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Abstract

:

Monkeypox is an infectious zoonotic disease caused by an Orthopoxvirus and results in symptoms similar to smallpox. In a recent outbreak, monkeypox virus (MPXV) cases have been reported globally since May 2022, and the numbers are increasing. Monkeypox was first diagnosed in humans in the Democratic Republic of Congo and has now spread to throughout Europe, the USA, and Africa. In this study, we analyzed the whole genome sequences of MPXV sequences from recent outbreaks in various countries and performed phylogenomic analysis. Our analysis of the available human MPXV strains showed the highest mutations per sample in 2022 with the average number of mutations per sample being the highest in South America and the European continents in 2022. We analyzed specific mutations in 11 Indian MPXV strains occurring in the variable end regions of the MPXV genome, where the mutation number was as high as 10 mutations per gene. Among these, envelope glycoproteins, the B2R protein, the Ankyrin repeat protein, DNA polymerase, and the INF alpha receptor-like secreted glycoprotein were seen to have a relatively high number of mutations. We discussed the stabilizing effects of the mutations in some of the highly mutating proteins. Our results showed that the proteins involved in binding to the host receptors were mutating at a faster rate, which empowered the virus for active selection towards increased disease transmissibility and severity.
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1. Introduction


The name monkeypox originated after the first identification of this virus in monkeys in 1958 in a Danish laboratory [1]. Monkeypox is a zoonotic viral infection, first detected in humans in the Democratic Republic of Congo (DRC) in 1970 [2]. It is caused by an Orthopoxvirus belonging to the Poxvirdae family, known as monkeypox virus (MPXV). The symptoms caused by MPXV are very similar to the smallpox virus or variola virus such as fever, headache, muscle aches, backache, swollen lymph nodes, chills, and exhaustion [3]. Monkeypox virus is transmitted from one infected person to another by close contact interactions of body fluids, lesions, respiratory droplets, and household transmission [4]. The infection takes 6–13 days to develop symptoms in an infected person. There are many other similarities between the smallpox virus and MPXV. They are both double-stranded DNA viruses [1] and replicate entirely in the cytoplasm [5]. The genome length of these viruses is approximately 200 kb. However, while the WHO announced the worldwide eradication of smallpox in 1980 [6], MPXV cases in humans have continued to appear, and the virus has become endemic globally [7]. The monkeypox virus is related to variola and cowpox viruses in terms of the genome sequence and etiological perspective. The closeness is also reflected in the immune response, which is why the smallpox vaccine is known to have >85% protection against MPXV in humans [8].



There are two clades of MPXV based on its region of origin: clade I originated in the Congo Basin (Central Africa), and clade II originated in West Africa [9]. The recent human to human transmission of MPXV belongs to clade II. These lineages have further sublineages, such as A.1, A.2, B.1, B.2, and more [4]. The genomic sequences of individual West African-derived and Congo Basin monkeypox strains showed an overall nucleotide identity of only ∼95% across geographical groupings [10].



Through October 2022, there have been more than 72,000 cases of human monkeypox virus cased reported on the CDC website [11,12]. There are also a few cases of animals being infected by MPXV, where the animal was living in close proximity to humans [13]. Although the cases of monkeypox are rising throughout the world at an alarming rate, the severity of the infection is less. The reason for the sudden reappearance of this virus is uncertain.



We examined 1930 whole genome sequences of MPXV with a view to understanding the mutational patterns responsible for the current 2022 outbreak with respect to the initial MPXV sequences. We focused on the highly mutating genes in 11 Indian MPXV strains. In addition, we also investigated the effect of the above mutations on the MPXV protein structures.




2. Materials and Methods


2.1. Data Selection and Phylogeny


The number of cases was considered to be that reported by the CDC [11] and the WHO [12], and the graphs were produced in Graphpad Prism 9 and Microsoft Excel 2016. A FASTA database including 1930 MPXV whole genome sequences from GISAID Epipox [14] was built. The database included the sequences collected from the outbreak in 1962, the recent outbreak of 2022, and monkey host MPXV sequences from the Virus Pathogen Resource (VIPR) [15] (Supplementary File S1).



