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Abstract

Accurate detection of the exon regions in DNA sequences using signal processing tools has
become a challenge in bioinformatics. In this paper, a hybrid Anti-notch/Goertzel algorithm has
been presented for gene selection in DNA sequences. The proposed algorithm has many
advantages when compared to other conventional methods. Firstly, it leads to identify the coding
protein regions more accurate due to using the Goertzel algorithm which is tuned at the desired
frequency. Secondly, faster detection time is achieved. The proposed algorithm is applied on several
genes, including genes available in databases BG570 and HMR195 and the results are compared to
other methods based on the nucleotide level evaluation criteria. Implementation results showed
excellent performance of the proposed algorithm in identifying protein coding regions, specifically
in identification of small-scale gene areas.
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Introduction

Deoxyribonucleic acid (DNA) (Figure 1) is of the most important chemical compounds in living
cells, bacteria and some viruses [1]. It is composed of four types of different nucleotides which
named adenine (A), cytosine (C), guanine (G), and thymine (T) [2]. However, only some specific
areas of the DNA molecule which called as genes carry the coding information for protein
synthesis.

In eukaryotes, DNA is divided into two regions: genes and inter-genic. Only the gene area
carries the information for protein synthesis. Each gene in turn consists of exon and intron regions
as shown in Figure 2. Therefore exons carry the necessary codes for protein synthesis and are called
protein coding regions [3].

Protein coding regions have a period-3 property which has not been observed in other parts of
the DNA molecule [4]. This phenomenon can be due to heterogeneous use of codons. This means
that despite the fact that more than one codon may code a particular amino acid; all of them do not
appear necessarily with equal probability in living organisms. For instance a G nucleotide takes
specific positions in codons in the exon areas [5, 6]. Period-3 property can be used as a detector for
defining gene areas.
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Figure 1. The structure of the DNA molecule [2]
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Figure 2. Exon-intron areas in eukaryotic DNA [2]

For a deeper understanding of the period-3 property in DNA sequence, we consider the
periodic sequence A——A——A——A——..., where the blanks '—' can be filled randomly by any

one of the four bases 4, T, C or G. This sequence gives a periodicity of three due to the repetition
of base A at position 1 of each codon. A simple method to find the presence of a periodicity of
three is to calculate the distance between the similar nucleotide frequencies. For a period of three,
distance values of 2, 5, 8 and so on can be found between a particular at one position and other
similar nucleotides in the sequence.

Presence of background noise in DNA sequences is a fundamental problem in determining the
gene areas |7, 8]. Also, due to the complex nature of these areas usually a powerful tool is required
to show the protein coding regions’ characteristics effectively. Various methods are proposed to
solve this problem. Generally, these methods can be divided into two main categories: Model-
dependent algorithms or supervised methods, and model-independent algorithms or filter-based
methods. Model-dependent algorithms like Hidden Markov model (HMM) [9] and neural networks
(NN) [10], which are based on some primary information gathered from existing data, can be
successfully used in prediction of exons in genes. However, the main problem with this method is
that coding regions may not represented in the accessible datasets but exist in the sequenced
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organism. To resolve this problem, filter-based methods which are based on spectral analysis [11,
12] have been turned into useful tools in gene detection. A variety of algorithms are proposed for
determination of gene areas based on their period-3 properties. In [13] the Fourier transform has
been implied for this purpose. In this method the gene areas are detected by selecting a fixed-length
window and sliding it on the numerical sequence of the DNA and then applying the discrete
Fourier transform and calculation of the resulting energy spectrum. In [14] the Anti-Notch Filter
(ANF) with a 2n/3 center frequency is used to remove non-coding regions. A new algorithm based
on the Fourier transform and using the Bartlett window is proposed in [15] to predict gene areas. In
[16], time series algorithms are used to determine the protein coding regions. Using the fixed-length
window is the major restriction of the algorithms discussed above. In many cases, size of the
selected window is not successful to predict the small size coding regions. For resolve this
limitation, we have proposed an algorithm in [17] which is based on the Variable-Length Window
(VLW) technique, but the major drawback of this method is high computational complexity due to
applying S-Transform.

In this paper, a novel ensemble algorithm based on a combination of Goertzel Algorithm and
Anti-notch filter has been presented to identify the protein coding regions in DNA sequences.

Material and Method

Databases

In ecarly studies on genomic sequences, DNA sequences are directly extracted from the
GenBank database [18]. This database is the most popular database in nucleotide sequence database
and related documentations and was established in 1982 as part of the National Library of Medicine
(NCBI). In total, there are more than 61 million sequences and more than 65 million base pairs in
this database. In this paper, gene sequence with GeneBank reference number of F50F11.4 related
to bases 1 to 9833 of chromosome 111 of C. elegance species is used. C. elegance is an intestinal parasite
with a length of about 1mm which naturally lives in temperate soil environments. The five protein
coding regions of the sequence are positioned in: 3156-3267, 4756-5085, 6342-6605, 7693-7872,
and 9483-9833 bps [19].

