I articles.

Fractals 2020.28. Downloaded from www.worldscientific.com

by UNIVERSIDAD DE GRANADA on 01/26/21. Re-use and distribution is strictly not permitted, except for Open Acc

83 OPEN ACCESS \\:e World Scientific

www.worldscientific.com

Fractals, Vol. 28, No. 7 (2020) 2150031 (11 pages)
© The Author(s)
DOLI: 10.1142/50218348X21500316

COMPLEXITY-BASED DETECTION

OF SIMILARITY BETWEEN ANIMAL

CORONAVIRUSES AND SARS-CoV-2
IN HUMANS

HAMIDREZA NAMAZI*" Y ENRIQUE HERRERA-VIEDMA 5
and ONDREJ KREJCAR'
*School of Engineering, Monash University Malaysia
Jalan Lagoon Selatan 47500 Subang Jaya
Selangor Darul Ehsan, Malaysia

fCenter for Basic and Applied Research
Faculty of Informatics and Management, University of Hradec Krdlové
Rokitanského 62, 500 03 Hradec Krdalové, Czech Republic

tAndalusian Research Institute in Data Science and Computational Intelligence
University of Granada, E-18071 Granada, Andalusia, Spain

SDepartment of Electrical and Computer Engineering
Faculty of Engineering King Abdulaziz University
P. O. Box 80204, Jeddah 21589, Saudi Arabia

hrn_mechanic@yahoo.com

Received July 26, 2020
Accepted September 9, 2020
Published October 23, 2020

Abstract

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the most dangerous type
of coronavirus and has infected over 25.3 million people around the world (including causing
848,000 deaths). In this study, we investigated the similarity between the genome walks of coro-
naviruses in various animals and those of human SARS-CoV-2. Based on the results, although
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bats show a similar pattern of coronavirus genome walks to that of SARS-CoV-2 in humans,
decoding the complex structure of coronavirus genome walks using sample entropy and fractal
theory showed that the complexity of the pangolin coronavirus genome walk has a 94% match
with the complexity of the SARS-CoV-2 genome walk in humans. This is the first reported study
that found a similarity between the hidden characteristics of pangolin coronavirus and human
SARS-CoV-2 using complexity-based analysis. The results of this study have great importance
for the analysis of the origin and transfer of the virus.

Keywords: SARS-CoV-2; Coronavirus (CoV); Genome Walk; Fractal Theory; Sample Entropy;

Bat; Pangolin; Human.

1. INTRODUCTION

Severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), as a positive-sense RNA virus, has
been the most dangerous virus observed since late
2019. The disease it causes, called COVID-19, has
affected the lives of many people in all countries. It
is known that there are seven types of coronaviruses
(CoVs) that affect mammals and birds® The first
coronavirus was discovered in 1930 in domesticated
chickens2 SARS-CoV-2, as the latest member of
this family, has had the worst effect on human life.

The review of the literature shows different cat-
egories of studies that have focused on the analy-
sis of the SARS-CoV-2 genome, such as the studies
on the phylogenetic analysis of the virus24 track-
ing of virus movement ™ characterization of its
genome ™ and genomic variance analysis of the
virus 210

An important category of works on the analy-
sis of SARS-CoV-2 is the investigation of its ori-
gin. For this purpose, scientists have searched in
other species, especially animals, to decode the sim-
ilarity between their coronavirus genome and the
human SARS-CoV-2 genome. Since some types of
human coronaviruses that were investigated previ-
ously have their origin in bats™ most of the works
on the analysis of SARS-CoV-2 have focused on
bats214 a5 the origin for SARS-CoV-2. However,
some recent studies?® 7 have shown that pangolin
CoV also has similar genomic sequences to SARS-
CoV-2 in humans. However, all these works looked
at the similarities of the genomic sequences of coro-
naviruses in animals and humans, and none of them
tried to analyze the hidden characteristics of its
genome. Therefore, to have a more precise tool to
compare the genomic structures of coronaviruses
of animals and humans, we evaluated the complex
structure of coronavirus genomes.

