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Abstract

Background In 2022, a global outbreak of monkeypox occurred with a significant shift in its epidemiological
characteristics. The monkeypox virus (MPXV) belongs to the B.1 lineage, and its genomic variations that were linked
to the outbreak were investigated in this study. Previous studies have suggested that viral genomic variation plays
a crucial role in the pathogenicity and transmissibility of viruses. Therefore, understanding the genomic variation

of MPXV is crucial for controlling future outbreaks.

Methods This study employed bioinformatics and phylogenetic approaches to evaluate the key genomic variation
in the B.1 lineage of MPXV. A total of 979 MPXV strains were screened, and 212 representative strains were analyzed
to identify specific substitutions in the viral genome. Reference sequences were constructed for each of the 10 line-
ages based on the most common nucleotide at each site. A total of 49 substitutions were identified, with 23 non-
synonymous substitutions. Class | variants, which had significant effects on protein conformation likely to affect viral
characteristics, were classified among the non-synonymous substitutions.

Results The phylogenetic analysis revealed 10 relatively monophyletic branches. The study identified 49 substitu-
tions specific to the B.1 lineage, with 23 non-synonymous substitutions that were classified into Class |, Il, and Il
variants. The Class | variants were likely responsible for the observed changes in the characteristics of circulating MPXV
in 2022. These key mutations, particularly Class | variants, played a crucial role in the pathogenicity and transmissibility
of MPXV.

Conclusion This study provides an understanding of the genomic variation of MPXV in the B.1 lineage linked

to the recent outbreak of monkeypox. The identification of key mutations, particularly Class | variants, sheds light

on the molecular mechanisms underlying the observed changes in the characteristics of circulating MPXV. Further
studies can focus on functional domains affected by these mutations, enabling the development of effective control
strategies against future monkeypox outbreaks.
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Organization declared the outbreak a public health emer-
gency of international concern [3].

MPXV is a type of enveloped Orthopoxvirus. It has a
double-stranded genome of 197 kb encoding more than
200 proteins [4]. The previously endemic Congo Basin
and West African strains are now known as clade I and
clade IIa, respectively, while the recently evolved West
African branch is referred to as clade IIb [5]. Epidemio-
logical statistics have shown that the incidence of the
Congo Basin strain has increased continuously from
0.64/100 000 in 2001 to 2.82/100 000 in 2013, with the
rate of suspected and confirmed cases reaching 500/100
000 in 2016. Few of the Congo Basin isolates have spread
to other areas. The incidence of the West African strain
was low but has spread repeatedly to countries outside
Africa [2]. Virulence differs between Congo Basin and
West African strains, with fatality rates of nearly 10% for
clade I and less than 3% for clade ITa [6-8].

Clade IIb encompasses most of the circulating strains
from 2017 to 2019, the B.1 lineage that caused the 2022
MPX outbreak, and the A.2 lineage, which caused a
minor endemic in 2022 [9]. The 2022 global MPX epi-
demic was primarily transmitted from person to person,
with a significant proportion of transmission occurring
among men who have sex with men [10]. The median
RO for MPX transmission in Europe was 2.44 in 2022,
with the highest estimates in Portugal and Germany
[11]. Typical clinical features of the disease are fever,
rash, and swollen lymph nodes [3], and these were con-
sistent up to 2022. The rashes of newly infected patients
occurred mostly in the genital region, rather than on the
hands and face [12]. Furthermore, the first death outside
of Africa was reported in 2022; however, the overall case
fatality rate was lower than that of the Congo Basin and
early West African strains at 1.18% [13]. It is reasonable
to conclude that the 2022 MPXYV strains exhibited signifi-
cant changes in biological characteristics [14], prompting
research on the molecular basis of these changes. Whole
genome sequencing and phylogenetic analyses have
shown that MPXV in 2022 was closely related to strains
circulating from Nigeria to the United Kingdom in 2018—
2019. However, the mean number of single nucleotide
polymorphisms (SNPs) differed by as much as 50, which
was far more (about 6—-12 times) than expected based on
previous estimates of the replacement rate of poxviruses
[15, 16]. This likely reflected the continued and acceler-
ated evolution of MPXV.

