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Human monkeypox virus (hMPXV) has caused sporadic outbreaks intermittently across countries in recent 
years, with the largest outbreak in 2022.  However, the underlying mechanisms remain unclear.  This study 
searched for recently developed structural variants of the viral genome.  A total of 22 hMPXV whole 
genome sequences were randomly selected from the National Center for Biotechnology Information 
GenBank sequence database for initial screening.  As a result, a recent frameshift mutation based on a 
2-base insertion in a coding region was identified at the 3’ terminal of the OPG191 gene, which encodes 
MPXVgp168 (B7R) protein.  With this insertion, the protein was prematurely truncated, and the last 11 
amino acids were missing, with 3 alternative amino acids added.  Among the hMPXV genome sequences 
registered in the GenBank database as of January 2023, 61 sequences lacked the 2-base insertion and 
3,362 sequences were inserted.  All 61 sequences without mutations were collected before 2020, whereas 
3,358 (99.9%) of the 3,362 sequences with the insertion were collected during or after 2022.  These 
findings imply that a 2-base insertion has recently emerged and has been fixed among the virus population 
that prevailed in 2022.  In summary, a recently emerged frameshift mutation with a 2-base insertion was 
identified in hMPXV OPG191 gene.  Although the structural and functional consequences of this mutation 
on virulence and infectivity are unknown, research on the possible associations between this mutation and 
recent hMPXV outbreaks is warranted.
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Introduction
The monkeypox virus (MPXV) was first discovered in 

1958 during an outbreak in an animal facility in Denmark 
(Parker and Buller 2013).  The first human case with 
MPXV infection was reported in 1970 in the Democratic 
Republic of the Congo (Meo and Jawaid 2022).  Since then, 
the virus has caused intermittent sporadic outbreaks world-
wide (Bunge et al. 2022).  The outbreak of human MPXV 
(hMPXV) in 2022 was the largest, infecting more than 
80,000 individuals across the countries worldwide via 
human-to-human transmission (Centers for Disease Control 
and Prevention 2023).  Previously, the virus primarily 
caused human-to-human transmission in African countries 
(Durski et al. 2018; Mauldin et al. 2022); however, it 
caused outbreaks in many European countries and North 
America in 2022 (World Health Organization 2022).  
Genome sequence analyses have suggested that the 2022 

outbreak originated during the 2017 Nigeria outbreak 
(Velavan and Meyer 2022; Wassenaar et al. 2022).  hMPXV 
is one of the largest double-stranded DNA viruses, with 
approximately 200,000 bases (Kugelman et al. 2014), mak-
ing it difficult to fully elucidate mutation profiles across the 
whole viral genome.  Previous studies have mainly focused 
on point mutations in the viral genome.  Currently, the pres-
ence and role of structural variants in viral spread and evo-
lution remain largely unknown.  Therefore, this study aimed 
to determine the presence, site, and estimated timing of 
recently added structural variants in the hMPXV popula-
tion.

Methods
Multiple sequence alignments and sequence search

The primary objective of this study was to identify 
recently fixed structural variants in the coding regions of 
the hMPXV genome that may have been fixed in the last 
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decade.  As an initial screening for fixed structural variants, 
22 whole-genome sequences collected between 1979 and 
2022 from various countries worldwide were randomly 
selected from the National Center for Biotechnology 
Information (NCBI) GenBank sequence database.  A list of 
these 22 sequences, together with the GenBank Accession 
ID, collection date and locations, is shown in Table 1.  The 
whole-genome sequences of these 22 strains were used for 
multiple sequence alignments, which was performed using 
the Molecular Evolutionary Genetics Analysis Version 11 
(MEGA11) software (Tamura et al. 2021).  For the identi-
fied candidate sites with fixed major mutations, sequence 
similarity searches were performed using the Basic Local 
Alignment Search Tool (BLAST) offered by NCBI, to 
investigate the number of registered sequences with or 
without the identified major mutations.

