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RNA-Seq Data Analysis Workflow 
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Objective 

•  Learn	  the	  basics	  of	  transcriptome	  assembly	  using	  RNA-‐Seq	  
data.	  

§  Transcriptome	  assembly	  strategies	  
§  Short	  read	  aligners	  
§  Alignment	  format	  and	  SAMtools	  
§  Alignment	  visualiza>on	  
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Transcriptome Sequencing (RNA-Seq) 

•  A	  very	  powerful	  technology	  for	  transcriptome	  studies.	  
•  Uses	  high-‐throughput	  sequencing	  technologies	  to	  sequence	  

the	  RNA	  molecules	  within	  a	  biological	  sample.	  
•  Determines	  the	  primary	  sequence	  and	  rela>ve	  abundance	  of	  

each	  RNA	  molecule.	  
•  Provides	  a	  comprehensive	  picture	  of	  the	  transcriptome	  

including	  the	  complete	  quan>fica>on	  of	  all	  genes	  and	  their	  
isoforms	  across	  samples.	  
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EST Sequencing vs. RNA-Seq 
•  EST	  sequencing	  

–  Sanger	  sequencing	  technology.	  
–  Low-‐throughput.	  
–  Good	  at	  detec>ng	  more	  abundant	  transcripts.	  

•  RNA-‐Seq	  
–  provide	  a	  near-‐complete	  snapshot	  of	  the	  expressed	  transcripts	  in	  a	  

cell.	  
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Microarrays vs. RNA-Seq 
•  Microarrays	  	  

–  High-‐throughput	  
–  Depends	  on	  the	  prior	  knowledge	  to	  design	  probes.	  
–  Cannot	  detect	  novel	  splicing	  variants,	  novel	  genes	  and	  transcripts.	  

•  RNA-‐Seq	  	  
–  Can	  achieve	  base-‐pair	  level	  resolu>on.	  
–  Has	  higher	  dynamic	  range	  of	  expression	  levels.	  
–  Has	  low	  background	  noise	  and	  high	  sensi>vity.	  
–  Uses	  less	  sample	  and	  becoming	  more	  cost-‐effec>ve.	  	  
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RNA-Seq Applications 

•  Iden>fy	  novel	  genes,	  transcripts,	  exons,	  alterna>ve	  
splicing	  events	  etc.	  

•  Detect	  RNA	  edi>ng	  and	  exonic	  SNPs/Indels.	  
•  Transcriptome	  quan>fica>on	  and	  differen>al	  
expression	  (gene	  and	  transcript	  levels).	  
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Transcriptome Assembly Strategies 
•  Reference-‐based	  or	  ab	  ini>o	  assembly	  	  

–  Require	  a	  reference	  genome	  for	  the	  target	  transcriptome.	  
–  RNA-‐Seq	  reads	  are	  aligned	  to	  a	  reference	  genome	  using	  a	  splice-‐ware	  aligner.	  
–  Overlapping	  reads	  from	  each	  locus	  are	  clustered	  to	  build	  a	  graph	  for	  all	  possible	  

isoforms.	  
–  Example	  tools:	  Cufflinks	  and	  Scripture	  etc.	  

•  De	  Novo	  assembly	  
–  No	  reference	  genome	  required.	  
–  Leverages	  the	  redundancy	  of	  short-‐reads	  to	  find	  overlaps	  between	  them	  and	  assembles	  

them	  into	  transcripts.	  
–  Example	  tools:	  Trans-‐Abyss,	  Trinity	  and	  Oases	  etc.	  

•  Combined	  assembly	  
–  high	  sensi>vity	  of	  reference-‐based	  assemblers.	  
–  the	  ability	  of	  De	  Novo	  assemblers	  to	  detect	  novel	  transcripts.	  
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Reference-based Transcriptome Assembly (Step 1) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Align	  the	  RNA-‐Seq	  reads	  to	  a	  reference	  genome	  using	  a	  splice-‐aware	  aligner	  
such	  as	  Blat,	  TopHat,	  SpliceMap,	  MapSplice	  or	  GSNAP.	  



Reference-based Transcriptome Assembly (Step 2) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Build	  a	  graph	  represen>ng	  alterna>ve	  splicing	  events	  by	  clustering	  the	  
overlapping	  reads	  from	  each	  locus.	  



Reference-based Transcriptome Assembly (Step 3) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Traverse	  the	  graph	  to	  join	  the	  compa>ble	  reads	  together	  into	  isoforms.	  



Transcriptome Reconstruction 
•  Minimum	  path	  coverage	  of	  the	  graph	  

(Maximum	  precision)	  
–  Traverse	  the	  graph	  to	  assemble	  

isoforms	  by	  finding	  the	  minimum	  set	  
of	  transcripts	  that	  “explain”	  the	  
intron	  junc>ons	  with	  the	  reads.	  

