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Abstract

Viralgenome analysisis essential for characterizing genetic variation and evolutionary
patterns, while complementary computational approaches may provide additional
insights beyond conventional sequence-based methods. In this paper, the complete
RNAs of New World hantavirus and Nipah virus are analyzed using a DNA walk
method that traces the distribution of ATG triplets along sequences. It provides
visual one-dimensional models (ATG trajectories) of genomes on a plane and
quantitative estimates based on: (i) point-defined relative values of the divergence
of ATG trajectories, (ii) relative global-defined standard deviation of ATG triplet
numbers in a studied set of sequences, and (iii) relative global-defined standard
deviation of fractal dimension values of inter-ATG distances in the same sequence
set. These calculated parameters for the two species mentioned are compared with
those of previously studied viruses, allowing them to be arranged in the following
order based on their increasing sensitivity to variations in ATG distribution: Severe
Acute Respiratory Syndrome Coronavirus 2, Middle East Respiratory Syndrome
Coronavirus, Nipah, Ebola, and dengue viruses, which is in good accordance with
their observed and recognized mutability. The method verified in this paper can
be used as a supplementary pre-screening qualitative and quantitative tool for
conventional sequencing analysis.

Keywords: ATG genomic walks; Hantavirus; Nipah; Severe Acute Respiratory Syndrome
Coronavirus 2; Middle East Respiratory Syndrome Coronavirus; Ebola; Dengue viruses

1. Introduction

According to data from the International Committee on Taxonomy of Viruses (ICTV)',
about 16,000 virus species are registered out of the millions that exist worldwide. Only
200-270 cause illness in humans, and researchers may discover additional pathogenic
species in the future. Many trigger sudden outbreaks or even pandemics, depending
on their contagiousness, the affected region’s connectivity to other areas, the level of
medical care, and vaccine availability.

Clinicians identify viral diseases through symptom review, physical exams, antibody
tests, imaging, blood counts, and other tests. More advanced detection involves analyzing
RNA or DNA using relatively expensive instrumentation and software.>’

Volume 5 Issue 3 (2026)

1 doi: 10.36922/GPD026270023


https://doi.org/10.36922/GPD026270023
https://orcid.org/0000-0002-1633-2961
mailto:guennadi.kouzaev@ntnu.no
https://doi.org/10.36922/GPD026270023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Gene & Protein in Disease

ATG genomic walk for Hantavirus and NiV

Genomic sequences are strings of nucleotides of the
four bases adenine (A), guanine (G), cytosine (C), and
uracil (U). In place of uracil (U), thymine (T) is used; this
does not affect the mathematical processing.

The typical genome length of single-stranded RNA
viruses ranges from 2,000 to 30,000 nucleotides. The
genome length of a double-stranded DNA virus can be
substantially longer: Up to 250,000 bases. The giant viruses
can have 2,500,000 nucleotides. Millions of viral samples
and mutated variants, represented as ordered strings of
letters, are recorded in freely accessible databases, such
as GenBank?, Global Initiative on Sharing All Influenza
Data (GISAID)®, National Center for Biotechnology
Information Virus®, Virus Host DB’, and the Bacterial and
Viral Bioinformatics Resource Center.?

Given the large number of nucleotides in sequences,
only computational methods can extract useful
information from genomes. Some operations on genomic
data are performed directly on these letter strings. Others
require recoding them into numbers and then applying
numerical methods, such as big-data and signal-processing
algorithms.'

One of the most important techniques is visualizing
genomic data, which enhances understanding of complex
molecular biology."! Among these methods is the DNA
walk representation.'>”"” The basic idea is to traverse the
nucleotide sequence and mark points in four-dimensional
space for each of the four nucleotides. Joining these points
with lines creates a trajectory (walk) in this space. Given
the high dimensionality of this space, other methods have
been considered to map these trajectories onto a two-
dimensional plane or three-dimensional space. Many of
them are discussed in a previous review.'” Unfortunately,
mapping can yield rather complicated trajectories, making
it difficult to understand viral peculiarities without
numerical algorithms.

One method for representing genomic walks
analytically was proposed in 2021. In this approach, the
counts of consecutive occurrences of repeating patterns
(for instance, ATG triplets), as well as separate A, C, G,
and T nucleotides in complete sequences, are defined, and
their trajectories are plotted on a single image.

To date, 200 Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), 20 Middle East Respiratory
Syndrome Coronavirus (MERS-CoV), 27 dengue, and
12 Ebola viral samples using the ATG walk method have
been modeled (Appendices 2-5). The first two show more
compact trajectories, and the relative divergence of each
studied set is at most 2%. The ATG curves of the second
two viruses demonstrate divergence parameters of around

14% and 9% for the studied viral sets.

In addition to visual analysis of ATG trajectories and
simple calculations, fractal dimension analyses were
conducted on inter-ATG distance distributions. Dengue
and Ebola viruses showed higher standard deviations in
fractal dimension parameters. These findings are consistent
with the fact that dengue and Ebola viruses can form not
only multiple lineages but also separate subfamilies, which
have not been seen in SARS-CoV-2 and MERS-CoV to
date. This conclusion was made in 2021, but the world
of viruses is highly variable, and further studies using this
method are needed to understand genome evolution and
prepare for possible outbreaks and pandemics of viral
diseases.

This paper aims to study the genomes of the New World
hantavirus and Nipah virus using the ATG walk method
for:

o  Further validation of the ATG walk method applied to
these viruses.

o Development of comparable sequence parameters
allowing quantitative estimation of virus sensitivity
regarding ATG variations.

o Estimation of the variability of these viruses in
comparison to SARS-CoV-2, MERS-CoV, dengue,
and Ebola viruses.

2. Materials and methods

In this research, we obtained complete genomic sequences
of New World hantaviruses and Nipah viruses from
GenBank.* The processed data are compared with
previously studied GenBank and GISAID?available data for
SARS-CoV-2, MERS CoV, Ebola, and dengue viruses.'s"”

2.1. Metric-based algorithm

We generated the ATG walk data using our metric-based
algorithm. As stated above, for both DNA and RNA
descriptions by characters, the alphabet consists of four
nucleotides. We used this designation for statistical studies
of RNA and DNA when their physicochemical properties
were outside the scope of the research. Protein descriptions
require 20 amino acids with their symbolic designations.
Non-hieroglyphic human language texts have several
dozen characters. Because modern programming
languages can process multi-character strings, artificial
intelligence applications can achieve interesting results in
DNA research.

Computers use characters encoded in binary. For
instance, the UTF-8 format allows encoding all 1,112,064
valid character code points and is widely used on the
World Wide Web.'® In this format, the first 128 characters
(United States American Standard Code for Information
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Interchange) require only one byte (eight binary digits). If
DNA sequences are initially represented by binary units,
calculating their numerical properties can reduce time.