Different types of mutations can lead to changes in the
virus’s biological characteristics. Previous classic studies
have identified virulence-related genes in MPXV, such
as D10L, D14L, and B10R [17]. The deletion of the D14L
gene is more common in West African strains than in
Congo Basin strains [18]. Additionally, research suggests

Page 2 of 14

that the B18R region and the virus’s ability to bind to the
envelope may be closely related to changes in the virus’s
infectivity and transmissibility [19]. Moreover, there are
sites related to immune evasion, such as those with inter-
feron inhibitory effects, such as B9R, B16R, C1L, D11L,
DIL, and those achieving immune evasion through inter-
fering with TNF-a and IL-1beta receptors, such as J2L
and B14R [20]. Of course, these functions do not exist in
isolation; they work in concert to respond to the virus’s
selective pressures. Recent studies have focused on viral
phylogeny and functional domains of 2022 pandemic
isolates [21, 22]. However, the focus on a small sample of
classical strains may introduce bias in the identification
of critical genetic variants. It is challenging to fully unveil
the virus’s evolutionary history and the contributions of
observed mutations.To identify key mutations in MPXV
evolution, we selected 212 of 979 complete genome
sequences from public databases. Through phylogenetic
analysis, we identified 10 monophyletic branches and
established corresponding reference sequences (RSs)
to eliminate uninformative mutations and to obtain the
maximum commonality for each branch. Non-synon-
ymous substitutions based on the alignment of these
RSs were considered universal mutations in circulating
strains, and those leading to structural changes in the
protein were likely to affect the biological and clinical
features of MPXV. Our team was the first to apply this
method to select over 3000 HBV sequences reported
from different countries. We constructed HBV sub-
types by selecting the most frequent nucleotides at each
position using infectious nature plasmids constructed
based on four subtype-specific reference sequences, and
in vitro and in vivo studies confirmed that these refer-
ence sequences possessed complete biological function-
ality [23]. This demonstrates the reliability of using this
method for virus subtyping.

Materials and methods

Sequence acquisition and selection of MPXV strains

In the “nucleotide” module of the NCBI website (http://
www.ncbi.nlm.nih.gov/genbank/), we employed the
search terms “monkeypox virus” and “complete” with the
date set to before September 25, 2022. This search yielded
a total of 954 full-length sequences of MPXV were
obtained, all of which originated from human infections
(Additional file 1). To prevent potential analytical bias,
we retained sequences from no more than four strains
uploaded by the same author. Sequences containing
more than 10% N bases were excluded from our analy-
sis. It’s worth noting that the A.2 lineage, which was only
locally endemic in 2022, was analyzed separately. Given
that only three strains of the A.2 lineage were obtained
from the NCBI database, we obtained an additional 25
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strainsfrom the GSAID database (https://www.epicov.
org/) using the same retrieval criteria.

Establishment of a phylogenetic tree and RSs
A phylogenetic analysis of the selected isolates was per-
formed using IQ-TREE, adopting maximum-likelihood
estimation and best substitution model. The rapid boot-
strap method was used for evaluating branch support.
The selection of branches to construct RSs was guided
by the following principles: (1) Classical isolate (Zaire-
96-1-16) with well-defined functional regions served
as original RS; (2) To maintain consistency with clas-
sification rules, corresponding RSs were established for
clade I and clade IIa; (3) To better understand the recent
mutations, RSs for the 2022 circulating strains were
established independently, without being based solely
on the overall of separation of all isolated strains. Given
the abundance of strains in the B.1 lineage, two refer-
ence sequences were constructed based on the branch-
ing clustering situation. RSs were also constructed for
the branches adjacent to the 2022 RSs within clade IIb;
(4) When a selected branch contained only one isolate, it
was automatically used as the RS for that branch. In cases
with multiple isolates, RSs were constructed as followed
method; (5) The most frequently observed nucleotide at
each site among all isolates on the corresponding branch
was selected; (6) All RSs were included in a new phyloge-
netic analysis to evaluate clades and distances.

Moreover, phylogenetic trees were embellished using
the iTOL website (https://itol.embl.de/itol.cgi). The RSs
were constructed using MEGA_X_10.0.2 software.

Homology analysis of the RSs

To verify the reliability and specificity of all artificially
constructed RSs, intragroup homology of RSs was evalu-
ated. Identifying sites within each RS where base sub-
stitutions occurred and tallying the number of isolates
exhibiting these substitutions; Calculating the heteroge-
neity rate (HR) for each site, which was defined as the
ratio of the number of isolates with a substitution at that
site to the total number of isolates within the RS branch;
Using a statistical cutoff point of 20%; Sites with a HR
of less than 5% were deemed to have negligible impact
on the stability of the RS and were excluded from con-
sideration; Comparing the number of substitution sites
and the HR of each RS to assess the reliability of the con-
structed RSs.

