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Comparing Highly Similar Sequences:
Suffix Trees, Suffix Arrays and the 

Burrows-Wheeler Transform



Resequencing:
A Different(-ish) Use Case

2Raphael (2012) PLoS Comp Biol
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Map short sequences to a (generally very similar) 
reference sequence, typically at the genomic level

Resequencing:
A Different(-ish) Use Case

Raphael (2012) PLoS Comp Biol



Contrasting Cases

•MEGABLAST: Somewhat similar sequences
•BLAST: Remote homology – lots of sequence 
differences, possibly a lot of gaps too
•PSI-BLAST / hidden Markov models: Super remote 
homology

•Mapping: Very similar, few to no differences / gaps
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Resequencing
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Lander et al. (2001) Nature
Venter et al. (2001) Science
Nurk et al. (2022) Science
“Landmark human genome papers”

https://doe-humangenomeproject.ornl.gov/landmark-hgp-papers/

2001 2022



The Critical Question

•How can we exploit the high expected degree of 
similarity to accelerate the search?

•Key considerations:
•DNA is a four-letter alphabet, there will be lots of 
redundant sequences in the genome
•We can use approaches that treat mismatches and gaps 
less efficiently than dynamic programming
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Preliminaries: strings

Offsets

S<-AGGCCTA
   0123456

S[3]=C
S[5:]=TA
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Substring

AGCGCTA
AGCGCTA
 GCGC

    CTA
      A

 GC
   GC

Terminator

AGCGCTA$

$<A<C<G<T

AA$<AAA$

BEE<BEER



Preliminaries: strings
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Suffixes

AGCGCTA$
AGCGCTA$
 GCGCTA$
  CGCTA$
   GCTA$
    CTA$
     TA$
      A$
       $

Prefixes

 AGCGCTA$
 AGCGCTA
 AGCGCT
 AGCGC
 AGCG
 AGC
 AG
 A



Naive Searching
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Naive Searching
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Not good: back to m - n + 1 possible matches or ~4n with gaps!



Skip fruitless alignments: Boyer-Moore
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extending to 
approximate 
matching is 
awkward.



Scaling in genome size will not work!
Read mapping:
- Many short reads 

(small n) vs.
- Large genome (big m).
- Multiple matches 

possible

BLAST has same issue

Can we use some 
indexing tricks to scale in 
n rather than m?



K-mer Indexing

Reference indexed once and O(1) 
lookup

BUT:
- K-mers shorter than reads 
- Extensions requires many 

lookups (neighbourhood 
enumeration) or expensive DP

- Repetitive K-mers mean 
many candidates

- Index doesn’t easily capture 
context (adjacent K-mers)
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Let’s trie a different way 
of indexing a genome
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Trees in Computer Science
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A trie is a special type of tree
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A trie is a special type of tree
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A trie is a special type of tree
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Suffix trie: trie containing all suffixes

T = aba$
    aba$
     ba$
      a$
       $

Each path from root to leaf represents 
a suffix; each suffix is represented by 
some path from root to leaf
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Suffix trie: trie containing all suffixes

T = abaaba$
    abaaba$
     baaba$
      aaba$
       aba$
        ba$
         a$
          $

Each path from root to leaf represents a 
suffix; each suffix is represented by some 
path from root to leaf

210

1

2

3

4

5

6



Why? Search and count in O(|S|)
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But Suffix Trie ~O(m2 / 2) space

T = abaaba$  
    abaaba$
     baaba$
      aaba$
       aba$
        ba$
         a$
          $
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Compressing a Suffix Trie into a Tree

24



Compressing a Suffix Trie into a Tree

Storing suffix 
strings still 
memory 
intensive
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Storing locations instead of strings
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Label leaves with offsets
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Retain the same operations

Suffix Trie ~ O(m2 /2) space 
Suffix Tree ~ O(m) space!

BUT… don’t forget constant factors!

MUMmer ≈ 15.76 bytes per nt

Suffix tree of human genome will still 
be >45GB (or larger depending on 
exact data structures underlying 
suffix tree nodes/edges)
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From suffix trees to suffix arrays
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Every suffix, sorted lexicographically
($ is smallest)

Index value remains the same!



What is the point of this?
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We now have a compressed representation 
where lexicographically similar strings are 
adjacent to one another

All suffixes that start with “A” are at positions 
1 to 3 (because the first position is numbered 
0) in the suffix array

So if we’re searching for “A” we only need to 
look at this consecutive block of rows!