–  Example:	  Cufflinks	  
•  Maximum	  path	  coverage	  of	  the	  graph	  

(Maximum	  sensi>vity)	  
–  Find	  all	  paths	  through	  the	  graph	  that	  

have	  a	  sta>s>cally	  significant	  read	  
coverage.	  

–  Example:	  Scripture	  
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(Garber	  et.	  al.,	  Nature	  methods,	  VOL.8	  NO.6,	  JUNE	  2011)	  



Reference-based Assembly (Pros and Cons) 
•  Advantages:	  

–  Locus	  independent	  and	  can	  be	  assembled	  in	  parallel.	  
–  Contamina>on	  or	  sequencing	  ar>facts	  are	  not	  expected	  to	  be	  aligned	  to	  the	  reference	  

genome.	  
–  Small	  gaps	  within	  the	  transcripts	  can	  be	  filled	  by	  reference	  sequence.	  
–  Very	  sensi>ve	  and	  can	  assemble	  transcripts	  of	  low	  abundance.	  
–  Detect	  novel	  transcripts	  (lower	  expression	  levels)	  not	  present	  in	  current	  annota>ons.	  

•  Disadvantages:	  
–  Depends	  on	  the	  quality	  of	  the	  reference	  genome.	  
–  Errors	  from	  short-‐read	  aligners	  are	  also	  carried	  over	  into	  the	  assembled	  transcripts.	  
–  Spliced	  reads	  spanning	  large	  introns	  may	  be	  missed	  due	  to	  aligners	  usually	  only	  search	  

for	  introns	  of	  smaller	  lengths.	  
–  Non-‐specific	  reads	  (reads	  aligned	  to	  the	  reference	  in	  different	  loca>ons)	  are	  hard	  to	  deal	  

with	  by	  the	  aligners.	  	  
•  Ignore	  them	  may	  introduce	  gaps	  in	  the	  the	  assembled	  transcripts.	  
•  Random	  assignment	  may	  lead	  to	  a	  transcript	  from	  a	  region	  of	  genome	  that	  has	  no	  transcrip>on.	  
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Reference-based Assembly (Usage) 

•  Simple	  transcriptomes	  of	  bacterial,	  archaeal	  and	  lower	  eukaryo>c	  
organisms	  (>10X)	  

•  However,	  overlapping	  genes	  that	  are	  transcribed	  from	  the	  same	  strand	  
and	  have	  comparable	  expression	  levels	  cannot	  be	  easily	  separated.	  

•  Plant	  and	  mammalian	  transcriptomes	  are	  hard	  to	  assemble	  accurately.	  
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De Novo Transcriptome Assembly (Step 1) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  All	  subsequences	  of	  length	  K	  (K-‐mers)	  are	  generated	  from	  each	  read.	  



De Novo Transcriptome Assembly (Step 2) 

16	  

(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Each	  node	  (or	  vertex)	  in	  the	  De	  Bruijn	  graph	  is	  represented	  by	  a	  unique	  K-‐mer.	  
•  Pairs	  of	  nodes	  are	  connected	  if	  shiling	  a	  K-‐mer	  by	  one	  character	  creates	  an	  

exact	  K-‐1	  overlap	  between	  the	  two	  K-‐mers.	  
•  SNPs	  cause	  ‘bubbles’	  of	  length	  K	  in	  the	  De	  Bruijn	  graph.	  
•  Introns	  or	  dele>ons	  introduce	  a	  shorter	  path	  in	  the	  graph.	  



De Novo Transcriptome Assembly (Step 3) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Chains	  of	  adjacent	  nodes	  in	  the	  graph	  are	  collapsed	  into	  a	  single	  node.	  



De Novo Transcriptome Assembly (Step 4) 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  

•  Traverse	  the	  graph	  to	  join	  the	  compa>ble	  reads	  together	  into	  isoforms.	  



De Novo Assembly (Pros and Cons) 
•  Advantages:	  

–  Doesn’t	  depend	  on	  the	  reference	  genome.	  
•  Provides	  an	  ini>al	  set	  of	  transcripts	  for	  expression	  analysis.	  
•  Detects	  transcripts	  that	  are	  transcribed	  from	  the	  segments	  of	  the	  genome	  missing	  in	  the	  

genome	  assembly.	  
–  Doesn’t	  depend	  on	  the	  correct	  alignment	  of	  reads	  to	  known	  splice	  sites	  or	  the	  

predic>on	  of	  novel	  splicing	  sites.	  	  
–  Long	  introns	  are	  no	  longer	  a	  concern.	  
–  Trans-‐spliced	  transcripts	  and	  transcripts	  origina>ng	  from	  chromosomal	  

rearrangements	  can	  also	  be	  assembled.	  
•  Disadvantages:	  

–  Large	  compu>ng	  resources	  are	  needed.	  
–  Higher	  sequencing	  depth	  for	  full	  length	  transcript	  assembly.	  
–  Sensi>ve	  to	  sequencing	  errors	  and	  chimeric	  molecules.	  
–  Highly	  similar	  transcripts	  (different	  alleles	  or	  paralogues)	  are	  likely	  to	  be	  

assembled	  together.	  
–  Need	  annota>on	  aler	  assembly.	  
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De Novo Assembly (Usage) 
•  Assembly	  of	  bacterial,	  archaeal	  and	  lower	  eukaryo>c	  transcriptomes	  is	  

straighoorward	  (>30X).	  
•  Overlapping	  genes	  transcribed	  from	  opposite	  strands	  can	  be	  resolved.	  

