nature communications

Article

https://doi.org/10.1038/s41467-024-51737-4

Evolutionary trajectory and characteristics
of Mpox virus in 2023 based on a large-scale
genomic surveillance in Shenzhen, China

Received: 8 March 2024

Accepted: 16 August 2024

Published online: 28 August 2024

M Check for updates

Shengjie Zhang ® 24, Fuxiang Wang ® %4, Yun Peng"?#, Xiaohua Gong"?,
Guohao Fan'?, Yuanlong Lin?, Liuging Yang"?, Liang Shen?, Shiyu Niu'?,
Jiexiang Liu"?, Yue Yin"?, Jing Yuan®'?, Hongzhou Lu"?/ 7, Yingxia Liu®"? ' &
Yang Yang ®"?

The global epidemic of Mpox virus (MPXV) continues, and a local outbreak has
occurred in Shenzhen city since June 2023. Herein, the evolutionary trajectory
and characteristics of MPXV in 2023 were analyzed using 92 MPXV sequences
from the Shenzhen outbreak and the available genomes from GISAID and
GenBank databases. Phylogenetic tracing of the 92 MPXVs suggests that
MPXVs in Shenzhen may have multiple sources of importation, and two main
transmission chains have been established. The combination of phylogenetic
relationships, epidemiological features, and mutation characteristics supports
the emergence of a new lineage C.1.1. Together with the B.1 lineage diverging
from the A.l1 lineage, C.1.1 lineage diverging from the C.1 lineage may serve as
another significant evolutionary events of MPXV. Moreover, increasing apoli-
poprotein B mRNA-editing catalytic polypeptide-like 3 (APOBEC3) related
mutations, higher rate of missense mutations, and less mutations in the non-
coding regions have been shown during MPXV evolution. Host regulation
proteins of MPXV have accumulated considerable amino acid mutations since
the B.1 lineage, and a lineage-defining APOBEC3-related mutation that dis-
rupts the N2L gene encoding a viral innate immune modulator has been
identified in the C.1.1 lineage. In summary, our study provides compelling
evidence for the ongoing evolution of MPXV with specific features.

Mpox (formerly named Monkeypox) is a zoonotic disease caused by
mpox virus (MPXV)', with symptoms similar to smallpox and occa-
sionally severe complications, and a reported case fatality rate of
3.6-10%". Historically confined to Central and West African countries,
mpox cases has been sporadically reported in these regions, with
outbreaks often linked to direct contact with infected animals, such as
rodents and non-human primates®”. Since May 2022, a large-scale,

multinational epidemic of mpox has erupted worldwide®, and the
World Health Organization (WHO) declared the mpox outbreak a
Public Health Emergency of International Concern (PHEIC) on July 23,
2022°. As of August 2, 2024, a total of 99,176 laboratory-confirmed
cases and 208 deaths in 116 countries have been reported to the
WHO". The number of confirmed mpox cases reached the peak in the
African, Eastern Mediterranean, European, and Americas regions from
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July to October 2022, while from July to October 2023 for the South-
East Asia and Western Pacific regions®"..

The MPXV genome, a linear double-stranded DNA molecule of
approximately 197 Kb, encodes nearly 175 nonredundant orthologous
poxvirus genes (OPGs), which are involved in various aspects of the
virus’s life cycle, including replication, assembly, and host
interaction”>. MPXV was classified into two major clades, Clade I
(formerly Central African) and Clade II (formerly West African,
including Ila and IIb), with further subdivisions into many lineages
based on phylogenetic analysis, which reflect the viral evolutionary
history and geographical distribution'*'®. The analyses on the sys-
tematic evolution of MPXV reveal that the clade IIb MPXV circulating in
humans may have a single origin®'”'®, and further subdivides into
lineages A, B, and C during the global outbreak™. Lineage A primarily
includes the mpox outbreaks in Nigeria in 2017-2018 (Lineage A.1)"°, as
well as sporadic cases of other lineages (e.g., A.2 or A.3) detected in
other non-endemic countries®, indicating the existence of multiple
chains of human-to-human transmission'®*. Comparative genomic
analysis suggests that the MPXV B.1 lineage, which caused the multi-
country outbreak in 2022, may have a genomic common ancestor with
the A.1 lineage from Nigeria™>"*, and has further diversified into dif-
ferent lineages from B.1.1 to B.1.20 worldwide (https://nextstrain.org/
monkeypox/). Recent studies indicate that the circulating lineage of
MPXV in certain Asian regions is transitioning from B.1.3 to C.1*>%,
while the molecular evolutionary mechanisms of MPXV during this
process remain poorly understood. In 2022, researchers have
observed a mutation rate in the MPXV genome that is much higher
than the typical mutation rate in Orthopoxviruses”, involving C>T or
G>A mutations mediated by apolipoprotein B messenger RNA
(mRNA) editing catalytic polypeptide-like 3 (APOBEC3) enzymes'%.
Additionally, other studies have reported a possible relationship
between deoptimized codon usage in the MPXV and the observed
decrease in fatality rates™, as well as evolutionary differences caused
by recombination during the evolution of MPXV?>*, However, further
research is needed to understand the ongoing evolutionary direction
and mechanisms of MPXV after 2022.