Alignment of each RS

We utilized an early isolated strain with clearly defined
open reading frames (ORF) as the original reference
strain. Each RS was compared with this reference strain
to ascertain the start-end sites as well as the length. This
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process allowed us to identify ORFs within each RS. Most
importantly, it facilitated the identification of all muta-
tions in each RS relative to the original reference strain,
encompassing both coding and non-coding regions
(NCRs).

Identification and classification of key mutation sites
This study primarily focused on identifying specific
mutations in the RSs corresponding to the B.1 lineage of
MPXYV, which was responsible for the 2022 pandemic.
We selected unique mutations present in the RSs of the
B.1 lineage and also specific site mutations that were
shared by the B.1 lineage and neighboring RSs for fur-
ther analyses. To identify non-synonymous mutations
in ORFs, we translated nucleotide sequences into amino
acid (AA) sequences. Protein conformation models of
OREFs containing non-synonymous mutations in each RS
were constructed using ColabFold. Differences in protein
conformation were assessed by comparing the root mean
square deviation (RMSD) and predicted local distance
difference test (pLDDT). Mutations were categorized
into Classes I, II, and III based on their significance. Non-
synonymous mutations within the B.1 lineage that were
predicted to result in significant changes in protein con-
formation were considered the most likely to affect virus
characteristics (Class I).

The SWISS-MODEL website (https://swissmodel.
expasy.org/) was used to visually display the differences
in protein conformation models.

Statistical analysis
The analysis encompassed determining the total counts
of the three substitution types in the constructed RSs.
The total counts the three substitution types in the con-
structed RSs were determined, and the proportions of
polymorphic sites with HR>20% and 5% < HR<20%
were distinguished. Pairwise comparisons of evaluation
indexes between RSs were performed by chi-squared
(x2) or Fisher’s exact tests. Values of P<0.05 were con-
sidered statistically significant. Statistical analyses were
performed using the “rcompanion” package in R 4.2.2.
GraphPad Prism 8 was used to generate plots. The two
parameters, i.e., total polymorphic sites and proportion
of polymorphic sites with HR >20%, were evaluated for
three mutation types, SNPs, insertions, and deletions.

All of the alignments for nucleotide or amino acid
sequences were performed by SnapGene Viewer 5.3
software.

Results

Details of MPXV strains included in the analysis

Following screening based on several criteria, a total of
212 strains were included in subsequent analyses. Among
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these, 187 strains from NCBI (Additional file 2), includ-
ing 75 isolates obtained prior to 2022, 109 strains of the
B.1 lineage and 3 strains of the A.2 lineage prevalent in
2022, and 25 strains of the A.2 lineage (Additional file 3),
were downloaded from GASAID (Fig. 1).

Phylogenetic analysis and RSs

The phylogenetic tree revealed the presence of 37 iso-
lates of the Congo Basin strain (clade I) and 175 isolates
of the West Africa strain (clades Ila and IIb). Despite
some temporal overlap, it was evident that the Congo
Basin and West African strains had undergone substan-
tial divergence over time. Within the West African strain,
there were two main branches: one including 22 strains
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belonging to clade Ila and the other encompassed 153
strains in clade IIb. Clade IIb showed a clear time gradi-
ent, with a close genetic relationship between the 2022
epidemic strains and those from to 2017-2019. The A.2
lineage was located between the 2017 and 2018 isolates,
while the B.1 lineage displayed significant variation and
differed by approximately 50 SNPs from the 2018-2019
epidemic strains. To gain a more detailed resolution,
branches belonging to the B.1 and A.2 lineages were used
to construct separate phylogenetic trees for greater reso-
lution (Fig. 2A).

