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HIGHLIGHTS
e DNA genome sequences of 10 different races are compared.
¢ Covid-19 nucleic acid sequences are digitized by Entropy based mapping technique.

e The digitized Covid-19 nucleic acid sequences are classified by the capsule networks.

Abstract: The new coronavirus SARS-CoV-2 is an infectious virus with a long incubation period, which was
first detected in Wuhan, China, spread all over the world, seriously threatening human life. Therefore,
accurate and rapid detection of SARS-CoV-2 is very important for controlling the epidemic and preventing its
further spread. Currently, nucleic acid detection makes an important contribution to the prevention and control
of SARS-CoV-2. In this study, a new and highly sensitive nucleic acid detection method for SARS-CoV-2 has
been proposed. The nucleic acid sequences were digitized by Entropy-based mapping technique. Then, the
digitized these sequences were divided into 100-unit sections using the sliding window method and given as
input to Capsule Networks.10988 segments (5494 SARS-CoV-2, 5494 normal) are classified with capsule
nets. With the proposed method, an accuracy performance of 100% was achieved by using capsule networks
to identify SARS-CoV-2 from nucleic acid sequences. The results show that the proposed method
successfully identifies SARS-CoV-2 from nucleic acid sequences.
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INTRODUCTION

The new coronavirus SARS-CoV-2, which has spread all over the world and seriously threatens human
life, is an infectious virus with a long incubation period [1]. The new coronavirus, which is a positive-strand
RNA virus, is a type of the coronavirus family that can affect both animals and humans [2,3]. Some different
viruses from the coronavirus family have caused severe respiratory diseases such as Middle East Respiratory
Syndrome (MERS) and Severe Acute Respiratory Syndrome (SARS). Coronaviruses can be transmitted
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between humans and animals. The genetic information of viruses varies due to the mutation of their
Ribonucleic Acid (RNA) [4]. The virus clings to the cell in surface proteins, and by creating changes in these
proteins, it can escape from the already formed immune system and multiply faster, causing much more
damage to the cells. Symptoms of the new coronavirus infection include sore throat, headache, fever, dry
cough, runny nose, upset stomach and vomiting, shortness of breath, and difficulty breathing [5,6]. In more
severe cases, the infection can cause pneumonia, acute respiratory failure, kidney failure, and even death.
Like all types of viruses, coronaviruses, which have constantly evolved over time, have begun to cause more
serious health problems with flu-like symptoms. Therefore, accurate and rapid identification of pathogenic
viruses such as corona plays a vital role in preventing epidemics, saving people's lives, and even in choosing
appropriate treatments [7]. Recently, developments in molecular biology technology have led to the rapid
development of Deoxyribonucleic Acid (DNA) signal processing methods and become a very important in
Covid-19 virus detection. The existing prediction methods for Covid-19 nucleic acid are introduced to help
to scientists in presenting better methods for efficient detection of coronavirus. These methods are
Polymerase chain reaction (PCR)-based methods, isothermal nucleic acid amplification-based methods,
microarray-based methods, and newly developed methods [8]. PCR is a laboratory technique used to amplify
DNA sequences. The method contains the gene segment called primers to assemble a copy alongside each
segment. The PCR-based method is a widely used technique for screening for coronaviruses [9,10].
However, these methods are both time consuming and costly, so they are not widely used in clinical samples.
Isothermal nucleic acid amplification-based methods are commonly used for the amplification of DNAs. These
methods exhibit great high specificity and sensitivity as a result of its exponential amplification feature [11].
Loop-mediated isothermal amplification (LAMP) is a technique that does not require expensive tools and is
fast in performance. LAMP tests may be preferred to help reduce the cost of Covid-19 diagnosis [12].
However, the biggest disadvantage of LAMP-based methods is that they always show optimum performance
at 65°C. One of the fast and highly efficient detection methods is the microarray method [13]. In this technique,
cDNA will first be produced by RNA of coronavirus via reverse transcription, then oligonucleotides will load
cDNAs into each well, then free DNAs will be removed [14]. Finally, specific probes will detect coronavirus
RNA. Microarray methods are widely used in coronavirus detection [15,16]. The newly developed methods
use artificial intelligence (Al) and deep learning approaches have been preferred to detect of Covid-19. Also,
in [17] the authors provide information on recent advances in virus detection using CRISPR-Cas systems
such as CRISPR-Casl2a/Casl3a. Their review also increased the importance and advantages of these
methods. The paper [18] introduces nucleic acid detection techniques for SARS-CoV-2 according to different
platforms. It also presents advantages and disadvantages of these different technology platforms. It provides
a reference for selecting the appropriate nucleic acid detection technology for SARS-CoV-2. In [19] the
authors present the clinical and laboratory characteristics of 19 suspected cases. In the study, the 2019-
nCoV nucleic acid amplification test was performed with 3 different kits and the results were compared. They
obtained the same result for each sample with these three kits. The authors evaluate the antibodies-based
test and nucleic acid-based test for SARS-CoV-2-infected patients. They studied 133 patients diagnosed with
SARS-CoV-2. They collected demographic data, clinical records, laboratory tests, and outcomes. In the
study, the method increase the accuracy in coronavirus detection and provides an effective complement to
the false-negative results from a nucleic acid test for SARS-CoV-2 infection [20]. In [21], the authors analyze
a case of COVID-19 and review the relevant literature. They examine the recurrent positive nucleic acid
detection in a recovered COVID-19 patient. They present a review study. In [22], the authors evaluated
mismatches in PCR primers against SARS-CoV-2 genomes from bioinformatics analysis approach. Primers
and probe sequences targeting ORFlab gene assays displayed > 98.3% accuracy. In [23], a COVID-19
detection method based on the K-nearest neighbors (KNN) classifier using the complete genome sequences
of human coronaviruses is proposed. Also, two features based on CpG island to detect COVID-19 cases is
described. The proposed method achieves 98.4% accuracy. In [24], a prediction model based on amino acid
coding is proposed. The model classifies the types of coronavirus. The performance of the proposed model
was compared with machine learning methods such as decision trees, k-nearest neighbor, random forest,
support vector machine. A performance of 98.69% was achieved. In [25], the performance of seven machine
learning methods was compared using two different databases containing plasma and serum samples for
the diagnosis of Covid-19. The highest performance was achieved with the PLS-DA model with 93%. In [26],
a new RT-LAMP assay with artificial intelligence has been developed. This assay system gave more precise
and faster results in large-scale tests. The tool named RT-LAMP-DETR has achieved 100% sensitivity,
specificity and accuracy with the results obtained from RT-gPCR in the diagnosis of Covid-19.

