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The scourge of infectious diseases is one of the problems contending with humanity. All infectious
diseases are caused by pathogens. A major problem in biological research is the creation of enormous
and redundant amounts of genomic data. From this large volume of generated data, biologists select a
subset of each sequence known as DNA nucleotide subsequences “words”, for extended scientific
analysis. Computational biology aids this pruning process by providing computerized tools to generate
vital information with biological significance from these data. This research aimed to develop new tools
for extracting DNA repeats from the gene sequences and also to perform a comparative analysis with
existing tools having similar or closely-related functions. We were able to develop BengaSaVex
(GBenga Samuel Victor genetic sequence extraction tool) and provide a sequential in-silico genetic-
sequence-filtering functionality to identify repeated DNA nucleotide subsequences within the genes of
some microorganisms, evaluated the potential benefits and applications of identifying such repeated
sequences, and finally, performed an in-silico comparative analysis between BengaSaVex and tandem
repeat finder.
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INTRODUCTION

Over the years, biologists and computational biologists
have conducted experiments related to the sequences of
some pathogens and other micro organisms. One of the
major problems in biological research is the creation of
enormous and redundant amounts of genomic data from
DNA sequencing projects performed (Baxevanis, 2003;

Wang and Zhang, 2005; Myers et al., 2006; Lathe et al.,
2008; Oluwagbemi and Omonhinmin, 2008; Oluwagbemi,
2012). Biologists select a subset of each sequence also
known as DNA nucleotide subsequences “words”, for
extended scientific analysis. Computational biology
complements this pruning process by providing repeat
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finding programs to help analyze and provide useful
information about interesting words, with the assumption
that under or over-represented words have significant
biological functions.

The biological significance of DNA repeats cannot be
underestimated. DNA repeats play a significant role in the
biological sciences (Jurka, 1998). Transposable elements
are hidden in many repetitive DNA sequences. Experi-
mental research and analysis on these repetitive sequen-
ces can help reveal transposable elements that are
associated with genomic evolution.

The aim of this research was to develop a useful
extraction tool (BengaSaVex), for in-silico analysis on the
gene sequences of some microorganisms. Some patho-
gens are only being used as an example of how the
program works. The objectives of this research were: (i)
to develop in-silico simultaneous genetic sequence-
filtering tools for in-silico analysis, by using object-
oriented programming languages in C++, (ii) to identify
repeated DNA nucleotide subsequences within the genes
of some microorganisms, (iii) to evaluate the potential
benefits of (ii) and (iv) to conduct a comparative analysis
between BengaSaVex - C++ version and tandem repeat
finder (Benson, 1999).

The biological rationale for undertaking this research
stems from the fact that prominent feature of DNA can be
identified by the frequency with which repeated
substrings exist. For instance, this seems to be true for
eukaryotes (Lander et al.,, 2001). Some repeats have
been found to aid the provision of structural mechanism
(Huang et al.,1998), while others have been identified to
affect bacterial virulence, among microbes which have
the tendency to cause human infections (van Belkum et
al., 1998). This makes a study on repeats a promising
and interesting one.

In this paper, we devised a genetic subsequence
extraction tool using the C++ programming language for
its implementations. We named this tool as BengaSaVex.
The tool has the capability to extract repetitive DNA
sequences from a collection of multiple gene sequences
of microorganisms including infectious-disease causing
organisms; then estimate the relationship that exists
between the lengths of extracted repeated sequence and
the computational time taken to extract these repeated
sequences. Insight gained from the analysis of these
duplicated sequences could help accelerate the pace of
research in this domain by causing a motivation for the
development of more efficient tools, especially, since
there is a huge volume of sequence data available.

Several traditional repeat finding programs have been
developed and applied to different gene sequences. They
are as described in Table 1.

In summary, this paper details the algorithm underlying
the development of BengaSaVex, describes the mecha-
nism of data collection, explores the potential benefits of
identifying DNA repeats in gene sequences of computa-

tional biology related research, presents the results
generated by the new tools and its comparative analysis
with some of the existing tools with similar or closely
related functions (Saha et al., 2008).