The genome-wide multiple sequence alignment of the 38-sequence database was performed using the Multiple Alignment using Fast Fourier Transform (MAFFT) algorithm version 7.505 [16]. A maximum likelihood tree with 100 bootstraps was constructed [17] using IQ-TREE [18] software version 2.0.




2.2. Genome Mutation Analysis


The number of insertions, deletions, and frameshift mutations in the Indian Strain (hMpxV/India/KL-ICMR-16-5316-553/2022|EPI_ISL_13953610|2022-07-13) were relative to the reference sequence (MPXV-M5312_HM12_Rivers) GenBank Accession MT903340 (NC 063383) used in pairwise alignment. The data were downloaded from Nextclade [19] after clade assignment, mutation calling, and sequence quality checks.



The substitution mutation rate for the outbreaks in 2021 and 2022 was calculated by the following equation [20]:


Mutation rate = (Mutation/lg/gs) × 100,



(1)




where lg is the length of the dataset of the 1930 MPXV whole genome sequences downloaded from GISAID Epipox, and gs is the length of the reference genome sequence (MPXV-M5312_HM12_Rivers GenBank Accession MY903340), which was 197,209 bp in this case.




2.3. Computational Structural Analysis of the MPXV Proteins


The structures of the proteins involved in binding to the host receptors were generated using homology modeling via Swiss Modeling [21] to perform homology modeling of the proteins. The template structures of the proteins of vaccinia virus used were B14 (PDB ID: 2VVY, vaccinia virus E2 (PDB ID: 7PHY) and vaccinia virus protein 26 (PDB ID: 6A9S). The modeled structures were validated using the Ramachandran plot. The effects of the mutations on the protein structure were predicted by calculating the change in the Gibbs free energy using MAESTROweb [22]. The graphical representation of the monkeypox virus was created using BioRender.com, accessed on 20 October 2022.





3. Results


3.1. MPXV Genome Sequences from the Ongoing Outbreak Show a High Mutation Rate


We analyzed 1930 complete genome sequences from the GISAID database from previous outbreaks as well as the recent 2022 outbreak to calculate the mutations per sample in MPXV. Our analysis of the 1930 human MPV genomes highlighted a total of 74,556 amino acid level mutation events compared to the reference genome sequence MPXV-M5312_HM12_Rivers (GenBank Accession MT903340). The average number of mutations per virus sample worldwide was 38.35, as shown in Figure 1. The mutations per sample of MPXV was the highest at 38.63 in the 2022 outbreak, as compared to the outbreaks in 1970 at 30.2, 2007 at 30.87, and 2021 at 32.1. Amongst the nations with highest number of sequenced full viral genomes, the following countries had a significantly higher number of observed mutations per virus, when compared to the world’s average: Brazil (127.24) and the USA (64.12). On the other hand, the sequences from the following countries showed a significantly lower mutational burden: Belgium (22), Thailand (28.75), Switzerland (29.83), India (30.79), Singapore (30), Scotland (30.21), and Australia (30.5). One must bear in mind that some sampling biases may affect this comparison: for example, some countries generated the highest number of sequences in the early phases of the pandemic; thus, they may have observed fewer mutations. The mutation rate was calculated for 2021 and 2022 by using MPXV-M5312_HM12_Rivers as the reference genome, and we observed that the rate increased in the 2022 outbreak from 0.02 to 0.038 (Figure 1B). We analyzed the nature of each mutation, highlighting a strong prevalence of the Single-Nucleotide Polymorphisms (SNPs) over the short insertion/deletion events (indels) worldwide (Supplementary Figure S1).