As mentioned above, some studies have been carried out in the literature using various methods for
Corona virus detection. However, these methods have some advantages and disadvantages. Although PCR-
based methods are routine and reliable for coronavirus detection, they are both time consuming and costly
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and therefore not preferred in clinical samples. LAMP-based methods do not require expensive instruments
and performing the LAMP test can help reduce the cost of detecting Covid-19, they are also fast. However,
the biggest disadvantage of LAMP-based methods is that they need to reach a temperature of 65°C for
optimum performance. Although microarray-based methods are widely used for Coronavirus detection, these
methods have some disadvantages. These are labor intensive requirements for synthesizing, purifying and
storing DNA solutions prior to microarray fabrication. Also, microarrays became more expensive as more
printing devices were required. Rapid, accurate, low cost identification of the coronavirus plays a vital role in
selecting appropriate treatments for SARS-CoV-2, saving people's lives, and preventing Covid outbreaks.
This study presents an effective and accurate detection method for coronavirus from nucleic acid sequences
using capsule networks. Also the study does not require high cost and specific laboratory conditions. This
work will assist researchers and clinicians in developing better techniques for timely, rapid and highly
accurate detection of coronavirus infection, as well as in developing better techniques.

The following is a summary of the main contributions:

* A new and highly sensitive SARS-CoV-2 nucleic acid identification model is presented for the inexpensive
and rapid detection diagnosis of coronavirus.

* To the best of our knowledge, this is the first study in which the Covid-19 nucleic acid sequences were
digitized and classified by capsule networks.

» This study provides researchers with a better technique for rapid and accurate detection of coronavirus.

» This study presents an alternative method for the existing detection methods for Covid-19 from nucleic
acids in molecular biology technology.

* The proposed method obtained accuracy performance of 100% with capsule networks for Covid-19
infection detection by using nucleic acid sequences.

The rest of this paper is arranged as follows: In section 2, we provide fundamental information about the
dataset, numerical mapping techniques, creating spectrogram images, capsule networks, and the proposed
approach are mentioned. The obtained findings in the experimental results, section 3 are discussed. Section
4 presents the conclusion.

MATERIAL AND METHODS

In this section, steps of the proposed SARS-CoV-2 detection model in the prediction of Covid-19 from
human nucleotide acids sequences using capsule networks are summarized.