Because the DNA/RNA chains are now written as
binary sequences, they can be characterized quantitatively
using a suitable technique. One of them is to calculate a
metric distance between the binary-represented symbols
and a base “moving” along the characters’ chains. In
particular, this distance can be the Hamming distance.’*?
Other metric formulas used in complex systems and
coding theory also apply.*-*

This procedure provides quantitative values for each
move, and you can then apply any pertinent signal-
processing algorithm to these results. If needed, these DNA/
RNA-computed data can be quantitatively compared with
human-language texts processed similarly. This approach
could help us better understand DNA/RNA sequences.

Consider an algorithm that calculates the Hamming
distance between a moving base and a genomic sequence
of characters. This base can be ATG triplets or any given
series of symbols, including a single one. Hamming
distance is a metric for comparing two binary data strings;
it is the number of bit positions in which the two bits differ.
To calculate the Hamming distance d,, (4,B) between
two strings 4 and B , the operation XOR (4®B) is
calculated, and the total number of ‘1’ in the resultant
string is counted.

In MATLAB, a function pdist2(A,B,'hamming’)
calculates this distance between binary strings. MATLAB

also offers other metrics. It gives a percentage of “Is” in the
resultant string of Hamming’s distance calculation. If the
compared strings are different in length, then Levenshtein
distance® is used; several MATLAB functions are available
online.” Each symbol in an RNA sequence A oflength N
(number of nucleotides in a sequence) was compared to
the ones in the triplet base B:{ATG} . This number should
be divisible by 3 because of using triplets. Otherwise, the
studied sequence is extended by additional “A’s to make
the number of nucleotides divisible by 3, which does not
change our ATG-walk results; otherwise, Levenshtein
code? can be used. Then, a 3N — string C is created using
a MATLAB function pdist2(A,B,'hamming’). A numerical
algorithm can process this new string to obtain helpful
information. Particularly, we calculated the positions X;
of ATG triplets in an RNA sequence A. After that, we
calculated the inter-ATG length l,.(flc') set, measured in
the number of base acids. ’

The number of these triplets is calculated using our code
and verified with a MATLAB (R2025b, The MathWorks,
Inc., USA) function count (C, ‘ATG’) applied directly to the
character string C. To further validate the algorithm, we
compared triplet positions with those in arbitrarily chosen
control RNA sequences. Figure 1 provides a clearer view
of the results: nucleotide trace trajectories are shown as
curves, and the positions of Adenine in ATG triplets are
shown as straight vertical lines.

The advantage of this method is that base acid points
are placed along simple curves, often close to the distorted
sigmoid function® traces typically observed in biological

Figure 1. Combined picture' for nucleic acid trajectories and positions of ATG triplets of a Severe Acute Respiratory Syndrome Coronavirus 2 complete
MN988668 sequence (Genbank*). The body inset shows a magnified picture of four nucleotide positions at the beginning of this sequence, and the position

of the first letter in the first two ATG triplets.
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growth models.*® These curves, plotted for different viral
samples, enable visual discovery of genomic mutations or
the application of correlation algorithms to the plots or
their underlying digital data.”

This paper focused mainly on ATG walks.!”* In most
cases, these triplets start codons in genomic sequences.
Building and analyzing trajectories of these triplets allows
detection of mutations, coupled with changes in codon
number, variations in their length, and changes in the
density of ATG distributions along the studied sequences.
In the future, the algorithm is expected to be modified to
exclude non-starting ATG triplets.

2.2, Study of fractal properties of ATG walks using
FracLab code

Many previous studies have examined the fractality of
nucleotide distributions and DNA/RNA sequences.”®™
Fractality means a figure has a geometric shape with
detailed structure at arbitrarily small scales, and small-
scale genomic motifs repeat at large scales. Thus, nucleotide
distribution along a genome is not entirely random because
of this long-range fractal correlation. The measure of self-
similarity is the fractal dimension. Hausdorff also defines
fractal dimension as a measure of the roughness of a figure
or its surface. Moreover, the large genomic datasets are
often patterned, and each pattern can have its own fractal
dimension; i.e., the sequences can be multifractals.* It is
typical in genomics as well, but it is also common in the
theory of nonlinear dynamical systems, signal processing,
and brain tissue morphology.***

Several definitions and formulas exist for calculating
fractal dimension. For instance, the Hausdorff dimension
D, is used for geometric figures (Equation 1):

_ log(N)
log(})
r

D

H

(1)

where N is the number of smaller self-similar copies the
shape is divided into, and 7 is the scaling factor by which
each copy is reduced.

The regularization fractal dimension* is another
practical measure used to analyze real-world signals, time
series, and images, and it is used in this paper. It detects
roughness and abnormalities in data sets, as well as the
self-similarity of patterns.

To apply any of these methods, a genomic sequence
must be converted into a digital sequence representing an
imaginable continuous function f(¢). Then these digits
are treated as signal samples*, and a fractal dimension
calculation algorithm can be used.” Formal definition

of regularization dimension dim,(I') can be found in
Equation 2:

dim, (I')=1+ (Hmﬁo

1 L
log(L,) ")J 2

—log(a)

where ais a scale, I, :J../l+fa’(t)2dt, K is the finite
K

interval for f(¢), and T is the set of samples.

In this contribution, we computed the fractal properties
of genomic sequence distributions using the FracLab
(2.2, French National Institute for Research in Computer
Science and Automation, France) software package®,
where these parameters can be calculated. Although much
research has used and validated this software, we tested it
again by calculating the Weierstrass function, synthesized
according to a given fractal dimension.*” It was found that
the recommended default parameters* (Figure 2) provide
good accuracy in the computation of the mentioned
function, and they were used further in our work.

Following ideas for applying signal-processing methods

in genomics, we used sets of inter-ATG lengths l[(flG)

in sequences as “sampling signals,” processed with the
FracLab 2.2 software tool. An example of such a “signal” is
given in Figure 3.

3. Modeling results for the New World
hantavirus sequences

Hantavirus belongs to the family Hantaviridae, subfamily
Mammantavirinae, and genus Orthohantavirus, which
includes around 60 species that can cause disease in
humans.»**° The first outbreak was recorded in Korea in
the 1950s, although it had long been known.” People can
be infected through contact with rodents, bats, shrews,
and moles, via their urine, droppings, saliva, or by inhaling
contaminated airborne particles. Humans with Old World
hantaviruses suffer from potentially fatal hemorrhagic
fever with renal syndrome, and the mortality rate is
between 0.3% and 10%.*!

