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A B S T R A C T   

The present research aimed to evaluate the diversity of all monkeypox virus strains with a special 
focus on recently isolated ones by a comprehensive phylogenetic analysis of all available se-
quences, based on the concatenate of four viral genes. Almost all current strains from 2022 
showed a high level of similarity to each other on the analyzed stretches: 218 strains shared 
identical sequence. Among all analyzed strains, the highest number of differences was counted 
compared to a RefSeq strain (Zaire-96-I-16) on the whole concatenate. Our analysis supported the 
distinction between Clade I (formerly Congo Basin clade), IIa and IIb (together formerly West 
African clade) strains and classified all 2022 strains in the last one. The high number of differ-
ences and long branch observable concerning strain Zaire-96-I-16 is most probably caused by a 
sequencing error. As this strain represents one of the two available reference sequences in Gen-
Bank, it is recommendable to confirm or exclude the concerning mutation. The developed 
method, based on four gene sequences, reflected the established whole-genome-based intraspe-
cies classification. Although this method provides significantly less information about the strains 
compared to whole genome analyses, since its resolution is much lower, it still enables the rapid 
subspecies classification of the strains into the established clades. The genes in the analyzed 
concatenate are so conserved that further differentiation of contemporary strains is impossible; 
these strains are identical in the analyzed sections. On the other hand, since whole genome an-
alyses are compute-intensive, the described method offers a simpler and more accessible alter-
native for monitoring and preliminary typing of newly sequenced monkeypox virus strains.   

1. Introduction 

Monkeypox virus is closely related to variola virus and is classified in the genus Orthopoxvirus, subfamily Chordopoxvirinae. Its 
original host species is yet uncertain, but African squirrels and monkeys harbor the virus [1]. In humans, the disease is similar to 
smallpox but much milder – besides the rash, general viral symptoms are typical, like headache, fever, swollen lymph nodes and 
muscle aches – and the case fatality rate of the 2022 outbreak is about 0.04% [2]. The present research aimed to evaluate the diversity 
of all monkeypox virus strains with a special focus on recently isolated ones by a comprehensive phylogenetic analysis of all available 
sequences. 
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Fig. 1. Phylogenetic analysis of all available monkeypox virus strains. The tree was based on the concatenate of four gene alignments: early 
transcription factor (E6R), DNA-directed RNA polymerase (A25R), RNA polymerase-associated transcription-specificity factor (H4L), and DNA- 
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2. Materials and methods 

Over the sequence length of 81,000 bp, all monkeypox virus (txid10244) nucleotide sequences were downloaded from the NCBI 
GenBank on July 5, 2022 (n = 402). Phylogenetic analysis was based on four viral genes, recommended by Yu et al. [3], as for the 
family Poxviridae, the comparison between the analysis of these four-genes-concatenates and that of whole genomic amino acid se-
quences or poxvirus core genes conveyed similar results; and the results of the concatenate phylogenetic analysis has mirrored the 
classification of the family Poxviridae accurately. Viral sequences were annotated according to strain Zaire-96-I-16 (NC_003310) using 
VAPiD 1.2 [4,5], and the early transcription factor (E6R, GeneID: 928933), DNA-directed RNA polymerase (A25R, 928976), RNA 
polymerase-associated transcription-specificity factor (H4L, 928896), and DNA-dependent RNA polymerase gene (L6R, 929036) 
nucleotide sequences were extracted from these using Geneious. Homologous variola virus (X69198) sequences were also included in 
the analysis. The gene sequences were translation aligned using the MAFFT G-INS-i algorithm, and alignments were concatenated in 
Geneious. Sequences containing ambiguous nucleotides or not containing all four genes were excluded (final n = 313). Evolutionary 
model selection was conducted using ModelTest-NG 0.1.6 [6], and the GTR + I model was applied in the phylogenetic tree recon-
struction. Here, RAxML-NG 1.1.0 was used [7], and the best tree was chosen from 300 reconstructions with thousand bootstrap 
replicates, using transfer bootstrap expectations [8]. The tree was visualized in MEGA 7 [9] and rooted using the variola virus. The tree 
is depicted in Fig. 1. 

3. Results 

Almost all current strains from 2022 (n = 225) showed a high level of similarity to each other: 218 strains shared identical 
sequence, whereas further five strains differed in a single nucleotide on the analyzed stretches. Three of these five mutations were 
silent. The number of differences was counted among all analyzed strains on the complete concatenate, and the highest count, 59, was 
measured compared to strain Zaire-96-I-16 (RefSeq: NC_003310). The tree was divided into two major clades, and the second of these 
could be divided further into two subclades. The first major clade was dominated by African strains from 2006 to 2007 and 2016–2018, 
whereas the second by contemporary strains and African isolates from 2017 to 18. 

4. Discussion 

Poxviruses are double-stranded DNA viruses with a low genomic variability; thus, the low diversity of the contemporary strains is 
reasonable. Our analysis supported the distinction between Clade I (formerly Congo Basin clade), IIa and IIb (together formerly West 
African clade) strains [10,11] and classified all 2022 strains in the last one. The high number of differences and long branch observable 
concerning strain Zaire-96-I-16 is most probably caused by a sequencing error: in its L6R gene (929036) a homopolymer adenine 
triplet is observable (NC_003310: nt 84,241–84,243) instead of the common quadruplet, and this causes the shift of the next nine 
nucleotides, where an adenine is inserted. As this strain represents one of the two available reference sequences in GenBank, and this 
gene is optional for phylogenetic analyses, it is recommendable to confirm or exclude this mutation. 

The developed method, based on four gene sequences, reflected the established whole-genome-based intraspecies classification 
[11-13]. Although this method provides significantly less information about the strains compared to whole genome analyses, since its 
resolution is much lower, it still enables the rapid subspecies classification of the strains into the established clades. The genes in the 
analyzed concatenate are so conserved that further differentiation of contemporary strains is impossible; these strains are identical in 
the analyzed sections. Higher resolution and further differentiation requires whole genome sequencing [11]. On the other hand, since 
whole genome analyses are compute-intensive, the described method offers a simpler and more accessible alternative for monitoring 
and preliminary typing of newly sequenced monkeypox virus strains. 
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