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ARTICLE INFO ABSTRACT

Keywords: Monkeypox is a zoonotic disease with clinical manifestations similar to smallpox in humans. Since May 13, 2022,
Monkeypox virus an increasing number of suspected and confirmed cases have been reported, affecting non-endemic regions
Outbreak . . across the globe. More strikingly, reports from the current outbreak reveal unique aspects regarding transmission
gﬁyll?jszgguc analysis dynamics and an unprecedented, rapidly expanding and sustained community transmission. As demonstrated

through the still-ongoing COVID-19 pandemic, genomic surveillance has been an essential resource for moni-
toring and tracking the evolution of pathogens of public health relevance. Herein, we performed a phylogenomic
analysis of available Monkeypox virus (MPXV) genomes to determine their evolution and diversity. Our analysis
revealed that all MPXV genomes grouped into three monophyletic clades: two previously characterized clades
and a newly emerging clade harboring genomes from the ongoing 2022 multi-country outbreak with 286 ge-
nomes comprising the hMPXV-1A clade and the newly classified lineages: A.1 (n = 6), A.1.1 (n=1), A.2 (n = 3)
and B.1 (n = 262), where lineage B.1 includes all MPXV genomes from the 2022 outbreak. Finally, it was
estimated that B.1 lineage of this clade emerged in Europe on 03/02/2022 [95%CI = 11,/13/2021 to 05/10/
2022]. The exceptional surge of cases and the broader geographical expansion suggest multifactorial factors as
drivers of the current outbreak dynamics. Such factors may include the cessation of smallpox vaccination and its
potential spread across particular networks. Integrating pertinent epidemiological information with genomic
surveillance information will help generate real-time data to help implement adequate preventive and control
measures by optimizing public health decisions to mitigate this outbreak.

1. Introduction

Monkeypox (MPX) is a zoonotic disease caused by the Monkeypox
virus (MPXV) (Poxviridae: Orthopoxvirus) [1] which is endemic to
Central and Western-African countries [2]. It is a double-stranded DNA
genome consisting of ~197 kb with ~190 non-overlapping coding genes
[3], which are responsible for its various biological characteristics
(immunomodulation, host preference/diversity and viral pathogenicity)
[4]. Clinical features of MPXV are similar to those caused by smallpox
but with lower mortality, case fatality and complication rates [5]. This
virus was first identified in monkeys but it can infect a wide range of host

species, including rodents such as rats, mice, and squirrels [6,7] and a
large variety of non-human primate species, porcupines and domestic
pigs [8]. Many aspects of the ecology of MPXV remain yet to be eluci-
dated, most notably those concerning the mechanisms and possible
routes of transmission [9]. Classically, the virus spreads mainly through
prolonged exposure to respiratory droplets or close physical contact and
exposure to infected body fluids [1]. Indirect transmission through
direct contact with faeces and faeces carried by flies has also been
suggested as possible sources of transmission among wild chimpanzees
[10]. Furthermore, recently, a new pattern of spread among sexual
networks, specifically among men who have sex with men (MSM), has
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underscored sexual contact as a main spreading route for the virus [11]
amongst other potential sources [12].

Five major MPXV outbreaks have been reported, occurring in 1970,
1996-97, 2003, and 2018. The most recent of them, is the still-ongoing
multi-country outbreak 2022, causing more than 6000 cases in over 50
non-endemic countries on multiple continents [1,13]. The origin of most
of these outbreaks can be traced and associated with infections origi-
nating from African countries. During the first two outbreaks, many
African countries reported high numbers of MPX-associated cases,
prompting governmental organizations to rapidly implement mass
vaccination campaigns to halt transmission and reduce infection rates
[5]. As a direct consequence, many countries instituted broad MPX
surveillance systems to monitor and follow epidemiological dynamics,
which since 1986, became restricted to geographical regions linked to
specific outbreaks [5,14]. Since the implementation of such surveillance
programs, an ever-increasing trend of MPXV cases has been reported,
including imported cases outside Africa to other continents [15]. The
increasing number of cases and broadening geographical expansion
have prompted revisiting the many aspects of MPXV ecology, its
epidemiology and the genetic determinants for virulence and trans-
missibility through genomics and phylodynamic approaches to formu-
late better disease control and prevention measures.