For New World hantavirus, the rodent-borne infection
is most often associated with hantavirus cardiopulmonary
syndrome.”® The mortality rate reaches 40%-50%."' One
of the strains, called Andes hantavirus (Orthohantavirus
andesense) or ANDV, can be transmitted from humans to
humans®, and the last outbreak™ was caused by this strain.

Before considering the modeling results, some
peculiarities of hantavirus genomes should be noted. They
consist of a short (S), medium (M), and long (L) segments
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Figure 2. Control panel of FracLab 2.2 used to compute the fractal regularization dimension. The calculated dimension value is given for the MN988668
SARS-CoV-2 (GenBank) virus RNA sequence.

Figure 3. Distribution of inter-ATG distances in the genomic sequence hCoV-19/Norway/7448/2020 (Global Initiative on Sharing All Influenza Data)
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as separate closed-loop molecules. The last is the longest
and encodes the viral RNA-dependent RNA polymerase.*!
This massive protein copies the genome and transcribes
viral messenger RNA inside the infected cell. The
segmented genome “design” may lead to a combinatorial
mutation (genetic reassortment) if different viral species
infect a cell. Other environment-induced mutations occur
during translation and are frequent because cells have
limited proofreading ability against the viruss single-
stranded RNAs.

In this paper, we modeled the complete genomes of
L-sections only using the ATG walk techniques described
in the Introduction. Specifically, we analyzed the most
samples available from GenBank, including 20 ANDV
sequences, one human-host Choclo virus, Monongahela
virus, Sin Nombre virus, New York hantavirus, Bayou
virus, and two mammal-host Choclo viruses (Table
Al). Information on the last seven viruses is included in
previous studies.”*

Figure 4A shows ATG walks (L-segment) for 28 New
World hantavirus sequences (Table Al), and Figure 4B
illustrates the walks only for 20 ANDV for comparison.

Each y, point in Figure 4 corresponds to a consecutive
number of an ATG triplet, with the symbol A placed at a
certain X, in the sequence.

To estimate the divergence between the curves, the

relative divergence parameter 6, =220 7N 100% was
Yy =N

calculated for both figures at the point x, =6,218 where }}
is the lowest value among the traces, and the highest value
is marked as y,, .

For Figure 4A, 6y,,,=9.7%, and for Figure 4B,
OV pndes = 8.65%. It was observed that the 20 ANDV ATG
traces are more tightly clustered than all 28 hantavirus
ATG traces. This clustering is less pronounced than in
SARS-CoV-2 (1.5%) and MERS-CoV (2%).”

In addition to trajectory calculations, we computed
fractal dimension parameters for inter-ATG distances
across all 28 sequences. As shown in Figure 5, the density
distribution of ATG triplets is nonuniform, and codon
lengths vary in a pseudo-random manner. This distribution
exhibits fractal properties', which can be quantified. The
fractal dimension of the inter-ATG length distribution

Figure 4. Distributions of ATG triplets in complete genomic sequences for (A) 28 New World hantavirus samples; (B) 20 Andes virus samples
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Figure 5. Fractal dimension parameter calculation results for 28 New World hantavirus complete genomic sequences (Table A1)

was computed using FracLab 2.2.% Figure 5 presents the
fractal dimension results for each hantavirus sequence,
numbered as in Table Al.

The standard deviation D; of this set of points is 0.076,
which is higher than that of SARS-CoV-2 (0.0105) and
MERS-CoV (0.0216). Section 5 provides a more detailed
discussion of the results.

4. Modeling results for the Nipah virus
sequences

The Nipah virus, or Henipavirus nipahense, was first
identified in Malaysia in 1998 and has since been found
in several other Southeast Asian countries, including
Bangladesh, India, Indonesia, the Philippines, and
Singapore, in humans, pigs, and dogs.®**> Most recently, at
the beginning of 2026, thisinfection was registered in India
once more.®

This zoonotic virus originated in bats and spread among
humans and animals through contaminated fruits. The
disease can also spread between people through biological
fluids and respiratory droplets in crowded hospital settings.
The virus mainly affects the brain (encephalitis) and the
lungs. The mortality rate ranges from 40% to 80%°",
reaching 91% during the 2018-2019 outbreak in India.
Currently, no effective treatments or vaccines are available,

although many approaches are under development and
research.

Because mutations occur randomly, the virus varies;
for example, the genome of the Malaysian strain (NiV-M)
evolves at a rate of 4.5-6.5 x 107 substitutions per site per
year. Additionally, a potential new cluster was suggested
by studying bat and human virus genomes during the
Kerala (India) 2018-2019 outbreak.”* However, only a few
genomes are available in GenBank for them. Therefore,
monitoring genomic variation is essential because of
this virus’s high mutation rate and the need to develop
adaptive treatments and vaccines for this severe infection.
However, only a limited number of human-origin Nipah
virus sequences are available, and this study analyzes most
of these samples. Table A2 lists these genomes and their
calculated parameters.

To date, all Nipah sequences are classified into several
main groups: NiV-M (Malaysia), NiV-BD1, and NiV-BD2
(Bangladesh). Another group mentioned in the literature
was identified after the 2018-2019 outbreak in Kerala,
India.®® This classification was based on analyses of
phylogenetic trees generated using various mathematical
methods and software tools®-7!, as well as observations of
disease symptoms, death rates, and other factors.

We derived the ATG walks from 31 complete viral
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genome samples from NiV-M, NiV-BD, and Kerala. Figure
6 and Table A2 show the simulation results.

Most traces are highly similar, although the
cumulative differences increase toward the end of the
complete sequences. RNAs carry spatial information,
and differences between sequences also reflect how
nucleotides are distributed within them. In addition
to visual analysis, the method enables quantitative
estimates. For this purpose, we used the relative width
of a set of the 31 trajectories mentioned above. For
comparison, the normalized cumulative difference of
ATG curves was calculated at two points x,=12,620
and x,=17,930, respectively. It gives, correspondingly,
3 =2(¥5-2)/(3, + ;) #5.45% and 2.88% after more than
27 years of observation (1999-2025, Table A2).

In addition to the estimates of divergence for ATG
walks, a comprehensive statistical parameter—the fractal
regularization dimension of inter-ATG distances—was
computed for all 31 genomes (Figure 7). These distances
were measured in nucleotide counts, and their distributions
along the genomes were analyzed using FracLab 2.2.'617%

The calculated standard deviation for the studied Nipah
virus samples was 0.0538, which was higher than that of
the reference SARS-CoV-2 (0.0105) and MERS-CoV
(0.0215) viruses.

5. Discussion

When conducting a comparative study of viruses, it should
be noted that only a tiny fraction of them are available
to be sequenced, and the world of these species is highly
variable due to mutations caused by replication errors,
environmental pressures, and recombination, in which
RNA fragments from different viruses are combined
within an infected cell.