–  Building	  reverse	  compliment	  k-‐mers	  in	  the	  De	  Bruijin	  graph	  (not	  losing	  strand	  specific	  
info)	  

–  Aligning	  the	  strand-‐specific	  reads	  to	  con>gs	  aler	  assembly.	  

•  Assembly	  of	  higher	  eukaryo>c	  transcriptomes	  is	  challenging.	  
–  Large	  genome	  with	  complicated	  alterna>vely	  spliced	  variants.	  
–  Large	  data	  set	  requires	  large	  computa>onal	  resources.	  
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Combined Assembly 

21	  
(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  



Tools for Transcriptome Assemby 
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  



Which One to Choose? 
•  Assembly	  strategy	  

–  Existence	  or	  completeness	  of	  a	  reference	  genome.	  
–  Availability	  of	  sequencing	  and	  compu>ng	  resources.	  
–  Most	  importantly,	  the	  goal	  of	  sequencing	  project.	  

•  Comprehensive	  annota>on	  of	  the	  transcriptome	  with	  a	  reference	  genome	  
–  Mul>ple	  paired-‐end	  libraries.	  
–  Sequence	  the	  transcriptome	  at	  a	  great	  depth.	  
–  Use	  a	  combined	  strategy	  of	  reference-‐based	  and	  de	  novo	  assembly.	  

•  Assembly	  program	  
–  Organism	  and	  sequencing	  plaoorm	  specific.	  
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Assembly Quality Assessment 
•  Given	  a	  set	  of	  reference	  transcripts	  that	  are	  expressed	  in	  the	  sample	  and	  are	  derived	  from	  the	  

same	  transcriptome,	  we	  can	  use	  the	  following	  metrics	  for	  evalua>ng	  the	  quality	  of	  an	  assembled	  
transcriptome.	  
–  Accuracy	  	  

•  %	  of	  the	  correctly	  assembled	  bases	  es>mated	  using	  the	  set	  of	  expressed	  reference	  
transcripts.	  

–  Completeness	  
•  %	  of	  expressed	  reference	  transcripts	  covered	  by	  all	  the	  assembled	  transcripts.	  

–  Con>guity	  
•  %	  of	  expressed	  reference	  transcripts	  covered	  by	  a	  single,	  longest-‐assembled	  transcript.	  

–  Chimerism	  
•  %	  of	  chimaeras	  (contains	  non-‐repe>>ve	  parts	  from	  two	  or	  more	  different	  reference	  

genes)  that	  occur	  owing	  to	  mis-‐assemblies	  among	  all	  of	  the	  assembled	  transcripts.	  
–  Variant	  resolu>on	  

•  %	  transcript	  variants	  assembled	  and	  can	  be	  calculated	  as	  the	  average	  of	  the	  %	  of	  
assembled	  variants	  with	  the	  reference	  set.	  
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(Mar>n	  and	  Wang,	  Nature	  reviews	  gene.cs,	  	  Volume	  12,	  October	  2011)	  	  



Mapping Short RNA-Seq Reads 
•  Read	  alignment	  is	  a	  classic	  problem	  in	  bioinforma>cs.	  

–  Challenges	  	  
•  The	  number	  of	  reads	  per	  experiment	  is	  also	  increasing	  
drama>cally	  with	  new	  sequencing	  technology.	  

•  Short,	  high	  error	  rates	  and	  many	  reads	  span	  exon-‐exon	  junc>ons.	  
•  Two	  major	  approaches:	  

–  Unspliced	  read	  aligners	  
–  Spliced	  read	  aligners	  
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Unspliced Read Aligners 
•  Align	  reads	  to	  a	  reference	  without	  any	  large	  gaps.	  
•  Seed	  methods	  (i.	  e.	  MAQ	  and	  Stampy)	  

–  Find	  matches	  for	  short	  subsequences	  (“seeds”)	  in	  a	  read	  to	  the	  reference.	  
–  Narrow	  candidate	  regions	  using	  more	  sensi>ve	  methods	  (Smith-‐Waterman).	  