Since stochastic genome walks (from coronavirus
RNA) have complex patterns™® various complex-
ity methods can be utilized to study the genome
changes between animals and humans. Therefore,
fractal theory was employed for this approach in
this study.

Fractal theory is a well-known technique for the
investigation of complex structures of time series
and images. Fractal theory is used to quantify the
complexity of self-affine and self-similar objects™
In general, for a fractal object, the fractal dimension
(as a measure of complexity) satisfies the Szpilrajn
inequality

F > D, (1)

where F' and D represent the fractal dimension and
topological dimension (Euclidean dimension) of the
object, respectively.

The application of fractal theory is more impor-
tant in decoding the complex structure of self-
affine fractals that cannot be quantified using the
Euclidean dimension, due to the variations in their
scaling exponents in different directions2? Genome
walks map genome sequences into random fluctua-
tions and therefore can be quantified using fractal
theory.

Fractal theory has been widely applied to analyze
various types of time series (e.g. eye movement 2!
EMG2Z GSR23 and voicé?® signals) and images
(e.g. MRI23 X-ray26 and human facé? images) in
biology, medicine, and biomedical engineering. We
can also refer to the works on the fractal analysis
of genomes, such as the studies that investigated
the fractal shape of DNA walks28 classified genome
sequences by fractal analysis on binary images of
DNA 29 employed fractal geometry and graph the-
ory3? to analyze lung cancer DNA sequences, clas-
sified cancerous cells versus cells from healthy sub-
jects by complexity-based analysis of DNA walks 3L
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and investigated the 3D fractal assembly of DNA B2
In a recent investigation, we showed the greater
complexity of SARS-CoV-2 genome compared to
the genomes of HIV and dengue viruses? In other
works, we investigated the significant alterations in
the complexity of the coronavirus genome among
various countries®? and between different states in
the USA S

Sample theory has also been employed for the
analysis of genome walk complexity. Sample entropy
as a measure of complexity does not depend
on the data length. Since coronavirus mutates
in different animals and therefore has different
nucleotide sequences, the generated genome walks
from nucleotide sequences have different lengths.
Therefore, to compare different genome walks
with different lengths, we calculate their sample
entropies that help us verify the results of the frac-
tal analysis, which is dependent on the length of
the data. Sample entropy has been applied widely
for the analysis of the complexity of various types of
data, especially in biology and medicine 3538 How-
ever, there are only two works that have studied
the genome sequences using sample entropy. Singh
et al®? predicted enhancer regions from a DNA
random walk using sample entropy. In a previous
study®¥ we showed that the SARS-CoV-2 genome
walks have greater sample entropy than those of the
HIV and dengue viruses.

This study, for the first time, evaluates the simi-
larity of the coronavirus genome between animals
and humans using complexity theories. We will
present our methodology based on the fractal the-
ory and sample entropy in Sec.[2l Then in Sec.[3 we
will discuss the database and the conducted analy-
sis. The obtained results from the analysis will be
presented thereafter in Sec. [ The discussion and
conclusion will be highlighted in Sec. [

2. METHOD

In this paper, we evaluate the similarity between
the genomic structures of coronaviruses in various

® ~N o ;R WwN S

animals (bat, pangolin, camel, sambar deer, canine,
equine, feline, giraffe, and mink) and human SARS-
CoV-2. For this purpose, we decoded the genomic
structures of different coronaviruses in the form
of genome walks. In this research, we used the
method developed by Peng et al®@ This method
maps nucleotide sequences onto a random walk
that has a complex structure, which can therefore
be analyzed using different mathematical methods
to compute its complexity. Although Peng et al40
named this random walk a DNA walk, in this study,
since the coronavirus is an RNA virus, we named
the random walk a “genome walk”. In fact, the cor-
relation among nucleotides in the genome distances
is decoded on the genome walks.