To understand how divergent the distribution of MPXV throughout the world was, we retrieved 38 MPXV whole genome sequences, which included 29 sequences from the recent 2022 outbreak, four from the initial outbreak in 1970 in the Republic of Congo, and one animal-originated strain from Macaca fascicularis (Cynomolgus monkey) from North America. A phylogenetic tree based on the maximum likelihood clearly distinguished between clade I (sequences from the Democratic Republic of Congo) and clade II (sequences from the 2022 outbreak). Another observation in the study was the clustering of all the recent outbreaks in the European countries, the USA, and Africa into new lineages of clade IIb, the West African clade (Figure 1E). Our analysis showed that the Indian MPXV strains belonged to A.2 and A.2.1 based on the whole genome DNA sequence. The lineage B of clade II was more widely spread than lineage A. We observed that most of the sublineages of linage A and B had SNPs in the end regions, while the central region of the genome was quite conserved. We then focused on the variable regions present in the terminal regions of the MPXV genome sequences to understand the differences in the previous and recent outbreaks.




3.2. Variable End Regions of the MPXV Genome Show a Higher Number of Mutations


Of the 1930 total genome sequences, 11 Indian sequences were further selected consisting of five MPXV sequences from New Delhi, India, with no travel history and six sequences from Kerala, India, with recent international travel history. All the cases were symptomatic [23] and belonged to the A.2 lineage. We examined the proteins with the highest number of nonsynonymous mutations in all 11 sequences. The genes’ encoding for these proteins were mostly present near the terminal region from 10 Kbp to 60 Kbp towards the left terminal end and from 135 Kbp to 197 Kbp towards the right terminal end (Figure 2). The proteins, namely OPG023, OPG049, OPG063, OPG071, OPG074, OPG118, OPG005, OPG145, OPG153, OPG174, OPG176, OPG185, OPG198, OPG205, OPG208, and OPG002 were amongst those with the highest SNPs. The amino acid substitution by the SNPs were the most prevalent mutational events, followed by the silent SNPs and extragenic (mostly 5′UTR) SNPs. The silent events may not determine an immediate effect on the protein sequences, but they have repercussions, as they may change the codon usage and translation efficiency. Studies have demonstrated that silent synonymous polymorphisms can affect messenger RNA splicing, stability, and structure as well as protein folding [24]. In the case of the 5′UTR SNPs, the mutations may affect the transcription and replication rates of the virus [25].



The reference genome sequence available on NCBI was derived from the sample from ZAIRE-96-I-16 (GenBank Accession AF380138). The whole genome sequence was 198,858 base pairs long double-stranded DNA. Poxviruses have a common feature, as depicted in Supplementary Figure S2; the DNA strands are connected at their terminal to form a loop. The terminal end contains a set of inverted repeats present on both the left terminal end as well as the right terminal end. The central region of the genome coding for the DNA replication and assembly machinery is quite conserved as compared to the genes present in the variable regions of the terminal ends.



The nonsynonymous substitutions, insertions, and deletion mutations in the genomes are listed in Figure 3B. We specifically estimated the mutation rate, the force that drives the evolution of viruses. Generally, the average mutation rates in RNA viruses are estimated to be about 100 times higher than those for DNA viruses. This rate is especially high because RNA viruses lack the sophisticated DNA repair mechanisms found in human and other animal cells [26]. The enzymes that occur in RNA viruses participate in copying viral genomes, which is a key reason for this difference. These enzymes lack the built-in capabilities to recognize the DNA damage that enzymes in most organisms have [26]. Though monkeypox belongs to the Orthopoxvirus family, which contains double-stranded DNA as genetic material, the MPXV managed to mutate relatively faster in the 2022 outbreak. We identified 17 proteins, which had more than three mutations and five proteins with more than six mutations in the Indian MPXV strain, which belonged to clade IIb and lineage A.2. The gene list included the BCL-2 like protein, the B22R family protein, the Ankyrin repeat Protein, the A30L protein, DNA polymerase, the CrmB secreted protein, serpin, DNA Helicase, and viral entry-related proteins. These genes were categorized into three groups, host cell binding, DNA replication and transcription, and host immune system invading groups based on their functions (Figure 3A).