•  Burrows-‐Wheeler	  transform	  methods	  (i.	  e.	  BWA,	  Bow>e,	  SOAP2)	  
–  Compact	  the	  genome	  to	  allow	  for	  very	  efficient	  search	  for	  perfect	  matches.	  
–  Performance	  decreases	  exponen>ally	  with	  the	  number	  of	  mismatches	  

increase.	  
•  Ideal	  for	  mapping	  reads	  against	  a	  reference	  cDNA	  databases	  for	  

quan>fica>on	  purposes.	  
•  Limited	  to	  iden>fying	  know	  exons	  and	  junc>ons.	  	  
•  Do	  not	  allow	  for	  the	  iden>fica>on	  of	  splicing	  events	  involving	  new	  exons.	  
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Spliced Read Aligners (Exon-first) 
•  First, map reads continuously to the 

genome using the un-spliced read 
aligners. 

•  Second, unmapped reads are split into 
shorter segments and aligned 
independently. Regions surrounding the 
mapped read segments are then 
searched for possible spliced 
connections. 

•  Fast and require fewer computational 
resources. 

•  Example tools: TopHat, MapSplice, 
SpliceMap,  
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(Garber	  et.	  al.,	  Nature	  methods,	  VOL.8	  NO.6,	  JUNE	  2011)	  



Spliced Read Aligners (Seed-extend) 
•  Break reads into short seeds and 

placed onto the genome to localize 
the alignment. 

•  Candidate regions are then examined 
to determine the exact spliced 
alignment by using more sensitive 
methods or iterative extension and 
merging of initial seeds. 

•  Paired-end read mapping can be 
used to increase alignment 
specificity. 

•  Example tools: genomic short-read 
nucleotide program (GSNAP) and 
Optimal Spliced Alignments of Short 
Sequence Reads (QPALMA) 
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(Garber	  et.	  al.,	  Nature	  methods,	  VOL.8	  NO.6,	  JUNE	  2011)	  



Types of Alignments 

•  Sol	  clipped	  alignment	  
•  Hard	  clipped	  alignment	  
•  Spliced	  alignment	  
•  Padded	  alignment	  
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Soft Clipped Alignment 
•  In	  Smith-‐Waterman	  alignment,	  a	  sequence	  may	  not	  be	  

aligned	  from	  the	  beginning	  to	  the	  end.	  Subsequences	  at	  the	  
ends	  may	  be	  clipped	  off.	  

•  In	  the	  example	  alignment	  record	  below,	  on	  the	  read	  
sequence,	  bases	  in	  uppercase	  are	  matches	  and	  bases	  in	  
lowercase	  are	  clipped	  off.	  

	  

30	  

 REF: AGCTAGCATCGTGTCGCCCGTCTAGCATACGCATGATCGACTGTCAGCTAGTCAGACTAGTCGATCGATGTG!
READ:        gggGTGTAACC-GACTAGgggg!



Hard Clipped Alignment 
•  Similar	  to	  sol	  clipped	  alignment.	  The	  only	  difference	  is	  that	  

the	  hard	  clipped	  subsequence	  is	  not	  present	  in	  the	  alignment	  
record.	  

•  In	  the	  example	  alignment	  record	  belwo,	  the	  sequence	  stored	  
is	  “GTGTAACC-‐GACTAG”,	  instead	  of	  “gggGTGTAACC-‐
GACTAGgggg”	  as	  in	  sol	  clipped	  alignment.	  

31	  

 REF: AGCTAGCATCGTGTCGCCCGTCTAGCATACGCATGATCGACTGTCAGCTAGTCAGACTAGTCGATCGATGTG!
READ:        gggGTGTAACC-GACTAGgggg!



Spliced Alignment 
•  In	  cDNA-‐to-‐genome	  alignment,	  we	  may	  need	  to	  dis>nguish	  

introns	  from	  dele>ons	  in	  exons.	  
•  In	  the	  example	  alignment	  record	  below,	  ‘…’	  on	  the	  read	  

sequence	  indicates	  the	  intron.	  	  

32	  

 REF: AGCTAGCATCGTGTCGCCCGTCTAGCATACGCATGATCGACTGTCAGCTAGTCAGACTAGTCGATCGATGTG!
READ:           GTGTAACCC................................TCAGAATA!



Padded Alignment 
•  Most	  aligners	  only	  give	  the	  sequences	  inserted	  to	  the	  

reference	  genome,	  but	  do	  not	  present	  how	  these	  inserted	  
sequences	  are	  aligned	  against	  each	  other.	  	  

•  Alignment	  with	  inserted	  sequences	  fully	  aligned	  is	  called	  
padded	  alignment.	  	  	  

•  In	  the	  example	  alignment	  records	  below,	  GA	  on	  READ1	  and	  A	  
on	  READ2	  are	  inserted	  to	  the	  reference.	  
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  REF: CACGATCA**GACCGATACGTCCGA           REF: CACGATCA**GACCGATACGTCCGA!
READ1:   CGATCAGAGACCGATA                READ1:   CGATCAGAGACCGATA !
READ2:     ATCA*AGACCGATAC               READ2:     ATCAA*GACCGATAC!