Ethics and data availability
This study was approved by the Institutional Review 

Board of Tohoku University Graduate School of Medicine 
(approval number: 2022-1-720).  The genome sequences 
from the 22 hMPXV genome sequences evaluated are avail-
able in the NCBI GenBank database with the accession ID 
numbers listed in Table 1.

Results
Identification of recent frameshift mutation site

Screening based on multiple sequence alignments with 

the initially recruited 22 whole genome sequences identi-
fied a recently emerged and fixed structural variant with a 
frameshift mutation in the OPG191 gene, which encodes 
the MPXVgp168 (B7R; similar to Vaccinia virus strain 
Copenhagen B6R) protein.  This frameshift mutation was 
based on a 2-base insertion, substituting the last 11 amino 
acids at the C-terminus of MPXVgp168 with 3 alternative 
amino acids.  Multiple sequence alignments of this frame-
shift mutation site are shown in Fig. 1.  There were several 
other sites with relatively short insertions or deletions in the 
coding regions, but most of these sites were with in-frame 
mutations involving multiple of three nucleotides.  The 
aforementioned frameshift mutation site in the OPG191 
gene was the only frameshift site, based on the initially 
selected 22 sequences, that could have emerged within the 
last decade and prevailed among the virus populations dur-
ing the outbreak in 2022.  Moreover, there was no con-
firmed pair of neighboring point mutations involving two or 
more adjacent amino acids across the whole hMPXV 
genome sequences.

BLAST sequence search
To investigate the prevalence and spread of the afore-

mentioned frameshift mutations in the viral population, an 
NCBI BLAST search was performed for each sequence 
with or without the 2-base insertion.  As of January 26, 
2023, 3,565 whole-genome sequences of MPXV have been 
registered in the NCBI GenBank database.  Among these, 

Table 1.  List of the 22 MPXV genome sequences used for the initial screening with multiple sequence alignments.

GenBank Accession ID Collection date Country 2-base deletion in OPG191

DQ011155.1 1979 Zaire No
KC257460.1 1985 Republic of Congo No
DQ011157.1 2003 USA No
DQ011154.1 2003 Republic of Congo No
JX878415.1 Dec 2006 Republic of Congo No
JX878421.1 Mar 2007 Republic of Congo No
MK783027.1 Nov 2017 Nigeria Yes
MN648051.1 Oct 2018 Israel Yes
MT250197.1 2019 Singapore No
OP612678.1 Mar 2019 Nigeria Yes
OL504741.1 Dec 2019 UK Yes
ON676708.1 Nov 2021 USA Yes
OP415196.1 Mar 2022 UK Yes
ON563414.3 May 2022 USA Yes
ON959131.1 May 2022 USA Yes
ON674051.1 May 2022 USA Yes
ON838178.1 Jun 2022 Slovenia Yes
OP320555.1 Jul 2022 Peru Yes
OP936000.1 Sep 2022 Vietnam Yes
OP890547.1 Oct 2022 USA Yes
OP920698.1 Nov 2022 USA Yes
OP935997.1 Nov 2022 USA Yes
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61 sequences were confirmed to be absent from the 2-base 
insertion, all of which were collected before 2020.  The 
other 3,362 sequences were confirmed to have a 2-base 
insertion.  Among them, 3,358 sequences (99.88%) were 
collected in 2022, and the remaining 4 sequences that were 
collected before 2022 were as follows: MPXV_
Nig_2017_297957 (GenBank: MG693723.1; collection 
date: 2017 in Nigeria); MPXV_Nig_2017_298464 
(GenBank: MG693724.1; collection date: 2017 in Nigeria); 
MPX_Nig_2017_298481 (GenBank: MG693725.1; collec-
tion date: 2017 in Nigeria); Israel_2018 (GenBank: 
MN648051.1; collection date: Oct 2018 in Israel) (Faye et 
al. 2018).  These findings indicate the possibility that the 
hMPXV virus strains that caused the outbreak in Nigeria in 
2017 and the international outbreak in 2022 share a com-
mon ancestor (Ogoina et al. 2019).

