAAAGCAGCCACCAATTAAGAAAGCGTTCAAGCTCAACACCCA
CTACCTAAAAAATCCCAAACATATAACTGAACTCCTCACACCCAATTGGACCAATCTATC
ACCCTATAGAAGAACTAATGTTAGTATAAGTAACATGAAAACATTCTCCTCCGCATAAGC
CTGCGTCAGATTAAAACACTGAACTGACAATTAACAGCCCAATATCTACAATCAACCAAC
AAGTCATTATTACCCTCACTGTCAACCCAACACAGGCATGCTCATAAGGAAAGGTTAAAA
AAAGTAAAAGGAACTCGGCAAATCTTACCCCGCCTGTTTACCAAAAACATCACCTCTAGC
ATCACCAGTATTAGAGGCACCGCCTGCCCAGTGACACATGTTTAACGGCCGCGGTACCCT
AACCGTGCAAAGGTAGCATAATCACTTGTTCCTTAAATAGGGACCTGTATGAATGGCTCC
ACGAGGGTTCAGCTGTCTCTTACTTTTAACCAGTGAAATTGACCTGCCCGTGAAGAGGCG
GGCATAACACAGCAAGACGAGAAGACCCTATGGAGCTTTAATTTATTAATGCAAACAGTA
CCTAACAAACCCACAGGTCCTAAACTACCAAACCTGCATTAAAAATTTCGGTTGGGGCGA
CCTCGGAGCAGAACCCAACCTCCGAGCAGTACATGCTAAGACTTCACCAGTCAAAGCGAA
CTACTATACTCAATTGATCCAATAACTTGACCAACGGAACAAGTTACCCTAGGGATAACA
GCGCAATCCTATTCTAGAGTCCATATCAACAATAGGGTTTACGACCTCGATGTTGGATCA
GGACATCCCGATGGTGCAGCCGCTATTAAAGGTTCGTTTGTTCAACGATTAAAGTCCTAC
GTGATCTGAGTTCAGACCGGAGTAATCCAGGTCGGTTTCTATCTACNTTCAAATTCCTCC
CTGTACGAAAGGACAAGAGAAATAAGGCCTACTTCACAAAGCGCCTTCCCCCGTAAATGA
TATCATCTCAACTTAGTATTATACCCACACCCACCCAAGAACAGGGTTTGTTAAGATGGC

CTCAAACTCCTGACCTTTGGTGATCCA
|||||||||||| ||||||||||||||
CTCAAACTCCTGCCCTTTGGTGATCCA

Match 1:

Match 2:

Read

Reference

Read

Reference

Which match is better?

CTCAAACTCCTGACCTTTGGTGATCCA
|||||||||||||||||| ||||||||
CTCAAACTCCTGACCTTTCGTGATCCA

Q=30

Q=10
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Alignment

Read 2:

CTCAAAGACCTGACCTTTGGTGATAAACCC-----GCCTNGGCCTTC
||||    ||||   ||||  |||   |||     |||| |||||
CTCA----CCTGGATTTTG--GATCCGCCCAGCTGGCCTTGGCCTAA

Best match:

Second-best match:

CTCAAACTCCTGACCTTTGGTGATCCACCCGCCTNGGCCTTC
||||||||||||   ||||||||||||||||||| ||||| |
CTCAAACTCCTG---TTTGGTGATCCACCCGCCTTGGCCTAC

Read

Reference

Read

Reference

Read 1:

Best match:

Second-best match:

AGCTTATATGCTATTTCAGAGCGATACTAAAACCNAACCTTA
|||||||||||| ||||||||||||||||||||| ||||| |
AGCTTATATGCT-TTTCAGAGCGATACTAAAACCTAACCTCA

Read

Reference

Read

Reference

AGCTTATATGCTTTTCAGAGCGATACTAAAACCNAACCTCA
||||||||||||||||||||||||||||||||| |||||||
AGCTTATATGCTTTTCAGAGCGATACTAAAACCTAACCTCA

For which read are we more confident that the best match is correct?  
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Alignment and Bioconductor
These days, most alignment is done using external tools.

