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a b s t r a c t

The classical DNA sequencing by hybridization (SBH) uses a binary information about oligonucleotide
presence in an analyzed DNA sequence. A given oligonucleotide is or is not a part of the sequence.
However, the development of the DNA chip technology allows to take into consideration some
information about repetitions in the target sequence. Currently, it is not possible to determine the exact
data of such type but even partial multiplicity information should be very useful.

In this paper two simple but realistic multiplicity information models are taken into account. The first
one assumes that it is known if a given oligonucleotide occurs in the analyzed sequence once or more than
once. According to the second model it is possible to determine if a given oligonucleotide appears in the
target sequence once, twice or at least three times. A tabu search algorithm has been implemented to verify
these models. It solves the problemwith any kind of hybridization errors. Computational experiment results
confirm that the additional information leads to an improvement of the reconstruction process. They also
show that the more precise model of information increases the quality of the obtained solutions.

Test data sets and the implemented tabu search algorithm are available on: http://bio.cs.put.poznan.pl/
files/52234a7c9dfb89b808000001/download.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The DNA sequencing is one of the most important problems of
molecular and computational biology. Its goal is to determine a
sequence of nucleotides an analyzed DNA sequence consists of.
There exists many methods to obtain this information. The DNA
sequencing by hybridization (SBH) is one of them [1,2]. It is
comprised of two stages. The first one is a biochemical experiment.
The result of this stage is a spectrum. It is a set of l-long subsequences
of an examined DNA sequence. The elements of this set are also
called l-mers. In the second stage a computational problem must be
solved. The spectrum is used to reconstruct the sequence.

The biochemical experiment uses the ability of single stranded
DNA molecules to join to complementary strands [3]. A single
stranded DNA molecule is a sequence of nucleotides which are
denoted by A, C, G and T. These letters represent four possible
nucleotides: adenine, cytosine, guanine and thymine, respectively.
According to the Watson–Crick complementarity rule adenine is
complementary to thymine and cytosine is complementary to
guanine. If two single stranded DNA molecules contain some sub-
strings being complementary to each other then these DNA

molecules may join by hydrogen bonds and create a double stranded
molecule. This process is called hybridization.

The biological stage requires a DNA chip [4,5] and a solution
containing a number of copies of a single stranded target DNA
sequence. The DNA chip comprises a full l-long oligonucleotide
library. It is a kind of matrix divided into cells. Each cell contains a
number of copies of a given l-mer from the library. When such a
chip is put into the DNA solution, some parts of the analyzed DNA
hybridize to complementary oligonucleotides on the chip. If the
copies of the examined DNA sequence are fluorescently or radio-
actively marked then one can obtain an image of the DNA chip. This
image presents a spectrum composition for the target sequence.

In the ideal case a result of the biochemical experiment is a com-
plete and correct information about l-long oligonucleotides present in
an examined DNA sequence. However, some errors may occur during
the experiment. There are two types of errors: positive ones and
negative ones. A positive error is an issue when a spectrum contains
an l-mer which is not a subsequence of the target DNA. It occurs when
the analyzed sequence hybridizes to an oligonucleotide on the chip
which is not perfectly complementary to it. A contrary case is possible
too. The examined sequence may not hybridize to a perfectly
complementary l-mer on the chip. In this case spectrum does not
contain all l-long subsequences of the target as a result. Another cause
of negative errors and missed information about target DNA composi-
tion is a repetitive sequence. In the classical SBH approach spectrum is
a set, not a multiset, so the information about repetitions is lost.
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In the classical sequencing by hybridization the result of the
biochemical experiment is a binary information about l-mer pre-
sence in an examined DNA sequence (i.e. a given oligonucleotide is
or is not included in an obtained spectrum). Consequently, repeti-
tions in the target lead to negative errors. However, the current
development of the DNA chip technology allows to take into
consideration information about an intensity of the chip signals.
This intensity can be, at least to some extent, correlated with the
number of occurrences of a given oligonucleotide in the analyzed
sequence. Unfortunately, the precision of this signal depends on
l-mer multiplicity. The accuracy decreases when the number of
repetitions of an oligonucleotide increases. It is possible to easily
differentiate a shining of one and many occurrences but distinguish-
ing the signal coming from, for example, seven and eight occur-
rences would be very difficult (or even not possible). Nevertheless,
even partial information about repetitions can be very useful.

Formal definitions of SBH problems with the additional infor-
mation about multiplicity have been formulated in [6,7]. To the
best of authors' knowledge, only a greedy algorithm presented in
[8] utilizes the additional information. The algorithm has been
implemented to verify its usefulness and the results confirm that
using it leads to an increased quality of the obtained solutions.
However, a greedy approach is a simple algorithm. One could use
its result as an input to a more sophisticated heuristic to obtain
further solution improvement.

Dealing with repetitions has also been identified as an impor-
tant issue in the literature related to the classical sequencing by
hybridization. Some results have been presented in [9,10]. How-
ever, the algorithms tested in these articles (a tabu search [11],
a hybrid genetic algorithm [12] and a revised hybrid genetic
algorithm [10]) do not use any information about repetitions.