To explain the process of generating a genome
walk, we show a part of the genome sequence for
SARS-CoV-2 in Fig.[ll The genome sequence should
be read according to the numbers and in the direc-
tion of arrows.

As can be seen in Fig. [l the genomic sequence
includes adenine (A), guanine (G), cytosine (C),
and thymine (T) bases. Based on the proposed
method by Peng et al.™@ we considered pyrim-
idines (C/T) and purines (A/G) for generating the
coronavirus genome walks. For this purpose, we
changed each purine to —1 and each pyrimidine
to +1 wherever we observed them in the genome
sequence. Then, “displacement”, which is a dimen-
sionless parameter, was defined using the following
equation:

U(l) = Zx(i). (2)

As Eq. (@) indicates, U(l) is a combination of up
[z(i) = +1] and down [z(i) = —1] fluctuations after
N steps in the length () of the genome sequence. If
we plot Eq. (), we can obtain the genome walks.
Figure 2] shows a part of the genome walk for
SARS-CoV-2. As shown, the genome walk is a
random process that has a complex nature, and

geggtgtetgt cttggtgecag gtcaattegt gggttgggte atacccttag ccetttatgec
tgtgcaatcc cggaaattta ttgttccatg ggttatgtac ttgcgtaage gtggegaaaa
gggtgettac aataaagatc atggatgtgg cggttttgga catgtttatg attttaaagt
tgaagatgct tatgaccagg tgcatgatga gcctaagggt aagttttcta agaaggcetta
tgctttaatt agagggtatc gtggtgttaa accacttcte tatgtagacc agtatggttg
tgattatact ggtagtcttg cagatggctt agaggcttat gctgataaga cattgcaaga
aatgaaggca ttatttccta cttggagtca ggaactcctt tttgatgtaa ttgtggcatg
gecatgttgtg cgtgatccac gttatgttat gagattgcag agtgectgcta ctatacgtag

Fig. 1 A portion of the genome sequence of human SARS-CoV-2 extracted in the UsA 4l
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Fig. 2 A segment of the genome walk for SARS-CoV-2.

therefore it can be analyzed using different meth-
ods to compute its complexity.

To decode the similarity of the complex struc-
ture of genome walks between different animals
and humans, we utilized fractal theory and sample
entropy. Initially, we calculated the fractal dimen-
sion, which shows the complexity of random walks,
where there is a direct relationship between its value
and the complexity of a random walk.

We chose the box-counting method, which is
suitable for the analysis of genome walks3¥ This
method works based on segmenting the random
walk using boxes that have the same size (¢). Then,
the number of these boxes (V) is counted. The algo-
rithm changes the size of these boxes in several iter-
ations and finally calculates the fractal dimension
using the number and size of boxes in each step:

_ i log N(9)
= Tog 176 °

The fractal dimension in the general form is formu-

lated by42
1 log>N pt
F, = lim 08 2iz1 Vi (4)
o—0t—1 logo
In Eq. @), t is the order of F', and p; indicates the

probability in the ith segment of the random walk,
with

l—oo [
where r; is the number of occurrences in the ith
segment. The whole nucleotide distance is denoted
by I.

To verify the results of fractal analysis, we cal-
culated the sample entropy of the genome walks.

Sample entropy is a modification of approximate
entropy that does not depend on the data length.
Since the coronavirus genome walks for different
animals have different lengths, the calculation of
sample entropy helped us to verify the result of
the fractal dimension, which is dependent on the
length of the data. Similar to the fractal dimension,
a larger value of sample entropy indicates a greater
complexity of data.

Considering the genome walks in the form of
{u(1),u(2),u(3),...,u(n)} with a constant inter-
val of e, we define a template vector of length
z (embedding dimension) in the form of U,(i) =
{wi, wit1, Uit2, ..., Uit.—1}, and the distance func-
tion d[U,(i),U.(j)](¢ # j) is the Chebyshev dis-
tance. We formulated sample entropy (SamEn) as

A
SamEn = —log —. 6
amEn g 3 (6)
Considering e as the tolerance (0.2 x standard
deviation of data), A stands for the number of tem-
plate vector pairs

AU 41(2), Uz11(5)] <e. (7)

On the other hand, B stands for the number of tem-
plate vector pairs

d[U:(2), U.(j)] <e. (8)

Therefore, we first analyzed the similarity of the
genomes between different samples of coronaviruses
obtained from animals and humans by generating
the genome walks. Then, to confirm their similari-
ties, we computed their fractal dimension and sam-
ple entropy.