Alignment Format (SAM/BAM) 
•  To	  store	  the	  read	  alignments	  against	  reference	  sequences.	  
•  SAM	  stands	  for	  Sequence	  Alignment/Map	  format	  	  
–  NOT	  Significance	  Analysis	  of	  Microarrays.	  

•  It	  is	  a	  Tab-‐delimited	  text	  format	  	  
–  Head	  sec>on	  (op>onal,	  but	  recommended).	  	  
–  Alignment	  sec>on.	  	  

•  BAM	  is	  the	  binary	  version	  of	  SAM	  file	  
–  Indexed.	  
–  Compressed	  by	  the	  BGZF	  library.	  
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The Alignment Record and SAM format (Example) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



The Alignment Record (Paired-end reads) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

Paired-‐end	  	  reads	  
Paired-‐end	  reads	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



The Alignment Record (Soft clipped alignment) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

Sol	  clipped	  alignment	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



The Alignment Record (Padded alignment) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

Padded	  alignment	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



The Alignment Record (Hard clipped alignment) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

Hard	  clipped	  alignment	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



The Alignment Record (Spliced alignment) 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

Spliced	  alignment	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  



Head Section (Header line) 
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Header	  line	  
Format	  version	  

Sor>ng	  order	  of	  alignments	  
(unknown,	  unsorted,	  queryname,	  coordindate)	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!
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@HD !VN:1.0 !SO:coordinate!
@SQ !SN:1 !LN:249250621 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:1b22b98cdeb4a9304cb5d48026a85128!
@SQ !SN:2 !LN:243199373 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:a0d9851da00400dec1098a9255ac712e!
@SQ !SN:3 !LN:198022430 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:fdfd811849cc2fadebc929bb925902e5!
@RG !ID:UM0098:1 !PL:ILLUMINA !PU:HWUSI-EAS1707-615LHAAXX-L001 !LB:80 !DT:2010-05-05T20:00:00-0400 !SM:SD37743 !CN:UMCORE!
@RG !ID:UM0098:2 !PL:ILLUMINA !PU:HWUSI-EAS1707-615LHAAXX-L002 !LB:80 !DT:2010-05-05T20:00:00-0400 !SM:SD37743 !CN:UMCORE!
@PG !ID:bwa !VN:0.5.4!

Reference	  sequence	  
dic>onary	  line	  

Reference	  
sequence	  name	  

Reference	  
sequence	  length	  

Genome	  	  
assembly	  iden>fier	  

URI	  	  
of	  the	  sequence	  	  

MD5	  checksum	  of	  
the	  sequence	  in	  
the	  uppercase	  

(htp://genome.sph.umich.edu/wiki/SAM)	  

Head Section (Reference sequence dictionary line) 



Head Section (Read group line) 
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@HD 	  VN:1.0 	  SO:coordinate	  
@SQ 	  SN:1 	  LN:249250621 	  AS:NCBI37	  UR:file:/data/local/ref/GATK/human_g1k_v37.fasta 	  M5:1b22b98cdeb4a9304cb5d48026a85128	  
@SQ 	  SN:2 	  LN:243199373 	  AS:NCBI37	  UR:file:/data/local/ref/GATK/human_g1k_v37.fasta 	  M5:a0d9851da00400dec1098a9255ac712e	  
@SQ 	  SN:3 	  LN:198022430 	  AS:NCBI37	  UR:file:/data/local/ref/GATK/human_g1k_v37.fasta 	  M5:fdfd811849cc2fadebc929bb925902e5	  
@RG !ID:UM0098:1 !PL:ILLUMINA !PU:HWUSI-EAS1707-615LHAAXX-L001 !LB:80 !DT:2010-05-05T20:00:00-0400 !SM:SD37743 !CN:UMCORE!
@RG 	  ID:UM0098:2 	  PL:ILLUMINA 	  PU:HWUSI-‐EAS1707-‐615LHAAXX-‐L002 	  LB:80 	  DT:2010-‐05-‐05T20:00:00-‐0400 	  SM:SD37743 	  CN:UMCORE	  
@PG 	  ID:bwa 	  VN:0.5.4	  

Read	  group	  line	  

Read	  	  
group	  iden>fier	  

Plaoorm/technology	  	  

Plaoorm	  unit	  	  
unique	  iden>fier	  

Date	  the	  
sequencing	  run	  
was	  produced	   Sample	  

name	  

(htp://genome.sph.umich.edu/wiki/SAM)	  

