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Phylogenetic analysis of monkeypox virus genomes
showed statistically significant divergence and nascent
subclades during the 2022 mpox outbreak. Frequency of
G>A/C>T transitions has increased in recent years, prob-
ably resulting from apolipoprotein B mRNA editing enzyme
catalytic polypeptide 3G (APOBEC3) deaminase editing.
This microevolutionary pattern most likely reflects commu-
nity spread of the virus and adaptation to humans.

onkeypox virus (MPXV) is a double-stranded

DNA virus mostly associated with rodents
and occasionally spilling over to humans, causing
outbreaks of mpox (formerly monkeypox) that have
been relatively short-lived and self-limiting because
of ineffective transmission among humans (1). How-
ever, this view is challenged by reports that, since
the start of the ongoing outbreak, in early April
2022, a total of 49,482 mpox cases in 94 countries had
been confirmed (https://ourworldindata.org/mon-
keypox). Initial epidemiologic studies provided evi-
dence of sustained human-to-human transmission
in some non-MPXV-endemic countries in Europe,
through close contacts, including in sexual networks
(2). The first MPXV genome sequences from the out-
break were reported from Portugal on May 19, 2022
(3), and multiple additional sequences, which can
shed light on virus circulation, are now available.
Initial phylogenetic analyses indicated that the vi-
rus causing the 2022 outbreak belonged to MPXV
clade II (formerly West African clade), which is less
severe than clade I (formerly Congo Basin clade) (4),
suggesting that the current outbreak was caused by
the recent introduction of the virus into communi-
ties in non-MPXV-endemic countries (2). However,
further analysis including additional MPXV genome
sequences indicates a different scenario.

Indeed, phylogenetic analysis of 105 MPXV ge-
nomes (Appendix Table 1, https:/ /wwwnc.cdc.gov/
EID/article/29/2/22-0962-Appl.pdf) revealed that
viruses from 2022 belong to 2 clades that can be traced
back to the previous 2017-2018 outbreak (Figure).
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One of those subclades, so far only identified in the
United States (5), seems to have limited circulation
(only 3 cases). All other 2022 viral genomes form a
large monophyletic group, although a substantial lev-
el of sequence divergence among strains can already
be detected, with several nascent subclades (Figure).
Such divergence is not compatible with a recent di-
versification of the virus during the past few months
of the outbreak. Rather, it reflects a continuous micro-
evolution since the previous outbreak in 2017-2018.
The most recent common ancestor for the 2022 out-
break can be traced back to around 20 years ago, at a
rather similar time as the most recent common ances-
tor for the 2017-2018 outbreak. Furthermore, MPXVs
from the 2022 outbreak are more closely related to
strains that had been exported from Africa during
the previous outbreak, rather than with strains circu-
lating in Nigeria at that time. A strain from a person
who traveled from Nigeria to Maryland, USA, in 2021
(5) can also be traced back to the root of the 2022 out-
break. Thus, the most likely scenario is that there has
been silent and undetected circulation of MPXV, pos-
sibly including multiple non-MPXV-endemic coun-
tries outside Africa, since the 2017-2018 outbreak.

Our observations raise the question of potentially
increased adaptation of current virus strains to humans.
Variations in genomic content may shape the evolution
of orthopoxviruses, and gene gain/loss may correlate
with pathogenicity and host adaptation (6). We found
multiple genomic changes in the MPXVs from 2022; at
least 51 single-nucleotide polymorphisms (SNPs) differ-
entiated the first 18 viral genomes from the 2022 out-
break from those from 2017-2018 (Appendix Table 2)
and a few larger insertions/deletions. Of the 51 SNPs,
26 caused amino acid changes and 21 were synonymous
substitutions. Additional SNPs can be detected among
genome sequences from 2022, underlying the estab-
lished divergence within the outbreak (Appendix Table
2). Those changes may be associated with mutational
pressure and adaptation (7,8), and future studies should
help assess their phenotypic effects.