Our algorithm can track single-nucleotide mutations,
but the paper focuses on imaging ATG (AUG) triplet
trajectories in complete genomic sequences; it tracks both
the starting and coding triplets. Comparing ATG walks
allows us to identify severe mutations that alter the number
of ATGs and, therefore, the number of codons, as well as
variations in their distribution along the studied sequences.
For instance, the replication mechanism can misread any
nucleotide in an ATG triplet, causing the codon or coding
ATGs to disappear from the translated sequence.”? Because
proofreading in mammalian cells often fails for viral RNAs,
these mutated virions are released from infected cells.
Genomic sequencing is not error-free, but the number
of errors is decreasing as sample preparation improves,
driven by advances in equipment and software. Today,
these errors are below 1%.7>7* Alternatively, accuracy can
be improved with multiple reads.

In this paper, we analyzed GenBank datasets of selected

Figure 6. ATG walks for 31 complete genomic sequences. For comparison, the normalized cumulative difference between the ATG curves was calculated

at the two points marked (a) and (b), respectively.
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Figure 7. Fractal dimension parameter calculation results for thirty-one Nipah complete genomic sequences (Table A2)

complete genomes of New World hantaviruses and Nipah
viruses (Table 1), along with previously obtained data for
SARS-CoV-2 (Appendix 2), MERS-CoV (Appendix 3),
dengue (Appendix 4), and Ebola (Appendix 5) viruses."?

The viruses are compared based on their length and
the relative standard deviation of ATG triplet counts
Sarg =100% -0 (N i1 )/NATG in the studied set. This
is calculated as the ratio of the standard deviation of the
number of ATG triplets in a set to the average number N
of these triplets in the same set. The relative divergence
values for the evaluated ATG trajectory sets are listed
in row 6 and are defined at the ends of the ATG sets for
each virus sequence. Additionally, the relative fractal
dimension parameters &, =100% - O'(DF ) / D, for the
sets of ATG trajectories appear in row 7, which is the ratio
of the standard deviation O (DF) to the average fractal
dimension D, of the set under study.

Although MERS-CoV showed an increased mutation
rate, it remained relatively stable.”” The Ebola and dengue
viruses were split into multiple strains many years ago. Our
study of their ATG traces is consistent with this, showing
substantial divergence among the walk curves.'®

The New World hantavirus is divided into 30 lineages
and strains®, and only six of which are modeled here, given

the availability of their complete sequences of L-segments.
The Nipah virus, divided into only three species (NiV-M,
NiV-BD, and presumably Kerala’s), is more stable than the
New World hantavirus. The Ebola virus is represented here
by only four of the six known strains to date: Ebola (Zaire),
Bombeali, Sudan, and Bundibugyo.

Notably, the dengue virus, represented in a previous
study by all four strains, exhibits the highest counts across
all modeled viruses.'s The computed values are consistent
with the mutation peculiarities of these six viruses; they
increase with viral mutability (Figure 8).

A question may arise about the representativeness of
the results, given the limited number of available genomes
studied. Consider, for instance, the hantavirus, dengue,
Ebola, and Nipah viruses. Studying more samples of these
viruses increases the relative divergence parameter 51 N>
but it does not change the conclusion about their general
instability. The influence of adding new species on O,
and O, is currently under study.

Given the randomness of mutations, future genome
variations may alter the above classification, so it should
be corrected. This strongly supports ongoing genomic
surveillance to detect viruses that may have acquired new
pathogenic properties.
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Table 1. ATG walk observation results for SARS-CoV-2, MERS-CoV, dengue, Ebola, New World hantavirus, and Nipah viruses

Characteristics SARS-CoV-2and MERS-CoV  Nipah virus New World hantavirus Ebolavirus  Dengue virus
beta-CoV L-segment

Observation years 2010 (bats); 2020 2012-2020 1999-2025 1990-2026 1976-2019 1974-2019
August 2025 (humans)

Typical length of sequences ~30,000 ~30,000 ~18,200 ~6,500 ~19,000 ~10,000

Number of studied genomes 200 20 31 28 16 26

Fprg» 70 0.6 0.76 0.98 2.44 2.58 3.65

Syin: %0 15 2 2.88 7.76 9 14

0, % 0.5 0.9 2.3 33 7.4 8.4

Abbreviations: MERS-CoV: Middle East Respiratory Syndrome Coronavirus; SARS-CoV-2:

Severe Acute Respiratory Syndrome Coronavirus 2.

Figure 8. Relative parameter graph for the six modeled viruses
Abbreviations: MERS-CoV: Middle East Respiratory Syndrome Coronavirus; SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2.

6. Conclusion

This study applied the recently proposed ATG-walk
method's, which enables quantitative comparison of
different viruses, to the hantavirus and Nipah virus
genomes to identify and analyze mutations, including
variations in ATG numbers and their distribution along
the RNA sequences.

For these viruses, we plotted ATG traces (walks) for
28 and 31 sequences, respectively, available in GenBank.
Then, for their quantitative comparison, three quantitative

parameters were introduced:

«  Point-defined relative divergence of trace sets 0,

«  Globally defined relative standard deviation of ATG
triplets §,,, in sets

«  Globally defined relative standard deviation of fractal
dimension values §, for inter-ATG distances in sets.
Comparison of these quantitative measures allowed
us to arrange the studied viruses, along with the earlier
modeled ones, in the following order: SARS-CoV-2,
MERS-CoV, Nipah virus, New World hantavirus, Ebola
virus, and dengue virus, with increasing mutation counts,
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which is in good agreement with their observations. By
comparing the genomes of all six viruses, we can generalize
certain properties across them. Among them:

«  Continuous mutations, random in their nature, along
with variations in the number of ATG triplets, codons
and their contents, and non-coding elements, can lead
to an increase in the divergence of ATG trajectories at
a certain rate.

» In some cases, specific ATG trajectories form distinct
clusters (dengue, Ebola, and, presumably, Nipah),
seen visually and associated with the virus mutations.

« To date, a link between the virus genomes capable of
causing strong mutations and increased quantitative
parameters J,., &, and &, considered here is
confirmed once more.