According to the data from the Chinese Center for Disease Con-
trol and Prevention (China CDC), the total number of confirmed mpox
cases in mainland China has exceeded 1610 between June and
November, 2023 (Supplementary Fig. 1A). During this period, Shenz-
hen, an international port city, has also experienced a local outbreak of
mpox (Supplementary Fig. 1B)*. Understanding the transmission and
evolution dynamics of MPXV in Shenzhen could provide valuable
insights into the potential for MPXV to spread across borders and into
new populations. However, due to the current global outbreak of
mpox primarily occurring in the men-who-have-sex-with-men (MSM)
community, it poses certain challenges for epidemiological tracing”*,
Here, we obtained 92 high-quality MPXV genome sequences from the
local outbreak in Shenzhen city in 2023, and investigated the trans-
mission characteristics via integrating the epidemiological and mole-
cular evolutionary characteristics. Moreover, in combination with the
available complete MPXV genome sequences from GISAID and Gen-
Bank databases, we demonstrated the evolutionary trajectory and
significant events of MPXV in 2023. This study provides new insights
into the ongoing evolutionary direction of the MPXV and important
information for the future control of the epidemic.

Results

Baseline characteristics of the cohort

A total of 92 laboratory-confirmed mpox patients who visited or were
admitted to Shenzhen Third People’s Hospital between June 9 to
October 12 were enrolled in this study, with a peak of mpox cases
observed during June to August in 2023 (Supplementary Fig. 1B and
Supplementary Table 1). Of note, these patients accounted for
approximately 30% and 66% of the total reported cases in Guangdong

province and Shenzhen city from June to October, 2023, respectively
(Supplementary Fig. 1). The demographic characteristics showed that
they were all male with a median age of 30.0 years (IQR 27.0-36.0
years), and 41% of them falling within the age range of 25-30 (Sup-
plementary Table 1). Notably, 88 (95.2%) of the patients reported MSM
behaviors, while corroborating epidemiological links were only found
in two pairs of sexual partners (SZPMI-001 and SZPMI-003, SZPMI-003
and SZPMI-005). Moreover, nine patients reported high-risk MSM
behaviors in Thailand and various locations within China (Hong Kong,
Guangzhou, Jiangxi, Beijing, Wuhan, Changsha, Shenyang), indicating
the possibilities for multiple importation and exportation events of
MPXVs epidemiologically associated with Shenzhen (Fig. 1). About
56.5% (52/92) of enrolled mpox cases were diagnosed with the human
immunodeficiency virus (HIV) infection, and 38 patients among them
have received HIV anti-retroviral treatment (ART) before the diagnosis
of mpox (Supplementary Table 1). Notably, skin lessions were found in
multiple body sites of the patients, and genital lesions were found in
62.2% (56/90) of the patients, suggesting the high risk of transmission
through sexual contact (Supplementary Table 1).

Phylogenetic characteristics of local MPXVs in Shenzhen

To characterize the genomic and molecular evolutionary phylogeny of
the MPXVs involved in the outbreak in Shenzhen, whole genome
sequences were obtained from the clinical samples of enrolled 92
patients. By integrating the 92 MPXV sequences from Shenzhen and
193 representative reference genomes of each lineage from the GISAID
and GenBank databases, we constructed two maximum likelihood
phylogenomic trees based on both the whole genome sequences and
single nucleotide polymorphisms (SNPs) (Fig. 1 and Supplementary
Fig. 2). The results showed that all the 92 Shenzhen MPXVs located
within the lineage C.1 in the two phylogenetic trees (Fig. 1 and Sup-
plementary Fig. 2). Then the entire C.1 lineage was retrieved and ana-
lyzed in detail. Notably, it can be further diverged into two distinct
MPXYV sub-lineages of C.1 and C.1.1in both the whole genomic and the
SNP phylogenetic tree (Fig. 2 and Supplementary Fig. 3). Through
comparison with the reference genome of clade Ilb MPXV (GISAID ID:
EPLISL_13056282), we depicted the nucleotide mutation spectrum
across various lineages of clade IIb. The clustering results of the
nucleotide mutation profile aligned with the lineage classification in
the phylogenetic trees, further substantiating the stability of the phy-
logenetic relationships and highlighting specific mutations that have
occurred in C.1.1 compared to other lineages (Supplementary Fig. 4).
Additionally, except for characteristic mutation sites defined in Next-
strain, a total of 13 distinct unique mutation sites for A.2 (C13298T,
C30636T, C34578T, G114659A, G12403A, C149872T, G168205A), A.3
(C51809T, Cl125492T, C128174T, C134078T, G188889A) and C.1.1
lineages (G152866A) were identified. Particularly, the specific mutation
G152866A in the C.1.1 sub-lineage which results in the Asp59Asn
mutation in OPGI80 protein (ASOR, DNA ligase), provides further
support for the emergence of the new lineage C.1.1 (Fig. 2C).