In this article gene sequences from two other databases named HMR195 [20] and BG570 [21]
are also used and these two databases are introduced as follows:

e Dataset HMR195: This dataset contains 195 genes of the human, mouse and rat, was
established by Rogic and his colleagues in 2001 with purpose of evaluating different gene
finding programs in DNA sequences. It includes 43 single-exon and 152 multi-exon genes and
its coding area density is 14%. The maximum length of the sequences in the database is
1,383,720 bp and the number of sequences related to humans, mice and rats are 103, 82 and 10,
respectively.

e Dataset BG570: This dataset contains 570 multi-exon vertebrate gene sequences and is
established by Burset and Guigo in 1996 to evaluate different programs designed for prediction
of protein coding regions in genomic sequences. Each sequence in this database includes at
least one intron and two exons. The total number of base pairs in this database is 2,892,149 bp
containing 2,649 exons with total lengths of 444,498 bp. In addition its coding area density is
15.37%.

The Proposed Algorithm

Figure 3 shows block diagram of the proposed algorithm for identification of protein coding
areas. The main steps of the proposed algorithm, which will be completely described later, are as
follows:

e Modeling the input symbolic strand using the Electron Ion Potential Interaction (EIIP)
method,
e Using Anti-notch filter to remove the background noise from the numerical sequence, and

Appl Med Inform 34(2) June/ 2014 15



Hamidreza SABERKARI, Mousa SHAMSI, Mohammad H. SEDAAGHI

e Applying Goertzel Algorithm for detection of period-3 components.
e In Figure 3, X;(N/3) represents the period-3 magnitude component of numerical DNA

data and it is calculated by choosing a Blackman window with the size of 351 (the length of
the window should be multiple of 3). The Blackman window gives high weight to the
codon positions that are center to the window and much less weight to the codons near the
window boundaries. Hence the noise cancelling level in Blackman window is higher than
the other windows such as rectangular. In order to capture the non-coding region noise
and eliminate it from Xi(N/3); the DNA sequence is first passed through a notch filter

with the central frequency 2n/3 and the filtered signal is then subjected to a similar sliding
window to obtain the spectral output |X2(N /3) |. In the difference signal SD(N/3), noise

component in non-coding region is suppressed without affecting the coding region signals
significantly; therefore this method can preserve the signal levels in the coding regions.
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Figure 3. Block diagram of the proposed algorithm

Modeling the Input Symbolic Strand using EIIP Method

Modeling the input symbolic strand into digital signal is the first step in gene determining. In
this paper, we have used EIIP method to convert DNA sequence into numerical signal. The EIIP
values for the nucleotides are: A=0.1260, G= 0.0806, T=0.1335, C=0.1340.
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Using Anti-notch Filter to Remove the Background Noise from the Numerical Sequence

In order to reduce the existence leakage in gene prediction techniques, it is necessary to utilize a
window with high size. This phenomenon leads to increase the computational complexity and also
reduce the resolution. To overcome this problem, we have used filters with infinite amplitude
response which called ‘Anti-notch filters’. The amplitude response of such filters has a sharp peak
at the desired frequency (2n/3 in this study). The transfer function of such filter is as follow [22]:

1-2Rcosm, z 1+ 272
G(2)=k 0 1
@ { 1-2Rcosz*R?z2 } M
where
2Rcosé
COS@y=———
1+R
2
K R*+1

2

This filter has zeros at the frequency wpg. We can see from Eq. (1) that the frequency wy gets
close to 0 when R is close to unity. In this case, the pole and zero of the filter G (z) are very close
to each other as illustrated in Figure 4. Therefore, at frequencies that are sufficiently away from g,
the magnitude response of G (z) will be close to unity. The notch filter is centered at frequency
2n/3 and value of R is selected as 0.992 [22].
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Figure 4. Poles and zeros of the notch filter G(z)

Using Goertzel Algorithm for Detection of Period-3 Components

The Goertzel algorithm is an efficient method to extract the single-tone components which has
many applications in signal processing and communication systems . In this paper, this algorithm is
used to extract the period-3 components by tuning the Goertzel algorithm at the frequency of 2z,

3
A second order realization of the Goertzel filter is also favoured over the direct DFT because it
results in reduced computational burden. More details of Goetzel algorithm are explained in [23].
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Assessment

In order to demonstrate the efficiency of the proposed algorithm, the evaluation criteria’s at

nucleotide level are used. These parameters are named False Positive (FP), Sensitivity (S,),
Specificity (S, ), Approximate Correlation (AC), and Area under the Receiver Operating Curve

(AUC) which are explained in [23]. Also, in order to compare the computational efficiency of the
proposed algorithm and other methods, the average CPU times over 1000 runs of the techniques
for the sample gene sequence, F56F11.4 has been computed. We should mentioned that all of the
implemented algorithms were run on a PC with a 1.6 Ghz processor (Intel (R) Pentium (R) M
processor) and 2 GB of RAM.

