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Alignment of reads to a reference 

  ..ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA.. 

  ..ACTGGGTCATCGTACGATCGATAGATCGATCGATCGCTAGCTAGCTA.. 

Reference  

Sample  



Why is short read alignment hard? 

The shorter a read, the 
less likely it is to have a 
unique match to a 
reference sequence 



Why do we generate short reads? 

Å Sanger reads lengths ~ 800-2000bp 
 
Å Generally we define short reads as anything below 200bp 
īIllumina (100bp ï 250bp) 
īSoLID (80bp max) 
īIon Torrent (200-400bp max...) 
īRoche 454 ï 400-800bp 

 
Å Even with these platforms it is cheaper to produce short reads (e.g. 50bp) 
rather than 100 or 200bp reads 
 
Å Diminishing returns: 
īFor some applications 50bp is more than sufficient 
īResequencing of smaller organisms 
īBacterial de-novo assembly  
īChIP-Seq 
īDigital Gene Expression profiling 
īBacterial RNA-seq 

 
 
 



Short read alignment applications 

Genotyping: 

 Methylation 
 SNPs  
 Indels 
  

Classify and measure peaks:  
 ChIP-Seq 
 RNA-Seq 
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Dot Matrix Method 
- Aligning by eye 

9 

http://arbl.cvmbs.colostate.edu/molkit/dnadot/index.html 



Sequence Alignment 

ATCGATACG  

 ATGGATTACG 

3 possibilities 

Mismatch 

éCé 

éGé 

Indel 

é- é 

éTé 

Match 

éAé 

éAé 
|  

ATCGAT- ACG  

ATGGATTACG 



Alignment cost 

 

 
Points for a matching letter:           1 
 
Points for a non-matching letter:   -1 
 
Points for inserting a gap:             -2 



Global Pair-wise Alignment 

ATCGAT- ACG 

ATGGATTACG 

ATCGATACG, ATGGATTACG 

|| ||| |||  

+1 +1 +1 +1 +1 +1 +1 +1 Matches: = +8 

-1 Mismatches: = -1 

-2 Gaps: = -2 

Total score = +5 



Dynamic Programming  

  

0 - G A T C

- 0

G

A

C

Global alignment (Needleman-Wunsch) algorithm 

Example ï align GATC to GAC 



Dynamic Programming  

  

0 - G A T C

- 0 -2 -4 -6 -8

G

A

C

Global alignment (Needleman-Wunsch) algorithm 

Points for match              = +1 
Points for mismatch         = -1 
Points for a gap insertion = -2 



Dynamic Programming  

  

0 - G A T C

- 0 -2 -4 -6 -8

G -2

A -4

C -6

Global alignment (Needleman-Wunsch) algorithm 

Points for match              = +1 
Points for mismatch         = -1 
Points for a gap insertion = -2 



Dynamic Programming  

  

+ MATCH + GAP

+ GAP

0 - G A T C

- 0 -2 -4 -6 -8

G -2

A -4

C -6

+1 

Max= 1 

Global alignment (Needleman-Wunsch) algorithm 

Points for match              = +1 
Points for mismatch         = -1 
Points for a gap insertion = -2 



Dynamic Programming  

  

0 - G A T C

- 0 -2 -4 -6 -8

G -2

A -4

C -6

     1 

Global alignment (Needleman-Wunsch) algorithm 

Points for match              = +1 
Points for mismatch         = -1 
Points for a gap insertion = -2 

           -1 



Dynamic Programming  

  

0 - G A T C

- 0 -2 -4 -6 -8

G -2 1 -1 -3 -5

A -4 -1 2 0 -2

C -6 -3 0 1 1

Global alignment (Needleman-Wunsch) algorithm 

Points for match              = +1 
Points for mismatch         = -1 
Points for a gap insertion = -2 
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Backtracking and final alignment 

  

- G A T C

- 0 -2 -4 -6 -8

G -2 1 -1 -3 -5

A -4 -1 2 0 -2

C -6 -3 0 1 1

GATC 

GA- C 
|| |  



Dynamic programming 

ÅGuaranteed to give you the best possible 
alignment 

 

ÅIn biology, this algorithm is very inefficient 
because most sequences will not align to each 
other 

 