The C.1 sub-lineage was predominantly circulating in Asian
regions (82 genomes) from January to June in 2023, including Japan,
South Korea, Indonesia, and China (Fig. 2B), and a total of six MPXVs
from China belonged to this sub-lineage. In detail, three MPXV
sequences from Shenzhen (SZPMI-087, SZPMI-090, SZPMI-092) and
one from Beijing (GISAID ID: EPLISL_18360394) located within the
South Korea clusters, while one MPXV sequence from Shenzhen
(SZPMI-094) together with one sequence from Hangzhou (GISAID ID:
EPLISL_17809521) clustered with the sequences from Japan (Fig. 1).
Based on the significantly later dates of diseases onset for the four
mpox cases in Shenzhen, South Korea and Japan serve as the mostly
possible source of these MPXVs (Fig. 2B). The sub-lineage C.1.1 was
mainly circulated in Portugal and Ireland in Europe (N =27), as well as
China, with a significant number of cases reported in Shenzhen
(N =88) (Fig. 2B). In terms of timing, most of the isolates from this sub-
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lineage were obtained between June and October in 2023. For the 88
MPXV sequences from Shenzhen in this sub-lineage, they possess
closest relationship with those from Portugal in both aspects of evo-
lutionary distance and time of disease onset. Additionally, these 88
sequences formed two genomic clusters (node id of SZPMI-016 to
SZPMI-078 and SZPMI-026 to SZPMI-066 in the phylogenetic tree) in
C.1.1 sub-lineage, which suggested that there might be two main
transmission chains during the outbreak in Shenzhen (Figs. 1 and 2).

The emergence of the new lineage C.1.1 suggests another evo-
lutionary event of MPXV in 2023

In order to investigate the evolutionary dynamic of MPXV among
human infection during 2023, particularly the newly emerged C.1.1

lineage, we collected all high-quality genome sequences in GISAID and
GenBank databases of clade IIb MPXV. Together with the 92 MPXV
sequences from Shenzhen, a total of 5220 MPXV whole genomes were
included in this analysis (Supplementary Data 1). Firstly, we performed
dimensionality reduction by means of principal coordinates analyses
(PCoA) on 7432 unique nucleotide variation data extracted from
comparison with the reference genome (GISAID ID: EPLISL_13056282).
Significant differences (PERMANOVA, R?=0.66, p = 0.001) with a total
explanatory power of 55% was observed in the mutation spectrum
between different MPXV lineages. The entire clade IIb MPXV could be
roughly divided into four distinct evolutionary process, including the
earliest formed A lineage, the A.2 and A.3 lineages derived from the A
lineage, the A.1lineage derived from the A lineage, as well as the B.1 and
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Fig. 1| Phylogenomic tree of local MPXV genome sequences from Shenzhen

in 2023. The maximum likelihood phylogenomic tree was built using whole gen-
ome alignment of 92 Shenzhen MPXV sequences with representative reference
genomes of MPXV. Red branches with red labels indicate genomes from Shenzhen
outbreak. Black labels in the tree indicate sequences from the GISAID or NCBI
databases. The tree labels were colored by each lineage. The tree was rooted using
clade I as an outgroup. Black dots in the middle of the branch represented

bootstrap support values > 75. The scale bar indicates the number of substitutions
per site. The connection lines between nodes in the tree represented the epide-
miological associations. Red lines meant sexual contacts, while blue lines meant
high-risk sexual behavior in travel history. The inner annotation ring illustrated
three main MPXV clade. The middle annotation ring showed the isolated location of
each MPXV. The outer annotation ring represented the isolated date of each MPXV.
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Fig. 2 | Emergence of a novel lineage of MPXV during 2023. A Evolutionary
divergence of the C.1.1 Lineage supported by phylogenetic tree based on who
genome alignment. The background colors of the clades on the phylogenetic tree
represent different lineages. The isolation location and date were annotated in the
right of tree. Red branches indicate genomes from local outbreak of mpox in

Position (base)

Shenzhen. B Epidemiological evidence of the new C.1.1 lineage. The numbers in
parentheses following the epidemic regions represent the quantity of genomes
collected in the database. C Unique mutations found in each lineage compared with
the reference genome (NC_063383.1) of MPXV. Mutation sites with red font indicate
novel mutations compared to the lineage-defining SNPs in Nextclade database.

C.1 lineages derived from the A.l1 lineage (Fig. 3A). Specially, the B.1
lineage diverging from the A.1 lineage has shown a new and distinct
evolutionary direction, suggesting the occurrence of the first sig-
nificant evolutionary event during human transmission of MPXV. Then
we further conducted a detailed analysis for the MPXV lineages after
B.1, and a total of 5115 sequences with 6966 mutations were included.
In this scenario, the 21 sub-lineages that differentiated from the B.1
lineage demonstrated apparent clustering characteristics, and could
not be distinguished through their mutation spectra (Fig. 3B). How-
ever, we observed a significant separation between the B.1 and C.1
lineages (PERMANOVA, R?=0.33, p=0.001). Notably, the C.1.1 lineage
has diverged from the C.1 lineage and evolved toward another direc-
tion, suggesting that it has potentially undergone another significant
evolutionary event (Fig. 3B).