The viral landscape is highly unpredictable, and
ongoing surveillance of viral genomes is strongly advised
to prevent pandemics, as demonstrated with SARS-
CoV-2. In conclusion, the ATG walk method can serve
as a supplementary pre-screening tool for conventional
sequencing analysis, although further research is needed
to improve this technique.
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Appendix

Appendix 1

Table A1. New World hantavirus complete genomic sequence data for L-segments

f AT
No GenBank number and L-segment name Collection year Number of nucleotides Numtl:ie;l(e)ts G .
1 PP058739.1: Orthohantavzrz.As andesense isolate 13796_ 1990 6,537 184 252
L|Argentina|1990
MG?717393.1: Orthohantavirus sinnombreense strain New
2 York 1 segment L, complete sequence, Host: White-footed 1994 6,561 190 2.45
mouse
217.1: Si i iral L
3 NC_005217.1: Sin Nombre virus map viral genome 1995 6,562 180 238
segment, USA
MN258156.1: Orthohantavirus andesense isolate
4 1996 6,546 184 2.28
Epilink/96_2/6/19, Argentina
5 MH539865.1: Monongahela hantavirus isolate USA_ 1997 6,562 184 247
PA_1997 segment L, complete sequence
6 PP058738.1: Orthohantavirus andesense isolate 807266_ 1997 6,537 184 22
L|Paraguay|1997
. PP058737.1: Orthohantawr%ts andesense isolate 15631_ 1998 6,540 181 232
L|Argentina|1998
8 KT983773.1: Choclo virus strain 588 segment L, complete 2000 6,562 173 230
sequence, Panama
9 AF291704.5: Andes virus strain Chile-9717869 2002 6,562 182 2.29
10 NC_003468.2: Andes virus strain Chile-971869 2002 6,562 182 2.29
PP210993.1: MAG: Orthohantavirus chocloense isolate MSB:
11 Mamm:264444, Panama 2006 6,505 176 2.47
PP210996.1: MAG: Orthohantavirus chocloense isolate MSB:
12 Mamm:264422, Panama 2006 6,551 176 241
13 MN850096.1: Orthohantavirus and.esense strain ARCH14/ 2014 6,531 183 232
NRC1, Argentina
14 MN850095.1: Orthohantavirus a.ndesense strain AREB14/ 2014 6,528 188 226
P3, Argentina
15 MN850094.1: Orthohantavirus a.ndesense strain AREB14/ 2014 6,562 188 226
P2, Argentina
16 MN850093.1: Orthohantavirus a.ndesense strain AREB14/ 2014 6,464 187 232
P1, Argentina
MN258158.1: Orthohantavirus andesense isolate NRC-
7 3/18_06/01/1997, Argentina 2018 6,540 186 23
MN258165.1: Orthohantavirus andesense isolate
18 2018 6,546 184 2.28
Epuyen/18-19_Patient_13_12/24/18 Argentina
MN258166.1: Orthohantavirus andesense isolate
19 2018 6,543 184 2.28
Epuyen/18-19_Patient_14_12/26/18, Agentina
MN850097.1: Orthohantavirus andesense isolate
2 201 ,54 184 2.2
0 Epuyen/18-19_Patient_14_12/26/18, Argentina 018 6,543 8 ?
PP003836.1: Orthohantavirus andesense isolate
21 BA18-RR1620, Argentina 2018 6,558 174 2.28
PP003837.1: Orthohantavirus andesense isolate BA18-
22 2018 6,587 173 2.28
LD1633, Argentina
(Contd...)
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Table Al. (Continued)

No GenBank number and L-segment name Collection year Number of nucleotides Numtl:ie;l:tfsATG D,
0Q092243.1: Andes orthohantavirus strain VARS/22-01,
23 2022 6,538 180 243

Brazil

PP639088.1: Orthohantavirus bayoui isolate
24 202204786/10039/Bayou virus/Louisiana_USA/2022 2022 6,539 180 2.37

segment L, complete sequence

PP639090.1: Orthohantavirus bayoui isolate
25 202300391/10142/Bayou virus/Louisiana_USA/2023 2023 6,537 180 2.39
segment L, complete sequence
PV808478.1: Orthohantavirus andesense isolate CHI-

26 2024 6,555 184 2.28
Hul3724_P2, Chile

PV808475.1: Orthohantavirus andesense isolate CHI-
27 2024 6,562 184 2.28
Hu13724, Chile

28 ANDV/Switzerland/Hu-3337/2026_L 2026 6,537 180 2.390

Abbreviations: ANDV: Andes Hantavirus; MAG: Metagenome-assembled genome;

Table A2. Nipah virus (Henipavirus nipah) complete genomic sequence data

Number of Number of ATG

No GenBank number and virus complete name Collection year nucleotides triplets DF
1 AJ564623.1: Nipah virus complete genome, isolate NV/MY/99/UM-0128, 1999 18,246 384 228
Malaysia
2 MKG673562.1: Henipavirus nipahense isolate 808651, Malaysia 1999 18,231 383 2.28
3 AF212302.2: Nipah virus, Malaysia 2001 18,246 384 2.28
4 AY029767.1: Nipah virus isolate UMMCI1, Malaysia 2001 18,246 384 2.28
5 AY029768.1: Nipah virus isolate UMMC?2, Malaysia 2001 18,246 384 2.28
6 MK673565.1: Henipavirus nipahense isolate 810405, Bangladesh 2004 18,235 384 2.29
7 MKG673567.1: Henipavirus nipahense isolate 810482, Bangladesh 2004 18,245 383 2.29
8 AY988601.1: Nipah virus from Bangladesh 2005 18,252 384 2.28
9 FJ513078.1: Nipah virus isolate Ind-Nipah-07-FG from India 2007 18,252 378 2.39
10 FJ513078.1: Nipah virus isolate Ind-Nipah-07-FG from India 2007 18,252 378 2.39
11 MK673568.1: Nipah virus isolate Ind-Nipah-07-FG from India 2008 18,237 386 2.29
12 JN808863.1: Nipah virus isolate NIVBGD2008RAJBARI, Bangladesh 2008 18,242 372 2.38
13 MKG673571.1: Henipavirus nipahense isolate 201200903, Bangladesh 2011 18,240 382 2.29
14 MKG673573.1: Henipavirus nipahense isolate 201200919, Bangladesh 2011 18,236 382 2.29
15 MK673578.1: Henipavirus nipahense isolate 201206119, Bangladesh 2011 18,235 381 2.38
16 MKG673581.1: Henipavirus nipahense isolate 201206316, Bangladesh 2012 18,235 381 2.37
17 MKG673591.1: Henipavirus nipahense isolate 201206316, Bangladesh 2014 18,157 380 2.34
18 MKG673592.1: Henipavirus nipahense isolate 201601241, Bangladesh 2014 18,234 380 2.39
19 MK673590.1: Henipavirus nipahense isolate 201601191, Bangladesh 2014 18,208 383 2.34
20 MKG673584.1: Henipavirus nipahense isolate 201601126, Bangladesh 2015 18,229 385 2.29
(Contd...)
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Table A2. (Continued)