In the Congo Basin branch, AF380138-1996 and
NCO003310-1996 were separate from other isolates
and had identical genomic sequences. AF380138,
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representing the classic isolate Zaire-96-1-16 with well-
established ORF borders and starting-ending sites [4],
was designated as RS1. The remaining Congo Basin iso-
lates formed RS2 (35 isolates), while RS3 (22 isolates)
corresponded to the relatively independent clade Ila.
Within clade IIb, early isolates KJ642615 and KJ642617
each occupying a separate branch, corresponding to RS4
and RS5, respectively. RS7 (28 isolates) was established
independently based on A.2 lineage isolates. The B.1 line-
age, which comprised over 50% of the included isolates,
clustered together and constituted the two final branches.
To minimize heterogeneity, RS9 (79 isolates) and RS10
(30 isolates) were evaluated separately. The neighboring
branches of 2022 isolates led to the establishment of RS6
(nine isolates) and RS8 (five isolates) (Additional files 4,
5,6,7,8,9,10, 11, 12 and 13). Among all RSs, RS7 and
RS3 showed the greatest internal variation, with approxi-
mately 100 SNPs, whereas RS8 showed the least variation
among internal isolates (Figs. 2A-B and 3A).

The internal relationships within RS7, 9, and 10 were
evaluated separately. The genomic sequences of EPI
ISL_15022589 and EPI ISL_14952916 from RS7 con-
tained numerous ‘N’ bases and are not shown in the
figure (Fig. 3A). The isolates of RS9 and 10 showed high
homology, with approximately 60 SNPs separating the
most distantly related ON91148 and ON9725 isolates in

RS9 (Fig. 3B) and 50 SNPs separating the most distantly
related isolates in RS10 (Fig. 3C).

Homology of each RS with internal isolates

A comparison of each RS with corresponding isolates
showed few mutations and low HR values. The numbers
of differential sites were 222 (RS2), 85 (RS3), 24 (RS6),
46 (RS7), 12 (RSS8), 83 (RS9), and 41 (RS10) for 5% <
HR <20% and were 53 (RS2), 266 (RS3), 6 (RS6), 60 (RS7),
5 (RS8), 26 (RS9), and 15 (RS10) for HR >20%. Few sites
were in ORFs (Additional file 14). Furthermore, the RSs
showed significant differences in the number of polymor-
phic sites and rate of polymorphic sites with HR >20% for
the three substitution types (SNP, insertion, and deletion)
(rate of polymorphic sites with HR>20%: P<0.001 for
deletions and P<0.0001 for others). The numbers of SNP
sites with HR >20% were relatively low for RS7 (27 sites),
RS8 (3 sites), RS9 (10 sites), and RS10 (4 sites). The ratios
of SNP sites with an HR>20% were significantly higher
in RS3 (83.40%) and RS7 (87.10%) than in other line-
ages (Fig. 4A). A relatively lower number and proportion
of sites with HR>20% were observed in RS7 (7, 35.0%),
RS8 (2, 40.0%), RS9 (3, 13.64%), and RS10 (3, 15.79%)
(Fig. 4B). The total numbers of deletion sites in RS7 (55)
and RS9 (56) were significantly higher than those in other
lineages; however, the proportion with HR>20% was
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Fig. 3 Phylogenetic trees of RS
and are not shown

(A), RS9 (B), and RS10 (C); sequences of

only 19.7% in RS9. There were very few deletions in RS6
(0) and RS8 (2) (Fig. 4C). The overall intragroup hetero-
geneities in RS8, RS9, and RS10 were relatively low.

Alignment of ORF and NCRs of the RSs

The start-stop sites and ORF lengths were compared for
each RS (Additional file 15). D14L, D15L, D16L, and
D17L in RS3-RS10 showed whole-segment deletions
when compared against RS1. ORFs with length differ-
ences in RS3-RS10 (West African clade) are listed in
Table 1, including four newly emerged regions that may
have independent coding functions.

Relative to RS1, RS2-RS10 showed 1785 variant sites in
181 ORFs and 675 NCRs, including 1495 SNPs, 141 inser-
tions, and 149 deletions. As both RS2 and RS1 belonged
to the Congo Basin strain, only 172 sites differentiated
the two. Most of the remaining variants showed general
differences between the West African and Congo Basin
strains. There were only six differences between RS9 and
RS10, four of which were differences in the length of
the insertion and two of which were deletions of short
sequences only occurring in the NCR of RS10. RS9 and
RS10 relative to RS1 differed at 1776 sites; among these,
1711 had appeared in RS3-RS7, 16 appeared in RS8, and
49 were unique to RS9 and 10 (Additional file 16).