The B22R family proteins were found to have 10 mutations making it the most highly mutated protein in the Indian monkeypox strain. The B22R proteins are known to render human T cells unresponsive to stimulation of the T cell receptor by MHC-dependent antigen presentation or by MHC-independent stimulation [27]. There were 11 Ankyrin repeat proteins in the genome of the monkeypox virus, starting from the N-terminal, across the genome until the C-terminal. The size of the Ankyrin motif proteins varied from 400 to 800 amino acid residues. The Ankyrin motif proteins are associated with protein–protein interactions [28]. Moreover, viral Ankyrin proteins are known to regulate B-cell activation [29]. Four out of the 11 Ankyrin proteins had at least six amino acid substitution mutations (Figure 3B). Based on this observation, it can be concluded that the variation in different copies of a gene, such as Ankyrin, is an important factor in regulating virus fitness. The substitution mutations in DNA polymerase (OPG071) and DNA Helicase enzymes (OPG145) might affect the DNA replication and recombination tendency of the viral DNA. The highest number of deletion mutations was observed in OPG034 (BCL-2 family protein), OPG071(DNA Polymerase), OPG210 (B22R), and OPG063 (Poly(A) polymerase catalytic subunit). The deletion in the terminal regions of the genome leads to progressive gene loss and remains a driving force behind the viral evolution [30]. Mutations in the envelope glycoproteins that help the virus bind to the proteins in host cells may lead to increased transmission and severity. The high number of mutations in the proteins involved in the host cell binding and immune system invasion suggests the ongoing modulation of the virus’ fitness.




3.3. Structural Analysis of the Mutations Suggests the Greater Fitness and Infectivity of the New Variants of MPXV


We further analyzed the effects of many of the mutations on the structure of the MPXV proteins. Computational structural analysis was carried out to understand the effects of the mutations on some of the highly mutated glycoproteins. Based on the host–pathogen analysis, a few key proteins such as the proteins A26L, BCL-2-like protein, and E2 were selected for structural analysis.



Point mutations can have a strong impact on the protein stability. The amino acid substitutions due to these point mutations are represented in Figure 4 in protein structures generated using the Swiss Model. The modeled structures were validated using the Ramachandran plot. The secondary structure conformation of the modeled proteins can be viewed in Supplementary Figure S3. Out of 16 total, 11 mutations in OPG005, OPG153, and OPG074 were in the protein coding region, which generated 11 nonsynonymous amino acid substitutions. All 11 mutations could be high impact, as they substituted charged amino acid to uncharged, nonpolar to polar, nonpolar to charged, and vice versa impacting the structure and consequently the function of the protein. This point mutation induced a change in the thermodynamic stability of the protein structure, thereby affecting the function. As a final part of our analysis, we analyzed the effects of these mutations.



The structures of the proteins OPG005, OPG153, and OPG074, involved in binding to the host receptors were generated using the templates with PDB IDs 2VVY, 6A9S and 7PHY respectively. The structure of the OPG005 protein revealed that the monomeric polypeptide folded into eight helical segments and adopted a BCL-2 like domain (Figure 4B). A previous study showed that the substitution mutation in the BH3 domain of the protein led to tight binding to the host cell, as a result triggering key mitochondrial events associated with apoptosis [31]. OPG153 encodes for A26L/A30L, which enables the mature virions to enter through endocytic vesicles [32]. Moreover, A26 L binds to laminins and functions in cell attachment [33] (Figure 4A). A26 exists in a complex with three other viral proteins: A25, A27, and A17. The interaction of A26 with the A17 transmembrane protein is mediated through A27, and this provides the anchor for the localization of A26 on the surfaces of MVs [34]. The interaction of A26 and A27 is direct and stabilized by a disulfide bond. There were six nonsynonymous mutations in OPG153, which might affect its interaction with other proteins (Figure 4C). OPG074, while conserved across poxviruses, lacks an identifiable sequence homology to any other protein family. OPG074 is an E2-like Intracellular enveloped virion (IEV) morphogenesis protein and comprised a novel N-terminal annular (ring) and C-terminal globular (head) domains (Figure 4D). We identified seven amino acid substitutions in OPG074, which might affect the function of the protein.