Sequencing	  
center	  name	  	  

Library	  



Head Section (Program line) 
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@HD !VN:1.0 !SO:coordinate!
@SQ !SN:1 !LN:249250621 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:1b22b98cdeb4a9304cb5d48026a85128!
@SQ !SN:2 !LN:243199373 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:a0d9851da00400dec1098a9255ac712e!
@SQ !SN:3 !LN:198022430 !AS:NCBI37 !UR:file:/data/local/ref/GATK/human_g1k_v37.fasta !M5:fdfd811849cc2fadebc929bb925902e5!
@RG !ID:UM0098:1 !PL:ILLUMINA !PU:HWUSI-EAS1707-615LHAAXX-L001 !LB:80 !DT:2010-05-05T20:00:00-0400 !SM:SD37743 !CN:UMCORE!
@RG !ID:UM0098:2 !PL:ILLUMINA !PU:HWUSI-EAS1707-615LHAAXX-L002 !LB:80 !DT:2010-05-05T20:00:00-0400 !SM:SD37743 !CN:UMCORE!
@PG !ID:bwa !VN:0.5.4!

Program	  line	  

Program	  record	  
iden>fier	  

Program	  
version	  

(htp://genome.sph.umich.edu/wiki/SAM)	  



Alignment Section (Mandatory Fields) 
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(htp://samtools.sourceforge.net/SAM1.pdf)	  

•  Each	  alignment	  line	  has	  11	  mandatory	  fields	  for	  essen>al	  alignment	  
informa>on	  

•  Column	  12	  and	  anything	  follows	  it	  is	  op>onal	  



Alignment Section (Example) 
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@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

QNAME	  

FLAG	  

RNAME	  

POS	   CIGAR	   PNEXT	   SEQ	  

QNAME	   RNEXT	   TLEN	   QUAL	  



Bitwise Flag – information describing the alignment 
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(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  



Quiz (Bitwise Flag) 
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(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  



Quiz (Bitwise Flag) 
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(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  …	  



Quiz (Bitwise Flag) 

50	  

(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  32	  +	  …	  



Quiz (Bitwise Flag) 
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(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  32	  +	  2	  +	  …	  



Quiz (Bitwise Flag) 

52	  

(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul.ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  32	  +	  2	  +	  1	  



Quiz (Bitwise Flag) 

53	  

(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  32	  +	  2	  +	  1	  

Answer:	  	  
•  It	  is	  properly	  paired	  (1+2)	  
•  Its	  mate	  is	  mapped	  on	  the	  reverse	  strand	  (32)	  
•  It	  is	  the	  second	  read	  in	  the	  pair	  (128)	  	  
	  



Quiz (Bitwise Flag) 

54	  

(htp://samtools.sourceforge.net/SAM1.pdf)	  

Base	  10	   Base	  16	   Descrip.on	   Meaning	  

1	   0x1	   Template	  having	  mul>ple	  segments	  in	  sequencing	   The	  read	  originated	  from	  a	  paired	  sequencing	  molecule	  

2	   0x2	   Each	  segment	  properly	  aligned	  according	  to	  the	  aligner	   The	  read	  is	  mapped	  in	  a	  proper	  pair	  

4	   0x4	   Segment	  unmapped	   The	  query	  sequence	  itself	  is	  unmapped	  

8	   0x8	   Next	  segment	  in	  the	  template	  unmapped	   The	  query’s	  mate	  is	  unmapped	  

16	   0x10	   SEQ	  being	  reverse	  complemented	   The	  query	  is	  in	  the	  reverse	  strand	  

32	   0X20	   SEQ	  of	  the	  next	  segment	  in	  the	  template	  being	  reversed	   The	  query’s	  mate	  is	  in	  the	  reverse	  strand	  

64	   0x40	   The	  first	  segment	  in	  the	  template	   The	  query	  is	  the	  first	  read	  in	  the	  pair	  

128	   0x80	   The	  last	  segment	  in	  the	  template	   The	  query	  is	  the	  second	  read	  in	  the	  pair	  

256	   0x100	   Secondary	  alignment	   The	  alignment	  is	  not	  primary	  

512	   0x200	   Not	  passing	  quality	  controls	   The	  read	  fails	  paloorm/vendor	  quality	  checks	  

1024	   0x400	   PCR	  or	  op>cal	  duplicate	   The	  read	  is	  either	  a	  PCR	  duplicate	  or	  an	  op>cal	  duplicate	  

What	  does	  163	  stand	  for?	  
	  163	  =	  128	  +	  32	  +	  2	  +	  1	  

Answer:	  	  
•  It	  is	  properly	  paired	  (1+2)	  
•  Its	  mate	  is	  mapped	  on	  the	  reverse	  strand	  (32)	  
•  It	  is	  the	  second	  read	  in	  the	  pair	  (128)	  	  
	  

htp://picard.sourceforge.net/explain-‐flags.html	  



Extended CIGAR Strings 

55	  
(htp://samtools.sourceforge.net/SAM1.pdf,	  htp://genome.sph.umich.edu/wiki/SAM)	  

•  A	  sequence	  of	  base	  lengths	  and	  associated	  opera>ons	  describing	  pairwise	  alignment.	  
•  They	  are	  used	  to	  indicated	  things	  like:	  

§  Which	  bases	  align	  (either	  match	  or	  mismatch)	  with	  the	  reference?	  
§  Which	  bases	  are	  deleted	  from	  the	  reference?	  
§  Which	  bases	  are	  inser>ons	  that	  are	  not	  in	  the	  reference?	  
§  Which	  bases	  are	  sol/hard	  clipped?	  
§  Which	  bases	  are	  padded?	  
§  Which	  bases	  are	  spliced	  alignment?	  