From an evolutionary standpoint, MPXV originated approximately
3500 years ago within the Old World orthopoxviruses clade, undergoing
independent evolution and further separation to other genetic variants
such as Clade 2 (former West African clade) approximately 600 hundred
years ago [16]. In terms of its genome architecture, historically, MPXV
has been classified in two main clades (West African and Central African
clades). However, a new proposal for classifying MPXV has been
established to group isolates into three clades [11], each with distinct
geographical, clinical, genomic and epidemiological differences [17,
18]. These clades correlate with the different epidemiological MPXV
outbreaks. For instance, the first two clades include the majority of
isolates linked to outbreaks from the Democratic Republic of Congo
(DRC) (MPXV Clade 1), formerly known as the Congo Basin clade, and
from West Africa (MPXV Clade 2). Isolates from these clades, which are
responsible for most of the natural transmission cycles and endemism in
Africa, reveal different transmission, pathobiologic patterns and distinct
clinical outcomes that further demonstrate differentiation amongst them
[8]. Clade 1 (Congo Basin Clade) is more clinically severe, with higher
mortality rates and exhibited increased transmissibility.

Conversely, Clade 2 MPXV isolates are associated with milder
infection, lower mortality rates and reduced transmissibility [19].
Interestingly, clade 3 (MPXV Clade 3) includes isolates originating from
the 2017-t0-2019 outbreaks [20] and genomes from the most recent
2022 outbreak diverging emerging lineages that are currently under
investigation [20]. The main differences among these clades are asso-
ciated with coding regions that relate mainly to immunomodulatory and
host recognition antigenic determinants such as H3L and B21R [17,21,
22]. This sharp divergence and early signs of sub-clustering may be
associated with the diverse epidemiological landscapes among out-
breaks (geography and demography), which could have driven different
microevolutionary events redrawing the contemporary genomic archi-
tecture of MPXV [23].

Based on the geographic distribution and epidemiological features of
MPXV, cases from outside Africa are considered rare and mainly linked
to animal trade or international travel [15,24]. However, a recent in-
crease in the number of MPX cases has been reported from non-endemic
countries setting off global alarms and warnings alongside the COVID-19
pandemic [25]. Furthermore, this recent multi-country outbreak, unlike
previous ones, appears to be following unusual trends, given that most
MPXV-associated cases appear not to be linked to travel history to
endemic territories or known exposure to infected subjects [26]. This
current and unprecedented pattern of global dispersal has led interna-
tional and national authorities to rapidly launch regional and global
surveillance efforts to understand better the gaps and intricacies
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defining this multi-country outbreak dynamics. However, to date, the
genomic features and phylogenetic relationships of the viruses respon-
sible for this new outbreak remain to be deciphered. Therefore, this
study aims to characterize the phylogenetic diversity of MPXV genomes
from this recent outbreak, performing a comparative genomic analysis
through publicly available genomes to provide further insights neces-
sary to inform global surveillance efforts.

2. Materials and methods

We analyzed 337 high-quality and complete MPXV genomes avail-
able in GISAID and Viral NCBI databases by June 29, 2022 (Table S1).
The analyses of these genomes were carried out according to the
following scheme: An alignment using NextClade v2.1.0 tool [25], a
descriptive analysis of the genomes studied and the number of
confirmed MPXV cases [26] and an analysis of the phylogenomic re-
lationships of genome sequences publicly available. For phylogenomic
analysis, the aligned dataset obtained from NextClade was used to build
a maximum likelihood (ML) in IQ-TREE multicore v1.6.12 [27], using
the best substitution model and other parameters by default.

