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What does an alignment 
look like?

Ref=TAGATCAGATTCGATACCAGACCATGATCATACGATCCA

 Read=AGACCATG

Found at offset 18!
TAGATCAGATTCGATACCAGACCATGATCATACGATCCA



What does an alignment look like?

https://vlsci.github.io/lscc_docs/tutorials/rna_seq_dge_basic/rna_seq_basic_tutorial/



What is an alignment look like?

gatkforums.broadinstitute.org



Why is alignment a difficult 
problem?

• 100’s of millions of reads 

• Billions of bases to search 
through 

• Approximate matching 

• Looking for a tiny pattern 
(~100-120 bp read) in a large, 
often redundant sequence.



Basic	  steps	  of	  mapping	  reads	  

•  Pre-‐mapping	  QC	  
•  Build	  a	  reference	  sequence	  index.	  	  
•  Map	  sequencing	  reads	  to	  the	  reference	  index.	  
•  Convert	  results	  to	  SAM/BAM	  format	  and	  
obtain	  mapping	  staJsJcs.	  

•  Post-‐mapping	  analysis.	  



What	  to	  know	  about	  your	  data	  before	  mapping?	  

KNOW	  YOUR	  DATA!	  
•  Paired	  end?	  Single	  end?	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  TradiJonal	  RNA-‐Seq?	  3’	  tag	  ?	  
•  Insert	  size	  esJmate?	  
	  
PREPROCESSING	  
•  Adaptor	  sequences	  trimmed?	  
•  Primer	  sequences/barcodes	  removed?	  
•  Poor	  quality	  regions	  trimmed?	  
	  



What	  will	  your	  reads	  look	  like?	  

FASTQ	  FORMAT	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  @HWI-‐EAS216_91209:1:2:454:192#0/1	  	  
	  	  	  	  	  	  	  	  	  	  	  	  GTTGATGAATTTCTCCAGCGCGAATTTGTGGGCT	  	  
	  	  	  	  	  	  	  	  	  	  	  	  +HWI-‐EAS216_91209:1:2:454:192#0/1	  	  
	  	  	  	  	  	  	  	  	  	  	  	  B@BBBBBB@BBBBAAAA>@AABA?BBBAAB??>A?	  	  

	  
Line	  1:	  @read	  name	  	  
Line	  2:	  called	  base	  sequence	  	  
Line	  3:	  +read	  name	  (opJonal	  aher	  +)	  	  
Line	  4:	  base	  quality	  scores	  



What	  to	  know	  about	  your	  reference	  before	  
mapping?	  

•  Mapping	  to	  genome	  vs	  transcriptome?	  
	  	  	  	  	  	  	  	  	  	  	  	  	  

•  Is	  your	  reference	  the	  right	  version?	  
•  Does	  your	  annotaJon	  match	  your	  reference?	  



What	  will	  your	  reference	  look	  like?	  
•  FASTA	  Format	  	  

	  >gi|254160123|ref|NC_012967.1|	  Escherichia	  coli	  B	  str.	  REL606	  	  
	  agcmmcamctgactgcaacgggcaatatgtctctgtgtggamaaaaaaagagtgtc	  	  
	  tgatagcagcmctgaactggmacctgccgtgagtaaamaaaammamgacmagg	  	  
	  tcactaaatacmtaaccaatataggcatagcgcacagacagataaaaamacagagtac	  	  
	  acaacatccatgaaacgcamagcaccaccamaccaccaccatcaccamaccacaggt	  	  
	  ....	  	  

•  Using	  complex	  reference	  sequence	  names	  is	  a	  common	  problem	  
during	  analysis.	  Might	  rename:	  	  
	  	  
	  >REL606	  	  
	  agcmmcamctgactgcaacgggcaatatgtctctgtgtggamaaaaaaagagtgtc	  	  
	  tgatagcagcmctgaactggmacctgccgtgagtaaamaaaammamgacmagg	  	  