Quiz (Extended CIGAR Strings) 

56	  

    REF: CACGATCA**GACCGATACGTCCGA            REF: CACGATCA**GACCGATACGTCCGA!
 READ-A:     ATCA*AGACCGATAC               READ-B:     ATCAA*GACCGATAC!

What	  is	  the	  CIGAR	  string	  for	  READ-‐A?	   What	  is	  the	  CIGAR	  string	  for	  READ-‐B?	  



Quiz (Extended CIGAR Strings) 

57	  

    REF: CACGATCA**GACCGATACGTCCGA            REF: CACGATCA**GACCGATACGTCCGA!
 READ-A:     ATCA*AGACCGATAC               READ-B:     ATCAA*GACCGATAC!

What	  is	  the	  CIGAR	  for	  READ-‐A?	  
	  
Answer:	  

	  4M1P1I9M	  

What	  is	  the	  CIGAR	  for	  READ-‐B?	  



Quiz (Extended CIGAR Strings) 

58	  

    REF: CACGATCA**GACCGATACGTCCGA            REF: CACGATCA**GACCGATACGTCCGA!
 READ-A:     ATCA*AGACCGATAC               READ-B:     ATCAA*GACCGATAC!

What	  is	  the	  CIGAR	  for	  READ-‐A?	  
	  
Answer:	  

	  4M1P1I9M	  

What	  is	  the	  CIGAR	  for	  READ-‐B?	  
	  
Answer:	  

	  4M1I1P9M	  



Alignment Section (Example - r001) 

59	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

Paired-‐end	  	  reads	  



Alignment Section (Example - r001) 

60	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

Paired-‐end	  	  reads	  

163=128+32+2+1	   •  It	  is	  properly	  paired	  (1+2)	  
•  Its	  mate	  is	  mapped	  on	  the	  reverse	  

strand	  (32)	  
•  It	  is	  the	  second	  read	  in	  the	  pair	  (128)	  	  



Alignment Section (Example - r001) 

61	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

•  8	  matches	  (TTAGATTA	  -‐-‐	  TTAGATAA)	  



Alignment Section (Example - r001) 

62	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

•  8	  matches	  (TTAGATTA	  -‐-‐	  TTAGATAA)	  
•  2	  inser.ons	  (**-‐>AG)	  



Alignment Section (Example - r001) 

63	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

•  8	  matches	  (TTAGATTA	  -‐-‐	  TTAGATAA)	  
•  2	  inser>ons	  (**-‐>AG)	  
•  4	  matches	  (GATA	  -‐-‐	  GATA)	  



Alignment Section (Example - r001) 

64	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

•  8	  matches	  (TTAGATTA	  -‐-‐	  TTAGATAA)	  
•  2	  inser>ons	  (**-‐>AG)	  
•  4	  matches	  (GATA	  -‐-‐	  GATA)	  
•  1	  dele.on	  (G-‐>*)	  



Alignment Section (Example - r001) 

65	  

coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

Alignment	  record:	  

@HD VN:1.3 SO:coordinate!
@SQ SN:ref LN:45!
r001 163 ref  7 30 8M2I4M1D3M = 37  39 TTAGATAAAGGATACTG  *!
r002   0 ref  9 30 3S6M1P1I4M *  0   0 AAAAGATAAGGATA     *!
r003   0 ref  9 30 5H6M       *  0   0 AGCTAA             * NM:i:1!
r004   0 ref 16 30 6M14N5M    *  0   0 ATAGCTTCAGC        *!
r003  16 ref 29 30 6H5M       *  0   0 TAGGC              * NM:i:0!
r001  83 ref 37 30 9M         =  7 ‐39 CAGCGCCATCAGCGCCAT *!

Corresponding	  SAM	  format:	  

(Li	  H	  et	  al.	  Bioinforma.cs.	  25(16),	  Aug.	  2009)	  

•  8	  matches	  (TTAGATTA	  -‐-‐TTAGATAA)	  
•  2	  inser>ons	  (**-‐>AG)	  
•  4	  matches	  (GATA	  -‐-‐	  GATA)	  
•  1	  dele>on	  (G-‐>*)	  
•  3	  matches	  (CTG	  -‐-‐	  CTG)	  



SAMtools 
•  SAMtools provide various utilities for manipulating alignments in the SAM format, including sorting, 

merging, indexing and generating alignments in a per-position format etc. 
	  