Screening of key mutation sites

To identify key mutations in the virus, only variants
shared by RS9 (representing the B.1 lineage) and RS10
were examined. Unique variants in RS9 were selected
as well as differences shared by RS5 or RS8 with RS9
and other RSs. A total of 44 nucleotide substitutions,
including 28 in ORFs and 5 in NCRs, were unique to
RS9. Additionally, 23 were non-synonymous substi-
tutions, distributed in J1L (S105L), J2L (S54F), DIL

o
g
§
§
E

PISL_15022589 and EPI'ISL_14952916 in RS7 had too many ‘N’ bases

(A423D), C3L (S36F), CIL (R48C), C15L (P78S), C18L
(E125K), C19L (E353K), F8L (L108F), F9R (D56N), GOR
(S30L, D88N), G10R (M142R), M4R (E162K), A19R
(E62K, R243Q), A24R (S307L), A47R (H221Y), B21R
(D209N, P722S, M17401), J2R (S54F), and J3R (S105L)
regions. Moreover, 13 nucleotide substitutions in 11
ORFs and three in NCRs were shared and specific to
RS8 and RS9, among which nine were non-synony-
mous substitutions, distributed in G8L (D196N), L6R
(S734L), H4L (H740Y), A11L (D98N), A14L (A17T),
A19R (E435K), A24R (D100ON), and B9R (R108I and
L263F) (Table 2).

Protein conformational diversity

ORFs with non-synonymous substitutions were used
to simulate protein conformation, and the pLDDT and
RMSD were evaluated. The models satisfying pLDDT > 70
were reliable and RMSD > 1 indicated a significant differ-
ence in conformations.

Four ORFs met the criteria, and all corresponding
substitution sites were specific to RS9 (Table 3). The J2L
protein of RS9 harbored a unique AA mutation, S54F
(Fig. 5A). The protein structure of C9L in RS9 was an out-
lier downstream of that of R48C (Fig. 5B). Similarly, local
regions with the most significant differences in C15L
(Fig. 5C) and A47R (Fig. 5D) were specific AA mutations
P78S and H221Y. To better show the magnitude of the
differences, A45L with the same AA sequence and pro-
tein conformation of the RSs was selected as a control
(Fig. 5E). Furthermore, no significant protein conforma-
tional differences were found in the shared and specific
ORFs of RS9 and RS8 (Additional file 17). The complete
pictures of the conformation model of the four key sites
were shown in Additional file 18.
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Classification of the key mutation sites

To preliminarily evaluate the core mutations influenced
the biological characteristics of MPXV in 2022 and facili-
tate further research, the key mutations were divided
into three grades (Class I-III), with a primary focus on
class I mutations. Class I included specific non-synony-
mous mutations in RS9 with substantial differences in the
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corresponding protein conformation (RS9 vs. RS8). Class
II included non-synonymous mutations unique to RS9,
shared and unique non-synonymous mutations in RS8
and RS9 predicted to alter protein conformation, and
unique mutations in the NCR of RS9. Class III included
synonymous mutations unique to RS9 and shared and
unique mutations in ORFs and NCRs of RS8 and RS9,
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Table 1 The ORFs with length differences and the newly added regions between the RSs belonging to West African strains and RS1

ORF Sequence Length

RS1 RS3 RS4 RS5 RS6 RS7 RS8 RS9 RS10
J1L 741 759
D4L 252 253 255 254 254 254 254 254 254
D11l 462 471 477 474 468 468 468 468 468
D13L 948 951 951 951 946 946 946 951 951
O1L 1329 1328
2L 1128 1125 1126
oL 1464 1484 1459 1454 1449 1449 1449 1449 1449
CriL 1032 1033 1036 1036 1036 1036 1036
c1aL 222 224 224 224 224 224 224
c14L 195 185 185
H5R 642 633 633 633 633 633 633
H7R 441 435
AT0L 303 321
A26L 228 227
A28L 1563 1527 1533 1539 1530 1530 1530 1530 1530
A32L 234 237 237 237 237 237
A33R 429 438 438
A48R 255 112 155 146 146 146 146 129 129
A50R 1665 1667 1667 1667 1667 1667
B1R 213 2457 2462 2475 2476 2476 2476 2476 2476
B5R 1686 1677
B7R 531 533 533
B10R 666 664 664
B14R 981 978 1017 1049 1049 1013 1049 1017 1013
B16R 1059 1065 1071 1071
B17R 2382 2364 2364 2364 2364 2364
B18R 213 214 214 214 214 214
B21R 5640 5643 5643 5643 5643 5643 5643
N3R 531 530
JIR 1764 1763 1763 1763 1763 1763 1763
J3R 741 759
New 1 109 109 109
New 2 402 402
New 3 162
New 4 297