To decipher the ongoing mutational trajectory of the MPXV, we
explored the patterns and trends of nucleotide mutations (including
substitutions, deletions, and insertions) across different lineages and
time periods. Although total substitutions, deletions, and insertions of
nucleotides showed significant differences across clade IIb MPXV
(p <2.2e-16), only nucleotide substitutions exhibited two evolutionary
events that corresponded to the results in PCoA (Fig. 3C and Supple-
mentary Fig. 5). In addition, we observed a significantly lower number
of substitutions in all lineage A (including A, A.1, A.2, A.3) compared to
the overall average number of substitutions in clade IIb MPXV. On the
contrary, lineage B.1 exhibited a significant accumulation of nucleotide
substitutions (Fig. 3C), which is consistent with the recent report of the
significant evolutionary event occurred in lineage B.1”. Furthermore,

we observed a second significant increase (p < 0.0001) of nucleotide
substitutions in lineage C.1.1 (Fig. 3C), supporting the emergence of
another significant molecular evolutionary event for this lineage. On
the other hand, the number of nucleotide substitutions in MPXV has
been consistently increasing (p < 2.2e-16) over time. MPXV sequences
from outbreak before 2021 showed significantly lower number of
substitutions, while a significant increase occurred in 2023
(p<0.0001) (Fig. 3D).

Accumulation of continuous mutations leads to molecular
evolution of key proteins in mpox

To further investigate the potential mechanisms responsible for the
two evolutionary events in the evolution of MPXV, we explored the
frequency of all 12 types of nucleotide substitutions across clade IIb
MPXYV. The results showed that nucleotide mutations increased along
with the evolution of MPXV (27 in A.1, 69 in B.1, 77 in C.1, up to 88 in
C.1.1) (Supplementary Table 2), and C>T and G > A mutations occu-
pied the highest proportion (reaching 89%) among all mutation types
(Fig. 4A, B), which was consistent with the established APOBEC3
protein-mediated evolution mechanism in MPXV". Additionally, the
accumulation trend of the two mutations types, APOBEC3-like TC>TT
and GA > AA, corresponded with the two evolutionary events (differ-
entiation of B.1 from A.l, differentiation of C.1.1 from C.1) observed in
clade 1lb MPXV (Fig. 4E, F). Simultaneously, mutations of A>C and
G > T also exhibit similar patterns of change, albeit with a much lower
total number of nucleotide substitutions (Supplementary Fig. 6). At
the level of amino acid, the average mutation number showed a similar
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Fig. 3 | Significant evolutionary events among MPXYV clade IIb. A PCoA showed
significant evolutionary divergence of lineage B.1 from lineage A.1. 7432 mutations
among 5220 MPXV genome sequences from clade IIb were used to conduct the
dimensionality reduction analysis. B PCoA showed significant evolutionary diver-
gence of lineage C.1.1 from lineage C.1. 6966 mutations among 5115 MPXV genome
sequences from lineage B and lineage C were used to conduct the dimensionality
reduction analysis. The dots in panels A and B were colored by lineage and grouped
with 95% confidence intervals. The statistical correlation coefficient and sig-
nificance were examined by permutational multivariate analyses of variance

(PERMANOVA) between different lineages. Comparison of total substitutions of
MPXV genome sequences in clade IIb from the aspect of lineage (C) and outbreak
date (D). Boxplots showed the first quartile (minima), the third quartile (maxima)
and the median (the solid line in the box plots) value of the substitution number in
each lineage. The dashed line in (C) and (D) represented the mean value for all
lineages. Significance was examined using one-way ANOVA among all groups and
two-sided Student’s t-test between two groups. Significance level were represented
by black asterisks in the top of boxplot, with * indicating p < 0.05, ** indicating
p<0.01, ** indicating p < 0.001, and *** indicating p < 0.0001.

trend of increase among the clade IIb MPXV. Overall, missense muta-
tions (48%), synonymous mutations (40%), and non-coding region
mutations (12%) accounted for the majority of the mutations (Fig. 4C,
D). Consistent with the patterns of nucleotide substitutions, the three
type of amino acid mutations also showed a significant increase
(p <2.2e-16) during the two evolutionary events (Fig. 4G-I).

To investigate the key protein changes occurred during the evo-
lutionary process of MPXV, we analyzed the protein mutation land-
scape among various lineages (Supplementary Data 2). The results
showed that the clusters of 27 lineages on protein mutation profile
were consistent with the phylogenomic relationships (Fig. 5A). All the
five functional classes of the viral proteins have accumulated a sig-
nificant number of missense mutations, suggesting that an increasing
number of proteins have undergone large scale changes as evolution
progresses (Fig. 5 and Supplementary Data 2). The A lineages exhibited
a clear separation from subsequent evolutionary lineages in the heat-
map, as lineages B and C demonstrated an increased accumulation of
protein mutations (Fig. 5A). Overall, the MPXV proteins can be cate-
gorized into three major groups based on cluster results of euclidean
distance of the mutation frequency matrix. The first cluster contains
five proteins with the highest mutation number, OPG105, OPG003,

