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• Bowtie paper

BWT alignment vocabulary
• Oligomer: like a k-mer
• Re-sequencing: in this context, sequencing a new individual from the
same species
• Reversible permutation: rearrangement of the characters of a
string such that the original string is recoverable
• Depth-first search: (board)

applied to bioinformatics applications, including oligomer
counting [20], whole-genome alignment [21], tiling microarray probe design [22], and Smith-Waterman alignment to a
Bowtie
description
of
BWT
human-sized reference [23].
The Burrows-Wheeler transformation of a text T, BWT(T), is
constructed as follows. The character $ is appended to T,
where $ is not in T and is lexicographically less than all characters in T. The Burrows-Wheeler matrix of T is constructed
as the matrix whose rows comprise all cyclic rotations of T$.
The rows are then sorted lexicographically. BWT(T) is the
sequence of characters in the rightmost column of the Burrows-Wheeler matrix (Figure 1a). BWT(T) has the same
length as the original text T.
This matrix has a property called 'last first (LF) mapping'. The

Bowtie does not simply adopt this algorithm because exact
matching does not allow for sequencing errors or genetic variations. We introduce two novel extensions that make the
technique applicable to short read alignment: a quality-aware
backtracking algorithm that allows mismatches and favors
high-quality alignments; and 'double indexing', a strategy to

Bowtie: Figure 1

(a)

rows-Wheeler matrix (Figure 1a). BWT(T) has the same
length as the original text T.
This matrix has a property called 'last first (LF) mapping'. The
ith occurrence of character X in the last column corresponds to
the same text character as the ith occurrence of X in the first

(c)
(b)

(c)
(b)

Figure 1
Burrows-Wheeler
transform
Burrows-Wheeler transform. (a) The Burrows-Wheeler matrix and transformation for 'acaacg'. (b) Steps taken by EXACTMATCH to identify the range
of rows, and thus the set of reference suffixes, prefixed by 'aac'. (c) UNPERMUTE repeatedly applies the last first (LF) mapping to recover the original text
(in red on the top line) from the Burrows-Wheeler transform (in black in the rightmost column).

g

a

t

Exact

g

t

a

Inexact

Bowtie: Figure 2
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Illustration of how EXACTMATCH (top) and Bowtie's aligner (bottom) proceed when there is no exact match
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Bowtie: Figure 3

Both the read and its reverse complement are candidates for
alignment to the reference. For clarity, this discussion considers only the forward orientation. See Additional data file 1
(Supplementary Discussion 2) for an explanation of how the
reverse complement is incorporated.
The first 28 bases on the high-quality end of the read are
termed the 'seed'. The seed consists of two halves: the 14 bp
on the high-quality end (usually the 5' end) and the 14 bp on
the low-quality end, termed the 'hi-half' and the 'lo-half',
respectively. Assuming the default policy (two mismatches
permitted in the seed), a reportable alignment will fall into
one of four cases: no mismatches in seed (case 1); no mismatches in hi-half, one or two mismatches in lo-half (case 2);
no mismatches in lo-half, one or two mismatches in hi-half
(case 3); and one mismatch in hi-half, one mismatch in lohalf (case 4).
All cases allow any number of mismatches in the nonseed part
of the read and all cases are also subject to the quality distance
constraint.

The Bowtie algorithm consists of three phases that alternate
between using the forward and mirror indices, as illustrated
in Figure 3. Phase 1 uses the mirror index and invokes the
aligner to find alignments for cases 1 and 2. Phases 2 and 3
cooperate to find alignments for case 3: Phase 2 finds partial
alignments with mismatches only in the hi-half and phase 3
attempts to extend those partial alignments into full alignments. Finally, phase 3 invokes the aligner to find alignments
for case 4.

Performance results
We evaluated the performance of Bowtie using reads from the
1,000 Genomes project pilot (National Center for Biotechnology Information [NCBI] Short Read Archive:SRR001115). A
total of 8.84 million reads, about one lane of data from an
Illumina instrument, were trimmed to 35 bp and aligned to
the human reference genome [NCBI build 36.3]. Unless specified otherwise, read data are not filtered or modified (besides
trimming) from how they appear in the archive. This leads to
about 70% to 75% of reads aligning somewhere to the

Figure
The
three
3 phases of the Bowtie algorithm for the Maq-like policy
The three phases of the Bowtie algorithm for the Maq-like policy. A threephase approach finds alignments for two-mismatch cases 1 to 4 while
minimizing backtracking. Phase 1 uses the mirror index and invokes the
aligner to find alignments for cases 1 and 2. Phases 2 and 3 cooperate to
find alignments for case 3: Phase 2 finds partial alignments with mismatches
only in the hi-half, and phase 3 attempts to extend those partial alignments
into full alignments. Finally, phase 3 invokes the aligner to find alignments
for case 4.