ÅTakes a long time to run 



BLAST ï  
Basic Local Alignment Search Tool 



Background ï BLAST 

ÅPrimarily designed to identify homologous sequences  

-Blast is a hashed seed-extend algorithm 

- Functional conservation 

-Only some parts of a sequence are usually constrained 

 

 

 



BLAST - Original version 

A   C   G   A   A   G   T  A   A   G   G  T   C   C  A   G   T 

C
  
 C

  
 C

  
 T

  
 T

  
 C

  
C

  
T

  
 G

  
 G

  
 A

  
T

  
 T

  
 G

  
C

  
 G

  
 A

 

Example: 

 

Seed size  = 4, 

No mismatches in seed 

 

The matching word GGTC 
initiates an alignment 

 

Extension to the left and right 
with no gaps until alignment 
score falls below 50% 

 

Output: 

GTAAGGTCC 

GTTAGGTCC 



BLAST - Original algorithm  

ÅFinding seeds significantly increases the speed of BLAST 
compared to doing a full local alignment over a whole sequence 

 

ÅBLAST first finds highly conserved or identical sequences which 
are then extended with a local alignment.  

 



BLAST ï Speed (or lack thereof) 

ÅTypically BLAST will take approximately 0.1 ï 1 second to search 
1 sequence against a database 

ÅDepends on size of database, e-value cutoff  and number of hits to 
report selected 

Å60 million reads equates to 70 CPU days! 

ÅEven on multi-core systems this is too long!  

ÅEspecially if you have multiple samples! 

ÅThis is still true of FPGA and SIMD (vectorised) implementations 
of BLAST 

 



When NOT to use BLAST 

ÅA typical situation: you have lots DNA sequences and want to 
extend it or find where on a genome it maps. 

ÅIn other words, you want an exact or near-exact match to a 
sequence that is part of an assembled genome. 

ÅShort reads require very fast algorithms for finding near-exact 
matches in genomic sequences: 

īBLAT 

ī Highly recommended: the BLAT paper (Kent WJ (2003) Genome Res 
12:656-64) - it is famous for its unorthodox writing style 

īSOAP  

īBowtie/Bowtie 2  

īMAQ 

īBWA 

īShrimp2 
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Adapting hashed seed-extend algorithms to work 
with shorter reads 

Å Improve seed matching sensitivity 

īAllow mismatches within seed  

īBLAST 

īAllow mismatches + Adopt spaced-seed approach  

īELAND, SOAP, MAQ, RMAP, ZOOM 

īAllow mismatches + Spaced-seeds + Multi-seeds 

īSSAHA2, BLAT, ELAND2 

ÅAbove and/or Improve speed of local alignment for seed extension 

īSingle Instruction Multiple Data 

īShrimp2, CLCBio 

īReduce search space to region around seed 

 



Hashed seed-extend algorithms 

Å These are most similar to BLAST 

Å Are not designed to work with large databases 

 

Å2 step process 

īIdentify a match to the seed sequence in the reference 

īExtend match using sensitive (but slow) Smith-
Waterman algorithm (dynamic programming) 

 



Seed-extend algorithm 

Reference sequence: 

 

...ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA... 

 

 

    

 

Short read: 

 

GTCATCGTACGATCGATAGATCGATCGATCGGCTA 

Note that the short read has 1 difference wrt to reference  



Seed-extend algorithm 

Reference sequence: 

 

...ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA... 

 

 

    

 

Short read: 

 

GTCATCGTACG    ATCGATAGATCG      ATCGATCGGCTA 

11bp word  11bp word  11bp word  

The algorithm will try to match each word to the reference. If there 
is a match at with any single word it will perform a local alignment 
to extend the match 



Seed-extend algorithm 

Reference sequence: 

 

...ACTGG GTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA...  

 

 

    

 

Short read: 

 

GTCATCGTACG    ATCGATAGATCG      ATCGATCGGCTA 

Seed Extend with Smith Waterman  

Here the algorithm is able to match the short read with a word length of 

11bp 

GTCATCGTACG 
 

ATCGAACGATCGATCGATCGGCTA 



Seed-extend algorithm 

Reference sequence: 

 

...ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA... 