3. DATABASE AND ANALYSIS

For our analysis, we used several samples of the
coronavirus complete genomes from the open-access
nucleotide database® Table [ lists the genome
accession number, name, and isolation location for
each sample used in this study. Based on the avail-
ability of the genome data, we selected 3-6 sam-
ples in the case of different animals and humans.
It should be noted that due to the variations
in coronavirus genomes between different animals,
the genome sequence has different lengths between
these species.

We generated the genome walks of different sam-
ples of coronavirus genomes using Eq. (@) and
then computed their fractal dimension and sample
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Table 1 Genome Sequences Used in This Study.

Genome Accession No. Name Isolation Location
MT079843 SARS-CoV-2 China
MTO079846 SARS-CoV-2 China
MTO079847 SARS-CoV-2 China
MT079853 SARS-CoV-2 China
MT428551 SARS-CoV-2 Kazakhstan
MT435080 SARS-CoV-2 India
DQ022305 Bat SARS CoV China
DQO71615 Bat SARS CoV China
DQ412042 Bat SARS CoV China
DQ412043 Bat SARS CoV China
FJ588686 Bat SARS CoV China
GQ153539 Bat SARS CoV Hong Kong
MT121216 Pangolin CoV China
MT040335 Pangolin CoV China
MTO072864 Pangolin CoV China
MT040336 Pangolin CoV China
MT040334 Pangolin CoV China
MT040333 Pangolin CoV China
FJ938060 Feline CoV USA
FJ938062 Feline CoV The Netherlands
FJ938061 Feline CoV USA
FJ938059 Feline CoV The Netherlands
FJ938057 Feline CoV The Netherlands
FJ938053 Feline CoV The Netherlands
EF424623 Giraffe CoV USA
EF424622 Giraffe CoV USA
EF424624 Giraffe CoV USA
NC_023760 Mink CoV USA
HM245925 Mink CoV USA
HM245926 Mink CoV USA
MF113046 Mink CoV China
LC061274 Equine CoV Japan
LC061273 Equine CoV Japan
LC061272 Equine CoV Japan
EF446615 Equine CoV Unspecified
KY063616 Canine CoV China
KY063617 Canine CoV China
GQ477367 Canine CoV Taiwan
JQ404410 Canine CoV Unspecified
JQ404409 Canine CoV Unspecified
KP981644 Canine CoV Ttaly
KF906251 Camel CoV United Arab Emirates
KF906249 Camel CoV United Arab Emirates
MN514967 Camel CoV Nigeria
MN514966 Camel CoV Nigeria
MN514965 Camel CoV Nigeria
FJ425188 Sambar deer CoV USA
FJ425190 Sambar deer CoV USA
FJ425189 Sambar deer CoV USA

entropy. These analyses were performed in MAT- To investigate the significance of the difference

LAB (The MathWorks, USA). As mentioned pre-  between different genome walks, we performed sta-
viously, the box-counting algorithm was chosen for  tistical analyses. A one-way repeated-measure anal-
the fractal analysis. ysis of variance (ANOVA) test and a post-hoc
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Tukey test (a = 0.01) were conducted on the calcu-
lated fractal dimensions and sample entropies.

4. RESULTS

Figure [8] shows the generated genome walks for the
different animals’ coronaviruses. Genome walks in
different colors belong to different samples of coro-
naviruses. It should be noted that in the case of
some of the plots, some genome walks overlap with
each other.