In this paper DNA sequencing by hybridization with any kind of
errors is taken into account. Positive errors as well as negative
errors are accepted and the cause of an error (hybridization error
or repetitious sequence) is not relevant. Two models of the
multiplicity information are considered. They are the simplest
ones but realistic and possible to apply in practice. The first one,
called “one and many”, assumes it is known if a given oligonucleo-
tide occurs in an analyzed sequence once or more than once. The
second model, called “one, two and many”, uses the knowledge if
a given oligonucleotide appears in a target sequence once, twice or
at least three times. The current DNA chip technology justifies
these assumptions. The foundation of these models is the signal
intensity of DNA chip images. It is a common practice to take into
account such information in gene expression analysis [13].

A tabu search algorithm presented in this paper uses as a part
of the input data information about the first oligonucleotide of an
examined sequence. The assumption that it is known is well
justified since the PCR commonly used to produce a large number
of copies of a target DNA requires the knowledge of the first l-mer.
Moreover, if the information which oligonucleotide is the first one
would be not available then the algorithm can be executed with-
out it polynomial number of times, each time with a different
l-mer from spectrum as the first one.

The next section contains formal problem definitions. The tabu
search algorithm is described in Section 3. The results of computa-
tional experiments are discussed in Section 4. The last section
contains a summary and conclusions.

2. Problem definition

Formal definitions of problems of DNA sequencing by hybridi-
zation with information about repetitions have been formulated in
[6,7]. In this section only a brief overview of them is presented.

It is required to introduce additional types of spectra in order to
precisely state the problems. Let S(Q) denote a spectrum of
sequence Q, SðmÞðQ Þ be a multispectrum of sequence Q and mi be
the number of occurrences of a given sequence si (l-mer) in SðmÞðQ Þ.
The spectrum is a set so every si may occur at most once in S(Q).
The multispectrum is a multiset. Consequently, a given l-mer may
be present in SðmÞðQ Þ more than once. Let SðisÞðQ Þ denote an ideal
spectrum of the sequence. The ideal spectrum contains all and
only those types of l-mers but not all of these l-mers, which
compose the target sequence Q. All of these l-mers compose an
ideal multispectrum of sequence Q, which is denoted by SðimÞðQ Þ.
Note that the number of occurrences mi of any l-mer in the ideal
multispectrum is equal to the number of its repetitions in
sequence Q. The multispectrum may be affected by errors, so the
value mi for a given l-mer may differ from its repetition count in
sequence Q. It may be smaller in the case of negative errors and
greater in the case of positive errors.

Let us assume that the additional multiplicity information is
not available. Then the combinatorial problem of sequencing by
hybridization with errors may be stated as follows:

Problem 1. Lack of the multiplicity information
INSTANCE: Set S(Q), length n of sequence Q.
ANSWER: Sequence Q 0 of length at most n with the maximum

utilization U of set S(Q) defined as

U ¼ ∑
si ASðQ Þ

uiðQ 0Þ

where uiðQ 0Þ ¼ 1 if Q 0 contains si and uiðQ 0Þ ¼ 0 otherwise.

If the information about repetitions is available then the
utilization of set S(Q) for a sequence Q 0 is redefined as follows:

~U ¼ ∑
si A SðQ Þ

~ui ðQ 0Þ

where ~ui ðQ 0Þ is equal to the number of occurrences of si in Q 0.
Assuming one is able to obtain in the biochemical experiment

information according to the model “one and many” the sequen-
cing problem may be defined as follows:

Problem 2. Multiplicity information of the type “one and many”
INSTANCE: Set S(Q), length n of sequence Q, parameter miAf1;2g

for every siASðQ Þ.
ANSWER: Sequence Q 0 of length at most n with the maximum

utilization ~U of set S(Q) and minir ~ui ðQ 0Þrmaxi for each siASðQ Þ.
If mi¼1 then mini¼0 and maxi¼1. If mi¼2 then mini¼1 and
maxi ¼1.

If there exists partial multiplicity information of the type “one,
two and many” then the combinatorial problem may be stated as
follows:

Problem 3. Multiplicity information of the type “one, two
and many”
INSTANCE: Set S(Q), length n of sequence Q, parameter miAf1;2;3g

for every siASðQ Þ.
ANSWER: Sequence Q 0 of length at most n with the maximum

utilization ~U of set S(Q) and minir ~ui ðQ 0Þrmaxi for each siASðQ Þ.
If mi¼1 then mini¼0 and maxi¼1. If mi¼2 then mini¼1 and
maxi¼2. If mi¼3 then mini¼2 and maxi ¼1.

All the problems defined above may be transformed into
a variant of the traveling salesman problem (TSP). An instance of
the classical TSP consists of a directed or undirected input graph
and a weight (cost) assigned to each arc or edge. The goal of the
classical TSP is to find the shortest (minimal cost) Hamiltonian
cycle (i.e. a cycle containing all vertices exactly once).

One can obtain a problem corresponding to the sequencing by
hybridization by modifying TSP as follows. Firstly, the goal is to
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