Additionally, we estimated the potential introduction date and
dispersion dynamics of MPXV using TreeTime software [28], which
considers a fixed clock rate of 9x10~° (SD = 10.2x10™%) [20,29], a strict
clock (SC) under a coalescent tree skyline prior and a root step to
minimize residuals in a root-to-tip. The obtained tree was graphically
represented in Interactive Tree Of Life (iTOL) v5 [30] where the clades
were assigned using the intrataxa classification system that most accu-
rately describes the viral diversity and includes viruses from the animal
reservoir and previous human outbreaks, encompassing MPXV Clades 1,
2 and 3 as described in Ref. [15].

3. Results

We analyzed 337 MPXV genomes from GISAID and NCBI corre-
sponding to the various MPXV outbreaks (Fig. 1 and Table S1). To date,
the ongoing outbreak of MPXV seems to be affecting non-endemic
countries, where England, Spain and Germany have the highest re-
ported cases of MPXV (Fig. 1A). Moreover, most of genome sequences
publicly available come from non-endemic countries such as Germany
(n =110, 32.6%) and Portugal (n = 45, 13.4%) (Fig. 1B). Additionally,
most genomes from these non-endemic areas belong to the B.1 lineage of
the MPXV Clade 3 (n = 261, 77.4%; Fig. 1C), whereas in the endemic
areas the genomes were from MPXV Clades 1 (n = 35, 10.4%) and 2 (n =
10, 2.5%; Fig. 1C). At a temporal scale, we found that from 1970 to 1996
(1st and 2nd outbreaks), MPXV was circulating in endemic countries
such as DRC, Nigeria and Cameroon (Fig. 1D). However, after the 2003
outbreak (3rd outbreak), genomes started to be reported in non-endemic
countries, which increased during the ongoing outbreak of MPXV
(Fig. 1D).

The maximum-likelihood time-scaled phylogeny (ML-TSP) obtained
from Tree-Time (Fig. 2) showed clustering in the main three clades re-
ported for MPXV that includes viral sequences from the animal reser-
voirs and previous human outbreaks. These clades were monophyletic
and included the following number of genomes (Fig. 2): with 35 human
MPXV genomes associated with the 1970 to 2017 outbreaks in Central
Africa, MPXV Clade 2 with 16 genomes from the 1970 to 2017 outbreaks
in different countries and from other sources and MPXV Clade 3 with
286 genomes from MPXV Clade 3 belonged to the last two epidemio-
logical outbreaks of MPXV (2017-2022). The latter clade comprises the
hMPXV-1A clade and the newly classified lineages: A.1 (n = 6), A.1.1 (n
=1),A.2 (n=3)and B.1 (n = 262), where lineage B.1 includes all MPXV
genomes from the 2022 outbreak.

The time-scaled phylogeny obtained from Tree-Time showed the
introduction date based on a node-date assignment from the Most
Recent Common Ancestor (MRCA) (Fig. 2). This analysis showed that
MPXV Clade 1 was the most ancestral cluster, in contrast, the hMPXV-1A
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Fig. 1. Descriptive analyses of monkeypox virus. (A) Geographical distribution of the current MPXV outbreak 2022. (B) Geographical distribution of available MPXV
complete genomes for each country. (C) Distribution of clades and lineages associated with the complete and available MPXV genomes. (D) Temporal variations in
the proportions of MPXV genomes reported for each country taking into account the five major MPXV outbreaks.

clades are the most recent (Fig. 2). Finally, it is estimated that B.1
lineage of this clade emerged in Europe on 03/02/2022 [95%CI = 11/
13/2021 to 05/10/2022].

4. Discussion

Amid the COVID-19 pandemic, the recent emergence and ever-
increasing number of MPXV cases across non-endemic countries have
raised international alarms [31]. Despite that African researchers have
been warning for years about the growing number of human MPXV cases
reported across Central and West African countries [32]. Now, the
sudden emergence of MPXV cases in several regions, including the
Americas, Europe, Eastern Mediterranean, and Western Pacific
(Fig. 1A), has raised many questions about the natural evolution of this
current multi-country outbreak, particularly in regards to its unusual
enhanced human-to-human transmission among patients with no travel
history to endemic areas, suggesting the occurrence of undetected
transmission chains with multiple sources of introduction [33]. In
addition, the number of confirmed cases has increased over time such
that, as of June 15, 2103 cases have been reported in 42 countries, with
the majority of reports from Europe (84%) and the Americas (12%) [31].