In order to estimate the changes in the unfolding free energy due to point mutation, we used the sequences of the host cell binding proteins of the monkeypox virus. Stability analysis was conducted to predict whether the mutation was stabilizing or destabilizing by quantifying the ΔΔG (change in the Gibbs free energy). We analyzed in detail the three proteins involved in the viral entry and pathogenesis: OPG005, OPG153, and OPG074. The ΔΔG for the OPG153 and OPG005 were −0.53 Kcal and −0.35 Kcal, respectively, with good confidence of values 0.9 and 0.8, suggesting a stabilizing influence of these SNPs on the individual protein structures (Figure 4A). The ΔΔG for the multipoint mutations in OPG074 was 0.39 Kcal, which means it was destabilizing compared to the reference sequence. The protein–protein interaction and protein stability are greatly affected by both stabilizing and destabilizing mutations. Hence, it is important to study the mutational pattern of the monkeypox virus. Stabilizing mutations render a structural rigidity to the protein, which may provide increased protein–protein complex stability, which is host cell binding in the case of the monkeypox virus, resulting in greater fitness. However, as this Orthopoxvirus continues to evolve, new features may emerge or mutate alongside the genomic sequences, with clinical and pharmacological repercussions.



The ΔΔG analysis depicts the stability of the mutations of each amino acid. The mutations that yield an energy change (ΔΔG) higher than 0 destabilize the structure, and the mutations that bring an energy change (ΔΔG) lower than 0 stabilize it.





4. Discussion


The first monkeypox virus case was detected in the Democratic Republic of Congo (DRC) in 1970 in a 9-month-old baby. There were 406 cases between 1970 and 1990, 515 cases from 1990 to 1999, 65 cases from 2000 to 2009, and 428 cases from 2010 to 2020 in the MPXV-endemic African region [35]. In 2003, the first outbreak outside Africa happened in the USA after importing small mammals from Africa, namely prairie dogs (Funiscuirus spp, Heliosciurus spp, Cricetomys spp.). Twelve cases of person-to-person transmission of MPXV were detected in the USA; however, the severity of the infection was low. From January 2022 to October 2022, more than 72,000 cases of human-transmitted monkeypox virus have been confirmed [27], and more than 2510 complete sequences have been submitted to the viral database GISAID [14]. The virus outbreak has become a pandemic in many parts of the USA and Europe, where it was earlier not endemic. To understand the fast-progressing transmission of the MPXV infection, it is important to monitor the genetic features of the evolving virus by studying the mutation rate.



In this study, we analyzed the mutation rate of the monkeypox virus in the previous and recent outbreaks across the globe, and we concluded that the mutation rate was relatively higher in the 2022 outbreak. Unlike COVID-19, it is not highly contagious and is a poor spreader. It has been transmitted in age groups of mostly 15–50 years old, but recently in July 2022, the WHO reported more than 80 children across several countries were infected. Our data demonstrated that the evolution of the MPXV virus is ongoing in human-to-human transmission. The monkeypox virus has mutated over time, resulting in genetic variations in the circulating strains, also called lineages. We report that the Indian MPXV strain belongs to the A.2 lineage and clusters away from most other strains spread across the world. Our results highlighted the effects of the mutations in the MPXV protein structures and functions for the proteins involved in host cell attachment. These genetic variations may impact the virus’s properties such as transmission or the severity of symptoms in infected individuals.



Since monkeypox is a viral zoonosis, the human and animal health sectors need to coordinate their interventions. There is a possibility that the monkeypox virus has established itself into a suitable reservoir host, which is currently unknown. If such a reservoir host exists, the virus can transmit to other animal species as well [36]. Constant monitoring of mutations will also be pivotal in tracking the movement of the virus between individuals and across geographical areas. Tracking viral evolution will be possible by constantly monitoring the MPXV genomic sequences.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v15010127/s1, Figure S1: Spreading of MPXV worldwide; Figure S2: The mapping of gene distribution in MPXV strains sequences; Figure S3: Ramchandran plots for OPG005, OPG153 AND OPG074; File S1: Monkey host MPXV sequences from the Virus Pathogen Resource (VIPR).