Still O(m) space BUT much reduced constant factor ~4 bytes/base * 3bn bp ≈ 12 GB. 

Suffix tree is >45 GB.



Does my sequence match?
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Search “ANA” against the suffix array

Binary search to find first “ANA” 

Progress to last “ANA”

There are two matches of “ANA” in “BANANA”
They start at positions 3 and 1

Naive: O(n log m), Skipping: O(n + log m) - smaller but slower than suffix array!
 



BUT… still a large index 
and inexact matching (not 
covered) is a bit painful!
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Want something smaller than suffix array but with query 
time of suffix tree (and can handle inexact matches)



Burrows-Wheeler Transform

All Rotations
B A N A N A $ 
A N A N A $ B 
N A N A $ B A  
A N A $ B A N 
N A $ B A N A
A $ B A N A N
$ B A N A N A
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Sort Rotations
$ B A N A N A
A $ B A N A N
A N A $ B A N 
A N A N A $ B 
B A N A N A $ 
N A $ B A N A
N A N A $ B A  

$ < a < b < n

Take last column
$ B A N A N A
A $ B A N A N
A N A $ B A N 
A N A N A $ B 
B A N A N A $ 
N A $ B A N A
N A N A $ B A

BWT(BANANA$) = ANNB$AA 



Why Do Such a Ridiculous Thing?
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$BANANA
A$BANAN
ANA$BAN
ANANA$B
BANANA$
NA$BANA
NANA$BA

If we’re doing string searching, we need 
to explore different rows of the matrix

The end of one row should point to the 
row that starts with the same exact 
character in the string. This is LF 
mapping

F L
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$BANANA
A$BANAN
ANA$BAN
ANANA$B
BANANA$
NA$BANA
NANA$BA

The first “A” in L is also the first “A” in 
F

F L

Why Do Such a Ridiculous Thing?
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$BANANA
A$BANAN
ANA$BAN
ANANA$B
BANANA$
NA$BANA
NANA$BA

The first “N” in L is also the first “N” in 
F

F L

Why Do Such a Ridiculous Thing?



LF-Mapping allows reversal of BWT
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$BANANA
A$BANAN
ANA$BAN
ANANA$B
BANANA$
NA$BANA
NANA$BA



LF-Mapping allows reversal of BWT
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$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



LF-Mapping allows reversal of BWT
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$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



LF-Mapping allows reversal of BWT
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$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



LF-Mapping allows reversal of BWT

41

$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



LF-Mapping allows reversal of BWT
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$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



LF-Mapping allows reversal of BWT
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$     A
A     N
A     N
A     B
B     $
N     A
N     A

T=B A N A N A $

BWT(T)=ANNB$AA



Searching BWM for a string
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Searching BWM for a string
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Searching BWM for a string
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Searching BWM for a string
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Searching BWM for a string
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BWA: 
The Burrows-Wheeler Aligner

$BANAN A
A$BANA N
ANA$BA N
ANANA$ B
BANANA $
NA$BAN A
NANA$B A

Rapid string search using the sorted index 
(equivalent to F) and the BWT string (equal to L)



$BANAN A
A$BANA N
ANA$BA N
ANANA$ B
BANANA $
NA$BAN A
NANA$B A

Rapid string search using the sorted index 
(equivalent to F) and the BWT string (equal to L)

And nothing else

BWA: 
The Burrows-Wheeler Aligner

Key parts 
of an

FM-Index



Why this is awesome: Sequence reads are 
effectively searched against different parts of the 
reference genome at the same time

Using the L-F mapping allows us to remove redundancy 
relative to the suffix array
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•Why this is slightly less awesome: Preprocessing requires 
many GB of memory

•What about mismatches?
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Backtracking
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Langmead et al. (2009) Genome Biol

Search string: GGTA

“Genome” contains no 
GGTA, but contains GGTG



BWA refinements

Allowing mismatches: maximum deviation from the search 
string
•Store searches in a heap to prioritize the lowest mismatches 
in the search so far

Custom penalties for mismatches, insertion and deletions
Double indexing: BWTs from both ends meet in the middle 
(avoids massive amounts of futile backtracing)
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Memory refinements: store only parts of the BWT and 
supplementary data structures, calculate the rest on the fly
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Suffix tree vs Suffix array vs FM-index 

56



57

SOAP2: VERY approximately 1000x faster 
than BLAST
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The

End

End

End

End

End

End

End