What	  will	  your	  annotaOon	  look	  like?	  
•  GFF3	  Format	  	  

–  seqname	  -‐	  The	  name	  of	  the	  sequence.	  
–  source	  -‐	  The	  program	  that	  generated	  this	  feature.	  
–  feature	  –	  Examples:	  "CDS",	  "start_codon",	  "stop_codon",	  and	  "exon".	  
–  start	  -‐	  The	  starJng	  posiJon	  of	  the	  feature	  in	  the	  sequence.	  
–  end	  -‐	  The	  ending	  posiJon	  of	  the	  feature	  (inclusive).	  
–  score	  -‐	  A	  score	  between	  0	  and	  1000.	  
–  strand	  -‐	  Valid	  entries	  include	  '+',	  '-‐',	  or	  '.'	  (for	  don't	  know/don't	  care).	  
–  Frame	  –	  reading	  frame	  
–  group	  –	  ID	  and	  other	  informaJon	  about	  the	  entry	  
	  
Example:	  
	  Rel606 	  refseq 	  cds 	  1450 	  1540 	  500	  + 	  . 	  Gene_id=«	  test_gene	  »	  
	  

•  Make	  sure	  the	  GFF3	  file	  matches	  your	  reference	  fasta	  file.	  
	  	  
	  	  



Where	  to	  get	  your	  references?	  

•  BioIteam	  
•  UCSC	  	  
•  Ensembl	  
•  Organism	  specific	  databases/websites.	  



First Step : Reference 
Indexing

• Indexing: Think of the index of 
the book. 

• Break reference into 
substrings of K length (Kmers) 
and index all locations of the 
Kmer.

ACG 6
ACT 3
CTT 4
TAC 2,7
TTA 1,6
TTT 5

Reference: TTACTTTACG

Read:CTTAAC

Find the prefix and extend 
the alignment



Indexing
• Many different ways to represent reference indexes

hash table suffix array suffix tree

image from discuss.codechef.comimage from wikipedia image from wikipedia



Types	  of	  Mappers	  

Figure	  :	  
Garber	  et	  al,	  Nature	  Methods,	  2011	  



Unspliced	  Mapping	  

Figure	  :	  
Garber	  et	  al,	  Nature	  Methods,	  2011	  

Split-read alignment (SRA) 

•  Useful for predicting splice variants or 
structural variants.  

•  Not many mappers do this directly, usually 
happens in a post-processing step. 

Trapnell, C. & Salzberg, S. L. How to map 
billions of short reads onto genomes. 
Nature Biotech. 27, 455–457 (2009). 



Hash table enables lookup of exact matches. 

Subsequence) Reference)Posi0ons)

ATAGCTAATCCAAA! 2341,226172642

ATAGCTAATCCAAT!

ATAGCTAATCCAAC! 134,213311,2732661,22

ATAGCTATCCAAAG!

ATAGCTAATCCATA!

ATAGCTAATCCATT! 34522

ATAGCTAATCCATC!

ATAGCTATCCAATG! 2344566732

Table is sorted and complete so you 
can jump immediately to matches. 
(But this can take a lot of memory.) 

May include N bases, skip positions, etc.2

Trapnell, C. & Salzberg, S. L. How to map billions of short 
reads onto genomes. Nature Biotech. 27, 455–457 (2009). 



Trapnell, C. & Salzberg, S. L. How to map billions of short 
reads onto genomes. Nature Biotech. 27, 455–457 (2009). 

Exact matches at all positions below a node. 

Burrows-Wheeler transform compresses sequence. 

Suffix tree enables fast lookup of subsequences. 

http://en.wikipedia.org/wiki/Suffix_tree 



Paired	  end	  mapping	  Types of DNA fragment libraries 

•  Pairs	  map	  with	  expected	  insert	  size.	  
•  One	  part	  of	  the	  pair,	  aher	  mapping,	  
is	  the	  anchor	  for	  the	  next	  read’s	  
mapping.	  

	  

	  
PAIRED	  END	  READ	  MAPPING	  IS	  
VERY	  HELPFUL	  IN	  RNA	  SEQ!!	  
	  

	  

Need	  to	  cite:	  hmp://genomebiology.com/content/12/1/R6	  



Spliced	  mapping	  

•  Needed	  for	  quanJfying	  and	  idenJfying	  splice	  
variants	  from	  RNA	  Seq	  data.	  

•  Tools:	  
– HISAT2	  
– Tophat	  
– SpliceMap	  
– MapSplice	  
– STAR	  
– RUM	  
	  

Split-read alignment (SRA) 

•  Useful for predicting splice variants or 
structural variants.  

•  Not many mappers do this directly, usually 
happens in a post-processing step. 

Trapnell, C. & Salzberg, S. L. How to map 
billions of short reads onto genomes. 
Nature Biotech. 27, 455–457 (2009). 

