Sigma J Eng Nat Sci, Vol. 40, No. 3, pp. 610-619, September, 2022

]
Sigma Journal of Engineering and Natural Sciences Sl
Web page info: https://sigma.yildiz.edu.tr Journal of Engineering
DOI: 10.14744/sigma.2022.00065 Winandiai ve Fon -

Bilimleri Dergisi

Research Article

A new feature vector model for alignment-free DNA sequence

similarity analysis

Emre DELIBAS'*®, Ahmet ARSLAN?

!Department of Computer Engineering, Sivas Cumhuriyet University, Sivas, Tiirkiye
’Department of Computer Engineering, Selcuk University, Konya, Tiirkiye

ARTICLE INFO

Article history
Received: 08 February 2021
Accepted: 23 March 2021

Keywords:

Alignment-free Comparison;
DNA Sequence Similarity;
Feature Extraction

INTRODUCTION

ABSTRACT

Improvements in technology have triggered the production of big data. Within this scope,
enormous amounts of biological data have been generated. A number of analysis methods
have been developed to access the information contained in biological data. DNA sequence
analysis has drawn particular attention in recent years. As an alternative to alignment-
based sequence comparison methods that have high computational costs, alignment-free
comparison methods have emerged. These m ethods c an c alculate sequence s imilarity by
applying different dimensions of numerical characterizations. In this paper, we propose a novel
alignment-free DNA sequence analysis method based on a feature extraction strategy. The
method utilizes numerical characterization and is implemented by calculating mean distance
of the transitions, mean distance of the nucleotide duplications, and the base frequencies.
The method then measures the similarity between 7-dimensional vectors that are obtained
through feature extraction. Using this approach, we conducted a sequence similarity analysis
of two different DNA sequence datasets of different lengths to demonstrate the effectiveness
of the method. The proposed method shows that a simple and successful feature vector can
be obtained when DNA sequences having many properties are used in combination with
appropriate and effective descriptors. With this strategy, reasonable results were obtained with
a low computational cost.

Cite this article as: Emre D, Ahmet A. A new feature vector model for alignment-free
DNA sequence similarity analysis. Sigma ] Eng Nat Sci 2022;40(3):610-619.

After the publication of the Human Genome Project research on the related analytical methods has aimed to
[1], an enormous amount of biological data has emerged extract information contained in this massive amount
as a result of rapid technological development. Most of data. DNA sequence analysis has the potential to play
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a key role in these studies. DNA sequence analysis is the
first step in identifying similar nucleotide sequences in
large genomic data repositories, indicating evolutionary
or affinity relationships and/or related pathophysiological
processes. DNA sequence similarity analysis is an inference
process that compares unknown sequences with known
ones to identify the functions of the unknown sequences
[2]. Computational methods for DNA sequence similarity
analysis offer the most successful solutions for this difficult
biological analysis.

In recent years, a number of methods have been pro-
posed to analyze similarities among DNA sequences to cor-
rectly identify genetic information [3]. The methods used in
DNA sequence similarity analysis can be divided into two
basic groups: alignment-based methods and alignment-free
methods. There are two groups of alignment-based meth-
ods, dynamic programming [4]-based methods [5, 6] and
heuristic-based methods [7, 8]. Alignment-based methods
use thorough searching, gap insertions, and base shifting in
sequences to obtain optimal alignments, but they carry a
high computational cost.

The methods mentioned above are different from align-
ment-free methods, which convert each DNA sequence
into a numerical feature vector to quickly compute simi-
larity. By contrast, alignment-free methods are divided
into several subcategories based on the applied strategy.
Graphical representation-based methods are widely used
to analyze and visualize DNA sequences. The first sig-
nificant example of this method was initiated in 1983 by
Hamori and Ruskin [9] who presented a three-dimensional
(3D) geometric representation of DNA sequences. Nandy
and Randic further developed this method in 1994 and
2003 [10, 11]. As a result of such developments, graphical
representation-based methods have found a wide range of
2D [12-15], 3D [16-20], and other applications [21-24]. In
addition to graphical representations, several other meth-
ods have been used in numerical representations of DNA
sequences. Some of these methods use a directed graph to
structure the relations between dinucleotides [25, 26]; they
can also use an undirected graph to structure a complex
network of different nucleotide lengths [27-31]. Methods
using word-based measurement are also among the most
widely used alignment-free methods [31]. Other com-
monly used methods convert DNA sequences to numerical
vectors by considering the frequency or positional informa-
tion of nucleotides and by grouping the nucleotides accord-
ing to their chemical properties. Previous studies \ have
also introduced methods that are based on the frequency
of nucleotides. Other proposed methods group nucleotides
according to their chemical properties[32-35]. In contrast
to these studies involving long feature vectors and com-
plex calculations, in which all physicochemical properties
are included, in the current study, we propose a novel and
simple method based on mean distance of the transitions,
mean distance of the nucleotide duplications, and the base