MATERIALS AND METHODS
Data collection

Data for this research work was sourced from the National Center
for Biotechnology Information (NCBI) (www.ncbi.nim.nih.gov/) and
also from the Sanger Institute
(ftp://ftp.sanger.ac.uk/pub/pathogens/spn/). The sequence data of
some microorganisms were sourced from various gene banks.
Table 2 shows the sources of data used in the analysis. Each
genome sequence data for respective organisms was
simultaneously inserted into the input file of BengaSaVex.

Implementation

C++ programming language was used for the implementation of
BengaSaVex. The multiple sequence data for different pathogens
were stored inside an input file for BengaSaVex, for onward in-silico
analysis. The input file (many.in.txt) contains multiple gene
sequences of infectious disease-causing organisms to be analyzed,
while the output file (many.out.txt) contains the results generated by
BengaSaVex after running the executable version of the software
(BengaSaVex.exe). BengaSaVex was developed using algorithms
to compare sub-strings of gene sequences that are identical within
genome sequence of pathogens as shown in (List 1). The algorithm
depicted below shows its operations on repeat sequences.

List 1: BengaSaVex Algorithm
Begin
Input S1 ,............. , Sm: the m set of pathogen gene
sequence
While ('end of file) do
Get next set of gene sequence
for all i=1to ndo
function Search and Compare
subsets of gene sequence S11 with S12 within S1,...... until S1n
Identify repeated
sequences from S1,...... Sm
Output repeats R1,...... Rm each for
Sequence S1,.....,Sm
end for
Output frequencies Rfl, Rf2, Rf3,............ ,
Rfm for each repeat
Compute corresponding time (T1,...... ,Tm) to search and
extract each repeat
Return S1,...... ,Sm; frequencies Rfl, Rf2, Rf3,...... Rfm for
each repeat; time (T1,...... ,Tm) to search and extract each repeat
End

RESULTS

BengaSaVex has the capability to perform sequential in-silico
analysis on hundreds to thousands of large genome sequences.
However, for the purpose of this manuscript, we only analyzed
close to 15 large genome sequences. We present the results of
eight of them as produced by BengaSaVex, based on in-silico
analysis performed on the gene sequences of some organisms as
shown in Table 2. Some of the repeats were found to be intergenic.
We also provide the results of a comparative analysis of
BengaSaVex with the tandem repeat finding program (Table 3).
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Table 1. Tabulated literature review of some traditional repeat finding programs.

Related work

Description and reference

RepeatMasker

RepeatScout

SAGRI

RECON

WindowMasker

RepeatFinder

RepeatGluer

PILER

ReAs

REPuter

Dst

REPRO

RepeatAround

OMWSA

REPFIND

Tandem Repeat
Finder

RepeatMasker, a prominent software, was developed to identify, classify and mask repetitive gene sequences.
RepeatMasker finds repetitive sequence by performing an alignment of the input sequence against a library of
known repeats (Smit and Green, 2002; Tarailo-Graovac and Chen, 2009).

RepeatScout was another program developed to identify repetitive sequence in large genomic sequence (Price
et al., 2005).

SAGRI (Spectrum Assisted Genomic Repeat Identifier), was a tool developed as a novel approach to detecting
repeats in genomic sequences. SAGRI performs a double scan on the genome sequence (Do et al., 2008). It's a
tool that was developed to efficiently locate possible ancient repeats in genomic sequences produced
encouraging results (Singh et al., 2007).

RECON, an automated software for identifying repetitive sequences of newly sequenced genomes, was also
developed (Bao and Eddy, 2002).

WindowMasker was developed to identify and mask highly repetitive subsequences in the DNA sequence of a
genome (Morgulis et al., 2006).

Algorithms such as RepeatFinder (Volfovsky et al., 2001) are also useful in in-silico analyses.
RepeatGluer (Pevzner et al., 2004)

Recently, PILER (Edgar and Myers, 2005) have increasingly automated the identification of repeat families from
genomic sequence

ReAs algorithm was applied in recovering ancestral sequences from transposable elements (Li et al., 2005).

REPuter (http://bibiserv.techfak.uni-bielefeld.de/reputer/) , another repeat finding program, was developed by
Kurtz and colleagues (Kurtz et al., 2001).

Dst (http://alce.med.umn.edu/newdst.html; Virtual Genome Center, unpublished), is another repeat finding
program.