However, it is worth knowing about

  matchPDict
  matchPWM
  pairwiseAlignment

in Biostrings.
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Popular aligners
• Bowtie

• BWA(-SW)

• MAQ

• SOAP2

• Novoalign

• .....

Many programs support more than one alignment ‘mode’ 
depending on command line settings.

The choice of settings is often unclear.



!

Which aligner is best?
• Two issues: (1) which aligner is the best implementation of a 

given policy? and (2) which policy is best?

• There has been surprisingly little investigation of which policy 
is best on real data. It is a hard problem.

• Most aligners have been evaluated in terms of speed and 
completeness (% of reads mapped).

• Completeness is probably the wrong metric.

• Some evaluation on simulated data, but we need more.

• Different aligners (policies) produce different end results, 
sometimes dramatically different.

• Answer also depends on “for what”.
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Fileformats
• Input

FASTQ, FASTA, QSEQ, SFF
Vendor speci"c formats (like CSFASTA+QUAL)

• Output
BAM/SAM, program-speci"c format

Tip: Learn the UNIX shell, especially piping

gunzip -c INPUT.fastq.gz | \
  bowtie -m 1 -v 2 -p 4 -y --trim3 10 hsapiens_hg19 - | \
  gzip -c > OUTPUT.bwt.gz

!

Source: Metzker ML. Sequencing technologies - the next generation. Nat Rev Genet. 2010

Source: Whiteford et al. Swift: primary data analysis for the Illumina 
Solexa sequencing platform. Bioinformatics. 2009

Source: Metzker ML. Sequencing technologies - the next 
generation. Nat Rev Genet. 2010

name
sequence
quality scores

x 100s of 
millions
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Interlude
Now for some perspectives on aligning RNA-seq data.
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Junction reads

:chrX

Conservation

d_simulans
d_sechellia
d_yakuba
d_erecta
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Image from Brenton Gravely
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Junction reads, zoom

:chrX
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Mapping transcripts

Genome

Transcript

Length in genome space

paired-end reads
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Mapping reads to the transcriptome

Transcriptome

2^Genome

Reads

Genome

Illustration idea from Lior Patcher

Well established
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The basic approaches
the ‘noise’ level generated by mismapped reads or intronic RNA 
from incompletely spliced heterogenous nuclear RNA (hnRNA). 
In mouse and human samples, we have especially noticed that 
prominent read densities often extend well beyond the annotated 
3 untranslated regions or as alternatively spliced 5  untranslated 
regions, internal exons or retained introns. ERANGE, G-Mo.R-Se 
and TopHat first aggregate reads into transfrags. Whereas G-Mo.R-
Se and TopHat rely primarily on spliced reads to connect transfrags 
together, ERANGE uses two different strategies depending on the 
availability of paired reads. In the currently conventional unpaired 
sequence read case, ERANGE assigns transfrags to genes based on an 
arbitrary user-selected radius, whereas in the paired-end read case, 
it will bring together transfrags only when they are connected by at 
least one paired read. Both strategies work much better with data 
that preserve RNA strandedness.

Quantifying gene expression. Given a gene model and mapped 
reads, one can sum the read counts for that gene as one measure of 
the expression level of that gene at that sequencing depth. However, 
the number of reads from a gene is naturally a function of the 
length of the mRNA as well as its molar concentration. A simple 
solution that preserves molarity is to normalize the read count by 
the length of the mRNA and the number of million mappable reads 
to obtain reads per kilobase per million (RPKM) values18. RPKMs 
for genes are then directly comparable within the sample by pro-
viding a relative ranking of expression. Although they are straight-
forward, RPKM values have several substantive detail differences 
between software packages, and there are also some caveats in using 
them. Whereas ERANGE uses a union of known and novel exon 
models to aggregate reads and determine an RPKM value for the 
locus, TopHat and RSAT restrict themselves to known or prespeci-
fied exons. ERANGE will also include spliced reads and can include 
assigned multireads in its RPKM calculation, whereas other pack-
ages are limited to uniquely mappable reads.