Split-read alignment (SRA) 

•  Useful for predicting splice variants or 
structural variants.  

•  Not many mappers do this directly, usually 
happens in a post-processing step. 

Trapnell, C. & Salzberg, S. L. How to map 
billions of short reads onto genomes. 
Nature Biotech. 27, 455–457 (2009). 



Spliced	  mapping	  

Figure	  :	  
Garber	  et	  al,	  Nature	  Methods,	  2011	  



Mapping	  Quality	  

•  Mapping	  quality	  is	  the	  probability	  that	  a	  read	  is	  
aligned	  to	  the	  wrong	  place.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  p=	  10**	  (-‐q/10)	  
	  

•  BWA	  mapping	  quality	  calculated	  by	  considering:	  
•  Repeat	  structure	  of	  reference	  
•  Read	  base	  quality	  
•  Read	  alignment	  quality	  (mismatches	  etc)	  
•  Number	  of	  mappings	  

	  
	  



Mappers	  comparisons	  
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Accuracy Performance of Aligners 

Correctly	  Mapped	   Incorrectly	  Mapped	   Ambiguously	  Mapped	   Unmapped	  

New	  benchmarking	  analysis	  performed	  
by	  Raghav	  Shroff	  



Mappers	  comparison	  

New	  benchmarking	  analysis	  performed	  
by	  Raghav	  Shroff	  



SAM	  file	  format	  

•  Alignment	  results	  generated	  in	  Sequence	  Alignment/
Map	  format	  

•  Tab	  delimited,	  with	  fixed	  columns	  followed	  by	  user-‐
extendable	  key:data	  values.	  

	  
•  Most	  mappers	  also	  output	  unmapped	  reads	  in	  SAM	  
file.	  

	  
•  SAMTOOLS	  –	  toolkit	  to	  manipulate,	  parse	  SAM	  files.	  



SAM	  File	  Format	  SAM File Format 

h"p://samtools.sourceforge.net/2SAM fixed fields: 

SRR030257.2645292 299 2NC_012967 21521 229 234M2S 2= 21564
279 2CTGGCCATTATCTCGGTGGTAGGACATGGCATGCCC 22
2AAAAAA;AA;AAAAAA??A%.;?&'3735',()0*, 22
2XT:A:M22NM:i:322SM:i:2922AM:i:2922XM:i:322XO:i:022XG:i:022MD:Z:23T0G4T42



CIGAR	  score	  
Sometimes a CIGAR is a just a way of 

describing how a read is aligned... 

Ref  CTGGCCATTATCTC--GGTGGTAGGACATGGCATGCCC!
Read        aaATGTCGCGGTG.TAGGAggatcc!

2S5M2I4M1D4M6S2

*Rarer / newer 

CIGAR = "Concise Idiosyncratic Gapped Alignment Report" 

* 

* 
* 

* 
* 



BAM	  format	  

•  SAM	  files	  are	  converted	  to	  BAM	  format	  through	  
SAMTOOLS	  command:	  

•  samtools	  view	  –b	  –S	  samfile	  >	  bamfile	  

	  
•  BAM	  file	  is	  binary	  format.	  
•  BAM	  file	  is	  compressed.	  
•  BAM	  files	  are	  usually	  what	  you	  need	  for	  post	  
mapping	  analysis	  and	  visualizaJon.	  





SAM	  FILE	  FLAGS	  EXPLAINED	  
	  

	  	  
QNAME 	  SRR035022.2621862	  
FLAG 	  163	  
	  
The	  QNAME	  is	  the	  query	  name.	  For	  the	  FLAG	  of	  163	  we	  transform	  this	  into	  a	  binary	  
string:	  10100011.	  So	  accordingly	  to	  the	  flag	  table:	  
	  

	  
0 	  mate	  is	  not	  unmapped	  
0 	  forward	  strand	  
1 	  mate	  strand	  is	  negaJve	  
0 	  the	  read	  is	  not	  the	  first	  read	  in	  a	  pair	  
1 	  the	  read	  is	  the	  second	  read	  in	  a	  pair	  

	  
1 	  the	  read	  is	  paired	  in	  sequencing,	  no	  
mamer	  whether	  it	  is	  mapped	  in	  a	  pair	  
1 	  the	  read	  is	  mapped	  in	  a	  proper	  pair	  
0 	  not	  unmapped	  


