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Abstract Recent monkeypox (MPX) outbreaks are
major ones in non-endemic countries. The present
study analyzed molecular phylogenetics, divergence,
epidemiology, the geographical distribution, entropy
diversity of genome, mutational landscape, and evo-
lution of the monkeypox virus (MPXV) genome and
the current MPXV is entitled “hMPXV1.” We used
different in-silico and statistical methods to study our
objectives. The developed phylogram from molecu-
lar phylogenetics describes the origin and evolution
of hMPXV1 of A, A.1, A.l1.1, A2, and B.1 line-
ages. The microevolution of B.1 lineage shows its
evolution from May to August 2022. B.1 lineage is
further adapting and showing more mutation and
sub-lineages. The scatter plot of all lineages shows
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the clustering pattern of lineages and the divergence.
We also developed two statistical models of con-
firmed cases and a diagram of the age-related pattern
of infected cases to illustrate the epidemiology of the
MPX outbreaks. The entropy diversity and mutational
landscape of the hMPXV1 genome were analyzed in
nucleotide and codon contexts. Our study has shown
the in-depth evolution pattern of different lineages
of the hMPXV1. We found B.1 lineage is associated
with the current outbreaks. The mutational landscape
informs about the slow mutation of the virus. Finally,
the study might assists the new therapeutic develop-
ment considering all the above points and would help
the researcher to set up their future research directions.

Keywords Monkeypox virus - Outbreaks,
evolution - Genome - Mutation - Epidemiology

Introduction

The world has started recovering after over two
years of the crucial COVID-19 pandemic. How-
ever, emerging variants of SARS-CoV-2 are cur-
rently posing significant hurdles to counteract it
despite developing vaccines, drugs, and the pro-
gressive vaccination campaign and incorporat-
ing booster doses [1-3]. The recent spread of the
monkeypox virus (MPXV) has created another
global health threat when the COVID-19 pan-
demic wound started healing. The continuous
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rising cases of MPX have alarmed multiple non-
African countries, and the current situation is
evolving continuously [4, 5]. According to World
Health Organization (WHO), the MPXV has
spread over 96 countries worldwide, and about
41,664 infected cases were reported till August
22, 2022 (data published on August 24, 2022) [6].
However, the world has never previously reported
many such cases from non-African (non-endemic)
countries. In the present outbreak in non-African
countries, the first case of MPX was noted in
the United Kingdom (UK) on May 13, 2022 [7].
Within a month (around June 15, 2022), the MPX
has spread to about 25 countries around Europe.
Several health regulatory agencies like WHO and
European Centre for Disease Prevention and Con-
trol (eCDC) have reported about 1,654 confirmed
cases [8]. Other than the UK, the MPX-affected
countries in Europe are Germany, Netherlands,
Sweden, Spain, France, and Italy. In Europe, MPX
has also been reported beyond Europe, Australia,
Canada, the USA, and UAE [5, 9, 10]. The disease
has spread to numerous populations and geograph-
ical areas [11, 12].

The MPX as a zoonotic disease is an uncommon
viral disease that sometimes becomes life-threatening.
It is a neglected disease, continuously emerging and
reemmerging in Africa [4, 13]. The monkeypox virus
was first identified in monkey colonies in Copenha-
gen, Denmark, in 1958. These animal facilities were
available in a Danish research laboratory [14]. The
pox-like disease symptoms were observed in animals
by the researchers. However, it was a reported case of
the MPXYV in the animal. The first human infection of
the MPXYV was observed in 1970 in DRC (the Demo-
cratic Republic of the Congo) in a 9-month baby sus-
pected of smallpox [15]. Afterward, the virus spread
to different parts of Africa, especially western and
central African countries. Besides DRC, it was noted
that the virus subsequently spread in Sierra Leone,
Nigeria, Liberia, Cote d’Ivoire, and Cameroon. How-
ever, during the 1970s, about 48 confirmed cases
were noted from six different African countries: the
DRC, Sierra Leone Liberia, Cote d’Ivoire, Cameroon,
and Nigeria. About 38 patients were noted from the
DRC [16, 17]. Conversely, several infected cases of
MPXV were noted in different African countries. In
2017, the largest outbreak was reported in Nigeria,
with 101 confirmed cases [17, 18]. Similarly, the first
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MPX case was identified outside Africa in 2003 [16].
Afterward, MPXV infected cases were reported from
non-African countries from time to time.