Several experimental issues influence the RPKM quantification, 
including the integrity of the input RNA, the extent of ribosomal 
RNA remaining in the sample, size selection steps and the accuracy 
of the gene models used. RPKMs reflect the true RNA concentration 
best when samples have relatively uniform sequence coverage across 
the entire gene model, which is usually approached by using random 
priming or RNA-ligation protocols, although both protocols cur-
rently fall short of providing the desired uniformity. Poly(A) prim-
ing has different biases (3 ) from partial extension or when there is 
partial RNA degradation. Resulting ambiguities in RPKMs from an 
RNA-seq experiment are akin to microarray intensities that need 
to be post-processed before comparison to other RNA-seq samples 
using any number of well-documented normalization methods, 
such as variance stabilization42, for example.

More sophisticated analyses of RNA-seq data allow users to extract 
additional information from the data. One area of considerable inter-
est and activity is in transcript modeling and quantifying specific 
isoforms. BASIS calculates transcript levels from coverage of known 
exons by taking advantage of specifically informative nucleotides 
from each transcript isoform. A second area is sequence variation. The 
RNA sequences themselves can be mined to identify positions where 
the base reported differs from the reference genome(s), identifying 
either a single-nucleotide polymorphism or a private mutation25,43. 
When these are heterozygous and phased or informatively related to 
the source genome, RNA single-nucleotide polymorphisms can be 

(SINEs and LINEs) in the untranslated regions of genes as well as 
the abundance of retroposed pseudogenes for highly expressed 
housekeeping genes in large genomes. Both of these vary from one 
genome to the next39. For example, several GAPDH retroposed 
pseudogenes in the mouse genome differ by less than 2 nucleotides 
(0.2%) from the mRNA for GAPDH itself, making it difficult to 
map reads correctly to the originating locus based on RNA-seq data 
alone. Orthogonal data such as RNA polymerase II occupancy and 
ChIP-seq measurements can later be brought to bear in some cases, 
but different software and use parameters make starting choices 
based on the RNA data alone. Whereas the algorithms are generally 
sensible, specific cases can be insidious and are worth being aware 
of. For example, a minority of reads from one paralog can map best 
to other sites (usually another paralog or pseudogene) because of 
the error rate in sequencing, which is quite substantial on current 
platforms (typically around 1%). For highly expressed genes, this 
can cause a shadow of expression at these pseudogenes, which may 
then be called as transfrags. Similarly, reads that are intron-spanning 
from a source gene may map instead perfectly and uniquely to a 
retroposed pseudogene. The ERANGE package avoids such mis-
assignment by mapping reads simultaneously across the genome 
and splice junctions, thus turning them into multireads that are 
subsequently handled separately.

Assigning reads to known and new gene models. The next level 
of RNA-seq analysis associates mapped reads with known or new 
gene models. Given a set of annotations, all tools can tally the reads 
that fall on known gene models, and several tools like RSAT40 and 
BASIS41 deal primarily with the annotated models. However, a sub-
stantial fraction of reads fall outside of the annotated exons, above 

De novo assembly of the transcriptome

Map onto the genome and splice junctions

Map onto the genome

Highly expressed gene

Lowly expressed gene

Read coverage must
be high enough to build
EST contigs (solid bar)

Read mapper must
support splitting reads
to record splices

Splice junctions
sequences from
either annotations
or inferred

AAA

AAA

a

b

c

Figure 6 | Approaches to handle spliced reads. (a) In de novo transcriptome 
assembly, splice-crossing reads (red) will only contribute to a contig (solid 
green), when the reads are at high enough density to overlap by more than 
a set of user-defined assembly parameters. Parts of gene models (dotted 
green) or entire gene models (dotted magenta) can be missed if expressed 
at sub-threshold. (b) Splice-crossing reads can be mapped directly onto the 
genome if the reads are long enough to make gapped-read mappers practical. 
(c) Alternatively, regular short read mappers can be used to map spliced reads 
ungapped onto supplied additional known or predicted splice junctions. 
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Popular tools: Tophat/Cufflinks, GSNAP