OPG210, OPG145, and OPG056. Among them, OPG105 (J6R, DNA-
dependent RNA polymerase) and OPG145 (A18R, DNA helicase) are
both involved in the viral replication process. Interestingly, OPG105 is
more prone to synonymous mutations accompanied by a small num-
ber of missense mutations, while OPG145 predominantly undergoes
missense mutations. OPGOO3 (CI9L, Ankyrin repeat protein) and
OPG210 (B22R family protein) are both associated with host regula-
tion, but OPG0OO03 tends to undergo synonymous mutations with a
small number of missense mutations, whereas OPG210 mostly
experiences missense mutations. OPG056 (F12L, EEV maturation pro-
tein), a protein associated with assembly, primarily undergoes
synonymous mutations with a small fraction of missense mutations
(Fig. 5A, B). The second cluster comprises 37 proteins, with the
majority (18/37) being related to host modulation, followed by 6 sur-
face proteins, 5 replication and 5 assembly-related proteins. Along with
transmission of the lineage B, these proteins have accumulated a
substantial number of mutations, mainly the missense and synon-
ymous mutations (82%). Notably, a nonsynonymous mutation
C21062T was specifically found in all the isolates of C.1.1 lineage and a
few (6%) in the C.1 lineage (Supplementary Data 3), which introduces a
¢.3G>A change in the virulence factor gene OPG036 (N2L, innate
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Fig. 4 | Persistent evolutionary characteristics of MPXV in the C.1.1 Lineage.
Total ratio (A) and average number (B) of 12 types of substitutions across all
lineages among MPXV clade IIb. Total ratio (C) and average number (D) of 5 types
of mutaions across all lineages among MPXV clade IIb. Significant differences found
in APOBEC3-like TC > TT mutation (E) and APOBEC3-like GA > AA mutation (F)
across all clade 1Ib MPXV genomes. Significant differences found in missense
mutations (G), synonymous mutations (H) and non-coding region mutations (I)

across all MPXV clade IIb genomes. Boxplots showed the first quartile (minima), the
third quartile (maxima), and the median (the solid line in the box plots) value of
mutation number in each lineage. Significance was examined using one-way
ANOVA among all groups and two-sided Student’s t-test between two groups.
Significance level were represented by black asterisks, with * indicating p < 0.05,
** indicating p < 0.01, ** indicating p < 0.001 and *** indicating p < 0.0001.

immune modulator) and ultimately leads to the loss of transcription
initiation?. The third cluster encompasses the remaining 132 proteins
with several lineage-specific protein mutations, which overall exhibit a
lower mutation frequency. Among them, OPG074 (O1L, lev morpho-
genesis protein), OPGO16 (Brix domain protein), OPG124 (D12L, mRNA
capping enzyme), and OPG192 (B7R, virulence protein) in lineage C
have accumulated a greater number of missense mutations (Supple-
mentary Data 2). Moreover, OPG180 (ASOR, DNA ligase, predominantly
nonsynonymous mutations) and OPGI120 (D8L, carbonic anhydrase,
predominantly synonymous mutations) in lineage C.1.1 have under-
gone specific mutations (Fig. 5A, B). After normalization of total
mutation number for each OPG by gene length, OPGs with higher
mutation counts still exhibit relatively higher standardized mutation
numbers (Fig. 5C). In addition, the clustering results of proteins and
lineages after normalization also show many similarities, suggesting
the consistency and significance of these mutations in the evlution of
mpox (Supplementary Fig. 7). These findings suggest that during the
evolutionary process of MPXV, different proteins may have been
subjected to varying selective pressures.

Discussion

Between 2022 and 2023, the mpox has experienced a shift in the epi-
center of its outbreak from Europe and the Americas to the Asia-Pacific
region, although the total number of cases in the latter region is rela-
tively low®'%", There is still a great deal of uncertainty regarding the
transmission trajectory of MPXV in the future, therefore it is crucial to
understand the evolutionary laws and directions of MPXV. However,
we have noticed only a limited number of comprehensive reports on
sustained regional MPXV whole-genome surveillance since
2023**%33%31_China, as one of the top ten countries most affected by

mpox', reflects the ongoing characteristics and trends of MPXV evo-
lution in 2023, especially in Shenzhen, an open port city located in
Guangdong Province with the highest number of reported mpox cases
in mainland China. Our large-scale genomic surveillance during the
outbreak of mpox in Shenzhen revealed significant molecular evolu-
tion of MPXV since 2023.