Evolution study is a significant area for infec-
tion biology. Several researchers have done the evo-
lutionary analysis of pathogens from time to time.
Recently, researchers analyzed the evolution of
SARS-CoV-2 to understand how quickly the pan-
demic virus is evolving and the status of the variants
creation [19-22]. It illustrated genomic diversity,
genetic changes, and the evolutionary epidemiol-
ogy of this virus. Like SARS-CoV-2, it is also nec-
essary to understand the evolution of the MPXV.
Although, very few studies have been conducted
to understand the evolution of the neglected virus.
Nakazawa et al. have tried to illustrate the prob-
able origin of the Southern Sudan outbreak in 2005
through phylogenetic investigation using the MPXV
genome sequences of different isolates [23]. Simi-
larly, another study by Nakazawa et al. reported a
phylogenetic analysis using a more extensive MPXV
genomes data set of Sub-Saharan Africa [24]. Sad-
egh-Mba et al. have tried to assess the phylogenetic
similarities of isolates of this virus from Nigeria
and Cameroon to understand the genetic relatedness
[25]. However, it is indispensable to understand the
genetic relatedness of the MPXV isolates from the
recent outbreaks and the previous outbreaks. Doshi
et al. tried to investigate the epidemiology of MPX
in DRC during the outbreak of 2017 [26]. Through
the systematic review, Beer and Rao have illustrated
the epidemiology of hMPXV (human monkeypox
virus) outbreaks [27]. Here, they have tried to depict
the probable animal-to-human or human-to-human
transmission, case fatality, and epidemiology. How-
ever, it is also essential to understand the epide-
miological pattern of the recent MPX outbreaks.
Kraemer et al. have attempted to represent real-time
epidemiological data. They have described the total
number of confirmed cases in this 2022 outbreak
[28]. At the same time, it is necessary to under-
stand the mutation pattern in the human monkey-
pox virus genome. The mutation pattern can inform
us of the frequency of the mutation in the virus’s
genome. Dumbell and Archard analyzed the variants
of MPXV through phenotype and DNA investiga-
tion and tried to evaluate the association with the
whitepox virus and variola. They also analyzed the
mutation pattern of these viruses and the association
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of the mutation. Finally, the researchers have con-
cluded that the spontaneous mutants present in the
whitepox are relatively uncommon in MPXV [29].
At the same time, Karumathil et al. have illustrated
the GC3 (GC composition at the third codon posi-
tion) and the ENC (adequate number of codons) of
MPXV. Finally, they have developed the GC3 versus
ENC plot to understand the influences of the muta-
tional pressure in the plot [30]. However, more stud-
ies are necessary to understand the mutation pattern
of the virus.

In this study, we have analyzed the evolution of
hMPXV1 through molecular phylogenetics, diver-
gence and the scatter plot of genome cluster of
hMPXV1, epidemiology and geographical distri-
bution of the virus infection, entropy diversity of
hMPXV1 genome, and mutational landscape of
hMPXV1 genome.

Methods and materials

Collection of literature and retrieval of genome
sequence

We have collected information about the hMPXV1
and MPX disease from different regulatory health
authorities in several countries, such as eCDC [31],
WHO [6], and CDC [32]. At the same time, we have
performed literature searches from different scientific
databases such as PubMed [33, 34], Google Scholar
[35], and Web of Science [36].

For the literature search from the literature data-
base, we used different keywords such as “monkey-
pox virus,” “monkeypox disease,” “evolution,” “epi-
demiology,” ‘“‘geographical distribution,” “entropy
diversity,” and “mutational landscape.” We have used
a single keyword or combination of keywords during
our search.

For hMPXV1 genome sequence retrieval, we
used NCBI and NCBI virus [37]. We also used the
VIRION database [38] to fetch necessary information
about the virus.

ELINT3 ELINT) :

Data analysis

We used the Nextstrain server for the data analy-
sis and retrieval [39], which uses the metadata and

curated sequence data directly fetched by the NCBI
virus. Different lineages of the virus were denoted as
per the Nextstrain server, and Happi et al. [40]. In this
study, we have performed the analysis of hMPXV1
using the server.