Unfilled blanks are the same length as RS1; Start-stop site of newly added regions: New1: RS6 (13,791-13,683), RS7 (13,412-13,304), RS8 (13,410-13,302); New2: RS4
(47,852-48,253), RS5 (47,716-48,117); New3: RS5 (121,932-122,093); New4: RS5 (169,825-170,121)

Abbreviations: ORF Open reading frame, RS Reference sequence

without conformational differences. Finally, 4 ORFs were
assigned to class I, 15 ORFs and 5 non-coding mutations
were assigned to Class II, and 17 ORFs and 3 non-coding
mutations were assigned to Class III (Table 2).

Discussion

MPXV caused an unexpected global epidemic in 2022,
leading to significant changes in its mode of transmission
and clinical presentation [39].Understanding mutations

in key gene functional sites of the strains responsible
for this outbreak is crucial for various aspects, including
origin tracing, molecular analyses of replication, trans-
mission, pathogenicity, prediction of epidemic trends,
and the identification of therapeutic targets.Under-
standing mutations in key gene functional sites of the
strains responsible for this outbreak is crucial for vari-
ous aspects, including origin tracing, molecular analyses
of replication, transmission, pathogenicity, prediction
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Table 2 Important variable regions and classification of recent monkeypox viruses

Type Region Nucleotide Site RS1 RS5 RS8 RS9 AA Site RS1 RS5 RS8 RS9 Class
ORF J2L 2626 G A 54 S F |
coL 32398 G A 276 L |
33084 G A 48 R C
C15L 36486 G A 78 P s |
A47R 152326 C T 221 H Y |
L 1298 G A 105 S L I
DIL 14058 G T 423 A D I
alL 27697 G A 36 S F 1l
c18L 39229 G A 611 F I
40387 G A 225 [
40689 C T 125 E K
c19L 41146 C T 359 E I
41166 C T 353 E K
F8L 55158 G A 518 Vv I
56390 G A 108 L F
FOR 56908 G A 56 D N I
G9R 75339 C T 30 S L I
75512 G A 88 D N
G10R 76478 G A 142 M I I
M4R 79656 G A 162 E K 1l
A19R 126413 G A 62 E K I
126957 G A 243 R Q
127532 G A A 435 E K K
A24R 130359 G A A 100 D N N I
130981 C T 307 S L
B21R 181670 G A 209 D N I
183209 C T 722 P S
186265 G A 1740 M I
J2R 194233 C T 54 S F I
J3R 195561 C T 105 S L 1l
J3L 3147 G A 498 [ a a a n
3558 G A 361 [
3854 C T 263 D
D3R 7747 C T 64 [ n
o1L 23728 G A 237 F n
cib 25599 C T T 185 S n
7L 66571 G A 140 [ n
G8L® 74635 C T T 196 D N N n
L6RP 83548 G A 50 K n
84646 C T 356 N
84724 G A 442 T
85599 C T T 734 S L L
86860 C T 1154 F
H4LP 89503 G A A 740 H Y Y n
89570 G A A 717 F
E3R 97316 G A 125 Vv n
A11LP 121579 C T T 98 D N N mn
A14Lb 123603 C T T 17 A T T n
A45L° 150269 G A A 328 [ n
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Table 2 (continued)
Type Region Nucleotide Site RS1 RS5 RS8 RS9 AA Site RS1 RS5 RS8 RS9 Class
B5R” 164557 C T T 500 L 1l
B9RP 167383 G T T 108 R | | ]
167847 C T T 263 L F F
B11R 169968 G A 75 R n
JIR 193005 G A 263 D a @ @ ]
193301 C T 361 |
193712 C T 498 |
B14R 172992-172993 Add (AT, (AT)y,  (AT)ig 2 2 2 In
NCR 15486 G A ]
153420 A C ]
157756 G A ]
177827 G A ]
135368-135369 Add (Mo (Mg (M., ]
24010° G A A n
187115P C T T n
178879-178896P Del v v/ n
(TATATACAT),

2 Terminator appeared before the mutation; "Mutation common and unique to RS8 and RS9; (AT)34: 34 cycles of AT, and similar formats have the same interpretation

Abbreviation: RS Reference sequence, AA Amino acid, ORF Open reading frame, NCR Non-coding region, Del Deletion