REPRO, another program, helps to identify repeats in gene sequences of proteins
[http://mathbio.nimr.mrc.ac.uk/~rgeorge/repro; (George and Heringa, 2000)].
RepeatAround software was a repeat finding tool created by (Goios et al., 2006) -

http://portugene.com/repeataround.html).
The OMWSA is another online tool for repeat finding and visualization (Du, 2007).

REPFIND online repeat finding tool (Betley et al., 2002), (http://zlab.bu.edu/repfind/form.html) was created by
Bentley and colleagues.

Tandem Repeat Finder is yet another repeat finding program (Benson, 1999).

BengaSaVex - C++ version was used for this analysis, because it
provided extraction time (in milliseconds) for the frequency of each
direct repeated sequence. Analysis was performed on whole
genome sequences of Pseudomonas fluorescens (Von Graevenitz
and Weinstein, 1971; Picot et al., 2001), Hippea maritime DSM

10411 (Miroshnichenko et al., 1999), Bartonella tribocorum CIP
105476 (Heller et al., 1998), Sinorhizobium meliloti BL225C(Audic
et al., 2009), Brucella pinnipedialis B2/94 (Whatmore, 2009; Audic
et al,, 2011), and Staphylococcus aureus [EMRSA15](methicillin-
resistant strain) (Meier et al., 2001; Gordon and Lowy, 2008; Loffler
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Table 2. In-silico analysis result from BengaSaVex.

Organism’s DNA
sequence

References/accessi
on number

Frequency of repeat

BengaSaVex -C++
version search and
extraction time (s)

Bartonella
tribocorum CIP
105476

BORRELIA

afzelii Pko complete
genome sequence

(Chomel and
Piemont,1998)

NCBI Reference
Sequence:

NC_010161.1
Gl:163867306

Gl: 384206106

NCBI Reference
Sequence:
NC_017227.1

Words with the maximum frequency (2) in the text are:

CCGCCGCTGCTTTATTGATTAAACCCAGACAATTTC
TAACTCGCCATAAGGAGAGAGACGTTCAGTATAG

AGATATGACCACAAGCGACAGCCTTGCCAAAAACC
CTTGCGTTTTCATAAACGTGACCATTTTTAAACAC

TGATTATCATCACAAATATCATTCGTAATTTTTTCAC
GGCTATTAACCACGGCATTACCATAGATTTGTA

CATCATGATCAATATTGGATTTACCATAGACCTTTG
CATTTTCATAAATTCTTGCAAAGGACCCCACCCG

AGCCGAGCCAGAAACCTTTGCATCATCAAAAATAC
TTGCAAAACTCTTAATCCAAGCATTACAAAAGACA

TGGGCATTGCCATAAATACACGCCCCCCCATAAAT
GCGTGATTTACCATAAACATGGGAATTCCCATAAA

AGCATTATCACAAACCATGGCATTGCCATAAACTAG
ACCACAGATCCTAGCATTGTTACTAATTTTTGCA

AATGCCCCCGCCTTAACATCATCAAAATCTCTTAAA
GCACGAATGCGGTGTACAGTAATCCCTTCAAAAG

TTGAACGTTGAAACTGTTAGATTACCCACGAGGCG
TGAGCCAGTTTTGCCAGGACGGTTTTACCGGATCT

CTTGGAAACCCCTTGGAAACCCCTTGGAAACCCCT
TGGAAACCCCTTGGAAACCCCTTGGAAACCCCTTG

GAAACCCCTTGGAAACCCCTTGGAAACCCCTTGGA
AACCCCTTGGAAACCCCTTGGAAACCCCTTGGAAA

CCCCTTGGAAACCCCTTGGAAACCCCTTGGAAACC
CCTTGGAAACCCCTTGGAAACCCCTTGGAAACCCC

TTGGAAACCCCTTGGAAACCCCTTGGAAACCCCTT
GGAAACCCCTTGGAAACCCCTTGGAAACCCCTTGG

AAACCCCTTGGAAACCCCTTGGAAACCCCTTGGAA
ACCCCTTGGAAACCCCTTGGAAACCCCTTGGAAAC

CCCTTGGAAACCCCTTGGAAACCCCTTGGAAACCC
CTTGGAAACCCCTTGGAAACCCCTTGGAAACCCCT

TGGAAACCCCTTGGAAACCCCTTGGAAACCCCTTG
GAAACCCCTTGGAAACCCCTTGGAAACCCCTTGGA

TGTAGGAAACTGTAGGAAACTGTAGGAAACTGTAG
GAAACTGTAGGAAACTGTAGGAAACTGTAGGAAAC

TGCGACTGCGACTGCGACTGCGACTGCGACTGCG
ACTGCGACTGCGACTGCGACTGCGACTGCGACTG
CG

ACTGCGACTGCGACTGCGACTGCGACTGCGACTG
CGACTGCGACTGCGACTGCGACTGCGACTGCGAC
TG

Nil

35.637

0.496
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Sinorhizobium meliloti
BL225C complete
genome

Brucella pinnipedialis
B2/94 chromosome 1,
complete sequence

NCBI Reference
Sequence:
NC_017322.1

NC_015857.1

NCBI Reference
Sequence:
NC_015857.1

Words with the maximum frequency (2) in the text are:

CCGCTTGTCCCTTCTCCCCGCCTGCGGGGAGAAGGT
GCCGGCAGGCGGATGAGGGGCGGGTGACCGCTAA

GATTCCTTTTTCTGCGCAAATCAGATTCACCATTCAGG
CCGGTGAAGGAGGCCGGCCTTTATGGCGAGAC

CTTTTTCGAATGATCTTCGGGAACGCGTTGTCGATGC
GGTGACGGGCGAGGGCCTATCGTGCCGGGCAGC

GGCCAAGCGCTTCGGCATCGGCATCAGCACCGCGAT
CGATTGGGTGCGGCGGTTTCGCGAGACGGGCAGC

GCCGCACCCGGCCAGATGGGTGGGCACAAGCCCCG
CAAGCTTTCCGGTCCGCACCGGGCTTGGCTGCTTT

GCCGCTGCCGCGAGCGCGACTTCACGCTGCACGGAC
TTGTCGCCGAGTTGAGCGAGCGCGGCCTGAAGGT

GGATTATCGCGCCGTCTGGACCTTCGTGCACGAAGAG
GGGTTGAGTTATAAAAAAAGACGCTGGTCGCCA

GCGAACGGGAGCGGCCCGACGTCGCCCGCCACCGG
GCACGATGGCTGAAGCACTGCCCCGGAATTGATCC

AGCCGCCGGCAGTGGGCGATTTGTGCAAAACCCTTC
GGGCGGCCCATATTGCGGTGCCTTGTCGCGAAAA

ATCCGGCTTGCAGGCGGACGGCCTGCGGCGCCGGAT
TTTCCACGAAAGTCCCTCGCAATTTGGGCCGTCA

Words with the maximum frequency (2) in the text are:

AATGCAGCGCACTGGCGCGATCTGCCTGCGACCTTC
GGCAAATGGACAGCGGTTCATGCCCGCTTTCGGC::

‘GCTGGTCGCACGCCGGTGTATGGGAAAGGCTTTTCC
ATGCCCTGGCTGATACGCCGGACTTTGAATATGT::

CCTCATTGATAGCACCATATCGAAAGTCCACGCAGAT
GCGGCGGGCGCAAAAGGGGGGCTGAAGCTGCCT:

:GCATCGGTCGCTCGCGCGGTGGATTGACGACCAAG
CTGCATGCTGTTGTCGATGCTATCGGCCTACCGCT::

:GCGAATAAAGCCAACACCCGGCCATTATGGTGACTG
TCCGCAAGCTTCAAGCCTTCTATCCGGCTTAGAG:

“TGGATGGCTGCCAATGCAGCGCACTGGCGCGATCT
GCCTGCGACCTTCGGCAAATGGACAGCGGTTCATG:

:CCCGCTTTCGGCGCTGGTCGCACGCCGGTGTATGG
GAAAGGCTTTTCCATGCCCTGGCTGATACGCCGGA::

“CTTTGAATATGTCCTCATTGATAGCACCATATCGAAA
GTCCACGCAGATGCGGCGGGCGCAAAAGGGGGG

:CTGAAGCTGCCTGCATCGGTCGCTCGCGCGGTGGA
TTGACGACCAAGCTGCATGCTGTTGTCGATGCTAT::