The mpox outbreaks that occurred since 2022 have exhibited
characteristics of accelerated mutations” and changes in transmission
patterns®*. Contact tracing in the sexual networks reported by cases
poses challenges for tracing the origin of MPXV¥, and several studies
have shown that large-scale genomic surveillance of MPXV is of great
significance for epidemic monitoring, tracing, and the formulation of
appropriate public health policies'®**¢. The first case of mpox
reported in mainland China occurred in September 2022 in Chongg-
ing, with the virus belonging to the lineage B.1*". Subsequently, since
June 2023, mpox patients have been reported in various parts of China
with no genomic relation to that case’***°*, suggesting that mainland
China may have experienced another multiple distinct importation
event. Our large-scale genomic surveillance studies from June to
October of 2023 indicate that the MPXV in Shenzhen region may have
three distinct sources (Figs. 1, 2). The importation events within the C.1
lineage demonstrate a clear genomic relationship with the Asian
regions of South Korea and Japan. Additionally, these two clusters of
MPXV genomes show the highest similarity with sequences from
Beijing and Hangzhou in China. This is consistent with the possibility of
multiple importation sources from Asia regions that have been
reported in Beijing and Guangdong?**°, On the other hand, based on
the genomic clustering results, MPXVs from Shenzhen within the
C.1.1 sub-lineage, together with those from Beijing and Yunnan, are
likely to be originated from Portugal. Portugal is one of the countries
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in Supplementary Data 2. B Stacked bar chart displayed the total mutation number
of each OPG across 5220 MPXV genomes by 5 mutation types. C Bar chart pre-
sented normalized mutation number by gene length of each OPG.

that first reported mpox cases in 2022 outbreak, and MPXV has
undergone multiple lineage evolution processes in Portugal®’. Fur-
ther observation of the phylogenetic relationship within the C.1.1
sub-lineage reveals clear clustering patterns, indicating the complex
transmission chains between regions and within local areas. Never-
theless, without further epidemiological evidence, it is challenging to
determine whether these four MPXV sequences in Shenzhen origi-
nated from direct importation from overseas or from interprovincial
transmission within China. Through travel history, we only found the
epidemiological associations of confirmed mpox cases in Shenzhen
with Thailand and Hong Kong, as well as several other cities in China
(Fig. 1). However, due to the lack of other sequenced MPXV genomes
from these regions or the potential hidden transmission?>?***7% we
did not observe clustering of MPXV genomes from these areas on the
phylogenetic tree. Our observation highlights the need to strengthen
global genomic surveillance of MPXV. This will help us make more
accurate assessments of the virus’s transmission relationships
between different regions, as well as its origins and transmission
pathways.

Multiple countries and regions have reported mpox cases with the
C.1 lineage of MPXV?>%*3%3% while its origin and evolution remained
unclear. One recent study with genomic surveillance of MPXV indi-
cates that the C.1 lineage has been detected in the Netherlands during
May 2022 and August 2023 with a limited number of cases®. According
to our genomic investigations with global MPXV genomes, MPXVs
within the C.1 lineage can be traced back to Japan in September 2022
and Belgium in October 2022, and then predominantly reported in
2023 (Fig. 2). These results suggest that the true global distribution
and impact of the C.1 lineage may be more extensive with ongoing

surveillance. Moreover, by utilizing evidence from systematic evolu-
tionary relationships, epidemiological trends, and specific genomic
mutations (Figs. 2, 3), we have identified and characterized a poten-
tially novel sub-lineage of MPXV C.1.1 derived from C.1, despite that no
correlation between clinical features and the C.1.1 lineage can be
established currently. Of particular note, a unique signature mutation
site G152866A was found in the C.1.1 sub-lineage (Fig. 2C). Distinct from
previously reported mpox mutation sites in different lineages'*'*2*?,
this signature mutation coupled with phylogenetic tree supports the
notion that the MPXV evolved in a specific direction, giving rise to the
new lineage C.1.1. Furthermore, the C.1.1 sub-lineage exhibits a unique
evolutionary trajectory at the level of whole-genome mutation spec-
trum, representing another significant evolutionary event of the MPXV
following the global outbreak that led to the B.1 lineage diverging from
the A.1 lineage during the 2022 outbreak (Fig. 3). The adaptive evolu-
tion of the clade II has altered the transmissibility and pathogenicity
compared to former clade 1 of MPXV'®*4° and the accumulated
mutations in the C.1.1 sub-lineage may represent the new evolution
direction of transmissibility and pathogenicity of the MPXVs after
2023, which merits further investigation based on clinical and
experimental data.

Currently, the reported molecular evolutionary mechanisms for
MPXV mainly encompass the accumulation of specific mutations'®,
viral recombination®, and the evolution of codon usage®. The phe-
nomenon of mutation accumulation in the MPXV genomes, mediated
by the APOBEC3 family of antiviral proteins within human cells, has
drawn extensive attention”"®*>*!, Our research further highlighted the
important role of APOBEC3 mediated mutations in the evolution of
MPXV (Fig. 4), which contributed a lot to the emergence of the
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potentially novel lineage C.1.1 in 2023 (Fig. 3). The compressed
transmission chain of MPXV during the global outbreak may be a
crucial driver of the high incidence of APOBEC3-related mutations
observed™, and these results further indicate that MPXV has selected
APOBEC3-related mutations with the lowest adaptation cost under
the pressure of natural selection’®. Therefore, the impact of APOBEC3
on the MPXYV evolution may be a long-term event, which could serve
as the primary driving force for its evolution during the MPXV
transmission. Notably, our results also showed that mutations are
less likely in non-coding regions (Supplementary Fig. 8A, B), which
would fit with non-coding regions having regulatory/control func-
tions for gene expression and/or genome replication*>*>. This
observation suggests that MPXV is able to suppress the generation of
harmful mutations during evolution. Moreover, missense mutations
are also found to be preferred over synonymous mutations during
MPXV evolution (Supplementary Fig. 8C, D), indicating the advan-
tageous nature of these missense mutations for the virus and the
potential human adaptation. Our results provide important insights
into the molecular evolution mechanisms of mpox during human-to-
human transmission.

