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1 | INTRODUCTION

Abstract

Monkeypox virus (MPXV) has generally circulated in West and Central Africa since
its emergence. Recently, sporadic MPXV infections in several nonendemic countries
have attracted widespread attention. Here, we conducted a systematic analysis of
the recent outbreak of MPXV-2022, including its genomic annotation and molecular
evolution. The phylogenetic analysis indicated that the MPXV-2022 strains belong
to the same lineage of the MPXV strain isolated in 2018. However, compared with
the MPXV strain in 2018, in total 46 new consensus mutations were observed in the
MPXV-2022 strains, including 24 nonsynonymous mutations. By assigning muta-
tions to 187 proteins encoded by the MPXV genome, we found that 10 proteins in
the MPXV are more prone to mutation, including D2L-like, OPG023, OPG047,
OPGO071, OPG105, OPG109, A27L-like, OPG153, OPG188, and OPG210 proteins.
In the MPXV-2022 strains, four and three nucleotide substitutions are observed in
OPG105 and OPG210, respectively. Overall, our studies illustrated the genome
evolution of the ongoing MPXV outbreak and pointed out novel mutations as a
reference for further studies.
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incidental host. Epidemiological records showed that MPXV was

initially identified around the countries within the Central and West

The unexpected monkeypox virus (MPXV-2022) emergence in
several nonendemic countries has raised global concerns recently.
Since the smallpox virus was eliminated in 1980, MPXV was largely
considered the most severe orthopoxvirus circulating in humans as an

Africa.? The first MPXV virus-associated monkeys were firstly found
in Copenhagen.? In contrast, the first human infection case was found
in the Democratic Republic of Congo in 1970 and then spread to
neighboring countries.® The first human MPXV infection reported

Lulan Wang, Jingzhe Shang, and Shenghui Weng contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Journal of Medical Virology published by Wiley Periodicals LLC.

J Med Virol. 2022;e28036.
https://doi.org/10.1002/jmv.28036

wileyonlinelibrary.com/journal/jmv 1of7


http://orcid.org/0000-0002-6713-2783
mailto:wap@ism.cams.cn
mailto:gcheng@mednet.ucla.edu
https://wileyonlinelibrary.com/journal/jmv

WANG ET AL.

20f7 |
WILEY— MEDICAL VIROLOGY
outside Africa was in the United States.* In 2017, an MPXV outbreak
was reported in Nigeria, followed by a case in the United Kingdom
with a Nigeria sojourn.” Then, another three cases appeared in the
United Kingdom, with a history of visits to Nigeria between 2019 and
2021. However, unlike previous cases with clear epidemiological
relationships, the MPXV-2022 cases occurred sporadically across
multiple nonendemic countries. Most patients had no travel history
to MPXV-endemic areas.® As of July 15, 2022, there were 11128
confirmed cases in 75 countries,’ including 1051 confirmed cases in
the United States. The WHO has recently highlighted MPXV as a
virus that requires close attention.

MPXV belongs to the genus Orthopoxvirus with a double-
stranded DNA genome, whose clinical manifestations are similar to
the smallpox virus.* The orthopoxvirus encodes ~200 genes, whereas
MPXV encodes about 190 genes which could be assigned to the
genome as three parts, a core region, a left arm, and a right arm. Viral
replication and assembly genes are encoded by the core region,
which is relatively conserved in the genome. The MPXV's left and
right variable regions were known to be more involved in the host
range and the pathogenicity of the orthopoxvirus.® These regions
contain an identical but opposite sequence called inverted terminal
repeats (ITR), which is prone to forming hair-pin loop-outs.? Although
a similar genome composition was observed in other viruses, the
variation across different poxviruses is apparent.®

Poxvirus was considered to undergo high-frequency
recombination and a gradual process that starts with nonsense
mutations and small indels, which leads to gene gain or loss. Inter-
species recombination between cowpox virus and ectromelia virus®
and intra-species recombination of vaccinia viruses® were docu-
mented. Recombination within the variola viruses might cause gene
loss resulting in a lower virulence.!? The gain or loss of genetic
material had also been reported in the MPXV. The West Africa (WA)
lineage and the Congo Basin (CB) lineage differed by about 900 bp in
genome length.> The WA lineage has a case fatality rate of 3.6%,
whereas the CB lineage has a case fatality rate of 10.6%.° The MPXV
should, in principle, have a low mutation rate based on the stability of
the double-strand DNA genome. However, 46 single nucleotide
polymorphisms (SNPs) have been observed in the MPXV-2022
strains compared to the NCBI Monkeypox reference sequence
NC_063383.*% Therefore, an in-depth genomic annotation and
evolutionary analysis of the MPXV are urgent to understand better
the molecular mechanism of its sudden outbreak.

