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Abstract

The new method for comparison and analysis of symbol sequences is proposed; the method is
based on the convolution function calculation defined over the binary numeric sequences
derived from the original symbol sequence. The method provides highly parallel
implementation and is very powerful in insertion/deletion mutations search. A discrete fast
Fourier transform is implemented for convolution calculation. Also, an idea of the alphabet
expansion is proposed to improve the signal/noise ratio. Some genomic applications are
provided and discussed. The applications are used to illustrate and overcome the problem of
signal/noise selection, and alignment localization.
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1. Introduction

Comparison of symbol sequences stands behind the methodology in many fields of science,
ranging from mathematics to bioinformatics and linguistics. There are two versions of the problem:
the former is an exact matching search, and the latter is a homology search with mismatches; it is
worth noting that the mismatches should not destroy the sense of comparison. The first version has a
rigorous solution for a long time; however, new algorithms appear effective, e. g. for very long
sequences or many entities under comparison [7, 8].

The second version is much more complicated since it requires a rigorous and unambiguous
description of admissible mismatches and their metrization. The latter is a problem itself; currently,
the alignment methodology based on the Levenshtein distance [3-5] is the most widely spread
approach here. This methodology has several disadvantages, and the most crucial among them is the
arbitrariness in choosing the score function, resulting in the appearance of various free parameters,
making the alignment an art rather than a science; the alignment divergence since the search
procedure never stops, if no special efforts are made; and finally the insertion and deletion
mismatches bringing the most problematic trouble for the alignment.

V.V. Shaidurov in [6] proposed a new method of the common subsequence search which is very
casy using insertions and deletions (further referred to as the Shaidurov’s method). It is an alignment-
free method, which is free from any adjustable parameters heavily affecting the final result of the
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comparison. This paper shows the feasibility of the method with random four-letter symbol sequences
generated by the Bernoulli process.

The method is based on calculating the convolution of two polynomials; each polynomial
represents the corresponding symbol sequence. The algorithm of the method results in two sequences
from the same alphabet R{A, C, G, T} of the capacity K = |X| = 4 of the length N1 and N2,

correspondingly. The algorithm comprises four steps. Let us consider the former for the comparing
two sequences T1 and T2; [T1|= N1, |T2|=N2.

Preprocessing First of all, the sequence (T2, for certainty) must be inverted: b1, b2, ..., bN2 =
bN2 ,bN2 —1, ..., b1. Then, both sequences must be converted into K binary ones, K = |X|so that each

of K binary sequences corresponds to a peculiar symbol from X. For example, the binary sequence for G
has unity instead of G and zero instead of all the other symbols. Finally, each of 4 x4 = 8 binary
sequences must be extended to L which is the nearest upper power of 2 of the value [T1|+ |T2|— 1; this
expansion is required for the fast Fourier transform (FFT) implementation;

Processing Then, each of the 2K binary sequences is transformed through the calculation of
the Fast Fourier transformation, thus changing the binary (0, 1) - sequence into a complex one;

Convolution Each couple of the sequences corresponding to the same symbol must be multiplied,
element by element, and the sum of the products obtained for all the symbols must be calculated, and

Inverse FFT The sum obtained at the previous step must be processed using inverse FFT which
yields a real number sequence.

Each element of this real (positive) number sequence derived due to inverse FFT indicates the
number of the coinciding symbols (within the overlapping pattern of these two sequences) regardless
of the particular location of the coinciding symbols. This paper aims at illustrating the highly efficient
feasibility of Shaidurov’s method for the problem of pattern search for considering the biological
matter. The patterns to be found are relatively short (70 to 600 symbols long) subsequences of high
biological value, the so-called transposons. We search for these patterns in chloroplast genomes of
various plants, including Hymnosperms and flowering plants; the point is that some researchers
believe that there are no transposons in chloroplasts [9, 1].
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Figure 1: An example of a fuzzy coincidence found using the Shaidurov’'s method but with a
CENSOR failure in the search



2. Results

The alphabet X = {A, C, G, T} corresponds to genetic entities. All the pattern subsequences were
retrieved from the Repbase deposit. We compared the Shaidurov’s method with the standard alignment
provided by the CENSOR software [2]; two parameter sets were used. Both sets are implemented in the
software and support either “rigid” or “flexible” search. The Shaidurov’s method is free from this
arbitrariness.