 

 

    

 

Short read: 

 

GTCATCGTACGATCGATCGATCGATCGATCGGCAA 

Note that the short read has 3 differences 
Possibly sequencing errors, possibly SNPs 



Seed-extend algorithm 

Reference sequence: 

 

...ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA... 

 

 

    

 

Short read: 

 

GTCATCGTACG  ATCGATCGATCG  ATCGATCGGCAA 

Note that the short read has 3 differences 

11bp word  11bp word  11bp word  



Seed-extend algorithm 

Reference sequence: 

 

...ACTGGGTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA... 

 

 

    

 

No seeds match 
  

Therefore the algorithm would find no hits at all! 

Short read: 

 

GTCATCGTACG  ATCGATCGATCG  ATCGATCGGCAA 





Adapting hashed seed-extend algorithms to work 
with shorter reads 

Å Improve seed matching sensitivity 

īAllow mismatches within seed  

īBLAST 

īAllow mismatches + Adopt spaced-seed approach  

īELAND, SOAP, MAQ, RMAP, ZOOM 

īAllow mismatches + Spaced-seeds + Multi-seeds 

īSSAHA2, BLAT, ELAND2 

ÅAbove and/or Improve speed of local alignment for seed extension 

īSingle Instruction Multiple Data 

īShrimp2, CLCBio 

īReduce search space to region around seed 

 



Adapting hashed seed-extend algorithms to work 
with shorter reads 

Å Improve seed matching sensitivity 

īAllow mismatches within seed  

īBLAST 

īAllow mismatches + Adopt spaced-seed approach  

īELAND, MAQ, RMAP, ZOOM  

īAllow mismatches + Spaced-seeds + Multi-seeds 

īSSAHA2, BLAT, ELAND2 

ÅAbove and/or Improve speed of local alignment for seed extension 

īSingle Instruction Multiple Data 

īShrimp2, CLCBio 

īReduce search space to region around seed 

 



Consecutive seed 

CCACTGTCCTCCTACATAGGAACGA 

Consecutive seed 9bp with no mismatches: 

ACTCCCATCGTCATCGTACTAGGGATCGTAACA 

SNP óheavyô read 

Reference sequence 

Even allowing for 2 mismatches in 
the seed - no seeds match.  
No hits! 

Cannot find seed match due to A->C SNP 
and G->C SNP 

TCATCGTAC 

TCCTCCTAC 



Spaced seeds 

To increase sensitivity we can used spaced-seeds: 

11111111111  

11001100110011001 

Consecutive seed template with length 9bp 

Spaced-seed template with weight 9bp 

ACTATCATCGTACACAT 

TCATCGTAC 

ACTATCATCGTACACAT 

ACTCTCACCGTACACAT 

Reference 

Query 

Reference 

Query 



Spaced seeds 

CCACTGTAATCGTACATGGGAACGA 

Spaced seed with weight 9bp and no mismatches: 

ACTCCCATTGTCATCGTACTTGGGATCGTAACA 

SNP óheavyô read 

Reference sequence 

Can now extend with Smith-Waterman or other local alignment 

Despite SNPs ï seed matched with 0 
mismatches 

CCATTGTCATCGTACAT 

CCXXTGXXATXXTAXXT 



Spaced seeds 

Ma, B. et al. PatternHunter. Bioinformatics Vol 18, No 3, 2002    

Spaced seeds: 

Å A seed template ó111010010100110111ô is 55% more sensitive than 
BLASTôs default template ó11111111111ô for two sequences of 70% 
similarity 
Å Typically seeds of length ~30bp and allow up to 2 mismatches in short 
read datasets 
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Suffix-Prefix Trie  

ÅA family of methods which uses a Trie structure to search a reference 
sequence 

īBowtie 

īBWA 

īSOAP version 2 

ÅTrie ï data structure which stores the suffixes (i.e. ends of a sequence)  

ÅKey advantage over hashed algorithms: 

īAlignment of multiple copies of an identical sequence in the 
reference only needs to be done once  

īUse of an FM-Index to store Trie can drastically reduce memory 
requirements (e.g. Human genome can be stored in 2Gb of RAM) 

īBurrows Wheeler Transform to perform fast lookups 



Suffix Trie  

Heng Li & Nils Homer. 
Sequence alignment 
algorithms for next-
generation sequencing. 
Briefings in 
Bioinformatics. Vol 11. 
No 5. 473 483, 2010 