Recently, the WHO announced the clades of
MPXYV, which comprises Clade I, Clade IIa, and Clade
IIb. However, the WHO has not reported the details
about the clades yet. Happi et al. illustrated the MPXV
clades very nicely [40]. Researchers represented three
distinct MPXYV clades, and it demonstrated the diver-
sity of MPXV. According to them, Clade I represent
the previous “Congo Basin (CB)” Clade. At the same
time, Clades IIa and IIb represent the previous “West
African (WA)” Clade.

At the same time, Clade 3, which originated from
Clade IIb, contains the recent MPXV. It includes the
genomes from the 2017 to 2022 human outbreaks and
is entitled “hMPXV1.” The “hMPXV1” has several
genome diversity, illustrated as lineages/sub-lineages
such as A, A.1, A.1.1, and B.1. The genomes belong
to the recent outbreak (2017 to 2019) in Singapore,
USA, Israel, UK, Nigeria, and the recent outbreak of
2022. Here, we analyzed the ‘hMPXV1’ for evolu-
tionary and mutational study (Fig. 1a).

For statistical analysis and statistical model devel-
opment, we have used statistics software (PAST
4.03 software) [41]. At the same time, we have used
MATLAB software to analyze further and develop
plots and graphs [42]. Finally, we have depicted a
flowchart illustrating the different methods used dur-
ing our study (Fig. 1b).

Result

Evolution of hMPXV 1 through molecular
phylogenetics

We have analyzed molecular evolution depicted from
October 2017 and August 2022, and two types of
the phylogenetic tree have been described using 692
genome samples. The first type is rectangular, repre-
senting a phylogram (Fig. 2a). Here, we have found
reference lineages or sub-lineages which are A, A.1,
A.1.1, A2, B.1, B.1.1, B.1.2, B.1.3, B.1.4, B.1.5,
B.1.6, B.1.7, and B.1.8, which are situated in the ter-
minal node of the phylogenetic tree.
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«Fig. 1 A schematic diagram and the flowchart illustrat-
ing the different clades of MPXV and methods of analy-
sis. a A schematic diagram shows the different clades of
MPXV. It also depicts the hMPXV1 and its genome diver-
sity. In this study, we have analyzed mainly the evolution
and mutational landscape of hMPXVI1. b A flowchart
illustrates the various methods which are of during our
study

In the present 2022 hMPXV1 outbreaks, we have
noted the involvement of one major lineage, B.1. In
this phylogenetic tree, several genomes of the B.1 lin-
eage have aggregated in the tree. The recent B.1 line-
age has shown some association with the other four
lineages (A, A.1.1, A.2, and B.1) and participated in
forming the phylogenetic tree. However, it is apparent
that the recent B.1. lineage is associated with the cur-
rent MPX outbreaks.

Again, we have illustrated the B.1 lineages through
an extended phylogenetic tree using 671 genome sam-
ples, showing the microevolution of the B.1 lineage
(Fig. 2b). The microevolution of the B.1 lineage shows
several sub-lineages such as B.1.1, B.1.2, B.1.3,B.1.4,
B.1.5, B.1.6, B.1.7, and B.1.8. The microevolution of
the B.1 lineage indicates its further evolution and cre-
ation of several sub-lineages. The comprehensive phy-
logenetic tree of the B.1 lineage has demonstrated that
the genome sequence is situated between the timeline
of May to August 2022. At the same time, we have
also developed a circular phylogenetic tree (Fig. 2c).
In the circular phylogenetic tree, the two lineages, A
and A.1 are situated in different parts of the tree. Line-
age A is located in the center, and lineage B.1 is situ-
ated in the radius (Fig. 2¢). To highlight the B.1 line-
age, we developed an extended circular phylogenetic
tree (Fig. 2d). However, the circular phylogenetic tree
(Fig. 1c and Fig. 1d) did not show the timeline of the
evolution of the hMPXV1.

