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Abstract — Nowadays the research on RNA interference is a
subject of growing interest. One of the most perspective
directions of this research is the use of bioinformatics methods to
predict possible interactions of microRNAs with their mRNA
counterparts, which allows to increase the accuracy and
efficiency of their confirmation using laboratory means. In spite
of this fact, the existing tools are unable to meet all the needs of
molecular biology. An example of a problem currently lacking an
appropriate solution is the study of RNA interference between
organisms belonging to different taxonomic groups, notably, in
parasite-host systems. Parasites utilise the host cell as a source of
nutrients and habitat; molecular genetic profiles of both
participants of this interaction are subject to dynamic changes.
In this paper we present a novel algorithm for detection of
interactions involving RNA molecules in a wide range of
organisms. The proposed solution exceeds the existing ones in
several characteristics and, in our view, can be broadly used in
molecular biology and bioinformatics.
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Introduction

Since the discovery of RNA interference in 1997 the
existence of this mechanism has been demonstrated in
numerous organisms belonging to different taxonomic groups.
The research on this mechanism is of great significance not
only for fundamental biology but also for its applied fields:
medicine, veterinary science, agriculture, fisheries and forestry.
Due to the availability of genome sequences of various
organisms, considerably higher performance of modern
computers and lower cost of equipment and machine time
compared with laboratory research, experimental studies are
often preceded by the identification of potential interactions in
silico. Nevertheless, microRNA target prediction faces two
converse problems. Firstly, existing tools demonstrate high
level of errors of the second kind, which result in mRNAs that
are in fact not valid targets for the corresponding microRNAs
being classified as their targets and, in turn, impede a further in
vitro analysis of the microRNAs in question. On the other
hand, the number of errors of the first kind is also high. The
existing instruments are primarily aimed at target mRNA
identification in humans and several model organisms, such as
Drosophila  melanogaster, Mus musculus, Caenorhabditis
elegans, Danio rerio, etc., for which these interactions have
been investigated experimentally; high precision of these tools
is achieved through the use of species-specific heuristics.
Instruments implementing more generic algorithms are
uncommon. The most popular of them, rna22 [1], is notably
less accurate and slow in comparison with the aforementioned
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tools [2]. Furthermore, the vast majority of such tools,
including those implementing algorithms that have got the
most potential for further refinement, are closed-source. Thus,
the confluence of the aforementioned factors makes it relevant
to develop a novel algorithm for identification of potential
interactions between microRNAs and mRNAs that does not
utilise information about the architectures of the genomes of
the investigated organisms and has got acceptable accuracy
and performance.

The proposed solution

A characteristic feature of all non-coding RNAs
participating in RNA interference is the existence of the so
called seed region, i.e. a short sequence of nucleotides with
almost perfect complementarity to the corresponding sequence
in a target mRNA. Identification of this complementary
sequence in a genome in the first and foremost problem in
microRNA target prediction. Thus, the problem under
consideration is to identify all potential microRNA targets by
locating subsequences complementary to all of the possible
microRNA seed regions within a whole genome given as a
single sequence or a set of sequences. Formally, given two sets
of strings, M and G, and two integers / € N and k € Zk >0
(k < D), for all substrings 7y, |ri| = [ of each string r = rc(m), m €
M, where rc() is the function of reverse complement
construction, it is necessary to identify in each string g € G
positions of substrings g; such that DL(r,g)) < k, where DL is
the Damerau-Levenstein distance [3].

It is worth pointing out the key differences of our approach
from those implemented in other tools. First of all, many tools
utilise the observation that a seed region usually includes
nucleotides from 2 to 8 of a microRNA, which naturally leads
to the increase in performance of such tools. However, this
assumption is not valid for all organisms and can not be
adopted by an architecture-independent algorithm. Oppositely,
several algorithms expect that all microRNA targets are
located within 3’-untranslated regions (3’UTR) of mRNAs,
which is also not a general truth [4]. Besides, the latter
assuption requires the genome to be annotated, which makes
these tools inapplicable for many organisms since their
genome sequences are lacking appropriate annotations, and
their creation is a separate complex and laborious task.
Moreover, some tools imply that the user provides them with a
list of mRNAs rather than a whole genome sequence, which
significantly reduces the complexity of search but for the same
reason significantly narrows the range of organisms for which
the tools can be utilised. To sum it up, for an algorithm to meet
the requirement of being architecture-independent, it is
inevitable to reject all the aforementioned assumptions.

150



In the proposed algorithm, instead, we make use of the
general observations. Since the length of the seed region / and
the threshold Damerau-Levenstein distance k are typically
small, we explicitly generate all the strings for which we
search, i.e. we transform the set S to the set S° such that:

Vste SOe&==>3si€s5,sESA|si| =IADL(s%s)) <k (1)

We proceed with searching these strings using the
AhoCorasick algorithm for multiple string search [5]. The
choice of the Aho-Corasick algorithm has been also supported
by the fact that the most common mode of usage of our tool is
the simultaneous detection of targets for multiple microRNAs.
Thus, the workflow of the proposed algorithm is as follows:

1) transform the specified set of microRNAs M to the set R
by applying the reverse complement function to all
m € M,

2) construct the set of strings to search R? by generating all
the possible permutations of all the substrings of the
specified length [ for strings r € R according to (1);

3) run the Aho-Corasick algorithm to search all the strings
from ROin the set of strings G representing the genome.

It is noteworthy that the proposed approach leaves plenty
of room for further improvement as there are no data
dependencies between different parts of the investigated
genome, hence the algorithm can be easily applied in parallel
to its various fragments using a given number of computational
nodes. Even greater performance gains can be achieved
through the use of hardware vectorisation and parallelisation,
such as a SIMD instruction set (e.g. MMX, SSE and AVX on
x86/x86 _64 processors or AltiVec/VMX on PowerPC), as
well as GPU computing.

Conclusions

The present paper addresses the core problem lying behind
the design of the string-based architecture-independent
approach to microRNA target prediction, which is the
detection of genome subsequence complementary to the
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microRNA seed region. We have developed an efficient
algorithm allowing to detect these regions within a given
genome. The algorithm has been implemented as a software
tool; its performance has been evaluated in comparison with
rna22. The comparison has demonstrated the significantly
higher performance of the developed tool: on a set of
protozoan genomes it outperforms rna22 by several orders of
magnitude. Performance testing was conducted on a 3.40 GHz
Intel Xeon E3-1240 v2 computer with 8 Gb of RAM under
Ubuntu Linux 14.04 x86 64. It has shown that calculating
targets for a single microRNA located within a single
chromosome (constituting on average 1.5 megabases) takes
about 20 minutes in case of our tool and from 7 to 8 hours in
case of rna22.

Still, to be implemented as a piece of off-the shelf software
the approach requires refinements dealing with the high level
of errors of the second kind. Possible solutions to this problem
include target site accessibility and free energy analyses or the
use of machine learning. Other directions for future work
include further performance improvement by means of
parallelisation and vectorisation.
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