frequencies. The main advantage of this method is that it
produces a small and easy to compute 7-dimensional fea-
ture vector and scans the sequences only once to obtain the
numerical values that make up this vector.

MATERIALS AND METHODS

DNA sequences consist of simple molecules called
nucleotides. Nucleotides are the phosphate esters of
nucleosides and are the components of DNA. The three
components that construct all nucleotides are a nitrogen
heterocyclic base, a pentose sugar, and a phosphate residue.
The major bases are monocyclic pyrimidines (Y) and bicy-
clic purines (R). The major purines are adenine (A) and
guanine (G), and the major pyrimidines are cytosine (C),
thymine (T) [36]. These nucleotides can also be expressed
as a text string consisting of the above four letters (A, G, C,
and T), which represents the DNA sequence.

Mutation is the change of nucleotide sequence of an
organism, virus, extrachromosomal DNA. It can occur on
DNA or RNA sequence. One of the important mutations is
the point mutation which is the alteration of just one nucle-
otide. Based on the type of base altered, a point mutation
can be classified as a transition or a transversion mutation.
A pyrimidine replaced by another pyrimidine (C to T or T
to C), or a purine replaced by another purine (A to G or G
to A) is a transition mutation. A pyrimidine replaced by a
purine, or a purine replaced by a pyrimidine is a transver-
sion mutation. Transition mutations are far more prevalent
than transversion mutations [37].

From the perspective of computer science, a DNA
sequence is a string statement. Therefore, text analysis
methods can be adapted to identify similarities between
DNA sequences. When strings of text are compared to
measure similarities among them, they are first converted
to a vector in different formats, regardless of their length.
Finally, similarities between the obtained vectors can be cal-
culated. When creating a feature vector, it is important that
the values in the vector should be distinctive for numeri-
cal characterization. The distinctiveness of these values will
influence the success of the similarity analysis. In this study,
we generated a 7-dimensional feature vector for each ana-
lyzed DNA sequence. The feature vector uses mean distance
of the transitions, mean distance of the nucleotide duplica-
tions, and the base frequencies. These different parameters
come together to have a powerful effect in characterizing
DNA with a small vector.

Information on transitions in the nucleotide bases were
used for the first two values of the feature vector. Purines
and pyrimidines are symbolized as R and Y, respectively.
Thus, a transition will be expressed as RR or YY. Let § =
§,5,5,...s, be a DNA sequence with length n. We obtain a

17273°
map from this sequence, named ¢, :

¢Ry(s) = ¢Ry(81 )¢RY(SI ) ¢RY(SI )'"¢Ry(sn )



612

Sigma J Eng Nat Sci, Vol. 40, No. 3, pp. 610-619, September, 2022

R, if s, € Purines
, i=1L2..,n

h 5)=
where ¢,,(S,) {Y’lflfsiepyrimidines

By applying this notation, we can exemplify the corre-
sponding sequence (S) = AAGCTTATAGGCCCT as follows:

¢,.,(S)=RRRYYYRYRRRYYYY

In the proposed method, we handle the transition
points by shifting a 2-length window on ¢,,. The first two
values of the feature vector (u,,.4,,) describes mean dis-
tances of the transitions from the beginning of ¢,,.

To calculate the third value of the feature vector, in the
same way, we handle the nucleotide duplication points
by shifting a 2-length window on S. p is mean distance
of the nucleotide duplications from the beginning of the
sequence S.