Divergence and the scatter plot of genome cluster of
hMPXV1

We have tried to assess the divergence of the hMPXV 1
evolution and depicted the scatter plot of the genome
cluster of hMPXV1 from 2017/2018 to 2022. The
cluster analysis was performed, and scattered plot was
developed to indicate the clustering of the MPXV
genome samples. To show the divergence, we have
depicted the regression line (Fig. 3). It intimates the

divergence of the 692 hMPXV1 genomes along the
regression line. The pattern of the scatter plot with
the linear regression model illustrates that the model
shows the light and spread distribution pattern of line
samples. The model also informed us that 671 genome
samples of the B.1 lineage had formed a cluster on the
upper side of the regression line. Divergence analysis
has shown the result of about 5.70 e-5 or 5.70x 107
substitutions per site per year.

Epidemiology of MPXV and hMPXV1

We have tried to illustrate the infected cases in
previous and present outbreaks of MPXV and
hMPXV1 infection. From the several literature
databases, we described the MPXV and hMPXV1
infection cases reported in different countries dur-
ing 1970-2021 (Table 1). We found the highest
number of cases of DRC, Africa. Here, it has been
noted that there were 386 infected cases during
1970-1990 and 511 numbers of infected patients
during 1991-1999. Besides DRC, we found Nige-
ria and the Republic of Congo’s documenting
the highest number of cases. In the Republic of
Congo, we noted 110 patients (11 confirmed) dur-
ing 2000-2018 and 39 cases (suspected) during
2019-2021. Again, in Nigeria, we observed 244
(101 confirmed) cases during 2000-2018 and 113
(45 confirmed) from 2019 to 2021.

For the present MPX outbreaks, we have plotted
the number of confirmed cases in different coun-
tries till August 22, 2022, and developed a statistical
model (Fig. 4a). In this model, it has been noted that
the UK is having highest infection cases (14,049), and
the second-highest cases are indicated in Spain (6119
cases). Other significant cases are pointed out in Ger-
many (3295 cases), Portugal (588 cases), and Canada
(1168 cases). Again, to understand the continent-wide
epidemiology, we have analyzed continent-wise con-
firmed cases till August 22, 2022 (Fig. 4b). We found
Europe to show the highest number of confirmed
cases (20,625), and the Western Pacific showed the
lowest number of confirmed cases (121). North and
South America also revealed several infected cases
(20,436 cases), and the cases are more compared to
Africa (404 cases).. The result informed us that this
hMPXV1 outbreak has spread in high economic
countries, especially in Europe and North and South
America. At the same time, it has also been noted
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Table 1 Monkeypox infection cases were reported in different countries from 1970 to 2021

SI. No Name of the country Monkeypox infection reported Reference
1970-1999 2000-2018 2019-2021
1 Cameroon 2 (1970-1990), 16 (confirmed) 3 (confirmed) [43-46]
4 (1 confirmed,

1991-1999)

2 USA No information avail- 47 (37 confirmed, 10 1 (confirmed) [19, 47, 48]
able probable)

3 Ivory Coast 2 (confirmed, No information avail-  No information avail-  [49, 50]
1970-1990) able able

4 Sierra Leone 1 (confirmed, 2 (confirmed) 2(confirmed) [51-53]
1970-1990)

5 Democratic Republic 386(1970-1990), Not fully enumerable 200 (suspected) [43, 54-59]

of Congo 511 (1991-1999)

6 Gabon 10 (one confirmed, No information avail- ~ No information avail-  [54, 60, 61]
1970-1990) able able

7 South Sudan No information avail- 49 (10 confirmed) No information avail-  [62]
able able

8 Liberia 4 (confirmed, 2 (confirmed) 1 (confirmed) [51, 63, 64]
1970-1990)

9 Nigeria 10 (3 confirmed, 244 (101 confirmed) 113 (45 confirmed) [45, 51, 65, 66]
1970-1990)

10 Central African 6 (confirmed, 72 (29 confirmed) No information avail-  [63, 67-69]

Republic 1970-1990) able

11 Republic of Congo No information avail- 110 (11 confirmed) 39 (suspected) [70-73]

able

that the virus has spread in the Eastern Mediterranean
like UAE and Morocco. Therefore, this outbreak is a
global outbreak. Several scientists have also reported
that the cases of this MPX virus infection in Africa
were relatively low compared to previous episodes
[10].