All runs were performed on a single CPU. Bowtie speedups
were calculated as a ratio of wall-clock alignment times. Both
wall-clock and CPU times are given to demonstrate that
input/output load and CPU contention are not significant factors.
The time required to build the Bowtie index was not included
in the Bowtie running times. Unlike competing tools, Bowtie
can reuse a pre-computed index for the reference genome
across many alignment runs. We anticipate most users will
simply download such indices from a public repository. The
Bowtie site [25] provides indices for current builds of the
human, chimp, mouse, dog, rat, and Arabidopsis thaliana
genomes, as well as many others.
Results were obtained on two hardware platforms: a desktop
workstation with 2.4 GHz Intel Core 2 processor and 2 GB of
RAM; and a large-memory server with a four-core 2.4 GHz

Comparison with other aligners
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Table 1
Bowtie alignment performance versus SOAP and Maq

Platform CPU time

Wall clock time Reads mapped per
hour (millions)

Peak virtual memory
footprint (megabytes)

Bowtie speed-up Reads aligned (%)

15 m 41 s

33.8

1,149

-

67.4

Bowtie -v 2 Server

15 m 7 s

SOAP

91 h 57 m 35 s 91 h 47 m 46 s

0.10

13,619

351×

67.3

16 m 41 s

29.5

1,353

-

71.9

17 h 46 m 35 s 17 h 53 m 7 s

0.49

804

59.8×

74.7

17 m 58 s

28.8

1,353

-

71.9

0.27

804

107×

74.7

Bowtie

PC

Maq
Bowtie
Maq

Server

17 m 57 s
18 m 26 s

32 h 56 m 53 s 32 h 58 m 39 s

The performance and sensitivity of Bowtie v0.9.6, SOAP v1.10, and Maq v0.6.6 when aligning 8.84 M reads from the 1,000 Genome project (National
Center for Biotechnology Information Short Read Archive: SRR001115) trimmed to 35 base pairs. The 'soap.contig' version of the SOAP binary was
used. SOAP could not be run on the PC because SOAP's memory footprint exceeds the PC's physical memory. For the SOAP comparison, Bowtie
was invoked with '-v 2' to mimic SOAP's default matching policy (which allows up to two mismatches in the alignment and disregards quality values).
For the Maq comparison Bowtie is run with its default policy, which mimics Maq's default policy of allowing up to two mismatches during the first 28
bases and enforcing an overall limit of 70 on the sum of the quality values at all mismatched positions. To make Bowtie's memory footprint more
comparable to Maq's, Bowtie is invoked with the '-z' option in all experiments to ensure only the forward or mirror index is resident in memory at
one time. CPU, central processing unit.

an ultrafast, memory-efficient short read aligner geared
toward mammalian re-sequencing. In our experiments using
reads from the 1,000 Genomes project, Bowtie aligns 35-base
pair (bp) reads at a rate of more than 25 million reads per
CPU-hour, which is more than 35 times faster than Maq and
300 times faster than SOAP under the same conditions (see
Tables 1 and 2). Bowtie employs a Burrows-Wheeler index
based on the full-text minute-space (FM) index, which has a
memory footprint of only about 1.3 gigabytes (GB) for the
human genome. The small footprint allows Bowtie to run on

of mammalian re-sequencing projects. If one or more exact
matches exist for a read, then Bowtie is guaranteed to report
one, but if the best match is an inexact one then Bowtie is not
guaranteed in all cases to find the highest quality alignment.
With its highest performance settings, Bowtie may fail to
align a small number of reads with valid alignments, if those
reads have multiple mismatches. If the stronger guarantees
are desired, Bowtie supports options that increase accuracy at
the cost of some performance. For instance, the '--best' option
will guarantee that all alignments reported are best in terms

Comparison with other aligners

Table 2
Bowtie alignment performance versus Maq with filtered read set

Platform CPU time

Wall clock time Reads mapped per hour
(millions)

Peak virtual memory
footprint (megabytes)

Bowtie speed up Reads aligned (%)

17 m 47 s

29.8

1,353

-

74.9

Bowtie PC

16 m 39 s

Maq

11 h 15 m 58 s 11 h 22 m 2 s

0.78

804

38.4×

78.0

Bowtie Server

18 m 20 s

18 m 46 s

28.3

1,352

-

74.9

Maq

18 h 49 m 7 s

18 h 50 m 16 s

0.47

804

60.2×

78.0

Performance and sensitivity of Bowtie v0.9.6 and Maq v0.6.6 when the read set is filtered using Maq's 'catfilter' command to eliminate poly-A
artifacts. The filter eliminates 438,145 out of 8,839,010 reads. Other experimental parameters are identical to those of the experiments in Table 1.
CPU, central processing unit.
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