The mean distances 4., and p, are defined as:

"RR d
Pre = Z_l

i=1 Mg

(1)

where d, is the distance from the beginning of ¢, to ith
transition occurring as RR, n,, is the number of the transi-
tions occurring as RR.

Hyy d
By :z_l

i=1 Mtyy

()

where d, is the distance from the beginning of ¢, to ith
transition occurring as YY, n,, is the number of the transi-
tions occurring as YY.

‘uD:ii (3)

i=1 Np

where d, is the distance from the beginning of S to ith
duplication, 7, is the number of the nucleotide duplications
inS.

If two DNA sequences are similar, the mean distances
should also be similar. However, since the present values
may be inadequate for comparing DNA sequences and the
mean distances of the transitions and the nucleotide dupli-
cations in the different positions may be the same, the vec-
tor requires further strengthening.

The last four values of the feature vector represent the
contents of the nucleotide bases A, G, C, and T in a given
DNA sequence. The four numerical parameters indicate the
total number of A, G, C and T nucleotides and are sym-
bolized as n,, n, n , and n_respectively. These four integer
values are simple, but they are important parameters for
sequence characterization.

A combined feature vector that contains different
numerical parameters is thus obtained; this vector can be

used to analyze the similarity between DNA sequences. The
feature vector contains 7-dimensional information and is
presented as:

Vv =[AuRR’1uYY'ﬂD’nA’nG’nC’nT] (4)

For the given DNA sequence S and the given ¢, (S) val-
ues, the parameters and the 7-dimensional vector V are as
follows:

22

Upr = Z=5,5
48

Hyy = ?:9’6
41

MD = ?:8>2

n,=4,n,=3,n.=4,n, =4
V =[5.5,9.6,8.2,4,3,4,4]

Similarity Calculation

In the previous section, we obtained a feature vector V
in the 7-dimensional linear space. Obtaining these vectors
allows DNA sequences to be compared. In calculating the
similarity between DNA sequences, the distance calcula-
tion is the basis of the analysis and is an important step to
obtain accurate results. Euclidean distances are very often
used when making comparisons [3]. The similarity between
the previously calculated characterization vectors can be
obtained by applying the Euclidean distances between their

end points:
E=’/i(qi _pi)z ®)

Construction of phylogenetic trees

We performed similarity —measurements with
“MATLAB Statistics and Machine Learning Toolbox” and
the “MATLAB Bioinformatics Toolbox” for the proposed
method. We used “pdist” and “seqlinkage” functions to gen-
erate phylogenetic trees to analyze the feature vectors we
used in clustering. We used “Euclidean distance (default)”
for pdist and “single” for seqlinkage as the parameters of the
functions. We then generated dendrograms in MATLAB
R2018b. MEGA7 (Molecular Evolutionary Genetics
Analysis software) was used as a reference to compare to
the phylogenetic trees [38].

RESULTS

Data Description

We applied the proposed method to two DNA sequence
datasets and compared the results with the reference
trees generated by MEGA7. We chose datasets containing
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different sequence lengths. The two data sets we used to
evaluate our method were used by previous researchers.

METHOD IMPLEMENTATION

NADH dehydrogenase subunit 4 genes

We used the NADH dehydrogenase subunit 4 gene from
twelve species of four different groups of primates. All the
DNA sequences were obtained from the NCBI genetic data-
base and are given in Table 1. The sequence lengths between
893 to 896 base pairs. They were previously investigated and
reported by Hayasaka et al. [16] and subsequently used by

in Figure 3, we revealed the similarity between the human
and other species from the sequences given in Table 1.
The compatibility of these two curves shows the general
agreement between the proposed method and the results
obtained with the reference method. In Figure 4, it shows
the projection of twelve feature vectors to the 2D property

Table 1. NADH dehydrogenase subunit 4 genes of 12
species genome information from NCBI

Species Accession Code Length (bp)
Zhang [32, 39], Qi et al. [25], Chen et al. [37], and Delibas
et al. [40] 1 Macaca fascicularis M22653 896

We applied the proposed method to the sequences 2 Macaca fuscata M22651 896
given in Table 1 and obtained the feature vectors. We then 3 Macaca mulatta M22650 896
calculated the similarities between these vectors using 4  Macaca sylvanus M22654 896
Euclidean distances. The phylogenetic tree obtained by this 5 Saimiri sciureus M22655 893
calculationi.s given in Figure 1. We analyzed .the same DNA 6 Chimpanzee V00672 896
sequences in MEGA7 software by the alignment-based . . . M22657 895
method ClustalW. We used the UPGMA method to con- .