2 | MATERIAL AND METHODS

2.1 | Data sources

The genome and CDS sequence of the MPXV was obtained from the
National Center for Biotechnology Information (NCBI) on June 22,
2022. A complete list of the MPXV is shown in Supporting
Information: Table S1. The specific strains used for pairwise
comparisons were MVA-BN (DQ983238.1), MPXV (MT903344.1),

Zaire-96-1-16 (AF380138.1), and VAR-IND (X69198.1), VAC-COP
(M35027.1), CPV-GRI (X94355.2). The aligned file of MPXV genomes
and their spatiotemporal metadata were acquired from the mpox-
spectrum  (https://mpox.gen-spectrum.org/explore) database on
June 22, 2022.

2.2 | Phylogenetic analysis

The full-length genome of the MPXV and the MPXV-2022
phylogenetic tree was constructed using FastTree 2.1.11 (www.
microbesonline.org/fasttree/) on June 22, 2022. The phylogenetic
analysis infers approximately maximum likelihood with the GTR
model of nucleotide evolution. The trees were visualized in R by

ggplot2 v3.3.6, ggtree v3.2.1, and ggtreeExtra v1.4.2.

2.3 | Nucleotide mutations and sectionalization
The nucleotide mutations, including nucleotide substitutes, deletions,
and insertions of each MPXV strain, were called by Nextclade
(https://master.clades.nextstrain.org) on June 22, 2022. The
sequence quality was evaluated by four metrics (Missing data, Mixed
sites, Private mutations, and SNP clusters), which were used in
subsequent analysis. NCBlI MPXV reference sequence NC_063383
(MPXV-M5312_HM12_Rivers) was used as the coordinate sequence.
The nucleotide mutations occurred more than 20 times and were
clustered by hclust from R packages stats v4.1.2 with cluster method
“single” and showed on the tree by ggtree v3.2.1. These nucleotide
mutations were sectioned referring to sequence lineages from
NextStrain on June 27, 2022, and the clustering result above. The
de novo mutations in B.1 were listed when they appeared more than
three times in all MPXV sequences. The complete list of mutations in
various lineages and clades is shown in Supporting Information:
Table S3.

2.4 | Amino acid mutations and APOBEC3-like
mutations

The genome annotation files of NC_063383 and AF380138.1 were
acquired from NCBI on June 22, 2022. The missing protein in the
NC_063383 was fixed by AF380138.1 annotation by aligning these
two sequences. Each open reading frame's initiation and termination
codons were checked while naming the missing proteins in
NC_063383. These proteins were called AF380139.1 proteins-like,
such as D2L-like. The 46 B.1-specific mutations (2022 outbreak)
(excluding two contained in NC_063383) were mapped on the
reference NC_063383 with founder A.1-specific mutations. The
influence of single nucleotide mutations on amino acids was
calculated by package findout_NTtoAA (github.com/wuaipinglab/
genome_treatment). APOBEC3-like mutations (GA > AA or TC>TT)
were found on the same reference.


https://mpox.gen-spectrum.org/explore
http://www.microbesonline.org/fasttree/
http://www.microbesonline.org/fasttree/
https://master.clades.nextstrain.org

WANG ET AL

2.5 | MPXV-2022 consensus genome and protein
identity scoring

We extracted the highest proportion of bases at each site to construct
consensus sequences from the multiple sequence alignment file of the
2022 outbreak sequence. The open reading frame (ORF) of the
consensus sequences was identified by ORFfinder (https://www.ncbi.
nlm.nih.gov/orffinder/). The genetic code was set as the standard, and
ATG was selected as the starting sequence. The minimum predicted
length was 120bp. The credible ORFs were identified by BLAST
searching. NC_063383 and AF380138.1 were used to build the blast
database. The across-species protein identity score was also calculated
by BLAST. The BLAST results were filtered by an e value less than or

equal to 0.01. All the results were manually checked.
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3 | RESULTS