A profound understanding of the variations in protein sequence
and structure resulting from SNPs is crucial for unraveling the changes
in pathogenicity and transmissibility of MPXV. Mutations within the first
two protein clusters are most prevalent within the lineage B, with most
of these mutations occurring in the host regulatory proteins, suggesting
the important roles of these proteins for the human transmission of
MPXV. Meanwhile, mutations have also been previously confirmed in
several replication-associated proteins, such as OPG105, OPG145, and
OPGO071°**, which may contribute to the replication and transmission of
MPXV. Although mutations in the surface protein of MPXV are com-
paratively sparse, we have identified mutations in OPG120 (Carbonic
anhydrase) within the newly emerged lineage C.1.1 (Fig. 5). Additionally,
we have found that approximately 90% of mutations in the virulence
protein (OPG192) occurred within the C.1 and C.1.1 lineages, with
APOBEC3-related mutations accounting for approximately 83% of the
mutations (Fig. 5 and Supplementary Data 2). Moreover, we have found
two lineage-specific mutations, C149872T and C21062T, which are
potentially of significant impact on the transmission and virulence of
MPXYV (Supplementary Data 3). The C149872T mutation, which disrupts
the A46R gene of the MPXYV, has been identified as a hallmark adaptation
event for the A.2 lineage”. Notably, our study reveals for the first time
that the newly emerged C21062T mutation in the C.1.1 lineage results in
the disruption of the transcriptional initiation of the N2L gene, a
reported innate immune modulator of vaccinia virus®. Meanwhile,
mutations in the N2L gene have been shown to reduce viral virulence in
vaccinia virus®, leading to the speculation that the adaptability and
virulence of the C.1.1 lineage may be affected by this mutation, which
further supports the emergence of the potentially novel lineage C.1.1.
These results indicate that the MPXV has accumulated mutations rela-
ted to virulence**® and surface antigenic proteins throughout its
ongoing evolution, warranting vigilance for potential changes in its
pathogenicity and transmissibility. Further investigation into the bio-
logical significance and potential impacts of these mutations will con-
tribute to a better understanding of the evolutionary mechanisms of
MPXV and provide scientific evidence for epidemic monitoring and
intervention strategies.

In conclusion, we have elucidated the evolutionary trajectory
and characteristics of MPXV in 2023 based a large-scale genomic
surveillance in Shenzhen, China. Our study confirms that the accu-
mulation of APOBEC3-driven mutations in clade Ilb MPXV has not
plateaued. This ongoing mutation process continues to provide raw
material for mpox evolution, highlighting the significant potential for
adaptation. Our findings indicate that the global outbreak strain of
mpox presents a continuing international public health challenge.
The virus has significant mutational potential that could, in the

future, allow it to spread more widely and pose a threat to the
broader population, beyond the currently affected demographic.
This finding underscores the importance of ongoing surveillance and
research to monitor these evolutionary dynamics and their implica-
tions for public health.

Methods

Participants and sample collection

Participants presented in this study were laboratory confirmed mpox
patients using quantitative real-time PCR (Macro & Micro Test Co.,
Ltd.) and were admitted to our hospital during 9 June to 12 October
2023 (N=92). Clinical information and laboratory results were col-
lected at the earliest timepoint after hospital admission. Skin lesions
samples were collected from the enrolled patients during hospitali-
zation and follow-up, and the samples with highest viral load (indi-
cated as lowest Ct values) were subjected for sequencing. The study
protocol was approved by the Ethics Committees of Shenzhen Third
People’s Hospital. Written informed consent was obtained from all
patients.

DNA quality control and library construction

The MPXV DNA was extracted using commercial kit (Qiagen, Germany)
and subsequently submitted to BGI China for whole-genome sequen-
cing. The Mpox Virus Nucleic Acid Detection Kit (BGI, China) was used
to perform multiplexed probe fluorescence quantitative detection on
the F3L and B7R genes, the results of which indicated that the F3L and
B7R genes passed the QC if the Ct values were < 32, and the Ct value of
the internal reference genes was < 35. Library construction was per-
formed using the Mpox Whole Genome Assay Universal Kit (Multiplex
Amplification Method) (BGI, China). The kit contains 342 pairs of pri-
mers designed according to the whole genome of the MPXV, and the
amplicon products with the target sequences of the whole genome of
the mpox virus were amplified by multiplex PCR. The amplification
products were purified by using magnetic beads, and the purified
products were subjected to concentration quantification and fragment
quality control. The concentration of the qualified products should be
greater than 10 ng/pL, and the distribution of target fragments should
be in the range of 650 bp-750 bp, with no obvious dimerization and
non-specific fragments.