. - 8  Gorilla V00658 896
struct the phylogenetic tree presented in Figure 2.

The trees generated by the proposed method and the 9 Hylobates V00659 896
reference method (MEGA?7) showed overall qualitative 10 Sumatran Orangutan V00675 895
agreement in the similarity matrix. To clarify and visualize 11  Tarsius syrichta M22656 895
this result, in addition, in the distance measurement plots 12 Human L00016 896

L2 L3 L2 Ll L3 L2 L] L]
T o < Chimpanzee
- o -+ Human
- o - Gorilla
> 4 o < Hylobates
. o - Sumatran orangutan
r ° 1 Macaca fuscata
- 4 Macaca mulatta
- 4 Macaca fascicularis
®
X o -+ Macaca sylvanus
L o - Saimiri sciureus
5 © < Lemur catta
L © o Tarsius syrichta
1 e 4 L e e A L
0 5 10 15 20 25 30 35

Figure 1. Phylogenetic tree generated by the proposed method.
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Figure 2. Phylogenetic tree generated by MEGA?7 based on ClustalW alignment and the UPGMA method.
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Figure 3. The degree of similarity between human and the
other 11 species.

oM.Sy;

eM.Fas
151 oM.M’xI
®M.Fus

O 0F eTs
& i oHyl

.5 -
eLemur oChi

-10 F eHuman

eOra

ST e Gorilla
20 ©S.Sci

25 : : : : ;

-60 -40 -20 0 20 40 60
PC1

Figure 4. The projection of the 7-dimensional vectors of 12

species into 2D property space, which consists of two main

principal components, PC1 and PC2.



Sigma J Eng Nat Sci, Vol. 40, No. 3, pp. 610-619, September, 2022

615

Table 2. Whole mitochondrial genome detailed information
of 18 eutherian mammals from NCBI database

space, which consists of two main components, PC1 and
PC2. When the groupings in the figure are examined, it
can be seen that the results are generally compatible with

Species Accession Code  Length (bp) the results above. The given principal components contain
1 Human V00662 16569 87% of the total inertia of the 7-dimensional vector of this
2 Pygmy chimpanzee  D38116 16563 data set.
3 Common chimpanzee D38113 16554 Whole mitochondrial genomes of 18 eutherian
4  Gorilla D38114 16364 mammals
5  Orangutan D38115 16389 Whole mitochondrial genomes contain wealthy genetic
6  Gibbon X99256 16472 information and have been frequently investigated in
7 Baboon Y18001 16521 recent years. Here, the whole mitochondrial genomes of
8  Horse X79547 16660 18 eutherian mamm'als were assessed [40, 41].. All of the
9 White thinoceros Y07726 16832 sequences were obtained from the NCBI genetic database
10 Horb | X63726 16826 and are given in Table 2. The lengths of genomes ranged
arvor sea from 16,295 to 17,019 base pairs.
11 Gray seal X72004 16797 We applied the proposed method to the sequences
12 Cat U20753 17009 given in Table 2 and obtained the feature vectors. We
13 Fin whale X61145 16397 then calculated the similarities between these vectors
14 Blue whale X72204 16402 using Euclidean distances. The phylogenetic tree obtained
15  Cow V00654 16338 by this calculation is given in Figure 5. We analyzed the
16 Rat X14848 16300 same ENJZ sequ;nc;s i111 MIIEGA7 softwa;e l;ly the aligrz
17 Mouse Vo711 16295 ment-based method ClustalW. We use the UPGM'
method to construct the phylogenetic tree presented in
18  Platypus X83427 17019 Fi
igure 6.
3 : 1 Harbor Seal
- 1 Gray Seal
- o { Cat
+ o { Horse
L o 1 W. Rhino
b o - Cm
e R ey
L 1 Blue Whale
- o 1 Mouse
i | F T R
- a { Rat
: { Baboon
L —+ o 1 Gibbon
- 1 Orangutan
- o 1 Gorilla
L {1 Human
- 1 P. Chimpa
L 1 C. Chimpa
L o { Platypus
2000 1500 1000 500 0

Figure 5. Phylogenetic tree generated by the proposed method.
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Figure 6. Phylogenetic tree generated by MEGA7 based on ClustalW alignment and the UPGMA method.

