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an additional step not required by our algorithm.

MUMmer 3.0

MUMmer [23,26,27] is a set of programs for rapidly aligning genomes that is similar to our algorithm in

capability. It constructs a suffix tree data structure [28] for a given reference sequence, then the tree is

traversed for a given query sequence to produce maximally match; these matches correspond to

ultraconserved elements. Suffix trees are similar to suffix arrays but slightly more efficient because they can

be constructed in O(n) time of the sequence length versus O(nlgn) for suffix arrays due to the sorting

process. MUMmer’s disadvantage is that it requires the whole tree to be present in physical memory.

MUMmer 3.0 with its efficient suffix tree implementation requires 15.43 bytes of memory for each base

pair, so the largest human chromosome 2 at 237.6 Mbp requires 3908 MB of memory; the very edge of

addressable memory for 32-bit processors. With the finalized sequencing of the human genome filling in the

gaps, chromosome 1 is now the largest at 252 Mbp and is too large for MUMmer to fit in 4 GB of memory.

Various projects [29–31] have explored the issues of organizing suffix trees on disk.

We performed similar tests with MUMmer as with BLAST, comparing chromosome 1 of Arabadopsis

thaliana to its chloroplast. With the nuclear genome as the reference sequence, MUMmer took 71 seconds

while with the chloroplast genome as the reference sequence, it took only 48 seconds. Our algorithm was

also sensitive to which sequence was used for the reference sequence taking 125 seconds for the nuclear

genome and 43 seconds for the chloroplast genome.

For comparing chromosome 1 of the chicken genome to chromosome 1 of the human genome, we tried each

as the reference sequence to MUMmer but in both cases the program aborted with an out of memory error

(32-bit PowerMac G5 with 6 GB memory) during the construction of the suffix tree. Therefore, we ran our

tests on a 64-bit Sun Dual Opteron 2.1 Ghz with 16 GB memory. Execution speed for MUMmer and our

algorithm were about equal, both taking 10 minutes to compare the two chromosomes irregardless of which

chromosome was used as the reference sequence. From watching the programs using the UNIX top

command, our algorithm used only 500 MB memory (sequence data) while MUMmer used 3.7 GB memory.

As expected, the results show that if sufficient memory is available then the suffix tree data structure is

faster than the suffix array. For large genomes, the difference is less apparent and our algorithm provides

comparable execution time with a much smaller memory footprint. The lower memory requirement allows
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• Project home page: http://bioinformatics.org/biococoa

• Operating system(s): Mac OS X, GNU/Linux

• Programming language: Objective-C

• Other requirements: GNUstep for GNU/Linux systems

• License: Creative Commons Share-Alike Attribution Version 2.5

• Any restrictions to use by non-academics: none
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Figures
Figure 1 - Workflow for Computing Maximal Common Prefixes between Two Organisms

The steps for computing the maximal common prefixes between two organisms involves preparing the raw

genome data into a set of sequence files in FASTA format, generating suffix array data structures from the

sequence files, computing the MCP’s in a pairwise fashion with the suffix arrays, then perform the union of

the pairwise files together to produce a single MCP result file.

Figure 2 - Tournament-style Intersection for Computing Maximal Common Prefixes between Multiple
Organisms

A generic workflow for intersecting the MCP’s in a tournament-style to produce the common sequences for

any number of organisms. Typically the number of MCPs becomes less than the total number of suffixes as

more organisms are intersected so the later stages of the workflow execute faster than the earlier stages.

This generic workflow can be easily modified to support more automated specialized processes, for example

comparing all the organisms within the clade of a phylogenetic tree, because the output of each stage can

be directly input to the next stage without any additional processing. Trimming the file is a separate step

only needed for reporting final results and does not alter the MCP file allowing it to be used for continual

stages of the workflow.
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