Again, we have analyzed the current and previous
outbreaks’ age-related pattern of hMPXV1 infection
cases (Fig. 4c). The earlier episodes show the infected
individuals’ median age of about 4 to 15.5 years.
Until 2010 in African countries, the outbreak led to
the lower age group of infected individuals’ median
age (4 to 15.5 years). However, Nigeria’s 2017 and
2018 outbreak showed a higher age group of infected
individuals (median age 30 years). Similarly, the out-
break of 2017 in the Central African Republic also
showed a higher age group of infected individuals
(median age 35 years).

The current MPX outbreaks show the infection
among individuals in a higher age group compared
to previous episodes. However, the recent outbreak

offers the infected individuals a median age range
of about 31 to 61 years. In the UK, the age range
is 31 to 43 years, and in the USA, the age range is
28 to 61 years. Zumla et al. have also reported that
most infection cases in the current outbreak are
noted in the age of 20 to 50 years of men [10]. At the
same time, WHO has also reported that, in 99% of
cases, the observed age group is about 0 to 65 years
(median age about 37 years, interquartile range about
32 to 43 years) [6]. Kupferschmidt reported that the
MPX spreads among MSM individuals (men who
have sex with men) [74]. At the same time, Mahase
reported that the virus might be spreading in gay and
bisexual men in England and concluded these popu-
lation at high risk. However, these population might
be vaccinated soon [75]. The sexual activity among
MSM, gay, and bisexual men might be one reason
for higher infection. However, it has been noted that
severe cases of the virus occur more usually among
children, which is associated with the level of virus
exposure [6].
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We have analyzed the geographical distribution ages and their distribution throughout the world
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(Fig. 5a). We found infection case clusters in dif-
ferent regions of the world. Several disease case
clusters have been noted in Europe (Fig. 5b). The
countries in the cluster include the UK, France,
Germany, Portugal, Spain, Italy, and Finland.
However, in the figure, the generated circles for
the cases of Germany, Portugal, and the UK are
more significant than others. It might be due to the
higher number of cases in those countries. At the
same time, it has been observed that 433 genome
sequences have been submitted from Europe
between September 2018 and August 2022.

Again, the country-wise plot was generated for
North America (Fig. 5c¢). The geographical plot
shows the infection region of America and Can-
ada. From the figure, it has been noted that the
generated circles for the cases of Canada are big-
ger than the USA. It might be a higher number of
cases in Canada than in the USA. However, it has
been observed that 237 genome sequences were
submitted from North America between Septem-
ber 2018 and August 2022.

Entropy diversity of hMPXV1 genome

We have analyzed the entropy diversity of the
hMPXV1 genome. We illustrated the entropy in dif-
ferent positions of the htMPXV1 genome in the nucle-
otide (nt) context (Fig. 6a). The hMPXV1 genome is
about 198 kbp long. The entropy changes were noted
in different positions in the positive strand in the
genome. The first positional entropy change was noted
in the hMPXV1 genome at 1262 position (entropy:
0.131) and the last positional entropy change was
noted at the 190,660 position (entropy: 0.204). Some
other significant entropy changes are noted in the
different nucleotide positions such as 3818 position
(entropy: 0.131), 14,000 position (entropy: 0.131),
38,360 position (entropy: 0.131), 64,426 position
(entropy: 0.174), 65,571 position (entropy: 0.131),
74,360 position (entropy: 0.346), 124,130 position
(entropy: 0.131), 124,674 position (entropy: 0.131),
150,469 position (entropy: 0.136), 162,331 position
(entropy: 0.131), 165,782 position (entropy: 0.036),
and 181,980 position (entropy: 0.131).

Again, we illustrated the entropy in different posi-
tions of the hMPXV1 genome in the codon context
(Fig. 6b). The first positional entropy change was
noted in the MPXV genome at the codon position 9

in OPGO15 protein (entropy: 0.069). The last posi-
tional entropy change was noted at the codon position
84 NBTO03_gpl74 protein (entropy: 0.215). Some
other significant entropy changes are noted in the dif-
ferent codon positions such as codon position 62 in
OPGO019 protein (entropy: 0.046), codon position 48
in OPG047 protein (entropy: 0.131), codon position
194 in OPG(094 protein (entropy: 0.346), codon posi-
tion 740 in OPG109 protein (entropy: 0.082), codon
position 4 in OPG118 protein (entropy: 0.073), codon
position 92 in OPG165 protein (entropy: 0.110), and
codon position 1741 in OPG210 protein (entropy:
0.137).