Author Contributions


U.T. conceived the idea. P.Y. and Y.D. collected the data, analyzed the results and wrote the manuscript. U.T. supervised the entire project and reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


The research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data and analysis methodologies are contained in the manuscript. Any additional data requests can be addressed to the corresponding authors.




Acknowledgments


The authors thank all the members of the UT lab at Indian Institute of Science for assistance with performing the literature searches and valuable discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ladnyj, I.D.; Ziegler, P.; Kima, E. A human infection caused by monkeypox virus in Basankusu Territory, Democratic Republic of the Congo. Bull. World Health Organ. 1972, 46, 593–597. [Google Scholar] [PubMed]

	



Breman, J.G.; Steniowski, M.V.; Zanotto, E.; Gromyko, A.I.; Arita, I. Human monkeypox, 1970–79. Bull. World Health Organ. 1980, 58, 165–182. [Google Scholar] [PubMed]

	



Adler, H.; Gould, S.; Hine, P.; Snell, L.B.; Wong, W.; Houlihan, C.F.; Osborne, J.C.; Rampling, T.; Beadsworth, M.B.; Duncan, C.J.; et al. Clinical features and management of human monkeypox: A retrospective observational study in the UK. Lancet Infect. Dis. 2022, 22, 1153–1162. [Google Scholar] [CrossRef] [PubMed]

	



Sklenovská, N.; Van Ranst, M. Emergence of Monkeypox as the Most Important Orthopoxvirus Infection in Humans. Front. Public Health 2018, 6, 241. [Google Scholar] [CrossRef] [PubMed]

	



Knipe, D.M.; Howley, P.M.; Griffin, D.E.; Lamb, R.A.; Martin, M.A.; Roizman, B.; Straus, S.E. Fields Virology, Moss, B., Ed.; 6th ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2013; Volume 2, pp. 2905–2945. [Google Scholar]

	



Henderson, D.A. The eradication of smallpox—An overview of the past, present, and future. Vaccine 2011, 30, 19. [Google Scholar] [CrossRef]

	



McCollum, A.M.; Damon, I.K. Human monkeypox. Clin. Infect. Dis. 2014, 58, 260–267. [Google Scholar] [CrossRef]

	



Fine, P.E.M.; Jezek, Z.; Grab, B.; Dixon, H. The transmission potential of monkeypox virus in human populations. Int. J. Epidemiol. 1988, 17, 643–650. [Google Scholar] [CrossRef]

	



Reynolds, M.G.; Damon, I.K. Outbreaks of human monkeypox after cessation of smallpox vaccination. Trends Microbiol. 2012, 20, 80–87. [Google Scholar] [CrossRef]

	



Likos, A.M.; Sammons, S.A.; Olson, V.A.; Frace, A.M.; Li, Y.; Olsen-Rasmussen, M.; Davidson, W.; Galloway, R.; Khristova, M.L.; Reynolds, M.G.; et al. A tale of two clades: Monkeypox viruses. J. Gen. Virol. 2005, 86 Pt 10, 2661–2672. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention. 2022 Monkeypox Outbreak Global Map. Available online: https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html (accessed on 20 October 2022).

	



World Health Organization. Multi-Country Monkeypox Outbreak in Non-Endemic Countries. Available online: https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON385 (accessed on 20 October 2022).

	



Seang, S.; Burrel, S.; Todesco, E.; Leducq, V.; Monsel, G.; Le Pluart, D.; Cordevant, C.; Pourcher, V.; Palich, R. Evidence of human-to-dog transmission of monkeypox virus. Lancet J. 2022, 400, P658–P659. [Google Scholar] [CrossRef]

	



Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—From vision to reality. Eurosurveillance 2017, 22, 30494. [Google Scholar] [CrossRef]

	



Pickett, B.E.; Sadat, E.L.; Zhang, Y.; Noronha, J.M.; Squires, R.B.; Hunt, V.; Liu, M.; Kumar, S.; Zaremba, S.; Gu, Z.; et al. ViPR: An open bioinformatics database and analysis resource for virology research. Nucleic Acids Res. 2012, 40, 17. [Google Scholar] [CrossRef]