The proposed SARS-CoV-2 detection method

This section describes sample collection, the digitization and preprocessing of DNA sequences, capsule
network, and the proposed architecture. The overview of the proposed SARS-Cov-2 detection model is
shown in Figure 1. In this block diagram, nucleic acid sequences of SARS-CoV-2 and normal are used as
input for the proposed detection method. Next, the collected sequences are digitized by Entropy-based
mapping technique. Then, the digitized these sequences were divided into 100-unit sections using the sliding
window method and given as input to Capsule Networks. The segments (5494 SARS-CoV-2, 5494 normal)
are classified with capsule nets.

Brazilian Archives of Biology and Technology. Vol.66: €23220316, 2023 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Das, B. and Toraman, S. 4

Conv_02 Conv_03 Primary b

!

3 capsule ey | icorysionimer I clcuc g

| |

! ST } : TP : N : : Accuracy |
|

il o ! : : : : Precision :

t ol > S i

i npu ] i- I J: ) i Sens!t{v!ty i

‘ ! : FP N | | Specificity |

! ; | : : F1 score :

i A N

! i

Resources

|
|
|
3
|
|
0.4 3 _ NCBI SARS-CoV-2
|
|
|
|
|

Figure 1. Flowchart of the proposed SARS-Cov-2 detection method
The sample collection

The used SARS-CoV-2 and normal nucleic acid sequences in the study were obtained from the NCBI
Virus genbank [27]. The used dataset for the implementation is given in Table 1. In the experiment, 10 Covid-
19 genome sequence samples with a length of 29172 bases, with 10 different geo locations, and 10 healthy
DNA gene sequence samples with the same length and same races were used.

Table 1. SARS-CoV-2 and normal genome sequences

Accession Race Accession Race
SARS-CoV-2 Group Healthy Group
NC_045512.2 China NM_001300741.2 China
LC594644.1 Japan NM_001387088.1 Japan
MW364964.1 Chile NR_109888.1 Chile
Mw482885.1 USA AJWY01002716.1 USA
MT994989 Egypt ABCB02000016.1 Egypt
MT994632.1 Iran AJWY01006830.1 Iran
MT820485.1 Saudi Arabia BA000015.5 Saudi Arabia
MT233521.1 Spain: Valencia NG_013248.1 Spain: Valencia
MT253696.1 China: Zhejiang NC_000002.12 China: Zhejiang
MT240479.1 Pakistan: Gilgit NR_144759.2 Pakistan: Gilgit

Digitization of the sample sequences and preprocess

The nucleic acid sequences should be converted to digital signals in machine learning based
applications. In this study the used dataset was digitized by Entropy based mapping technique [28,29]. The
entropy-based technique was chosen because it deepens the discrimination rates of SARS-CoV2-associated
regions in nucleic acid sequences. The proposed technigue better reflects the complex structure of the
nucleic acid sequences and performs digitization according to the repetition frequency of codons. Moreover,
this technique provides a wide range of correlation information on the genome sequence according to the
repetition frequency values of codons. In this technique, nucleotide sequences are digitized according to the
repetition frequency of codons. There are 64 codons in a nucleic acid sequence and each codon encodes a
specific amino acid. For instance, ‘Asp’ amino acid encodes ‘GAT’, ‘GAC’ codons. ‘Phe’ encodes ‘TTT’, ‘TTC’
codons. ‘Lys’ amino acid encodes ‘AAA’, ‘AAG’ codons. The pseudo code of the Entropy based numerical
technique is given in Algorithm 1.
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Procedure: Entropy based numerical mapping technique

Input: DNAS="AGTTCCA...” signal with length of max_base

Output: digital signal(Z) with length of max_base-2

Step 1: PNN=[], Z=[]; L=length (DNAS)-2;

Step 2: CodeFreq=codonbias(DNAS); //finding codons corresponding to each amino acid in the DNAS
signal

Step 3:fori=1toL

Step 4: PNN=[DNAS(i) DNAS(i+1) DNAS(i+2)];

Step 5: end for i;

Step 6: forj=1to L

Step 7: switch [DNAS(i) DNAS(i+1) DNAS(i+2)];

Step 8: case CodeFreg.Ala.Codon(1); // GCA, GCC, GCG, GCT codons for Ala amino acid
Step 9: z= CodeFreq.Ala.Freq(1) * log(CodeFreq.Ala.Freq(1)); // the formula for GCA codon
Step 10: z = z *((CodeFreq.Ala.Freq(1))"(1/log(CodeFreqg.Ala.Freq(1))));

Step 11: Z=[Z z];

Step 12: repeat Step 9,10,11 for Ala.Codon(2), Ala.Codon(3), Ala.Codon(4),

Step 13: repeat Step 8,9,10,11 for all 20 amico acid like Arg, Val etc.

