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Abstract and produces an overview of the number, the length, and the

Summary: A software tool was implemented that computel§cation of the repeated substring&Puteris available via the

exact repeats and palindromes in entire genomes very efficienty"WW on the Bielefeld-Bioinformatics Server (see above). For
Availability: Via the Bielefeld Bioinformatics Server USer convenience we have precomputed the maximal repeats for

(http://bibiserv.techfak.uni-bielefeld.de/reputer/). some genomes. The search engine can be downloaded as an
Contact: {kurtz,icschlei}@techfak.uni-bielefeld.de executable binary for several platforms.
Introduction Methods

a(I“,(;stider some sequergeaver the DNA alphabet. fepeat

R a substring i3 which occurs at least twice. Supposes
ajepeat of lengthin swhich occurs at the starting positions
Iandj, i.e.§... S+-1 =§... §+-1. Leti <j. Then we say that

Computer scientists have developed methods to locate repe
substrings of different kinds, dating back to the pioneering wo
of Martinez (1983). Several software tools have been develop

to locate repeated substrings, for example Deveetual Lii)is af a4 of lenathl. £ t for short. Not

(1984), Agarwal and States (1994) and Rietlsl (1997). gﬁut) |s_aor\/\{[a|_r rgp_ea I engtnl, 'retp.f?h’ %rs ort. tﬁ el t

However, to our knowledge all available software tools for re- atw s contained In a longer repeat It the bases lo the ie
r to the right of both occurrencesvefare identical. To re-

peat analysis have strict limits on the maximal length of th dund ict attention t imal F ts:
input sequence they allow to process. For example, the rep ce redundancy, we restrict attention to maximal =-repeas.
1) ismaximalif (s_; # §-1) and §+1 = S+ ) (Whenever

finder of the GCG-package (version 7.0) only allows input s hese positions exist #). Note that each F-repeatsrean

guences of length up to 350 000 bases. ; . . .
We have developed a software tB@Puterwhich allows easily be deduced from a maximal F-repeat. Maximal palin-
romes are defined in a similar wali,j), i <j, is apalin-

to determine all exact repetitive substrings contained in conS— ) . e
plete genomes. Exact repeats are only a small fraction of \égm'c repeatP-repeat, for Short, §... S+-1 = ... §+l-1,
repeats of biological interest. However, since exact repeal ere w den_o_te; the. reverse complement of a DNA-
usually form the core blocks of approximate rep&dERuter sequencer. (l"’.J) is maximalif the complement of ba;al
can also serve as a fast subroutine for programs that det@[#j 31 1S dn‘ferent_ _from 341 _and S+1, respectively,
these, see for example Leusial (1991). The running time Whenever these positions existsin
and space requirementREPuteris linear in the length of the
genome and in the size of the output. The method we useEiéample 1
thus asymtotically optimal. The main advantage over previouggcacacontains one maximal F-repeat (2,2@g) (@nd one
programs is the reduced time and space complexity of omraximal P-repeat (2,0,3)t, of length=2.
tool, and the guaranteed linear worst case behavior. This al+or a given threshold> 0, our search engine computes all
lows one to handle much longer input sequences. The currenaximal repeats of length at lelastsing a variation of an algo-
version is able to process input sequences consisting of upitbm described in Gusfield (1997). Two phases are necessary
67 million bases. For example, to compute all maximal repeats deliver all maximal F- and P-repeats for a sequence
of length at least 20 contained in ecerevisiagenome (12 In the first phase, the suffix tree for the sequénrcesyg
147 818 bases) takes about 46 s on a Pentium 350 MHz-cosieomputedy, y, andz are unique symbols not occurring in
puter, using 160 Mbyte of space. s. They allow to conveniently handle boundary cases. The suf-
REPuterconsists of two programs, a search engine and a viéx tree is a well known data structure in string processing
ualizing component. The search engine processes a DNA ¢®icCreight, 1976). It can be computed @¢n) time and
guence given by the user in Fasta-format, and returns a repspace, whemeis the length of The tool of Rivalgt al (1997)
sentation of all maximal repeats in a simple ASCII-format. Thés also based on suffix trees, but it computes non-overlapping
visualizing component processes the output of the search engifeepeats, and the worst case running time is quadratic.
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Fig. 2. REPuter graphical output: repeat graph for a sample
sequence.
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Fig. 1. The suffix tree fort = xgtcacaytgtgacaMarked nodes
represent maximal repeats.

. . Table 1.Results for F- and P-repeats of leng#®. The time and space for
In the second phase, a depth first traversal of the suffix tre@mputing only the F-repeats is smaller by a factor of 1/2, since this task

locates all nodes in the tree representing maximal repeats agwlires to compute the suffix tree for xsz
delivers their lengths and starting positions. The traversal re-

quiresO(n) time, and all maximal repeats are outpu®{m) 'S’:f:t(hjg? O TIPS N Pl Mem e N Pl e

time wheram s their number. repeats  (s) (5) (MB) repeats (s) (s) (MB)
The running time of our program@n+m) whichis opti- o065 102 2 2 s 56 s 2 15

mal. Using the space reduction techniques of Kurtz (1998)¢. ta 10 26 8 3 14 8 7 7 27

the program requires about 12 Bytes for representing the aful21 4197 18 7 20 3267 39 16 57
suffix tree oft. This is an improvement oin7bytes over  Ecoli46 7799 40 17 61 6763 83 35 12
previous implementation techniques, see for example. ceril58 173526 112 46 160 171841 248 97 320

McCreight (1976). Letmax be the maximal length of any

repeated substring in For any sequence let p(w) be the
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