:CGGCCTACCGCTGCGAATAAAGCCAACACCCGGCCA
TTATGGTGACTGTCCGCAAGCTTCAAGCCTTCTA::

“TCCGGCTTAGAGGGTGTGGGGCATGTCATTGCTGAT
GCGGCCTATGATGCCGATCACTTAAGGGCCTTCA::

“TTGCCAGCAATCTCAAGGCAACGGCTCAGATCAAGG
CCAATCCAACACGTTCCAGTGTCCCAACAATCGA:

:CTGGAGGCTGTACAAGGAACGCCATCAGATTGAATG
CTTTTTTAACAAGTTGAAACGCTATCGTCGTATT::

134.556

26.428
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Table 2. Contd.

Gl:229587578

Pseudomonas

fluorescens SBw25 NCBI .Reference

complete genome Sequence:
NC_012660.1

Nil 400.238

Staphylococcus EMRSA-15 genome Words with the maximum frequency (3) in the text are:
(me_thIC'”'n' ftp://fftp.sanger.ac.uk/  :tttaacttaagttattagagcctcttatgcagttgctcagtcaactgtataccttt 124.688
resistant) pub/pathogens/sa/ tgac::
Staphylococcus MRSA252.dna
aureus strains- 1.351
Epidemic EMRSA- ftp://ftp.sanger.ac.uk/ '
16lineage pub/pathogens/sa/ Nil

EMBL/GenBank
Staphylococcus databases with
aureus-  Highly accession  number
transmissible MRSA  EN433596. Nil 0.619
sequence type(ST)
239 by MLST ftp://ftp.sanger.ac.uk/

pub/pathogens/sa/

Table 3. In-silico comparative analysis between BengaSaVex and some repeat finding programs (with respect to time only).

BengaSaVex Tandem repeat finder

Sequence

(s) (s)
Bartonella tribocourm CIP 105476 35.637 60.15
BORRELIA
afzelii Pko 0.496 0.544
NCBIReference Sequence: NC_017227.1
Sinorhizobium meliloti BL225C complete genome 134.556 65.12
Brucella pinnipedialis B2/94 complete genome 26.428 41.96
Staphylococcus (methicillin- resistant) 124.688 271.36
Staphylococcus aureus strains- Epidemic EMRSA-16lineage 1.351 21.62
Staphylococcus aureus MSSA476- methicillin-sensitive strain 95.855 216
Staphylococcus aureus- Highly transmissible MRSA sequencetype(ST) 239 by 0.619 4.95

MLST

et al.,, 2010), Staphylococcus aureus [Epidemic EMRSA-16
lineage], Staphylococcus aureus [MSSA476-methicillin-sensitive
strain], Staphylococcus aureus [highly transmissible MRSA
sequence type(ST) 239 by MLST(TW20) and the Heamophilus
Influenza. Their respective accession numbers were provided in the
following section. These results (Tables 2 and 3) show that
BengaSaVex can be used as a complementary tool with other
existing repeat finding programs. REFIND did not work on long
sequences, and so was hot included in Table 3.

BengaSaVex GUI shows the functionalities of the tool for input-

DISCUSSION

ting data, analyzing, outputting
frequency of extracted repeats, and time taken to extract the
repeats (Figure 1).

results of extracted

repeats,

Results produced show that BengaSaVex can be used as
a complementary tool for
researches. Research on repeated sequences can help

repeat finding related
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B engas aVex : AComputational Genefic sequence extraction tool

on DNA repeats of multiple gene sequences

Input Gene Sequence

Perform In-silico Analysis

Calculate Frequency of Extracted
DNA Repeats

(alculate Time taken to Exiract
DNA Repeats

Figure 1. Graphical User Interface design of BengaSaVex.

provide interesting discoveries in the study of polymor-
phic patterns. Understanding the relationship between
redundant gene filtering algorithms, programs and the
corresponding genetic sequence they process, can help
provide insight to developing programs with increased
efficiency in carrying out this pruning process. This in
turn, will help hasten or speed up the pace of research on
DNA repeats, duplicated regions, sequence alignments
and redundant genetic sequences of organisms and
useful medicinal plants.