CENSOR found a transposon of Copia-18 BD-I type in 181 genomes, and a transposon of MuDR-64
OS type in 44 genomes. Reciprocally, the Shaidurov’s method revealed 323 and 213 entries,
respectively, and these sets include those provided by CENSOR. It is evident that the Shaidurov’s
method is more effective than the alignment, since it identified a number of entries omitted by
CENSOR; Fig. 1 illustrates this point. Here, the upper sequence corresponds to the genome, and the
lower one corresponds to the transposon.

The advantages provided by the Shaidurov’s method are shown in Figure 2(a) and 2(b). Figure 2(a)
shows the Shaidurov’s method output for the Copia-18 BD-I (length is 319 symbols) search with respect
to point mutations with no insertions or deletions. Figure 2(b) shows similar results with the
insertion/deletion incorporation.
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Figure 2: An example of a fuzzy coincidence found using the Shaidurov’'s method but with a
CENSOR failure in the search

The X axis shows the number of genomes with the pattern found in them and falling into the
corresponding interval. The convolution calculation supports the identification of the transposon
embedding both with and without insertions or deletions. The identification of the transposon pattern
without insertions and/or deletions allows one to determine the exact number of perfectly matching
symbols equal to the transposon length. The inclusion of insertions or deletions into the pattern search
worsens the estimation of the exactly matching symbols, and the former becomes a probabilistic one.



The estimation goes down as the number of insertions/deletions grows up. Thus, the X axis in Fig.
2(b) shows the intervals of estimating the number of coincidences instead of the exact interval values.
Fig. 2(a) unambiguously shows that Copia-18 BD-I is sure to be found in two genomes, since there
are 316 coincidences among 319 ones. On the other hand, this figure shows that the greatest number
of genomes (134 entities) has 305 to 309 coincidences among 319.

The results presented above unambiguously prove the presence of transposons in chloroplast
genomes; however, their abundance and diversity is significantly lower in comparison with other
genetic systems. Here, we are not able to make an immediate comparison of the alignment efficiency
as opposed to the Shaidurov’s method since the CENSOR output yields the so-called score (which is a
numeric evaluation of the “quality” of the alignment), which is inspired by users from the view point
of the rule for its derivation.

The results of this paper prove the high efficiency of the Shaidurov’s method in the analysis of the
biologically inspired comparison of symbol sequences and pattern search including insertions and
deletions. Apparently, the greatest advantage of the Shaidurov’s method is the complete absence of
hidden or free parameters to be used to adjust the comparison.

Two problems make an essential obstacle in broader applications of the method. The former is
signal/noise ratio improvement, and the latter is the localization of the sites of interest. Surprisingly,
both problems could be significantly addressed with the expansion of the alphabet. Initially, we used a
single letter alphabet to derive the binary sequences (that is, four letters, in the case of nucleotide
sequences). However, one can assign the duplets, triplets, etc., as the letters of the new extended
alphabet, doing the same job. Of course, it yields an exponential growth of the number of binary
sequences to be processed. Meanwhile, they could be processed in parallel, so it is not a problem.
Since the convolution value represents the number of exactly matching symbols throughout the
overlap of two sequences regardless of the exact location of the matched symbols, then the expansion
of the alphabet will result in a significant decrease of the number of exactly matching k-tipples, thus
providing the better signal/noise ratio and the localization of the longer highly similar subsequences in
the compared entities.

3. Conclusion

The paper presents a new method for comparison and analysis of symbol sequences. The method
is based on the convolution function calculation defined over the binary numeric sequences derived
from the original symbol sequence. The method provides highly parallel implementation and is very
powerful in insertion or deletion mutations search. A discrete fast Fourier transform is implemented
for convolution calculation. Also, an idea of the alphabet expansion is proposed to improve the
signal/noise ratio. Some genomic applications are provided and discussed. The applications are used
to illustrate and overcome the problem of signal/noise selection, and alignment localization.
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