Whole genome sequencing

The amplification product was end-repaired and connected to the
Native Adapter kit (NBD-104/114) with the ligation sequencing kit
(LSK110). Sequencing was conducted using the MinlON platform from
Oxford Nanopore Technologies (ONT). The sequencing process was
controlled using MinKNOW (v23.04.6, ONT), and basecalling and
demultiplexing were performed using guppy (v6.5.7, ONT) in Fast
mode. Ultimately, the average sequencing speed for this batch of data
was 292 Bases/sec, with a minimum output of 400 K reads or 200 M
bases per sample. After acquiring the sequencing data, artic guppyplex
v1.2.1 (https://github.com/artic-network/fieldbioinformatics) was uti-
lized to filter out reads with sequence lengths below 300 bp or above
1000 bp, as well as sequence average quality lower than 8 in the
sequencing data. The filtered clean reads of each samples were map-
ped to the reference genome of MPXV (NC 063383.1) using
minimap2*’ with default parameters. The base distribution informa-
tion was extracted using bam-readcount v1.0.1** with default para-
meters. Subsequently, for each position, we analyzed the base depth
and composition. The nucleotide with a sequencing depth greater than
30x and a depth proportion greater than 50% was selected as the
output for that position. Following these criteria, the consensus gen-
ome sequence was generated for each sample. The detailed sequen-
cing information of 92 MPXV genomes from Shenzhen, including reads
number, total bases, mapped bases, coverage, and average depth was
summarized in Supplementary Table 3.
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Phylogenetic and molecular evolution analysis

In order to conduct a systematic molecular evolution study of MPXV,
we retrieved 3734 MPXV genomes longer than 196 Kb from the NCBI
GenBank database (https://www.ncbi.nlm.nih.gov/genome) and
extracted 5077 MPXV genomes labeled with “Complete” from the
GISAID database (https://www.epicov.org/epi3/frontend#3abd83)
(as of November 20, 2023). Subsequently, we merged these two
databases and removed redundant sequences. The sequences were
subjected to quality control using NextClade*’, resulting in a refer-
ence dataset of 5128 high-quality MPXV genomes. Next, we used the
NextClade online service platform to preliminarily confirm that all
indigenous MPXV genomes in Shenzhen belong to the C.1 lineage.
We extracted all genomes belonging to the C.1 lineage from the
reference dataset and randomly selected up to three MPXV from
each lineage outside of C.1, and conducted the phylogenetic analyses
along with the 92 local MPXV genomes from Shenzhen. These MPXV
genomes were aligned using MAFFT v7.520 software®, and the
alignment was trimmed using trimAl vl.4.revl5 software®. Subse-
quently, a maximum likelihood phylogenomic tree was constructed
using IQ-TREE v2.2.5 software®’, and the optimal nucleotide sub-
stitution model was automatically selected using ModelFinder®.
Additionally, 1000 ultrafast bootstrap approximations were per-
formed to calculate the support values for the tree nodes. To further
support the results of the phylogenetic analysis, a SNP-based sys-
tematic evolution analysis was conducted using Parsnp
v1.7.4 software™. Finally, the resulting phylogenetic tree and SNP-
based evolutionary tree were visualized and edited using the iTOL v5
web tool®. Nucleotide and protein mutation profiles were identified
using NextClade compared to the reference genome of clade IlIb
MPXV (accession: NC_063383.1), and the mutations were further
annotated by SnpEff v5.2a software®. Visualization of specific
mutation sites for each lineage was performed using Snipit (https://
github.com/aineniamh/snipit).

Statistical analysis

All datasets were analyzed using R v4.0.2 software (https://www.r-
project.org) and visualized using the ggplot2 package (https://cran.r-
project.org/package=ggplot2). The median and interquartile range
(IQR) were reported for continuous variables, while frequencies and
percentages were reported for categorical variables in the statistical
analysis of epidemiological and clinical characteristics. To assess the
distribution of all mutations across the mpox genomes, a principal
coordinate analysis (PCoA) was performed using the Bray-Curtis dis-
tance matrix. The significance of differences in viral composition
among different lineages were assessed using the adonis function from
the vegan package (https://cran.r-project.org/package=vegan), which
performs a non-parametric multivariate analysis of variance (PERMA-
NOVA) based on the Bray-Curtis distance with 999 permutations.
Significance was examined using one-way ANOVA among all groups
and two-sided Student’s t-test between two groups, and visualized
using the ggpubr package (https://rpkgs.datanovia.com/ggpubr/).
During ANOVA, when the p-value is extremely close to zero, it will be
expressed as p <2.2e-16 due to the limitations in computer floating-
point representation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The whole genome sequences of 92 Shenzhen Mpox virus have been
deposited in the GenBase in National Genomics Data Center under
accession number from C_AA061241.1 to C AA061332.1 that are
accessible from https://ngdc.cncb.ac.cn/genbase. The 92 raw

sequencing data have been deposited in the Genome Sequence
Archive in National Genomics Data Center with accession: CRA015345
under Bioproject: PRJCA024271. The detailed information of MPXV
sequences used in this study has been summarized and show in Sup-
plementary Table 3.
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