The trees generated by the proposed method and the
reference method (MEGA?7) showed overall qualitative
agreement in the similarity matrix. To clarify and visual-
ize this result, in addition, in the distance measurement
plots in Figure 7, we revealed the similarity between the
human and other species from the sequences given in Table
2. The compatibility of these two curves shows the general
agreement between the proposed method and the results
obtained with the reference method. In Figure 8, it shows
the projection of eighteen feature vectors to the 2D prop-
erty space, which consists of two main components, PC1
and PC2. When the groupings in the figure are examined,
it can be seen that the results are generally compatible with
the results above. The given principal components contain
90.82% of the total inertia of the 7-dimensional vector of
this data set.

Method Performance

When selecting a DNA sequence similarity analysis
method, the performance of an algorithm in terms of a
reduced computational cost should be considered. DNA
sequences have various lengths, ranging from approxi-
mately 100 to 20 K base pairs. The number of sequences

24F

[—%— Proposed Method |
2 | —©—Reterence |
16+

12+

The degree of similarity/dissimilarity

P R IS k. LAY [N W N I SIS (WY A SO SO SN M e
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0\\@ & 0@&000\ \5& Q\(\““\°\°c>‘fgeo"a’\c"‘;’e\)a‘x‘Q b3 q\‘b‘s o q;.e‘\ @f

s

Sequences

Figure 7. The degree of similarity between human and the
other 17 species.

to be compared and the sequence lengths are important
factors that affect computational cost. Reducing the com-
putational cost is a primary goal of algorithms and meth-
ods that perform alignment-free similarity analysis. One
of the advantages of our proposed method is that it has
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Figure 8. The projection of the 7-dimensional vectors of 18
species into 2D property space, which consists of two main
principal components, PC1 and PC2.

low time complexity. In our method, a DNA sequence is
scanned only once to generate a small size feature repre-
sentation vector consisting of 7 dimensions. A vector for a
single DNA sequence of length # can be generated in O(n)
time units. If the number of the compared sequences is m,
then all vectors for which similarity measurement is to be
performed can be generated in O(mn) time units. Table 3
shows the computation times of the two frequently used
alignment-based methods with Mega7 tool and the com-
putation times of the proposed method. When the table
is examined, the performance of the proposed method in
terms of calculation time is clearly seen.

CONCLUSION

Here, we presented a novel feature vector model for
the alignment-free numerical characterization of DNA
sequences by generating a 7-dimensional vector. Our
proposed method is based on mean distance of the tran-
sitions, mean distance of the nucleotide duplications, and
the base frequencies. A feature vector can be obtained by
using these different features of DNA sequences. In turn,
the vector is characteristic of the sequence. Euclidean dis-
tances are used to calculate the similarity between feature
vectors corresponding to the sequences in the dataset. The
complexity cost, which is the main drawback of alignment-
based methods, is mitigated by reducing the complexity
of our proposed method. When considering accuracy, the
dendrogram trees generated by the proposed method show
the same topologies and are consistent with trees found in
the literature, yet they are more successful than previous
findings. There was overall qualitative agreement in the dis-
tance matrices between the trees generated by the proposed
method and those of the reference method (MEGA7). To
visualize and clarify this, we denoted the degree of simi-
larity between human and other species given in the data-
sets by distance measurement plots. The compatibility of

Table 3. Performance comparison between proposed
method results and alignment-based methods.

Computation times (sec)

Datasets Proposed Method  ClustalW Muscle
Table 1 0.68 6.60 2.02
Table 2 23.07 4528.05 2877.58

these two curves shows the general agreement between the
proposed method and the results obtained with the refer-
ence method. These rough projections confirm that the
mathematical identifier effectively characterizes the DNA
sequence.
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