As the plots in Fig. Bl show, most of these ani-
mals show similar patterns of genome walks. For

50
ol
.50 o
o~ -100
c
£
£ -150¢
[&]
O
o -200 f
L
(=)
-250 |
-300 |
" v \ |
" 1 o \ \‘
-350 \vf !
WA |
-400 L : : .
0 1000 2000 3000 4000 5000
Nucleotide distance
Camel
100

Displacement

-100 1

0 1000 2000 3000 4000 5000

-150

Nucleotide distance

Canine

instance, camel, sambar deer, equine, and giraffe
show similar coronavirus genome walks, which indi-
cates the similarity of the coronavirus genome
between them.

As mentioned previously, we also analyzed the
genome walks for bats and pangolins, which are
shown in Fig. @ Genome walks in different col-
ors belong to different samples. In addition, Fig.
illustrates the samples of the SARS-CoV-2 genome
walk for humans. Comparing the genome walks in
Fig. B with the SARS-CoV-2 genome walks for
humans (Fig. ) indicates that none of these pat-
terns is similar to the SARS-CoV-2 genome walks
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Fig. 3 Samples of the coronavirus genome walks for various types of animals. Each color indicates a sample genome walk.
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Fig. 3 (Continued)

for humans. Therefore, we can state that the coro-
navirus genomes in the case of these animals are
different from the SARS-CoV-2 genome in humans.

However, comparing different plots in Fig. @l with
the SARS-CoV-2 genome walks for humans (Fig. [])
indicates that bat, pangolin, and humans have sim-
ilar genome walks for their coronaviruses. To math-
ematically investigate these similarities, we com-
puted the fractal dimension and sample entropy for
these genome walks.

Figure [@ illustrates the values of the genome
walks’ fractal dimension for the human, bat, and
pangolin coronaviruses. The reported value on each
bar indicates the average of the calculated values

between different samples. Standard deviations are
shown in the form of error bars.

As shown in Fig. [l bat CoV genome walks have
the lowest fractal dimension. However, the pangolin
CoV genome walks and the human SARS-CoV-2
genome walks show similar values of the fractal
dimension. In other words, we can indicate that the
pangolin CoV genome walks and the human SARS-
CoV-2 genome walks are more complex than the
bat CoV genome walks.

The ANOVA test results (p-value = 0.0001,
F-value = 20.4342) indicate significant variations
in the complexity of coronavirus genome walks.
To check which pairs of coronaviruses caused this
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significant variation, the post-hoc Tukey test results
are shown in Table [2 Based on these results, the
complexities of bat and pangolin CoV genome walks
are significantly different. In addition, the genome
walks of bat CoV and human SARS-CoV-2 have
significantly different complexities. However, the
obtained value (p-value = 0.9979) for the differ-
ence between the values of fractal dimension for
the pangolin CoV genome walks and the human
SARS-CoV-2 genome walks indicates no significant
difference. In other words, the complexity of the

genome walks for pangolin CoV is 99.79% simi-
lar to the complexity of genome walks for human
SARS-CoV-2.

As mentioned previously, since the genome walks
of bat CoV, pangolin CoV, and human SARS-CoV-
2 have different lengths, we also calculated the sam-
ple entropies of these genome walks, which are pre-
sented in Fig. [

Similar to the trend of the fractal dimension for
different genome walks, the bat CoV genome walks
have the lowest sample entropy. In addition, the
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Fig. 6 The fractal dimensions of coronavirus genome walks
for bat, pangolin, and humans.

Table 2 Comparison of Fractal dimension of
Genome Walks among Various Types of Coron-
aviruses.

Pair p-Value

Bat CoV versus pangolin CoV 0.0002
Bat CoV versus SARS-CoV-2 0.0002

Pangolin CoV versus SARS-CoV-2 0.9979
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Fig. 7 Sample entropies of the coronavirus genome walks
for bat, pangolin, and humans.

pangolin CoV genome walks and the human SARS-
CoV-2 genome walks show similar values of sample
entropy. In other words, we can indicate that the
pangolin CoV genome walks and the human SARS-
CoV-2 genome walks are more complex than the
bat CoV genome walks.