Results and Discussion

In this paper, the Discrete Fourier Transform (DFT) and Multi-Stage Filter (MS) methods have
been implemented in order to compare the performance of the proposed algorithm with these
methods. All the simulation results are done in our designed user friendly package environment
which is explained in [24]. Figures 5 (a)-(c) show results of implementation of these methods and
the proposed algorithm which are applied on the gene sequences that were previously explained. As
can be seen, the accuracy of the DFT method for detection of protein coding regions is not high
because of the noise associated with the original signal. However, the MS-filter resulted a good
spectral component compared to DFT and also reduced the computational complexity. In addition,
the intron regions are relatively suppressed in it, but this method cannot detect the small size of
protein coding regions. As can be seen in Figure 5(c), the large amount of noise is removed in the
proposed method due to applying the AN-filter, and also small size of exons (For example, first
exon in F56F11.4 gene sequence) can be identified because of using the Goertzel algorithm.

In Table 1, the values of AC and Sp for a fixed amount of S# are presented in the proposed
algorithm and other algorithms on gene sequences F50F11.4. As can be seen, the proposed
algorithm has the highest value of the two parameters. The values of Sp and AC are 0.743 and
0.721, respectively. This implies that our proposed algorithm is superior to the other methods for
identifying exonic gene regions.

Table 1. Comparison of the quantitative results of the proposed algorithm with other methods
applied on gene sequence F56F11.4 (with $# =0.30)

Method  Sp (Specificity) AC (Accuracy)

DFT 0.182 0.091
MS-Filter 0.241 0.263
Proposed 0.743 0.721

Results of the average computational time are shown in Table 2. We observe that our algorithm
has improved the average CPU times by the factor of 53.8 relative to the next-best performing
method, MS-filter in F56F11.4 gene sequences.

Table 2. Average Computational Time computed for the different algorithms applied on gene
sequence F50F11.4

Method ‘ Average Computational Time (Second)

DFT 700.502
MS-Filter 052.245
Proposed 12.124
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Figure 5. The algorithm result for detection of the exon regions on the gene sequence
F56F11.4. (a) DFT, (b) MS-filter and (c) Proposed algorithm.
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The results of applying of the proposed algorithm and other methods on a set of genes from
BG570 database is shown in Table 3. It should be noticed that in order to apply the proposed
algorithm to the genes in this database, exons and introns with length of 100bp or longer are
extracted which includes 1768 exons and 1844 introns.

Table 3. Comparison of the quantitative results of the proposed algorithm with other methods
applied on genes in BG570 database (with S7 =0.30)

Method = AUC FP (False positive) Sp (Specificity) AC (accuracy)

DFT 0.6540 764 0.433 0.183
MS-Filter | 0.6765 499 0.497 0.174
Proposed | 0.8265 65 0.813 0.625

As can be seen from Table 3, the proposed algorithm has the least amount of FP. In case of S#
equal to 0.30, the number of incorrect nucleotides at the proposed algorithm improves by the
factor of 7.7 in comparison to the best method, MS-filter. Also, the area under the ROC curve of
the proposed method is improved by the deviation rate of 26.4% and 22.2% compared to the DFT
and MS-filter methods, respectively. A similar superiority of the proposed algorithm is shown in
Table 4 which relates to the HMR195 database. The value of AC of the proposed algorithm for 7
=0.30 equals to 0.748 while its value for the MS-filter method is 0.324.

Table 4. Comparison of the quantitative results of the proposed algorithm with other methods
applied on genes in HMR195 database (with S# =0.30)

Method | AUC FP (False positive) Sp (Specificity) AC (accuracy)

DFT 0.6782 1184 0.453 0.181
MS-Filter | 0.7615 562 0.574 0.324
Proposed | 0.8923 90 0.854 0.748

In this paper, by using the EIIP method, mapping of DNA symbolic sequence into a numerical
signal was investigated and an algorithm based on the combination of Anti-notch filter and
Goertzel algorithms is proposed and its performance in terms of accuracy of estimation is assessed.
An important advantage of the proposed algorithm is represented by noise reduction due to the use
of Anti-notch filter. The ability to detect short exons is another advantage of the proposed
algorithm. By comparing the proposed algorithm with other existing methods, it is seen that this
algorithm, for datasets HMR195 and BG570, improves the area under the ROC curve from 4% to
45%. Our proposed method also reduces the number of incorrect nucleotides which are estimated
to be in the coding region. This reduction results in increase of the specificity. For example, for
$1=0.30, Sp recovery rate of the proposed algorithm relative to other methods is from 15% to 85%.
Combination of advanced signal processing techniques with the proposed algorithm and apply
them on the real datasets explained in [25] can result in more accurate identification of the locations
of protein coding regions with the least expenditure of time and computational complexity for any
DNA sequences.
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