However, we have observed high entropy diversity
in the hMPXV1 genome in both the nucleic acid and
codon context.

Mutational landscape of hMPXV1 genome

We have analyzed the mutational landscape of the
hMPXV1 genome. We have tried to demonstrate
the different positions of mutations in the hMPXV1
genome in nucleotide (nt) context (Fig. 7a). The first
position of the mutation was observed in the h(MPXV 1
genome at the 814 nt position with one mutation, and
the last mutation was noted at the 190,668 nt position
with one mutation. The highest number of mutations
was observed as four at the 168,120 nt positions. In
most of the genome positions, we found one muta-
tion. However, we have noted two numbers of muta-
tion in some positions, which are nucleotide positions
at 39,139, 44,220, 61,844, 63,147, 77,807, 132,625,
148,427, 164,832, 165,782, 170,698, 182,189. We
have noted three mutations in some positions, which
are nucleotide positions at 14,611, 63,811, 70,190,
70,780, 94,798, and 100,182.

At the same time, we have tried to demon-
strate the different positions of mutations in the
hMPXV1 genome in the codon context (Fig. 7b).
The first position of the mutation was observed in
the hMPXV1 genome codon position 17 in OPG015
protein with four mutations. With two mutations,
the last mutation was noted at the codon position 87
in the NBT03_gp174 protein. The most mutations
were observed at seven at the codon position 261
in OPGO15. The second-highest number of muta-
tions was observed at six at the codon position 740
in OPGO023. For most of the parts of the genome at
the protein level, we found one mutation. However,
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«Fig. 5 Geographical distribution of recent outbreak of MPX.
a The geographical distribution of hMPXV1 lineages and their
geographical distribution throughout the world. b Geographi-
cal distribution of MPX case clusters observed in Europe. ¢
Geographical distribution of MPX case clusters observed in
North America

we have noted two or more mutations in some posi-
tions, which are codon position 343 in OPGO15
protein with five mutations, codon position 408 in
OPGO15 protein with five mutations, codon position
470 in OPGO023 protein with five mutations, codon
position 525 in OPG023 protein with five mutations,
codon position 353 in OPGO057 protein with two
mutations, codon position 148 in OPG178 protein
with two mutations, codon position 689 in OPG205
protein with two mutations, codon position 1622 in
OPG210 protein with two mutations.

We have also studied of NGA /TNC context of
G->A/C->T mutation from the perspective of dif-
ferent regions (Fig. 7c). Here, we found the recent
hMPXV1 lineage B.1 has formed two clusters in
North America and Europe. In Europe, we found sev-
eral NGA /TNC contexts of G-> A/C->T mutations
encompass value 1. At the same time, the hMPXV-1
lineage has been noted African region.

We have also studied of NGA /TNC context of
G->A/C->T mutation in the angle of the host
(Fig. 7d). Here, we found the result of the NGA /TNC
context of G-> A/C->T mutation has developed for
human (Homo sapiens) host. The recent hMPXV1
lineage B.1 and its sub-lineages have formed several
clusters, especially B.1, B.1.1, B.1.2, B.1.3, B.1.4,
B.1.7, and B.1.8. At the same time, the A lineage has
also developed one cluster. However, the recent line-
age B.1 and its sub-lineages clusters are more danced
than lineage A and A.1.

Discussion

Monkeypox has emerged and reemerged in Cen-
tral and West Africa from time to time. It has been
noted that the MPXV is endemic in countries like
Nigeria, the Democratic Republic of the Congo, and
Morocco. The virus causes outbreaks very rarely
in other different parts of the world beyond Afri-
can countries. Presently, the world is experiencing
multi-countries episodes of MPX in non-African