To understand the genomic evolution of the MPXV-2022, here we
performed a full-genome phylogenetic analysis using the sequenced
MPXV strains from 1958 to 2022 from NCBI (Figure 1A and
Supporting Information: Table S1). The MPXV is currently divided
into three large clades, and the strains in 2018 and the current
outbreak strains (n=143) belong to Clade 3. Variation analysis
showed that each clade has its unique variations. According to
different lineages, we divided these consensus variations into six
groups: CB-specific, Clade 2-specificc, WA-common, A-specific,
A.1-specific, and B.1-specific (Supporting Information: Tables S2
and S3). Notably, the number of SNPs in the current outbreak

exceeded previous estimates of the substitution rate for
B.1-Specific
(46)
A.1-Specific
(20) =™ .
A-Specific

T (214)

e

Clade 1 (Congo Basin Lineage)

(B)
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FIGURE 1 Phylogenetic characterization of the MPXV lineage. (A) Phylogenetic analysis using FastTree of 224 isolated MPXV sequences
between October 1958 to June 2022. Branches showing different lineages/clades were colored using orange (2022-outbreak—West
Africa—Clade 3—B.1), pink and black (West Africa Lineage—Clades 2 and 3), and Blue (Congo Basin lineage—Clade 1). In-depth SNP analysis was
performed to determine evolutionary trends at a nucleotide resolution. The term WA-common refers to shared mutations within the clade;
**-specific refers to group-specific mutations compared to the coordinate genome (NCBI: NC_063383). (B) Sequence divergence and
geographical comparison map of the MPXV-2022 outbreak sequences (updated as of June 22, 2022).
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Orthopoxviruses as of 1-2 substitutions per site per year.'*
Phylogenetic analysis of the 2022 outbreak strain showed that the
current infections exhibit distinct regional characteristics (Figure 1B).
Since most cases were reported from May to June 2022, multiple
introductions of the MPXV may have been likely. This may point to
the endemic regions where the MPXV may have already spread
without surveillance.

Mapping B.1-specific mutations to the reference genome
(NC_063383 strain), 13 mutations were densely contained in the
right variable region and 8 mutations in the left, particularly in
the region of 189-200Kb (Figure 2A and Supporting Information:
Table S4). O'Toole and Rambaut®® first hypothesized a deaminase
editing in driving MPXV with GA > AA or TC>TT mutations with
APOBEC3-like protein. Here, we showed that APOBEC3-like muta-
tion could account for 16 of 18 synonymous mutations and 23 of 24
nonsynonymous mutations. Further, we identified de novo mutations
in the MPXV-2022 strains, including 23 deletions, 13 insertions, and
22 nucleotide substitutions (Figure 2B and Supporting Information:
Table S5). Interestingly, the 17 of 22 de novo nucleotide substitution
has a conserved feature associated with APOBEC3 enzymes
(Figure 2C and Supporting Information: Table Sé). Of these, 19 de
novo nucleotide substitutions were in protein-coding regions,
resulting in nonsynonymous mutations in 13 proteins, in which
5 proteins are involved in immunity, ankyrin-like, and membrane
glycoprotein (Figure 2D).

Then, the MPXV-2022 genome was annotated based on its
consensus sequence. Its genome, with 187 ORFs could be divided
into three regions, including a left variable region (segment
1-31 205 bp, from MPXV-2022 protein 001 to 030), a conserved
core region (segment 31206-132419bp, from MPXV-2022
protein 031 to 132), and a right variable region (segment
132420-197 148 bp, from MPXV-2022 protein 133 to 187)
(Figure 3A). The functional annotation of encoded ORFs showed
that most of the previously identified immune-related and
membrane-related ORFs were densely distributed in the left or
right variable regions.” The predicted host-range-related ORFs
were mainly in the left variable region.