	



Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [Google Scholar] [CrossRef]

	



Hoang, D.T.; Chernomor, O.; Von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation. Mol. Biol. Evol. 2018, 35, 518–522. [Google Scholar] [CrossRef]

	



Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef]

	



Hadfield, J.; Megill, C.; Bell, S.M.; Huddleston, J.; Potter, B.; Callender, C.; Sagulenko, P.; Bedford, T.; Neher, R.A. Nextstrain: Real-time tracking of pathogen evolution. Bioinformatics 2018, 34, 4121–4123. [Google Scholar] [CrossRef]

	



Pathan, R.K.; Biswas, M.; Khandaker, M.U. Time series prediction of COVID-19 by mutation rate analysis using recurrent neural network-based LSTM model. Chaos Solitons Fractals 2020, 138, 13. [Google Scholar] [CrossRef]

	



Schwede, T.; Kopp, J.; Guex, N.; Peitsch, M.C. SWISS-MODEL: An automated protein homology-modeling server. Nucleic Acids Res. 2003, 31, 3381–3385. [Google Scholar] [CrossRef]

	



Laimer, J.; Hofer, H.; Fritz, M.; Wegenkittl, S.; Lackner, P. MAESTRO—Multi agent stability prediction upon point mutations. BMC Bioinform. 2015, 16, 116. [Google Scholar] [CrossRef]

	



Shete, A.M.; Yadav, P.D.; Kumar, A.; Patil, S.; Patil, D.Y.; Joshi, Y.; Majumdar, T.; Relhan, V.; Sahay, R.R.; Vasu, M.; et al. Genome characterization of monkeypox cases detected in India: Identification of three sub clusters among A.2 lineage. bioRxiv 2022. bioRxiv: 2022.09.16.507742. [Google Scholar] [CrossRef]

	



Hunt, R.; Sauna, Z.E.; Ambudkar, S.V.; Gottesman, M.M.; Kimchi-Sarfaty, C. Silent (Synonymous) SNPs: Should We Care About Them? In Single Nucleotide Polymorphisms: Methods and Protocols; Komar, A.A., Ed.; Humana Press: Totowa, NJ, USA, 2009; pp. 23–39. [Google Scholar]

	



Robert, F.; Pelletier, J. Exploring the Impact of Single-Nucleotide Polymorphisms on Translation. Front. Genet. 2018, 9, v507. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, S. Why are RNA virus mutation rates so damn high? PLoS Biol. 2018, 16, e3000003. [Google Scholar] [CrossRef] [PubMed]

	



Alzhanova, D.; Hammarlund, E.; Reed, J.; Meermeier, E.; Rawlings, S.; Ray, C.A.; Edwards, D.M.; Bimber, B.; Legasse, A.; Planer, S.; et al. T cell inactivation by poxviral B22 family proteins increases viral virulence. PLoS Pathog. 2014, 10, e1004123. [Google Scholar] [CrossRef] [PubMed]

	



Herbert, M.H.; Squire, C.J.; A Mercer, A. Poxviral ankyrin proteins. Viruses 2015, 7, 709–738. [Google Scholar] [CrossRef] [PubMed]

	



Odon, V.; Georgana, I.; Holley, J.; Morata, J.; de Motes, C.M. Novel Class of Viral Ankyrin Proteins Targeting the Host E3 Ubiquitin Ligase Cullin-2. J. Virol. 2018, 92, 01374-18. [Google Scholar] [CrossRef]

	



Szpara, M.L.; Van Doorslaer, K. Mechanisms of DNA Virus Evolution. Encycl. Virol. 2021, 1, 71–78. [Google Scholar] [CrossRef]

	



Chittenden, T. BH3 domains: Intracellular death-ligands critical for initiating apoptosis. Cancer Cell 2002, 2, 165–166. [Google Scholar] [CrossRef]

	



