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Figure 1. (A) The PatMatch input web interface. This screen capture shows how PatMatch is used to find the DREB binding site (12), RCCGAC, where R stands for
any purine base. One of the locus upstream sequence datasets is used to find sequences containing this cis-element. (B) The PatMatch results page. This screen capture
shows the output of the query of the pattern, RCCGAC, after searching the 1000 bp locus upstream dataset on both strands. (C) A page showing a single match
(highlighted in red) of the query in a sequence. The pattern, mismatch options of the search and information about the sequence from its FASTA header are shown.
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nucleotides or amino acids they represent. The input pattern in
PatMatch syntax is also converted into a different regular
expression syntax that is used by NR-grep. We felt that the
regular expression syntax used by NR-grep was too cumber-
some for certain types of patterns. For example, the pattern to
search for three to five occurrences of the MWA subsequence
in a peptide sequence is (MWA){3,5} in PatMatch syntax and
[(MWA)YMWA)MWA)MWA)?(MWA)?] in NR-grep syn-
tax. In addition to checking and converting the user’s input, the
scan_pipeline script also enables searching for patterns on the
reverse strand of datasets containing nucleotide sequences.
This script also prunes the output of NR-grep to associate
each match with a sequence name and the coordinates of the
match relative to the sequence rather than the location in the
entire dataset file, which is the default output of NR-grep.

Running PatMatch on analysis servers

Computationally, the PatMatch program can potentially con-
sume a significant amount of CPU time depending on the
length and type of the sequence, the size and type of the
sequence datasets being searched and other search parameters.
The original configuration of PatMatch on the TAIR website
was to execute the program directly on the web server, but
occasionally the execution of the program would compete
excessively with the web server for computer resources.
Therefore, we redesigned the program to execute the compu-
tationally intensive search algorithm on a remote system of
Linux computers. This expandable system currently consists
of three independent nodes where one is responsible for bal-
ancing the requests between each node. Advantages of this
system include load balancing, expandability, stability and
ease of maintenance.

CGI interface modifications

The web interface was also updated. Where the old versions
of PatMatch used C programs to display the results on the
web, the new PatMatch uses Perl CGI scripts that are easier
to maintain for updates such as changing links on the results

pages.

DISCUSSION
Rationale for improvements

For PatMatch to function as desired, a string matching tool
that could efficiently handle searches for patterns containing
regular expressions, wildcard characters and inexact matching
to a degree specified by the user was required. The previous
version of PatMatch at TAIR and SGD used scan_for_matches
(5), a program that is capable of searching for complex pat-
terns in DNA and protein sequences using a brute-force back-
tracking search algorithm. Queries in scan_for_matches are
based on patterns that allow ambiguous codes as well as sub-
stitutions, insertions and deletions. In addition, users are able
to specify weight matrices as patterns, although this feature
was not used by PatMatch.

While powerful, scan_for_matches does have some limita-
tions. Its patterns do not support repetitions of subpatterns,
a feature desired in PatMatch. The previous version of
PatMatch that used scan_for_matches was able to support
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repetitions of subpatterns only by translating a query that
includes repetitions into multiple queries. In addition, scan_
for_matches allows for inexact matching of simple patterns,
but it is unable to apply inexact matching on a query pattern
that is made up of several simple patterns.

A grep-like tool for nucleotide and peptide sequences
seemed to be an appropriate choice to replace scan_for_
matches. The agrep string matching tool (6) meets these
requirements, but has the undesirable effect of widely different
search times for patterns of different complexity (4). NR-grep,
a free approximate string matching program based on the
Backward Nondeterministic Dawg Matching (BNDM) algo-
rithm (7), was chosen to search for pattern hits in PatMatch.
NR-grep is able to search for regular expressions exactly or
allowing errors in the match using a bit-parallel simulation of
nondeterministic suffix automation for pattern matching. It has
the advantage over agrep when searching for complex patterns
due to its smoothness in search time. In addition, NR-grep’s
bit parallel suffix automation is faster than the backtracking
algorithm used by scan_for_matches when searching for pat-
terns with mismatches, although both programs could take a
long time to return results if the user enters a loose pattern that
matches many subsequences in the dataset.

Comparison with similar tools

Two types of pattern matching algorithms commonly used
in biology are scan_for_matches and grep-like programs.
PatScan (5) provides another program where scan_for_
matches is used to search a dataset for matches against a
query pattern. PatSearch (8,9) is a program based on scan_
for_matches that has added features such as the assessment of
the statistical significance of pattern hits using a Markov chain
simulation. Currently, PatMatch does not assess the statistical
significance of hits returned by NR-grep nor does it support
weight matrices in the query pattern.

Another group of software for finding user-specified pat-
terns in DNA and protein sequences uses tools from the grep
family of string matching algorithms or are based on grep.
A grep-like tool called tacg (10) supports regular expressions,
IUPAC degeneracies, searching with errors and probability
matrices. While PatMatch does not support searches with
probability matrices, tacg does not support searches that
allow for insertions and deletions. In addition, tacg has the
disadvantage of being slower than the grep family of tools as
well as an inefficient algorithm for finding degenerate matches
(10). eMOTIF-SCAN is a program using the agrep tool
that supports approximate matching and regular expression
searches against the eMOTIF (11) database of protein sequence
motifs. PatMatch has an advantage over eMOTIF-SCAN in
that it uses NR-grep, which has been shown to be the fastest
string matching tool for complex searches (4).

The fuzznuc and fuzzpro programs available from the
European Molecular Biology Open Source Software Suite
(EMBOSS; http://emboss.sourceforge.net) provide pattern
searches for nucleotide and protein sequences. We considered
using these programs to replace scan_for_matches in
PatMatch. However, fuzznuc and fuzzpro do not support repe-
titions of groups of nucleotides or amino acids. This was a
desired feature of PatMatch and was a reason why NR-grep
was chosen over fuzznuc and fuzzpro.
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Limitations of PatMatch and future plans

The changes made to PatMatch have improved performance
and allowed for pattern searching using a flexible regular
expression syntax, including wildcard characters and
mismatches within a single pattern. The main limitation of
PatMatch is that results are returned without any evaluation of
their significance. Patterns are returned in the order that they
were found by NR-grep. In addition, PatMatch does not sup-
port searches with probability matrices. For complex queries,
scan_for_matches allows simple patterns that can be used as
variables in a complex pattern made up of several simple
patterns, which may be easier to use than the PatMatch regular
expression syntax for complex patterns.

We are continuing to make improvements to PatMatch in
response to user requests to make the software more useful.
Future work includes the ability to query using Boolean logic
such as ‘<pattern A> and <pattern B>’. More sophistication in
pattern matching algorithms will be useful in extending our
knowledge about the complexity of organizations, architec-
tures, and patterns found in DNA and protein sequences.
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