The ANOVA test results (p-value = 0, F-value
= 85.2953) indicate a significant variation in the
genome walks’ complexities. In addition, the results
of the post-hoc Tukey test in Table 3 indicate that
the complexities of the bat CoV genome walks
and the pangolin CoV genome walks are signifi-
cantly different. A similar result can be observed
in the comparison between the complexities of bat

Table 3 Comparison of Sample Entropy of
Genome Walks among Various Types of Coron-
aviruses.

Pair p-Value
Bat CoV versus pangolin CoV 0
Bat CoV versus SARS-CoV-2 0

Pangolin CoV versus SARS-CoV-2 0.9490

CoV genome walks and the human SARS-CoV-2
genome walks. However, the obtained value (p-value
= 0.9490) for the difference between the sample
entropies of the pangolin CoV genome walks and the
human SARS-CoV-2 genome walks indicates no sig-
nificant difference. In other words, the complexity
of genome walks for pangolin CoV is 94.90% sim-
ilar to the complexity of the human SARS-CoV-2
genome walks.

Therefore, we can state based on the presented
results that, although bat CoV has a similar
genomic structure to human SARS-CoV-2, its char-
acteristics (fractal dimension and sample entropy)
are significantly different from human SARS-CoV-
2. The results show that the pangolin CoV genome
is similar to the human SARS-CoV-2 genome in
terms of the structure and characteristics.

5. DISCUSSION AND
CONCLUSION

We investigated the similarity of the coronavirus
genome between various animals and humans. We
mapped the variations in the genome along with the
nucleotide distance in the form of genome walks.
Therefore, we generated genome walks of coron-
aviruses for different animals and humans. The find-
ings indicated that the coronavirus genome walks of
bat and pangolin are similar to the human SARS-
CoV-2 genome walks. To check the inherent charac-
teristics of these random walks, we calculated their
fractal dimensions. The results indicated a signif-
icant variation among the complex structures of
the bat coronavirus genome walks and the pangolin
coronavirus genome walks. Similarly, we observed a
significant difference among the complex structures
of the bat coronavirus genome walks and the human
SARS-CoV-2 genome walks. However, no significant
difference was observed among the complex struc-
tures of the pangolin coronavirus genome walks and
the human SARS-CoV-2 genome walks. Based on
this result, the complexity of the pangolin CoV
genome walks is 99.79% similar to the complexity
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of human SARS-CoV-2 genome walks. In addition,
since the genome walks of coronaviruses for bats,
pangolins, and humans have different lengths, to
verify the results of the fractal analysis, we calcu-
lated the sample entropies of their genome walks.
The results of the analysis of sample entropy were
similar to the results of fractal analysis. Based on
the results, we could only observe nonsignificant dif-
ference among the complexities of the genome walks
for the pangolin CoV and the human SARS-CoV-2.
Therefore, we can conclude that although the bat
CoV genome walk is similar to the human SARS-
CoV-2 genome walk, the decoding of the complexity
of genome walks indicates that the pangolin CoV
genome walk is significantly similar to the human
SARS-CoV-2 genome walk. This result is in line
with the reported investigations™ 17 that claimed
a high similarity between the pangolin coronavirus
and the human SARS-CoV-2. In fact, our finding is
one step forward compared to those studies, since
we also analyzed the hidden characteristics of the
coronavirus genome, in addition to merely examin-
ing its genome sequences. Although we do not claim
that pangolins are hosts for human SARS-CoV-2,
our findings challenge the results of studies!2 14 that
introduced bats as the hosts for SARS-CoV-2. Find-
ing the host of SARS-CoV-2 outside the human
body needs more detailed studies through the anal-
ysis of coronavirus genome walks in other types of
animals.

Overall, for the first time, we decoded the sim-
ilarity of the coronavirus genome between various
animals and humans by quantifying the complex-
ity of genome walks, beyond merely examining the
genome sequences.
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