Step 14: otherwise;

Step 15: break;

Step 16: end for switch

Step 17: end for |

Nucleic acid sequences with a total length of 29172 bp were used for normal and SARS CoV-2 that were
digitized by the entropy-based mapping technique. These nucleic acid sequences were segmented to be
appropriate for capsule network input. Three different window sizes 50, 100, and 200 units were used to
segment the digitized signal. For example, when a 100 bp window size was used, 14487 Covid-19 and 14487
normal sections were obtained. were classified with capsule networks. These nucleic acid sequences of
different lengths were classified by the capsule networks.

Capsule networks

Convolutional Neural Network (CNN) architectures achieve very high performance in object
recognition/classification, but CNN architectures cannot reveal a lot of information about the objects in the
image [30]. For example, they cannot provide various information such as the relationship between objects
in the image or the orientation of the object. To overcome these shortcomings, Sabour and coauthors [31]
propose Capsule Networks, which is a new neural network architecture in 2017. While neurons are in the
hidden layer in artificial neural networks, they are found in structures called Capsules in the Capsule Network
architecture. Also, the output of CNNs is scalar while the output of Capsule Network is vectorial. CNNs use
as activation functions such as Sigmoid, Tangent, ReLU etc. Capsule Networks, on the other hand, use the
activation function shown in Equation 1 and called squashing [31-33].

Isil” s
T (1)

T a4l sl

In Equation 1, s; denotes the capsule input and v; the output vector of the capsule. In this study, the used
capsule networks structure is shown in Figure 2.
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Figure 2. Capsule network structure for classification of SARS-CoV-2 sequences

The proposed capsule network architecture consists of three convolutions, two max pooling, primary
capsule, and Label capsule layers. The convolution layers contain 16, 32, and 64 filters, respectively. The
filter sizes of the convolution layers are 7, 5, and 9, respectively. Max pooling with a stride of 2 was used.
Unlike the original capsule network architecture, two convolutions and two max-pooling were added to the
first layers of the network. Thus, both the feature maps of the images were obtained and the processing load
was reduced by reducing the size of the images with max pooling. In Table 2, the parameters of the proposed
capsule network architecture are given according to the 200-unit input signal. In Table 3, hyper-parmaters of
200-unit segments are given.

Table 2. Details of layers and parameters of capsule network architecture

Layers Filter Kernel size Stride Output
Input - - - 200,1
ConvlD 16 7 1 200,16
MaxpoolinglD - - 2 100,16
ConvlD 32 5 1 100,32
MaxpoolinglD 2 50,32
ConvlD 64 9 1 50,64
Primary capsule 256 9 1 50,256
Label capsule - - - 2,16
Output - - - 2

Table 3. Hyper parameters of capsule network
Routing  Optimizer Ir Loss weight Epoch Batch size Time (s) (per epoch)

3 Adam 0.001 0.392 10 32 27

Ir: Learning rate

RESULTS AND DISCUSSION

In the study, nucleic acid sequences of 29.172 bases long SARS-CoV-2 and normal were used. These
genome sequences belong two groups were digitized by Entropy-based numerical mapping technique. The
digitized genome sequences were divided into 50, 100, and 200 units by the sliding window method (1 unit).
The resulting segments were used to feed the capsule network. In addition, the k-fold cross validation method
was used to accurately evaluate the performance of the system. The k value of 5 was chosen. The graphics
for the training phase of the model performed for the classification of nucleic acid sequences are shown in
Figure 3. Figure 3 shows the classification results of the signals obtained with three different window sizes.
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Figure 3. Training and loss graphics a- 50, b-100, ¢-200 units signal length

Table 4, 5, 6 presents the accuracy, precision, sensitivity, specificity, and F1-score values and averages
obtained by 5-fold cross-validation for the classification of nucleic acid sequences of SARS-CoV-2 and normal
with capsule networks.

Table 4. Test results of the proposed method 50 units

Fold Accuracy (%) Precision (%) Sensitivity (%) Specificity (%) Fl-score (%)

1 94.96 90.92 99.90 90.03 95.20

2 98.40 97.60 99.24 97.56 98.41

3 96.84 98.64 94.98 98.69 96.78

4 96.96 94.90 99.24 94.67 97.02

5 97.88 97.48 98.31 97.45 97.89
Mean + SD 97.01 +1.18 95.91 + 2.78 98.34 £ 1.75 95.68 + 3.12 97.06 + 1.10

SD: Standard Deviation
Table 5. Test results of the proposed method 100 units.