BengaSaVex has an added advantage to extract repeat
sequences from multiple gene sequences of organisms,
of which pathogens’ are just one of the sample data.
BengaSaVex also provides the corresponding
frequencies of extracted sequences, and the time taken.
BengaSaVex finds repeats in gene sequence of
organisms.

Multifaceted applications of repeat analysis

Computational analysis finds expression in the proces-
sing of DNA repeats. Scientific research has found that

DNA repeats help enhance flexibility in genetic and
phenotypic features of pathogens and microorganisms
(van Belkum et al.,, 1998). Variability in DNA repeats
could help provide information about functional and
evolutionary information on genetic diversity of such
organisms (van Belkum, 1999a). Van Belkum as well as
Delihas (van Belkum et al., 1999; Delihas, 2011),
discovered and revealed the vital role sequence repeats
play with the regulation of microbial gene expression. The
significance of sequence repeats in epidemiologic typing
cannot be underestimated (van Belkum, 1999b).
Sequence repeats were also detected in Escherichia coli’
sequence (Gur-Arie et al.,, 2000). Other scientists
identified the potentials of DNA repeats in detecting
certain virulent genes in pathogenic bacteria such as H.
influenza (Hood et al., 1996; Power et al., 2009). Jansen
and colleagues conducted an in-depth research on
prokaryotes by detecting genes that are related to DNA
repeats (Jansen et al., 2002; Treangen et al., 2009).
Other scientists, such as Godde and Bickerton conducted
similar experiments (Godde and Bickerton, 2006). Other
related works that have been done in this regard are those
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those of Cui as well as Bolotin (Cui et al., 2008; Bolotin et
al., 2005). The application of DNA repeats have been
emphasized in various infectious disease research over
the years. Several functions of repeated sequences in
MYCOPLASMA genomes have been highlighted in some
studies (Ruland et al., 1990; Himmelreich et al., 1996;
Himmelreich et al.,, 1997; Altshuler et al.,, 2000;
Chambaud et al., 2001; Jaffe et al., 2004; Minion et al.,
2004; Mrazek, 2006; Kassai-Jager et al., 2008; Ma et al.,
2008; Ma et al., 2012). DNA sequence repeats have also
been found in enteric pathogens that are responsible for
bacillary dysentery in humans (Jin et al., 2002; Wei et al.,
2003; Yang et al., 2003; Phalipon and Sansonetti, 2007;
Saurabh et al., 2011; Sun et al.,, 2011). Other studies
have also revealed the significance of conducting compa-
rative analyses and repeats in the genomes of various
organisms (Powell et al., 1996; Chen et al., 2003; Ju et
al., 2005; Rahim, 2008; Shikano et al., 2010; Labbe et al.,
2011; Saker et al.,, 2011; Tyagi et al., 2011). Another
study characterized repeats within sequences of exclu-
sively prokaryotic genomes (Coenye and Vandamme,
2005).

A study has also shown the significance of repeated
sequence in proteins and their relevance in network
evolution (Hancock and Simon, 2005). Repeated
sequences have the tendency of modifying other gene
data to which they are associated, thus having the
tendency of playing a role in the generation of genetic
variation that underlies adaptive evolution (Kashi et al.,
1997; Kashi and King, 2006). As stated above- genetic
disorders do not cause disease; disease is defined as
caused by an infectious agent (Clancy and Shaw, 2008).
Research related to duplicated regions within gene
sequences of microorganisms is of paramount interest in
the field of computational biology and bioinformatics
(Petes and Hill, 1988; Andersson and Hughes, 2009).
Gene duplication has been found to be responsible for
evolutionary mechanisms (Zhang, 2003). Duplicated
regions in some organisms’ chromosomes have also
been found to play host to essential genes (Hillyard and
Redd, 2007). Duplicated regions within the sequences of
microorganisms like bacteria, play a significant role in
their adaptation (Anderson and Roth, 1977). Scientists
have also highlighted the relevance of duplicated regions
within the sequence of certain pathogens (Larsson et al.,
2005).

Conclusion

We developed BengaSaVex (a computational biology/-
bioinformatics tool) for identifying and extracting repeats
in gene sequences. This tool will complement other
existing repeat finding tools to provide support for
biological research. Future work on BengaSaVex is to
improve the efficiency and also develop an online
version.
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