AGGAGC 



Suffix Trie  



Burrows-Wheeler Algorithm 

Å Encodes data so that it is easier to compress 

Å Burrows-Wheeler transform of the word BANANA 

Å Can later be reversed to recover the original word 

 



More Burrows-Wheeler 

Input SIX.MIXED.PIXIES.SIFT.SIXTY.PIXIE.DUST.BOXES 

Burrows-Wheeler Output TEXYDST.E.IXIXIXXSSMPPS.B..E.S.EUSFXDIIOIIIT 

Repeated characters mean that it is easier to compress 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 example 



Bowtie/Soap2 vs. BWA 

Å Bowtie and Soap2 cannot handle gapped alignments 
īNo indel detection => Many false SNP calls 

 

CCATTGTCATCGTACTTGGGATCTA 

ACTCCCATTGTCATCGTACTTGGGATCGTAACA Reference  

      TCATCGTACTTGGGATCTA 

       TTGGGATCTA 
False SNPs 

Bowtie/Soap2: 

N.B. Bowtie2 can handle gapped alignments 



Bowtie/Soap2 vs. BWA 

Å Bowtie and Soap2 cannot handle gapped alignments 
īNo indel detection => Many false SNP calls 

 

CCATTGTCATCGTACTTGGGATC- TA 

ACTCCCATTGTCATCGTACTTGGGATCGTAACA Reference  

      TCATCGTACTTGGGATC- TA 

       TTGGGATC- TA 

BWA:  

N.B. Bowtie2 can handle gapped alignments 



Comparison 

Suffix/Prefix Trie  

ÅRequires <2Gb of memory 

ÅRuns 30-fold faster 

ÅIs much more complicated 
to program 

ÅLeast sensitive 

 

Hash referenced spaced seeds 

ÅRequires ~50Gb of memory 

ÅRuns 30-fold slower 

ÅIs much simpler to      
program 

ÅMost sensitive 

 



There are limits however 

CCATTGTCAACCATCTAGTAGCT- TA 

ACTCCCATTGTCATCGTACTTGGGATCGTAACA Reference  

      TCAACCATCTAGTAGCT- TA 

       ACCATCTA- TA 

With 100bp reads, indels or variable regions longer than 3-4bp are 
likely to be missed entirely because reads will not map to the 
reference 



You only find what you are looking for 

Å What happens if there are SNPs and Indels in the same region? 

Letôs assume that the SNP caller made this call of a single SNP: 
 
ATGTATGTA 
ATGTGTGTA 
 
and the indel caller produced this call of a 3 base deletion: 
 
ATGTATGTA 
ATGT- - - TA 
 
Should we assume this is a heterozygous SNP opposite a 
heterozygous Indel or a more complex locus? 
 



Å   Bowtie's reported 30-fold speed increase over hash-based MAQ with 
     small loss in sensitivity 
Å   Limitations to Trie-based approaches:  
īOnly able to find alignments within a certain 'edit distanceô 
īBowtie does not do gapped alignments ï no indels! 
īImportant to quality clip reads (-q in BWA) 
īNon-A/C/G/T bases on reads are often treated as mismatches 
īMake sure Ns are removed! 

 
Hash based approaches are more suitable for divergent alignments 
Å  Rule of thumb:  
ī  <2% divergence -> Trie-based 
īE.g. human alignments 

ī  >2% divergence -> seed-extend based approach 
īE.g. wild mouse strain alignments 

Comparison 



 Precision and recall by amount of variation for 4 
datasets, by polymorphism:  
(number of SNPs, Indel size) 

David M et al. Bioinformatics 2011;27:1011-1012 



Summary of open-source short read alignment programs 

Heng Li & Nils Homer. Sequence alignment algorithms for next-generation sequencing. 
Briefings in Bioinformatics. Vol 11. No 5. 473 483, 2010 
 
* Bowtie2 (just released) does support gapped alignments 

Program Algorithm  SoLID Long reads Gapped 

alignment 

Paired-end Quality 

scores 

used? 