Number of Number of ATG

No GenBank number and virus complete name Collection year nucleotides triplets DF
21 MKG673585.1: Henipavirus nipahense isolate 201601136, Bangladesh 2015 18,245 381 2.39
22 MHS523642.1: Henipavirus nipahense strain MCL-18-H-1088, India 2018 18,242 390 2.37
23 MH396625.1: Henipavirus nipahense strain MCL-18-H-1088, India 2018 18,210 389 2.43
24 MH523640.1: Henipavirus nipahense strain MCL-18-H-1197, India 2018 18,132 390 2.42
25 MH523641.1: Henipavirus nipahense strain MCL-18-H-1209, India 2018 18,027 388 2.43
PP981674.1: Henipavirus nipahense isolate NiV/human/BGD/
26 FP0260922/2022, Bangladesh 2022 18,077 381 245
PP981675.1: Henipavirus nipahense isolate NiV/human/BGD/
27 RS0560822/2022, Bangladesh 2022 18,096 381 234
PP981676.1: Henipavirus nipahense isolate NiV/human/BGD/
28 RS0644723/2023, 2023 18,092 378 2.33
Bangladesh
PQ368168.1: Henipavirus nipahense isolate NiV/human/BGD/
29 NINS00123U/2023, 2023 18,090 381 2.33
Bangladesh
PV132707.1: Henipavirus nipahense isolate NiV/human/BGD/
30 PMSKH0000424/2024, 2024 18,128 381 2.33
Bangladesh
PX130166.1: Henipavirus nipahense isolate NiV/human/BGD/
31 FP0372425/2025, 2025 18,128 381 233

Bangladesh

Appendix 2. List of 200 Severe Acute Respiratory Syndrome Coronavirus 2 complete genomic sequences.

BetaCoV/bat/Cambodia/RShSTT182/2010,  BetaCoV/bat/Cambodia/RShSTT200/2010,  MN988668, = hCoV-19/
Norway/7448/2020, hCoV-19/England/205341113/2020,  hCoV-19/Brazil/SP-918/2020,  hCoV-19/Mexico/CMX-
INER-0222/2020, hCoV-19/Zambia/ZMB-24503/2020, hCoV-19/Brazil/RS-00674-HM_LMM52649/2020, hCoV-19/
South Africa/KRISP-K004282/2020, hCoV-19/South Africa/KRISP-K004540/2020, hCoV-19/Taiwan/TSGH-34/2020,
hCoV-19/Australia/ACT0090/2020, hCoV-19/Norway/0179/2021, hCoV-19/USA/TX-HHD-2102044112/2021, hCoV-19/
Austria/CeMM3224/2021, hCoV-19/Japan/NGY-NNH-075/2021, hCoV-19/Croatia/HRV000_49/2021, hCoV-19/
Netherlands/UT-RIVM-13868/2021, hCoV-19/Belgium/rega-3528/2021, hCoV-19/Spain/RI-IBV-99016064/2021, hCoV-
19/Ireland/D-NVRL-e841R1.94434/2021, hCoV-19/USA/NY-PRL-2021_02_25_00C23/2021, hCoV-19/USA/
CA-LACPHL-AF00513/2021, hCoV-19/India/ILSGS00925/2021, hCoV-19/India/MH-ICMR-NIV-
INSACOG-296092/2021, hCoV-19/India/MH-ICMR-NIV-INSACOG-GSEQ-1320/2021, hCoV-19/Brazil/SP-2441/2021,
hCoV-19/South Korea/KDCA3504/2021, hCoV-19/Argentina/PAIS-G0233/2021, hCoV-19/Russia/IVA-CRIE-
L188N0202/2021, hCoV-19/Canada/ON-S2383/2021, hCoV-19/Peru/LAL-INS-1603/2021, hCoV-19/Peru/LIM-
INS-443/2021, hCoV-19/England/WSFT-25C69B5/2021, MZ622698.1, MZ571142.1, MZ477758.1, hCoV-19/USA/
CA-CDC-LC0934366/2022, hCoV-19/Canada/ON-HSC-22-24664-v1/2022, hCoV-19/Canada/ON-HSC-22-
26431-v1/2022, hCoV-19/Netherlands/OV-LabMicTA-1347/2022, hCoV-19/USA/un-CRIP-0933-000JHH00/2022, hCoV-
19/Netherlands/OV-LabMicTA-4265/2023, hCoV-19/USA/un-CRIP-206283495/2023, hCoV-19/USA/
un-CRIP-206394699/2023, hCoV-19/USA/un-CRIP-206480476/2023, hCoV-19/USA/un-CRIP-206486213/2023, hCoV-
19/American Samoa/AS-H2531481/2025, hCoV-19/Anhui/AQCDC-114/2024, hCoV-19/Anhui/AQCDC-115/2024,
hCoV-19/Anhui/BZCDC-411/2024, hCoV-19/Anhui/HFCDC-328/2024, hCoV-19/Anhui/HFCDC-332/2024, hCoV-19/
Anhui/HFCDC-338/2024,hCoV-19/Anhui/HFCDC-339/2024, hCoV-19/Anhui/HFCDC-343/2024, hCoV-19/Anhui/
HFCDC-346/2024, hCoV-19/Anhui/HFCDC-348/2024, hCoV-19/Anhui/HFCDC-350/2024, hCoV-19/Anhui/HFCDC-
351/2024, hCoV-19/Anhui/HFCDC-357/2024, hCoV-19/Anhui/HFCDC-358/2024, hCoV-19/Anhui/HFCDC-360/2024,
hCoV-19/Anhui/HFCDC-362/2024, hCoV-19/Anhui/BZCDC-409/2024, hCoV-19/Argentina/INEI127460/2025, hCoV-
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19/Argentina/INEI127499/2025, hCoV-19/Barbados/BPH-3001801/2025, hCoV-19/Brazil/SP-IB_CEVC_2500336/2025,

hCoV-19/Brazil/SP-IB_CEVC_2500337/2025,hCoV-19/Canada/AB-ABPHL-130567/2025, hCoV-19/Canada/
AB-ABPHL-130568/2025, hCoV-19/Canada/AB-ABPHL-130579/2025, hCoV-19/USA/MI-MDHHS-SC45833/2025,
hCoV-19/USA/MI-MDHHS-SC45834/2025, hCoV-19/USA/MI-MDHHS-SC45836/2025, hCoV-19/USA/
NE-NPHL-RP250121/2025, hCoV-19/USA/NY-Wadsworth-25055746-01/2025, hCoV-19/Canada/