Moss, B. Poxvirus Cell Entry: How Many Proteins Does it Take? Viruses 2012, 4, 688–707. [Google Scholar] [CrossRef]

	



Chiu, W.-L.; Lin, C.-L.; Yang, M.-H.; Tzou, D.-L.M.; Chang, W. Vaccinia virus 4c (A26L) protein on intracellular mature virus binds to the extracellular cellular matrix laminin. J. Virol. 2007, 81, 2149–2157. [Google Scholar] [CrossRef]

	



Rodriguez, D.; Rodriguez, J.R.; Esteban, M. The vaccinia virus 14-kilodalton fusion protein forms a stable complex with the processed protein encoded by the vaccinia virus A17L gene. J. Virol. 1993, 67, 3435–3440. [Google Scholar] [CrossRef]

	



Bunge, E.M.; Hoet, B.; Chen, L.; Lienert, F.; Weidenthaler, H.; Baer, L.R.; Steffen, R. The changing epidemiology of human monkeypox—A potential threat? A systematic review. PLoS Negl. Trop. Dis. 2022, 16, e0010141. [Google Scholar] [CrossRef]

	



Choudhary, O.P.; Priyanka; Chopra, H.; Shafaati, M.; Dhawan, M.; Metwally, A.A.; Saied, A.A.; Rabaan, A.A.; Alhumaid, S.; Al Mutair, A.; et al. Reverse zoonosis and its relevance to the monkeypox outbreak 2022. New Microbes New Infect. 2022, 15, 50. [Google Scholar] [CrossRef]








[image: Viruses 15 00127 g001 550] 





Figure 1. Distribution of the number of mutational events in the monkeypox genome sequences analyzed. (A) The average number of mutations per sample is 38.35 worldwide. (B) The mutations per sample of the MPXV outbreaks in 2021 and 2022. (C) The mutation events per country. (D) The distribution of the number of mutations for each sample per continent. (E) The maximum likelihood phylogenetic tree of the nucleotide sequences of the whole-genome MPXV strains selected from the collection date of 1962 to 2022 from the GISAID database across the world. The human MPXV genomes belong to clade IIb. The phylogenetic analysis was conducted using the maximum likelihood method with 1000 bootstraps. 






Figure 1. Distribution of the number of mutational events in the monkeypox genome sequences analyzed. (A) The average number of mutations per sample is 38.35 worldwide. (B) The mutations per sample of the MPXV outbreaks in 2021 and 2022. (C) The mutation events per country. (D) The distribution of the number of mutations for each sample per continent. (E) The maximum likelihood phylogenetic tree of the nucleotide sequences of the whole-genome MPXV strains selected from the collection date of 1962 to 2022 from the GISAID database across the world. The human MPXV genomes belong to clade IIb. The phylogenetic analysis was conducted using the maximum likelihood method with 1000 bootstraps.



[image: Viruses 15 00127 g001]







[image: Viruses 15 00127 g002 550] 





Figure 2. The mapping of the gene distribution in the Indian MPXV strain. The genes represented here in green (reverse) and yellow (forward) were highly mutated in the Indian HMPXV strain as compared to the reference sequence (MPXV-M5312_HM12_Rivers). These genes mostly occurred from 135 Kbp to 197 Kbp and from 10 Kbp to 60 Kbp in the terminal end region. 
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Figure 3. (A) Structures depicting the mutations in the Indian MPXV strains in comparison to the MPXV reference sequence. (B) List of the nonsynonymous mutations in the Indian MPXV sequences. The red denotes the mutations that are substitution mutations, and the green denotes the mutations that are deletion mutations. 
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Figure 4. Structures depicting the mutations in the host cell binding viral proteins. (A) The localization of the OPG005, OPG153, and OPG074 viral proteins in the monkeypox virus structure. These three mentioned proteins are involved in host cell binding and were used to analyze the Gibbs free energy change due to the mutations in Indian strain: (B) OPG005; (C) OPG153; (D) OPG074. The Swiss Model structures show the position of the amino acid substitution mutation; pink shows the wildtype, and yellow shows the mutant-type amino acid. 
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