countries. However, very little research has been
done in the direction of the evolutionary biol-
ogy of hMPXV1. Alakunle et al. have studied this
virus’s evolution, epidemiology, and infection biol-
ogy in Nigeria and explained the MPXV evolution
in terms of gene loss and gene gain, and the role
of recombination [76]. Recently, Babkin et al. have
highlighted the molecular evolution of Orthopox-
virus, wherein they have illustrated the separation
of deferent species of Orthopoxvirus. At the same
time, the researchers have demonstrated the origin
and genetic variants of several Orthopoxvirus spe-
cies [65]. For MPXYV, Likos et al. have reported
two different clades of MPXV from the incident of
emergence and re-emergence, previously reported
by scientists. These are the MPXV Congo Basin
(CB) and the West African (WA) clade [77, 78].
The observed fatal outcome of the Congo Basin
clade was found to be about 10% [26, 78]. At the
same time, the reported mortality of West African
clade usually displays less than 1% [78, 79]. Here,
we have developed the molecular phylogenetics of
the hMPXV1, which has been attempted to illus-
trate every detail of the molecular evolution of this
virus and the different lineage creation of this virus
from October 2017 and August 2022. The molecu-
lar evolution has indicated recently evolved line-
age B.1 and the association with the other recent
lineages A, A.1, A.1.1, and A.2. Our study also
describes the divergence of the different lineages
of the hMPXV1 in the context of the phylogenetic
tree. We also discuss the particular point of line-
ages of the hMPXV1 and their point of origin in the
phylogeny tree. At the same time, our reset of the
micro-evolution of lineage B.1 indicated the origin
of the lineage started in May 2022. The microevo-
lution shows the B.1 lineage is further mutating
through adaptation and developing numerous sub-
lineages. We analyzed our data using the Nextstrain
server. Currently, the Nextstrain server used the
lineage and sublineage instead of the clade. How-
ever, WHO is using the clade for the new nam-
ing of MPXV. Recently, the WHO announced the
clades of MPXV, which comprises Clade I, Clade
Ila, and Clade IIb [80]. A recent study by Isidro
et al. has also analyzed the hMPXV1 from a phy-
logenomic perspective and described the divergence
of the phylogenetic tree branches [81]. Our study
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Fig. 6 A diagram that illustrates the entropy diversity of the
hMPXV1 genome. a The figure illustrates the entropy diversity
in several positions of the hMPXV1 genome in the nucleic acid

also corroborates the study of Isidro et al. about the
creation of lineage B.1 and its association with the
recent hMPXV1 outbreaks.

At the same time, the research also noted the diver-
gence of the genome cluster of MPXV. An in-depth
divergence analysis might reveal the virus evolution
and creation of lineages for common ancestry and
amino acid substitutions [82, 83]. Our research indi-
cates the genome cluster of all lineages, the recent ori-
gin, and its clustering of B.1. It has been noted that the
DNA virus mutation rate is slow compared to RNA
virus. It was noted that the variola virus’s evolution
rate is about 1 x 10> substitutions per site per year [84,
85]. If we calculate in terms of nucleotide changes,
it should be related to approximately 1-2 nucleotide
changes per year. However, the evolution study of this
dsDNA virus is slow compared to the other pandemic
ssRNA virus (SARS-CoV-2) [20, 86, 87].

@ Springer

context. b The figure illustrates the entropy diversity in several
positions of the hMPXV1 genome in the codon context