ON-PHL-202505441/2025, hCoV-19/France/ GES-RELAB-IPP05396/2025, hCoV-19/Japan/FR049-0235/2025, hCoV-19/
USA/CA-SFDPH-EP250001128/2025,hCoV-19/USA/OR-OSPHL10461/2025,hCoV-19/Canada/QC-L00863786001/2025,
hCoV-19/Heilongjiang/HL]JCDC-0238/2025, hCoV-19/USA/NJ-PHEL-V25011078/2025, hCoV-19/USA/MI-UM-
11870944/2025, hCoV-19/Yunnan/YNCDC-0708/2025, hCoV-19/USA/CA-CDPH-500147095/2025, hCoV-19/Germany/
BW-RKI-1-1148598/2025, hCoV-19/Japan/BRL25-0187/2025, hCoV-19/USA/FL-IDPH-S25WGS0661/2025, hCoV-19/
France/OCC-CHU-TLS-6005958233/2025, hCoV-19/France/OCC-CHU-TLS-6005858773/2025, hCoV-19/Japan/FR050-
0204/2025, hCoV-19/Japan/FR050-0207/2025, hCoV-19/France/OCC-CHU-TLS-6005967779/2025, hCoV-19/USA/
OR-OSPHL-10525/2025, hCoV-19/USA/CA-LACPHL-AY13792/2025, hCoV-19/USA/CA-LACPHL-AY13703/2025,
hCoV-19/USA/CA-LACPHL-AY13697/2025, hCoV-19/Italy/APU-UNIBA_Ba1389/2025, hCoV-19/Canada/
ON-PHL-202506816/2025, hCoV-19/Denmark/DCGC-692592/2025, hCoV-19/Spain/PV-HUD-98032698/2025, hCoV-
19/Brazil/R]J-FIOCRUZ-3747/2025, hCoV-19/France/ ARA-RELAB-IPP06587/2025|EPI_ISL_20238894|2025-09-30,
hCoV-19/Japan/EIS13-858/2025|EPI_ISL_20237990|2025-09-29, hCoV-19/Scotland/CLIMB-CM7YJCHI/2025|EPI_
ISL_20240195|2025-09-28, hCoV-19/Scotland/CLIMB-CM7YJHKP/2025|EPI_ISL_20240200|2025-09-29, hCoV-19/

Scotland/CLIMB-CM7YJQ87/2025|EPI_ISL_20240184|2025-09-30, hCoV-19/Spain/CT-LabRefCat-
079390345743/2025|EPI_ISL_20240422|2025-09-14, hCoV-19/USA/IL-IDPH-S25WGS0732/2025|EPI_
ISL_20240444|2025-09-01, hCoV-19/USA/IL-IDPH-S25WGS0738/2025|EPI_ISL_20240451|2025-09-04, hCoV-19/USA/
IL-IDPH-S25WGS0741/2025|EPI_ISL_20240454]|2025-09-12, hCoV-19/USA/IL-IDPH-S25WGS0760/2025|EPI_

ISL_20240458|2025-09-29,  hCoV-19/Canada/AB-ABPHL-134534/2025|EPI_ISL_20246194|2025-10-25,  hCoV-19/
Canada/AB-ABPHL-134535/2025|EPI_ISL_20246195|2025-10-25, hCoV-19/Canada/BC-BCCDC-784136/2025|EPI_
ISL_20244584|2025-10-05, hCoV-19/France/PAC-RELAB-HCL725000246801/2025|EPI_ISL_20243927|2025-10-15,
hCoV-19/Italy/UMB-LAOP-176-4-21 /2025|EPI_ISL_20245329|2025-10-20, hCoV-19/Netherlands/ZH-EMC-
9396/2025|EPI_ISL_20244139|2025-10-19,  hCoV-19/SouthKorea/KDCA300477/2025|EPI_ISL_20246376|2025-10-20,
hCoV-19/South Korea/KDCA300478/2025|EPI_ISL_20246377|2025-10-18, hCoV-19/Spain/MD-HGUGM-
66853663/2025|EPI_ISL_20244311|2025-10-23, hCoV-19/USA/WI-WSLH-2501941/2025|EPI_ISL_20245936|2025-10-
1 1 )
hCoV-19/Australia/SA30712266/2025|EPI_ISL_20249691|2025-11-03, hCoV-19/Australia/SA31011468/2025|EPI_

ISL_20249697|2025-11-06, hCoV-19/Australia/SA31112961/2025|EPI_ISL_20249702|2025-11-07, hCoV-19/Australia/
SA31200024/2025|EPI_ISL_20249703|2025-11-08, hCoV-19/Canada/NL-NML-784770/2025|EPI_ISL_20276507|2025-
11-05, hCoV-19/Canada/NL-NML-786877/2025|EPI_ISL_20276535|2025-11-07,  hCoV-19/Italy/LOM_Sacco_Var_
R62139/2025|EPI_ISL_20276558|2025-10-11, hCoV-19/Spain/CT-HUB09736/2025|EPI_ISL_20277352|2025-11-5,
hCoV-19/USA/CA-LACPHL-AY15591/2025|EPI_ISL_20249556|2025-11-02, hCoV-19/USA/NY-NYULH-
24213/2025|EPI_ISL_20276582|2025-11-22, hCoV-19/Germany/BE-RKI-I-1150076/2025|EPI_ISL_20316427|2025-12-08,
hCoV-19/Germany/BW-RKI-I-1150082/2025|EPI_ISL_20316433|2025-12-15, hCoV-19/Germany/HB-RKI-I-
1150083/2025|EPI_ISL_20316434|2025-12-11, hCoV-19/Germany/NW-RKI-I-1149912/2025|EPI_ISL_20316200|2025-
12-12, hCoV-19/Germany/NW-RKI-I-1150035/2025|EPI_ISL_20316321|2025-12-02, hCoV-19/Germany/
NW-RKI-I-1150071/2025|EPI_ISL_20316356|2025-12-02, hCoV-19/Germany/NW-RKI-I-1150081/2025|EPI_
ISL_20316432|2025-12-12, hCoV-19/Italy/APU-UNIBA-Ba-1452/2025|EPI_ISL_20316041|2025-12-11, hCoV-19/Italy/
APU-UNIBA-Ba-1461/2025|EPI_ISL_20316151|2025-12-10, hCoV-19/Italy/ APU-UNIBA-Ba-1463/2025|EPI_

ISL_20316560[2025-12-15, hCoV-19/Japan/TKYF252072/2025|EPI_ISL_20316143|2025-12-09, hCoV-19/Japan/
TKYF252145/2025|EPI_ISL_20316150|2025-12-13, hCoV-19/Belgium/Sciensano-LS-S1432/2026|EPI_
ISL_20421395|2026-01-17, hCoV-19/Brazil/MS-FIOCRUZ-FMS1347/2026|EPI_ISL_20429671|2026-01-29, hCoV-19/
Canada/BC-BCCDC-795604/2026|EPI_ISL_20421601|2026-01-22,  hCoV-19/Canada/BC-BCCDC-795617/2026|EPI_
ISL_20421611|2026-01-26, hCoV-19/Canada/BC-BCCDC-795629/2026|EPI_ISL_20421621|2026-01-29, hCoV-19/env/
Italy/PIE-ARPA-BL0059TO/2026|EPI_ISL_20347757|2026-01-26, hCoV-19/Japan/FR055-0001/2026|EPI_