Table 3 Relevant parameters of protein conformation models
for the key variable regions

ORF pLDDT (RS9) RMSD (RS9 vs. Relevant
RS8) References
L 86.1 1.093 [4]
oL 90.6 2375 [24]
C15L 787 1572 [25]
A47R 702 3475 [26]°
JIL 78.1 0.036 [27]
DIL 849 0.532 28]
3L 80.8 0313 [29]
c18L 883 0819 [307°
1oL 92 0.088 312
F8L 90.1 0.863 [32]
FOR 95 0.142 [33]°
GO9R 89.4 0.601 [32]
G10R 845 0.1 [34]°
M4R 80.2 0.075 [35]
ATOR 879 0212 361
A24R 89.3 0.122 [26]°
B21R 62.9 4615 [37]
J2R 86.1 0.602 [38]°
J3R 78.1 0.035 None

2 ORF has not been studied in monkeypox virus, and the literature is related to
isoforms of other orthopoxviruses

Abbreviations: ORF Open reading frame, RS Reference sequence, pLDDT
predicted local distance difference test, RMSD Root mean square deviation

of epidemic trends, and the identification of therapeutic
targets.

Previous comparative genomic studies of MPXV have
focused on the difference between West Africa and the
Congo Basin strain [4, 40, 41], as well as the genetic vari-
ation in the 2022 pandemic strains [14, 21, 22], however,
these studies all focused on strains isolated in a certain
region. In this study, RSs were constructed based on a
large sample size to more clearly reflect the evolution
of MPXYV genotypes. This method helped filter out less
informative variants and minimized biases resulting from
location, researcher, and sequencing errors, making it
possible to identify loci associated with the virus’s biolog-
ical characteristics. This approach has been successfully
applied to construct RSs for different genotypes of Hepa-
titis B virus and SARS-CoV-2 [23, 42, 43].

The phylogenetic analysis showed clear differentiation
between the West African and Congo Basin strains, with
a particular focus on the West African lineage, espe-
cially clade IIb, which exhibited a high degree of related-
ness. These finding results indicated that MPXV gained
a few critical mutations in recent years. Constructed
RSs showed high homology with their respective isolate
sequences to the sequences of their isolates, with RS8 (5
isolates), RS9 (79 isolates), and RS10 (30 isolates) show-
ing the lowest total numbers of substitutions and het-
erogeneity rates. Substitutions with HR values greater
than 20% were primarily located outside of coding
regions, confirming the reliability of the RSs for further
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Fig. 5 Protein conformation differences in the key ORFs of RS9. RS1 (green), RS5 (purple), RS8 (red), and RS9 (yellow) were compared. A,
Compared with the conformation of J2L, the local structure of S54F RS9 mutant differed substantially. B, Compared with the conformation of CIL,
the downstream structure of the R48C mutant differed significantly. C, The predicted protein conformation of C15L showed that RS9 was locally
separated near P78S. D, Compared with the protein conformation of A47R, the difference of RS9 near H221Y was significant. E, The AA sequence

of A45L was the identical for all RSs and served as a control

comparative analyses. The focus of this analysis was on
the B.1 lineage corresponding to RS9 and RS10 due to the
sudden outbreak and rapid changes in MPX character-
istics in 2022. [12]. Ten specific polymorphic sites com-
mon to RS9 were first screened. The B.1 lineage is now
believed to have evolved from the A.1 lineage circulating
in 2017-2019 [15, 44]. Ten mutations shared and specific
to RS8 and RS9 were considered the secondary focus.
Mutations that appeared in the early RSs were eliminated
because they did not cause a pandemic. Through this pro-
cess, 65 relatively important mutation sites were obtained
by screening the RSs of recently circulating strains, most
of which were SNPs (62 sites). Among the SNPs, there
were 38 G-to-A and 23 C-to-T mutations, consistent
with results published in 2022 [15, 22, 44], supporting the
accuracy of the RSs. Moreover, the A.2 lineage with a low
prevalence in 2022 [45] clustered between the 2017-2019
isolates in the phylogenetic tree and was considered a
local recurrence of early strains. To further narrow the
important sites, missense mutations were screened and
proteins conformational models were obtained for the

relevant ORFs, providing a basis for predicting muta-
tions likely to affect protein structure and, consequently,
the virus’s characteristics. The importance of variant sites
was ranked by assignment to Classes I-III. Studies of var-
iation in the NCRs of MPXV are limited; however, these
regions may play regulatory roles. This study has played a
filtering role in the accumulation of numerous mutations
in the virus over different periods and across long evo-
lutionary timescales. It helps provide strong clues for a
deeper understanding of the virus’s characteristics and its
association with the genome. Additionally, it sheds light
on the sudden outbreak of monkeypox in recent years.