Our epidemiological study has revealed previ-
ous and present outbreaks of MPXV infection.
This outbreak is the first multi-countries outbreak
of MPX in non-African countries. Cohen has also
expressed a similar view [88]. Several researchers
have also tried to assess the country-wise epide-
miology of MPX. Miura et al. have tried to predict
the incubation period for infected patients from
the Netherlands. They found that the mean incuba-
tion period of the virus was 8.5 days. The estima-
tion was performed using 18 cases (n=18) [89].
Vivancos et al. discussed the community trans-
mission of this virus in the UK. Here, researchers
have tried to describe the monkeypox community
and healthcare cases from the 588 patients [8].
Kraemer et al. have tried to illustrate the real-
time epidemiological data and illustrated where
they depicted the step by step of increase of the
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cumulative number of confirmed cases after the
first observed case in the outbreak [29]. Similarly,
Quarleri et al. described the spread, basic repro-
duction number (R0), and clinical symptoms of the
virus [85]. Adler et al. have illustrated the clinical
features of MPX infection and treatment outcomes
of Brincidofovir and Tecovirimat. Brincidofo-
vir was provided orally with a dose of 200 mg to
three patients once a week. Tecovirimat treatment
was provided orally with a dose of 600 mg to one
patient twice daily for 2 weeks. Tecovirimat treat-
ment to the patent shows a shorter duration of viral
shedding [90]. However, this study reveals two
significant points for the current multi-countries
outbreaks. First, the episode informs the higher
age group of infected individuals compared to
the previous outbreaks. Second, the MPX spread
among the MSM individuals. However, early
detection and vaccination are the two essential cri-
teria to stop the spread of MPX. Real-time PCR is
one of the significant assays for the detection of
the virus [91]. At the same time, we noted another
central point from the epidemiological survey: the
infection cases show low fatal rates compared to
the Congo Basin (CB) clade and the West African
(WA) clade. Graham also reported that the recent
strain of the virus causes milder disease and the
infection with the virus lesser death rate, which
shows approximately 1% in rural poor populations
[92]. It has been noted that the orthopox group of
viruses is serologically cross-reactive. Therefore,
antigen and antibody detection-based detection
methods for all virus species might not be suita-
ble for detection. So, the virus might not provide a
specific confirmation antigen, and antibody-based
detection (serology and antigen detection) meth-
ods might not be recommended. The WHO also
does not recommend diagnosis or case investiga-
tion with this method [93].

Similarly, it has been noted that smallpox vaccina-
tion programs finished worldwide in 1980, after the
eradication of smallpox. However, the protection of
vaccinated individuals may have waned over time.
Simultaneously, first-generation, original smallpox
vaccines are no longer available from the smallpox-
eradication program to the general public. It might be
one cause of the present MPX outbreaks.

Finally, we also studied this virus’s entropy
diversity and mutational landscape in terms of

nucleic acid and codon contexts. The entropy
range throughout the genome was found as
approximately from O to 0.346 levels. At the same
time, the mutational landscape throughout the
hMPXV1 genome was noted as about O to 4 in
the nucleic acid context and 0 to 7 in the codon
context. We also studied the NGA/TNC context of
G-> A/C->T mutation in the angle of the human
and found clustering of recent B.1 lineage. Isidro
et al. have also analyzed the hMPXV1 mutational
analysis and concluded the role of the APOBEC3
host in viral evolution. They also concluded that
possible hMPXV1 human adaptation is ongoing
[81]. However, our mutational result might help
researchers to calculate the mutation of hMPXV1
throughout the genome in terms of nucleic acid
and codon context to know more about the muta-
tion in the genomic landscape of this virus.

Conclusion

Monkeypox is a neglected disease after it was
first reported as an infection of monkeys in 1958.
Very few researches have been studied the evolu-
tion of the hMPXV1, entropy diversity of genome,
and mutational landscape of this virus. Therefore,
there is a vast knowledge gap in most areas of the
virus, starting from the evolution and mutation of
this virus. Cohen describes that the neglected virus
fetched the scientific community’s attention due to a
recent outbreak [94]. Our study has shown the clues
of the different lineages, especially the cluster of B.1
lineage and sub-lineages for the current MPX out-
break. The cluster formation also informs us about
the ongoing viral evolution.

Monkeypox is a zoonotic disease, emerging and
remerging in different parts of the world. The res-
ervoir of the virus is yet to be known. Recently, we
urged the scientific community for long-term research
on zoonotic viruses such as the monkeypox virus and
SARS-CoV-2 [95]. Our study on evolution, epidemi-
ology, geographical distribution, entropy diversity,
and mutational landscape will solve some knowledge
gaps in that area of the virus and this viral disease
during the current outbreak. The study might help
the researchers to set up their research directions for
the recent MPX episodes toward control measures
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«Fig. 7 A diagram that illustrates the mutational landscape of
the hMPXV1 genome. a The figure illustrates the mutations in
several positions of the hMPXV1 genome in the nucleic acid
context. b The figure illustrates the mutations in several posi-
tions of the hMPXV1 genome in the codon context. ¢ A figure
demonstrates the NGA /TNC context of G->A/C->T muta-
tion from the perspective of different regions. d A figure dem-
onstrates the NGA /TNC context of G-> A/C->T mutation in
the angle of the human host

considering epidemiology, therapeutics discovery,
and vaccine research taking into account the evolu-
tion and mutational landscape of this important virus.
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