Bfast Hashing ref Yes No Yes Yes No 

Bowtie* FM-Index Yes No No* Yes Yes 

Blat Hashing ref No Yes Yes No No 

BWA FM-Index Yes Yes Yes Yes No 

MAQ Hashing reads Yes No Yes Yes Yes 

Mosaik Hashing ref Yes Yes Yes Yes No 

Novoalign Hashing ref No No Yes Yes Yes 

Shrimp2 Hashing ref Yes Yes Yes Yes Yes 

SOAP2 FM-Index No No No Yes Yes 

SSAHA2 Hashing ref. No No No Yes Yes 
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Other alignment considerations 

Å Indel detection 

Å Effect of paired-end alignments 

Å Using base quality to inform alignments 

Å PCR duplicates  

Å Methylation experiments ï bisulfite treated reads 

Å Multi -mapping reads 

Å Aligning spliced-reads from RNA-seq experiments 

Å Local realignment to improve SNP/Indel detection 

Å Platform specific errors 

Å Unmapped reads 



Indel detection 

CCATTGTCATGTACTTGGGATCGT 

Spaced seed with weight 9bp and no mismatches: 

ACTCCCATTGTCATCGTACTTGGGATCGTAACA 

Read containing a  
deletion 

Reference sequence 

No seed match. No alignment! 

Seed not matched due to frame shift caused 
by gap 

CCATTGTCATCGTACAT 

CCXXTGXXATXXACXXG 



Indel detection 

Reference sequence: 

 

...ACTGG GTCATCGTACGATCGATCGATCGATCGATCGGCTAGCTAGCTA...  

 

 

    

 

Seed Extend with Smith Waterman  

Most alignment programs can only detect gaps in 
Smith-Waterman phase 

 once a seed has been identified. Some algorithms (e.g. 
Bowtie) do not even allow gaps at this stage 

 
This reduces sensitivity especially with multiple 

insertions in a small region 

GTCATCGTACG 
 

ATCGA- CGATCGATCGATCGGCTA 



Indel detection 

ÅSome algorithms do allow gaps within seed 

īIndel seeds for homology search Bioinformatics (2006) 22(14): e341-e349 
doi:10.1093/bioinformatics/btl263  

īWeese D, Emde AK, Rausch T, et al. RazerSïfast read mapping with 
sensitivity control. Genome Res 2009;19:1646ï54 

īRumble SM, Lacroute P, Dalca AV, et al. SHRiMP: accurate mapping of 
short color-space reads. PLoS Comput Biol 2009;5:e1000386 

ÅUse of multiple seeds 

īEspecially useful for longer reads (>36bp) 

īLi R, Li Y, Kristiansen K, et al. SOAP: short oligonucleotide alignment 
program. Bioinformatics 2008;24:713ï4 

īJiang H, Wong WH. SeqMap: mapping massive amount of oligonucleotides 
to the genome. Bioinformatics 2008;24: 2395ï6 

 



Paired-end reads are important 

Repetitive DNA 
Unique DNA 

Single read maps to  
multiple positions 

Paired read maps uniquely 

Read 1 Read 2 

Known Distance 



Effect of paired-end alignments 

Heng Li & Nils Homer. 
Sequence alignment 
algorithms for next-
generation sequencing. 
Briefings in 
Bioinformatics. Vol 11. 
No 5. 473 483, 2010 



Effect of coverage on SNP call accuracy 

Source ï Illumina Tech Note 
Human diploid sample  

Å Depends crucially on ploidy 
Å Bacterial genomes can get away with 10-20x  
Å For human genomes and other diploids 20-30x is regarded as     
   standard 
Å Poly-ploids (e.g wheat) may need much higher coverage 



PCR duplicates 

Å2nd generation sequencers are not single-molecule sequencers 

īAll have at least one PCR amplification step 

īCan result in duplicate DNA fragments 

īThis can bias SNP calls or introduce false SNPs 

 

ÅGenerally duplicates only make up a small fraction of the results 

īGood libraries have < 2-3% of duplicates 

īSAMtools and Picard can identify and remove these when aligned 
against a reference genome 

īDo NOT do this for RNA and ChIP-seq data! 

  



PCR duplicates 



Base quality impacts on read mapping 

Heng Li & Nils Homer. 
Sequence alignment 
algorithms for next-
generation sequencing. 
Briefings in 
Bioinformatics. Vol 11. 
No 5. 473 483, 2010 