Meanwhile, most of the G-to-A and C-to-T mutations
in MPXV were believed to be caused by the action of host
Apolipoprotein B mRNA Editing Catalytic Polypeptide-
like 3 (APOBEC3). Mutations mediated by APOBEC33
often do not completely destroy the virus but are more
likely to generate hyper-mutated that alter viral features
[15, 22].

Four variants were assigned to Class I: J2L (S54F),
CIL (R48C), C15L (P78S), and A47R (H221Y). Due to
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the apparent increase in transmission capacity in the
viral epidemiological characteristics, further research is
needed to determine whether these mutation sites are
involved in changes in the virus’s abilities such as cell
entry, immune evasion, and replication. This will pro-
vide assistance for further epidemic prediction and drug
development. The functions of ORFs in MPXV are not
well-studied, suggesting that new variants may be key
determinants of the epidemic. In limited studies, J2L was
identified as an inverted terminal ORF, encoding a TNF
binding protein [4]. It is speculated that new mutations
in this region may enhance virus replication and spread
through natural immune evasion mechanisms. COL may
reduce the stability of G-quadruplex (RG4), a non-canon-
ical secondary structure of RNA [24]. Although the role
of RG4 in MPXV remains unclear, RG4 can inhibit the
expression and life cycle of proteins in other viruses [46].
Further studies are needed to determine whether the COL
mutation increases the self-replication ability by inhibit-
ing RG4 function in MPXV. There is limited research on
C15L and A47R in MPXV; however, some studies sug-
gest that C15L may be a good epitope antigen for vaccine
design [47]. Additionally, the C15 protein in Ectromelia
virus, a member of the immunomodulatory protein B22
family, inhibits CD4+T cell activation, and it may have a
similar function in other orthopoxviruses [25]. Further-
more, A52R may block the activation of nuclear factor-B
via Toll-like receptors (TLRs). It can also disrupt the for-
mation of protein signaling complexes, such as interleu-
kin-1 receptor associated kinase-2 and tumor necrosis
factor receptor associated factor-6, thereby weakening
the innate immune response [26]. If A47R has a similar
function, its mutation might explain the reduced viru-
lence, which is in line with the selection pressure under
viral mutation. The protein conformation of B21R exhib-
ited significant differences compared to RS9; however, it
was not included in Class I variation owing to low con-
fidence. Nevertheless, previous studies have found that
B21R has high immunogenicity and multiple alterna-
tive targets to improve vaccine efficacy. In the develop-
ment of a vaccine targeting this region, it’s important to
take into account sites that are prone to mutation [37].
Among other secondary mutations, both F8L and G9R
underwent mutations in the 2022 pandemic strains and
are involved in the formation of the DNA replication
complex (RC) [32]. Therefore, although the protein con-
formation models of F8L and G9R showed no obvious
changes, slight alterations may have influenced RC for-
mation, making it a continued focus for further research.
It should be noted that RS7 corresponding to the A.2
lineage was intermediate between the 2017 strains and
the 2018-2019 strains in a phylogenetic analysis, consist-
ent with previous results [15]. This indirectly supports
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the presence of key mutations originating from the B.1
lineage.

This study provides targets for future research. How-
ever, it had limitations. Candidate sites were identified by
a bioinformatics approach and were not verified experi-
mentally. The classification of key sites only partially
represents their importance. Additionally, the protein
conformation models were specific to a single ORF, and
mutations without significant structural changes may still
influence the biological characteristics of the virus.

Conclusion

Characterizing mutation profiles of the 2022 MPX epi-
demic strains is crucial for a deeper understanding the
changes in virus characteristics. However, studies focus-
ing on representative mutations that are expected to
affect the function of corresponding proteins are limited.
In this study, we categorized MPXYV isolates into clusters
by a phylogenetic analysis and established RSs to to high-
light distinct mutations within each group. The charac-
teristic mutation sites and types in the 2022 pandemic
strains were screened and classified based on changes
in amino acid sequences and protein conformation. Our
findings provide insight into the molecular biological
basis of the 2022 MPX epidemic.
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