Discussion
The present study identified a frameshift mutation in 

the C-terminal domain of the MPXVgp168 (B7R) protein 
encoded by OPG191, which could have been fixed in the 
viral population that caused the recent hMPXV outbreaks 
since 2017.  This frameshift mutation was based on a 
2-base insertion that truncated the C-terminal domain of the 
encoded protein.  The results obtained from the BLAST 
sequence search indicated that almost all sequences col-
lected during the 2022 international outbreak were associ-
ated with this mutation.  Collectively, these data indicated 
that this frameshift mutation could have played an unknown 
role in the sporadic outbreaks of the virus in Nigeria since 
2017 and the largest international outbreak in 2022.  The 
virus is also known to sometimes incorporate a large-scale 
deletion involving dozens of bases in addition to traditional 
single nucleotide substitutions or short insertions/deletions 
(Sereewit et al. 2022).  Such reductive evolution with gene 
loss in orthopoxviruses is intimately associated with adap-
tation of the host range (Senkevich et al. 2021).  Moreover, 
accessory gene loss events are usually associated with host 
antiviral innate immunity responses and changes in virus-
host interactions (Senkevich et al. 2021; Forni et al. 2022).  
A previous accessory gene loss event in West Africa was 
implied to have increased the human-to-human transmissi-
bility of the virus and caused a local outbreak (Kugelman et 
al. 2014).  However, the exact impact of major mutations in 
the MPXV genome, such as an accessory gene loss events 
or frameshift mutations, on human-to-human transmissibil-
ity and virulence remains uncertain (Xiang and White 
2022).  Further studies are needed to determine whether 
genetic mutations underlay the recent hMPXV outbreaks 
and which of the mutations could have increased viral 
infectivity and survival.

Frameshift mutations are rarely fixed in viral popula-
tions, as coded proteins with frameshifts are often dysfunc-
tional, and viral fitness is reduced (Huang et al. 2020).  
Meanwhile, several previous studies have suggested that 
frameshift mutations in some viruses could benefit the 

viruses, possibly facilitating immune evasion (García-
Barreno et al. 1990; Biacchesi et al. 2007).  In addition to 
frameshift mutations in viral genome sequences, transla-
tional frameshifting based on frameshift signals, known as 
programmed ribosomal frameshifting, is considered a 
widely distributed post-transcriptional mechanism that reg-
ulates gene expression (Dinman 2006; Penn et al. 2020).  
According to a recent study, the genome sequences of vari-
ous microbes have been optimized for frameshift tolerance, 
with high similarity between frameshift and wild-type pro-
tein sequences (Wang et al. 2022).  Further studies are war-
ranted to elucidate the potential role of frameshifting in 
hMPXV evolution.

As a limitation of this study, the exact effects of the 
identified frameshift mutation on the viral infectivity to 
humans remain unknown.  Although the protein encoded by 
OPG191, MPXVgp168 (B7R), is known to be an ankyrin-
like protein, whether the coded protein also acts as a protein 
mediating the attachment of membrane proteins to the sub-
membranous cytoskeleton in the virus is uncertain (Cunha 
and Mohler 2009).  Further studies regarding the structural 
and functional changes caused by the observed frameshift 
mutation to the MPXVgp168 protein are needed to clarify 
the significance of this mutation.

In summary, the present study identified a recently 
added frameshift mutation with 2-base insertion at the 3´ 
terminal of hMPXV OPG191 gene.  With this insertion, the 
protein was prematurely truncated, and the last 11 amino 
acids were missing, with addition of 3 alternative amino 
acids.  A sequence database search suggested that this frame-
shift mutation emerged between 2017 and 2022, and was 
fixed in the viral population that prevailed in 2022.  Further 
studies are needed to elucidate the potential effects of this 
frameshift mutation on viral infectivity and virulence.
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