Fold Accuracy (%) Precision (%) Sensitivity (%) Specificity (%) Fl-score (%)

1 100.00 100.00 100.00 100.00 100.00

2 100.00 100.00 100.00 100.00 100.00

3 100.00 100.00 100.00 100.00 100.00

4 99.93 100.00 99.86 100.00 99.93

5 99.83 100.00 99.65 100.00 99.83
Mean * SD 99.95 + 0.07 100.00 + 0.00 99.90 £ 0.14 100.00 * 0.00 99.95 + 0.07

Table 6. Test results of the proposed method 200 units.

Fold Accuracy (%) Precision (%) Sensitivity (%) Specificity (%) Fl-score (%)

1 100.00 100.00 100.00 100.00 100.00

2 100.00 100.00 100.00 100.00 100.00

3 100.00 100.00 100.00 100.00 100.00

4 100.00 100.00 100.00 100.00 100.00

5 100.00 100.00 100.00 100.00 100.00
Mean + SD 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00 100.00 + 0.00
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In order to better demonstrate the validity and reliability of the experiment, the data set was divided into
five parts and each part was tested separately. As seen in Table 4-6, 97.01%, 99.95% and 100.00% accuracy
were obtained, respectively. The obtained results provide a good classification result of the Entropy-based
digital mapping technique. This is due to usage of the Entropy-based digital mapping technique and further
deepening the discrimination rates between different type of sequences. In addition, this technique better
reflects the complex structure of DNA sequences. In the study, three different signal sizes were tried to
determine the signal length to be given as an input to the capsule network. Figure 4 shows that signal lengths
between 100-200 are appropriate values that can be used in the analysis of nucleic acid sequences.

100 O

99,5

99

98,5

Accuracy (%)

98
97,5

97
0 50 100 150 200 250

Segment size

Figure 4. Signal segment size — accuracy relationship

The confusion matrix is given in Figure 5 to examine the statistical success of the proposed method.
Figure 5 shows the correct/incorrect classification numbers of the sequences belonging to normal and SARS-
Cov-2, which were digitized by Entropy based numerical technique. Only 6 segments from 5494 SARS-CoV-
2 nucleic acid sequences, and only 18 segments from normal sequences were misidentified.
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Figure 5. Confusion matrix for classification of nucleic acid sequences of SARS-CoV-2 by capsule networks (50 units,
100 units, and 200 units respectively).

In this paper, a method based on capsule networks is presented to identify SARS coronavirus from base
sequences. In literature, there are various detection methods for coronavirus nucleic acid. These methods
are Isothermal-based methods, microarray-based methods, PCR-based methods and newly developed
methods. Table 7 shows a comparison of our method with the current methods in the literature for the
detection of SARS-Cov-2 from DNA sequences. The common feature of these methods used is that they are
molecular biology techniques. Also, these methods require various equipment and educated analysts, the
high cost and high temperatures. Moreover, these methods can only be performed under good laboratory
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conditions. Unlike other methods, our method does not require laboratory environment, high cost and high
temperature. The newly developed methods are based on machine learning methods. Many studies have
been presented in the literature for the detection of Covid-19 using chest X-ray images. However, these
methods are not for detecting coronavirus from nucleic acid sequences, but for detection Covid-19 using CT
images. The proposed study is different from the other studies in the literature about identification of SARS-
CoV-2 from nucleic acid sequences. The proposed study achieved the highest classification accuracy rate of
100% with capsule networks to detect SARS-CoV-2 from nucleic acid sequences.

Table 7. A comparison of the proposed method with other methods

Authors Methods Dataset Results (Accuracy)
Uhlenhaut [10] PCR-based method Lung cellular DNA -
Guo et al. [16] Microarray-based method 19 cDNAs 100%
Mani et al. [22] Silico bioinformatics analysis Indian genome sequences >98.3%
approach
Arslan et al. [23] A new method based on KNN  CpG island 98.4%
The proposed Capsule networks SARS-CoV-2 DNA sequences 100%
method
CONCLUSION

In this study, a method based on Capsule networks has been proposed to identify and classify SARS-CoV-2
from nucleic acid sequences. In order to examine these genome sequences, firstly, the nucleic acid
sequences were digitized with the Entropy-based numerical mapping technique. Thus, the data has been
made suitable to be given as an input to a new neural network model, Capsule Networks. The results show
that there is a distinction between sequences who are infected with SARS-Cov-2 and normal. Experimental
results show that our method provides 100% accuracy in the screening of SARS-CoV-2, one of the nucleotide
sequences. The proposed method offers a fast, inexpensive and high-accuracy technology in contrast to
other laboratory-based and high-cost methods in the diagnosis of Covid-19 from DNA sequences. This
highlights the effectiveness of the proposed capsule networks-based method. In the future, when other
coronavirus-like virus types emerge, it may be possible to apply the proposed method to detect these
diseases again.
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