Program:	  samtools	  (Tools	  for	  alignments	  in	  the	  SAM	  format)	  
Version:	  0.1.16	  (r963:234)	  
	  
Usage:	  	  	  samtools	  <command>	  [op>ons]	  
	  
Command:	   	  view 	   	  SAM<-‐>BAM	  conversion	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  sort	  	  	  	  	  	  	  	   	   	  sort	  alignment	  file	  
	  	  	  	  	  	  	  	  	   	   	  pileup	  	  	  	  	  	  	  generate	  pileup	  output	  
	  	  	  	  	  	  	  	  	   	   	  mpileup 	   	  mul>-‐way	  pileup	  
	  	  	  	  	  	  	  	  	   	   	  depth 	   	  compute	  the	  depth	  
	  	  	  	  	  	  	  	  	   	   	  faidx 	   	  index/extract	  FASTA	  
	  	  	  	  	  	  	  	  	   	   	  tview 	   	  text	  alignment	  viewer	  
	  	  	  	  	  	  	  	  	   	   	  index	  	  	  	  	  	  	  	  index	  alignment	  
	  	  	  	  	  	  	  	  	   	   	  idxstats 	   	  BAM	  index	  stats	  (r595	  or	  later)	  
	  	  	  	  	  	  	  	  	   	   	  fixmate 	   	  fix	  mate	  informa>on	  
	  	  	  	  	  	  	  	  	   	   	  glfview 	   	  print	  GLFv3	  file	  
	  	  	  	  	  	  	  	  	   	   	  flagstat 	   	  simple	  stats	  
	  	  	  	  	  	  	  	  	   	   	  calmd 	   	  recalculate	  MD/NM	  tags	  and	  '='	  bases	  
	  	  	  	  	  	  	  	  	   	   	  merge 	   	  merge	  sorted	  alignments	  
	  	  	  	  	  	  	  	  	   	   	  rmdup 	   	  remove	  PCR	  duplicates	  
	  	  	  	  	  	  	  	  	   	   	  reheader	  replace	  BAM	  header	  
	  	  	  	  	  	  	  	  	   	   	  cat 	   	  concatenate	  BAMs	  
	  	  	  	  	  	  	  	  	   	   	  targetcut	  cut	  fosmid	  regions	  (for	  fosmid	  pool	  only)	  
	  	  	  	  	  	  	  	  	   	   	  phase 	   	  phase	  heterozygotes	  
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Pileup Format 
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coor  12345678901234  5678901234567890123456789012345!
ref   AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT!
r001+       TTAGATAAAGGATA*CTG!
r002+      aaaAGATAA*GGATA!
r003+    gcctaAGCTAA!
r004+                  ATAGCT..............TCAGC!
r003‐                         ttagctTAGGC!
r001‐                                       CAGCGCCAT!

ref  7 T 1 .!
ref  8 T 1 .!
ref  9 A 3 ...!
ref 10 G 3 ...!
ref 11 A 3 ..C!

Alignment	  record:	  

Pileup:	  

ref 12 T 3 ...!
ref 13 A 3 ...!
ref 14 A 3 .+2AG.+1G.!
ref 15 G 2 ..!
ref 16 A 3 ...!

ref 17 T 3 ...!
ref 18 A 3 .‐1G..!
ref 19 G 2 *.!
ref 20 C 2 ..!
...!

•  Describe	  the	  base-‐pair	  informa>on	  at	  each	  chromosomal	  posi>on.	  
•  Good	  for	  SNP/indel	  calling	  and	  brief	  alignment	  viewing	  by	  eyes.	  



Alignment Visualization (1) 
•  SAMtools	  Text	  Alignment	  Viewer.	  
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Alignment Visualization (2) 
•  Integra>ve	  Genomics	  Viewer	  (htp://www.broadins>tute.org/igv/)	  
•  High-‐performance	  visualiza>on	  tool	  for	  interac>ve	  explora>on	  of	  large,	  integrated	  genomic	  

datasets.	  
•  Supports	  a	  wide	  variety	  of	  data	  types,	  including	  array-‐based	  and	  next-‐genera>on	  sequence	  data,	  

and	  genomic	  annota>on.	  
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Alignment Visualization (3) 
•  GBrowse	  (Generic	  Genome	  Browse,	  htp://gmod.org/wiki/Gbrowse)	  
•  Combina>on	  of	  database	  and	  interac>ve	  web	  pages	  for	  manipula>ng	  and	  displaying	  

annota>ons	  on	  genomes.	  
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Summary 

•  Transcriptome	  assembly	  strategies	  
•  Short	  read	  aligners	  
•  Alignment	  format	  and	  SAMtools	  
•  Alignment	  visualiza>on	  
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