Several hypotheses have been put forward to explain the upsurge of
recent cases in Africa and other non-endemic areas. One hypothesis
suggests that the cessation of mass vaccination against smallpox during
the 1980s, which conferred up to 85% cross-immunity against MPXV,
increased human susceptibility to the virus [34,35]. In turn, this has
forced selection pressure over MPXV, favoring the development of im-
mune evasion mechanisms and leading to an enhanced virus trans-
missibility [34-36]. Another hypothesis is that the acquisition of
non-synonymous mutations associated with coding regions for pre-
dicted host recognition elements could represent a source of fitness
adaptation for the virus [30,37]. For example, H3L, a viral envelope
protein involved in the attachment to human target cells, poxvirus
internalization and a critical epitope for host immune system recogni-
tion, has shown variability of 21 amino acids out of 324 amino acids
(6.5% of the complete protein sequence), when compared to the H3L
protein of the variola virus. This variability seems to unveil differences

between the natural history of variola virus, which has been restricted to
humans, compared to MPXV, which exhibits a broad host range, and
continued transiting through species-to-species interfaces leading
potentially to host-switch affinity and possible adaptation and enhanced
transmission efficiency of MPXV to humans [38].

Regardless of the hypothesis, MPXV seems to have undergone a
stochastic evolutionary event leading to the further diversification of
MPXV Clade 3 due to its dispersal to other geographical locations and
possible adaptation to new hosts across new regions. On the other hand,
consistent with Gigante’s et al. study, we found that the most common
ancestor for these divergent clades traces back to a 1971 Nigerian
genome (Nigeria 1971, KJ642617.1) [39]. Therefore, this would support
the possibility of a diversification event due to MPXV spreading to
non-endemic regions and expanding its range of traditional hosts to
ignite the latest outbreak. Furthermore, the recent diversification of the
clade perceives evidence of such a scenario with all its lineages (Fig. 2),
which reveal distinctive monophyletic groupings conferred by their
genomic characteristics [20].

One of the lineages that have received the most attention is B.1,
given its close relationship to the most recent human outbreak of MPX
by forming a divergent branch descendant from viruses within the A.1
lineage [40]. The occurrence of specific mutations in B.1 genomes
compared to those from related viruses in 2018-2019 cases (Fig. 2) has
drawn the attention of researchers due to its segregation into this
divergent phylogenetic branch, signalling accelerated
micro-evolutionary  events leading to  possible enhanced
human-to-human transmission [40]. Indeed, 46 B.1-specific SNPs have
been observed, including 24 non-synonymous mutations that separate
the clade from the closest reference sequence. For example, the immu-
nogenic surface glycoprotein B21R is considered relevant as it was
previously described as an essential antibody target with several critical
immunodominant epitopes featuring amino changes D209 N, P722S,
and M17411 that alter host interaction and favor transmission [41].
Therefore, considering the continued and fast-paced evolutionary
characteristics of MPXV lineage B.1 and its accelerated spread, genomic
surveillance efforts should be maintained to help visualize genomic
modifications among present circulating lineages, track and predict
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Fig. 2. Phylogenomic analysis of monkeypox virus. The figure shows the ML tree with the phylogenomic relationships of MPXV genomes. These genomes were
grouped according to the current MPXV classification proposed by Happi et al.
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aspects of transmission dynamics, and monitor other mutational events
leading to the phenotypic expression of immune evasion determinants
or enhanced transmission elements contributing further to the outbreak
spread.