ISL_20432149|2026-01-27, hCoV-19/Liaoning/LNCDC-20-6/2026|EPI_ISL_20433615|2026-01-29, hCoV-19/Liaoning/
LNCDC-20-7/2026|EPI_ISL_20433614|2026-01-28, hCoV-19/USA/IL-RIPHL_33801_G/2026|EPI_ISL_20421910|2026-
01-22, hCoV-19/USA/IL-RIPHL_33803_G/2026|EPI_ISL_20421912|2026-01-23, hCoV-19/Brazil/RS-FIOCRUZ-
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1369/2026|EPI_ISL_20435085|2026-02-06, hCoV-19/Brazil/RS-FIOCRUZ-1371/2026|EPI_ISL_20435087|2026-02-22,
hCoV-19/env/Italy/PIE-ARPA-BL00123TO/2026|EPI_ISL_20379808|2026-02-09, hCoV-19/Liaoning/LNCDC-23-
1/2026|EPI_ISL_20433619|2026-02-06, hCoV-19/Liaoning/LNCDC-25-1/2026|EPI_ISL_20433617|2026-02-05, hCoV-19/
Liaoning/LNCDC-25-2/2026|EPI_ISL_20433622|2026-02-05, hCoV-19/Liaoning/LNCDC-26-2/2026|EPI_
ISL_20433623|2026-02-04, hCoV-19/Liaoning/LNCDC-26-3/2026|EPI_ISL_20433621|2026-02-04, hCoV-19/USA/
NY-GBW-GKISBBBI18851/2026|EPI_ISL_20368581|2026-02-12, hCoV-19/USA/NY-NYULH-24584/2026|EPI_
ISL_20378445|2026-02-05, hCoV-19/USA/NY-NYULH-24595/2026|EPI_ISL_20378456|2026-02-07, hCoV-19/USA/
NY-NYULH-24609/2026|EPI_ISL_20389679|2026-02-09, hCoV-19/USA/NY-NYULH-24619/2026|EPI_
ISL_20389689|2026-02-13,  hCoV-19/USA/MN-MDH-50347/2026|EPI_ISL_20433430|2026-03-20,  hCoV-19/USA/
MN-MDH-50330/2026|EPI_ISL_20433478|2026-03-18, hCoV-19/USA/MN-MDH-50332/2026|EPI_ISL_20433464/|2026-
03-24, hCoV-19/USA/MN-MDH-50342/2026|EPI_ISL_20433448|2026-03-23, hCoV-19/USA/MN-MDH-
50346/2026|EPI_ISL_20433432|2026-03-25, hCoV-19/USA/MN-MDH-50353/2026|EPI_ISL_20433375|2026-03-16,
hCoV-19/USA/MN-MDH-50360/2026|EPI_ISL_20433474|2026-03-26, hCoV-19/USA/MN-MDH-50364/2026|EPI_
ISL_20433426|2026-03-26, hCoV-19/USA/MN-MDH-50381/2026|EPI_ISL_20433428|2026-03-27,  hCoV-19/USA/
MN-MDH-50387/2026|EPI_ISL_20433438|2026-03-24, hCoV-19/USA/MN-MDH-50398/2026|EPI_ISL_20433460|2026-
03-30,  hCoV-19/Netherlands/UT-RIVM-148280/2026|EPI_ISL_20432182|2026-04-07,  hCoV-19/South  Korea/
KDCA301115/2026|EPI_ISL_20440580|2026-04-06, hCoV-19/South Korea/KDCA301118/2026|EPI_ISL_20440582|2026-
04-07, hCoV-19/Canada/NB-CHUDGLD-01D-MMO00079R/2026|EPI_ISL_20421776|2026-04-01, hCoV-19/Germany/
NW-RKI-I-1150691/2026|EPI_ISL_20431475|2026-04-05, hCoV-19/Hong Kong/VB26112288/2026|EPI_
ISL_20422257|2026-04-02, hCoV-19/Netherlands/LI-RIVM-148285/2026|EPI_ISL_20432157|2026-04-09, hCoV-19/
Netherlands/NB-RIVM-148281/2026|EPI_ISL_20432166|2026-04-01, hCoV-19/Netherlands/NB-RIVM-
148288/2026|EPI_ISL_20432168|2026-04-09, hCoV-19/Netherlands/UT-RIVM-148279/2026|EPI_ISL_20432181|2026-
04-07, hCoV-19/Netherlands/UT-RIVM-148286/2026|EPI_ISL_20432183|2026-04-05, hCoV-19/Netherlands/
UT-RIVM-148287/2026|EPI_ISL_20432184|2026-04-08,hCoV-19/USA/IL-RIPHL_16275_G/2026|EPI_
ISL_20432037|2026-04-08, hCoV-19/USA/IL-RIPHL_16278_G/2026|EPI_ISL_20432038|2026-04-05, hCoV-19/USA/
MN-MDH-50377/2026|EPI_ISL_20433458|2026-04-01, hCoV-19/USA/MN-MDH-50397/2026|EPI_ISL_20433362|2026-
04-02

Appendix 3. List of 20 Middle East Respiratory Syndrome Coronavirus complete genomic sequences.

MF598617.1, MF598595.1, NC_019843.3,KY673148.1,KT225476.2,MG923479.1, MK967708.1, MT361640.1, KT326819.1,
MK129253.1, OL622035.1, OP712625.1, MH734114.1, MG923468.1, KJ361503.1, KM210277.1, KF958702.1, OP654179.1,
MWO086535.1, MZ268405.1

Appendix 4. List of 26 dengue virus complete genomic sequences.

KY672944.1,KY672937.1,MW386865.1,MG560269.1, MG560267.1, MN566112.1,MK268692.1, MH069499.1,KY672955.1,
KY672954.1, LC379197.1, MN018389.1, MK005258.1, NC_001475.2, KY863456.1, MH544649.1, MH823209.1, KY921907,
KF041255.1, LC379196, LC379195, KJ579245.1, MG272274.1, KY672960.1, KX224312.2, MG272272.1

Appendix 5. List of 16 Ebola virus complete genomic sequences.

MG572235.1, KU174137.1, KY786025.1, KY786026.1, KY785936.1, MHI21162.1, MK952150.1, MHI121169.1,
NC_039345.1, MW056492.1, MF319186.1, MK340750.1, MW056493.1, MK028856.1, MK028834.1, MK028835.1
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