Further analysis of the substitutions showed
major bias in their distribution in viruses from 2022;
61/70 (87.1%) of all substitutions were G>A/C>T
transitions, followed by 6/70 (8.6%) T>C/A>G tran-
sitions, and 2/70 (2.8%) were C>A/G>T transver-
sionsand 1/70 (1.4%) A>C/T>G transversions. Com-
parison of these substitution proportions with those
observed in clade II up to 2018 and those from the
clade I showed a striking pattern (Appendix Figure).
Indeed, viruses from both clades had nearly identi-
cal proportions of substitution types before 2018, and
the proportion of G>A/C>T transitions in clade 1I

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 2, February 2023 451



RESEARCH LETTERS

T T T T T T T T T T T T T T T T

1925 1950 1975 2000
KJ642615_Nigeria/1978
—  KJ642617_Nigeria/1971
=i =———

2025

ON675438_USA_VA/2022
ON674051_USA_FL/2022

b ONI676707_USA_TX/2021

MK783032_Nigeria/2017

MK783030_Nigeria/2017
MT903337_Nigeria/2018
MT903339_Nigeria_Delta/2018
MT903338_Nigeria_Lagos/2018

2017

MT903340_Nigeria_Rivers/2018 fo) utb rea k

MK783031_Nigeria/2017
MK783028_Nigeria/2017
MK783029_Nigeria/2017
MT903341_Nigeria_Ba

21 5 years ago ——p

MN648051_Israel/2018
MT250197_Singapore/201
MT903342_Singapore/2019

MT903344_UK_P2_2018

MT903345_UK_P3/2018

2018

outbreak

15 + 3 years ago ——p

Figure. Origin of the 2022 outbreak of monkeypox virus (MPXV)
infections. MPXV phylogeny of the 2022 outbreak, created by using

87 sequences from the 2022 outbreak together with sequences

from past cases. Whole-genome Bayesian phylogeny and molecular
estimates of divergence times were performed in BEAST 2.6.7 (https:/
beast.community) by using a generalized time reversible substitution
model and a molecular clock of 5 x 10-® substitutions/site/year under
the assumption of constant population size. The model was run for 1
million generations and a burn-in of 10,000 trees. The maximum clade
credibility tree is shown, and blue bars indicate uncertainty in node age
for nodes with >50% support. Red indicates tree branches for 2022
strains. Sequence names for the 2022 outbreak are color-coded as
follows: red, Europe; pink, North America; and blue, Asia.
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viruses from 2022 had doubled (x*= 55.3; p<0.0001)
(Appendix Figure). Those considerable changes in
substitutions most likely reflect the editing activity
of the human APOBEC3G enzyme (apolipoprotein B
mRNA editing enzyme, catalytic subunit 3G), which
catalyzes strand-specific C>U deamination, resulting
in G>A substitutions in the complementary strand of
viral genomes (A. O'Toole, unpub. data, https:/ /vi-
rological.org/t/initial-observations-about-putative-
apobec3-deaminase-editing-driving-short-term-evo-
lution-of-mpxv-since-2017/830; [9]).

In conclusion, our analyses of MPXV genome se-
quences indicate that the virus has been circulating
silently and undetected for about 2 decades, probably
in multiple non-MPXV-endemic countries outside
of Africa. Also, a clear genomic signature of a recent
change in hosts is evidenced by major changes in its
nucleotide substitution pattern. Our observations
have major public health implications; the changing
epidemiology of MPXV infections and human circu-
lation of the virus in non-MPXV-endemic countries
call for increased surveillance (1). The public health
crisis caused by the COVID-19 pandemic may have
favored the spread of MPXV under the radar in the
past few years; however, the existence of asymptom-
atic carriers cannot be ruled out and may have con-
tributed to the undetected spread of MPXV.
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A SARS-CoV-2 Omicron BA.5 outbreak occurred in Ma-
cau from mid-June through July 2022. Out of >1,800
laboratory-confirmed cases, most were mild or asymp-
tomatic; only 6 deaths were recorded. The outbreak was
controlled through stringent public health and social mea-
sures, such as repeated universal testing and a stay-at-
home order lasting 2 weeks.
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