Next, we assigned 1121 identified SNP through all monkeypox
strains, which occur more than three times, to all 187 ORFs.
Although most proteins in the core region have less than 20
mutations, we found that the top 10 proteins (D2L-like, OPG023,
OPG047, OPGO71, OPG105, OPG109, A27L-like, OPG153,
OPG188, and OPG210) with the highest number of mutations
are distributed throughout the whole genome (Figure 3B). The
homologous protein D7L of OPG023 is an ankyrin-like protein,
which the Cowpox virus requires multiplication in Chinese
hamster ovary (CHO) cells.2® The homologous protein B21R of
OPG210 is a surface membrane glycoprotein with MPXV-specific
antibody epitopes against Vaccinia.l” Furthermore, we counted
the cumulative number of group-specific variations on the
encoded protein (Figure 3C and Supporting Information: -
Figure S1 and Table S3). We found four proteins possessed
variations among different groups, including OPG023, OPG105,

OPG153, and OPG210 proteins (Figure 3C and Supporting
Information: Figure S2).

We also compared the protein identity score between the
MPXV-2022 consensus sequence against Zaire-96-1-16, Modified
Vaccinia Ankara (MVA-BN), Vaccinia (VAC-COP), Cowpox (CPV-GRI),
and Variola (VAR-IND). We found that 44 proteins, mainly in the left
or right variable regions, showed ~80% identified sequence similari-
ties against at least one strain among MVA-BN, VAC-COP, CPV-GRI,
and VAR-IND (Figure 3D and Supporting Information: Table S7).
Ten proteins were missing in the MVA-BN vaccine strain, including
D12L, D18L, D19L, O2L, A26L, B18R, B20R, R1R, N2R, and N3R.
Two (D9L and B21R) of the 20 mutated proteins in B.1 specific
showed similarities between the MPXV-2022 consensus sequence
and MVA-BN of 92% and 85%, respectively. Further study will be
required to examine if these genetic differences will have an

impact on the virus.

4 | DISCUSSION

There are increasing concerns about monkeypox's global distribution
among human populations. Although the human-to-human transmis-
sions of the WA lineage have been observed previously, the recent
outbreak of novel MPXV sporadically across multiple nonendemic
countries has raised significant concerns. Our data suggest that 2022
outbreak strains have most likely been derived from WA-clade 3.
However, it is still unclear if the MPXV-2022 outbreak strain
originated from humans or other hosts.

MPXV is a double-stranded DNA virus with a low mutation
frequency.'® However, 46 common mutations among the MPXV-
2022 outbreak strains were identified. Although the mechanisms
responsible for generating these mutations are unclear, recent
studies pointed out the possible contribution of the host
APOBEC3-like deaminase to many of these SNPs.'® Although we
showed that 41/46 mutations could be classified as APOBEC3-like
driving mutations, how a host antiviral gene could lead to mutations
accumulated in the outbreak of MPXV remains an open question.
Therefore, the continued evolution of the transmission ability of the
MPXV requires further attention.

The present mutations in the MPXV-2022 strains affected at
least 20 proteins. It is crucial to determine whether these mutations
contribute to the transmission or pathogenesis of the virus or help
the virus evade host immunity. Our results showed that OPG105 and
OPG210 have nucleotide substitutions in the 2022 outbreak strain.
Both proteins have been mutated in multiple lineages of the MPXV.
Previous experimental studies have shown that the homologous
protein L6R of OPG105 has the epitopes conserved among vaccinia
and variola viruses.?” And the homologous protein of OPG210 was
also shown to be associated with monkeypox-specific antibody
epitopes.}” More investigation is needed to further evaluate the
impact of these two protein mutations on viral function.

The smallpox vaccine was considered the most effective way to
fight against MPXV. The US CDC has suggested the FDA-approved
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VAR-IND).

MVA-BN as a potential vaccine strain for MPXV.2° We found that the
vaccine strain differed by 10 proteins by comparing the protein
composition and identifying sequence identities between the vaccine
(MVA-BN)

strain and the MPXV-2022 consensus sequence.

Together, our study provided an initial assessment of the genetic
composition of the 2022 outbreak and showed comprehensive
mutation profiling that may serve as a reference for future studies on
the transmission and pathogenesis of the current strains.
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