Although the present outbreak’s origin has not yet been determined,
MPX is still mainly considered a zoonotic disease with limited human-to-
human transmission [8]. However, the appearance of a series of muta-
tions in such a short period [30], a feature not frequently observed in
orthopoxviruses related to MPXV [22], is suggestive of rapid adaptive
evolution to its host and fitness advantage for procurement of sustained
(human-to-human) transmission. Indeed, recent studies suggest that the
2017 human MPX epidemic favoured the emergence of a single human
clade. This hypothesis arose from the phylogenetic reconstruction of
genomes involved in the last human outbreak in 2022, which exhibited a
predominance of GA—AA and TC—TT changes in their viral genome
[42]. Such dinucleotide changes are distinctive of APOBEC3 enzymatic
activity, a family of deaminases which act on single-stranded DNA to
mutate the complementary strand and inactivate the virus. That raises
the question of whether this family of enzymes may be the primary
genetic driver behind MPXV’s current diversification and hastened
adaptation to the human host, thus favouring the emergence of a
human-specific clade and underscoring the importance of closely
monitoring the potential genome-editing activity of APOBEC and its
modulating effects in MPXV infections.

As for the emergence of MPXV (B.1 lineage) responsible for the
ongoing outbreak, its estimated time of emergence in the European
continent has been predicted to have occurred in as early as March 2022.
This finding could indicate that B.1 emerged and spread across the Eu-
ropean continent generating the first cases of MPXV, which subse-
quently spread to other continents such as Oceania and the Americas.
Moreover, results from our analyses suggest a more recent emergence
for the 2022 MPXV than that reported by Nextstrain (May 03) (http
s://nextstrain.org/monkeypox/hmpxv1?dmin=2021-07-03&label=cl
ade:B.1 (accessed on 01 July 2022)), which performed the dating
analysis from the genomes of the MPXV Clade 3 lineages. Regardless of
the analysis, B.1 is an emerging lineage of MPXV that to date has been
dispersed in different countries causing an increase in the number of
MPX cases but with a low mortality rate. Given the epidemiological
impact and genomic features of this new outbreak, it is necessary to
perform genomic surveillance on this virus in order to design disease
control and prevention mechanisms in non-endemic regions.

5. Conclusion

In summary, all genomes belonging to the current human MPXV
outbreak of 2022 reveal a distinct monophyletic lineage compared to
those from previous MPXV outbreaks. Our analyses suggest that the
virus may have emerged in Europe as early as March 2022. An intriguing
aspect is that the current 2022 MPXV exhibits a striking divergence from
its related viral predecessors from 2018 to 2019. This heightened
mutational signature contrasts with the ordinarily occurring rate
observed in Orthopoxviruses, signalling an accelerated evolutionary
path. Likewise, evidence suggests that some of these genomic changes
could favor more efficient transmission and dispersion mechanisms,
which is reflected in the increased number of cases reported across
different regions suggesting that this may be associated with sexual
transmission, however this is speculative and further studies are needed.
Likewise, it is possible that mechanisms intrinsic to the host, such as the
APOBEC enzymatic editing, could be driving this swift viral evolution
favouring the appearance of a host-specific clade with enhanced human-
to-human transmission. With an ever-increasing number of cases re-
ported globally and sustained spread across different countries, genomic
variability is expected to continue to rise in its transmission efficiency.

The paucity of data as to the origin and routes of transmission of this
current outbreak demands further investigations to provide appropriate
epidemiological insights and tools to predict better disease dynamics
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and prevent further spread. It is also time to anticipate several potential
scenarios, such as spillover to new animal reservoirs in these new niches
of expansion and the establishment of emerging epizootic events that
may contribute to disease persistence in non-endemic regions. Genomic
epidemiology initiatives should be strengthened with particular focus on
the broader interface between humans and susceptible animal species,
human-to-human interactions in anticipation of human or zoonotic
amplification events and the establishment of cryptic transmission
routes leading to the establishment and endemism of MPXV in previ-
ously unaffected regions. The COVID-19 pandemic has highlighted the
value of translating genomic findings into meaningful tools to track
transmission dynamics and predict the emergence of rapidly-evolving
pathogens like the 2022-MPXV. Given the particular characteristics of
this outbreak, it is essential to continue genomic surveillance efforts to
identify and inform genomic changes of the virus to help developing
timely prevention and control measures.
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