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Molecular evolution of 2022 multi-country
outbreak-causing monkeypox virus Clade Ilb

Perumal Arumugam Desingu,’** Tirutani Parthasarathi Rubeni,’ K. Nagarajan,?3
and Nagalingam Ravi Sundaresan’-*

SUMMARY

The monkeypox virus (Mpoxv) Clade llb viruses that caused an outbreak in 2017-18 in Nigeria and its
genetically related viruses have been detected in many countries and caused multi-country outbreak in
2022. Since the pandemic-causing Mpoxv Clade llb viruses are closely related to Clade lla viruses which
mostly cause endemic, the Clade Ilb Mpoxv might have certain specific genetic variations that are still
largely unknown. Here, we have systematically analyzed genetic alterations in different clades of Mpox
viruses. The results suggest that the Mpoxv Clade IIb have genetic variations in terms of genomic gaps,
frameshift mutations, in-frame nonsense mutations, amino acid tandem repeats, and APOBEC3 muta-
tions. Further, we observed specific genetic variations in the multiple genes specific for Clade | and Clade
lib, and exclusive genetic variations for Clade lla and Clade llb. Collectively, findings shed light on the evo-
lution and genetic variations in the outbreak of 2022 causing Mpoxv Clade llb.

INTRODUCTION

Human monkeypox is a zoonotic disease caused by the monkeypox virus (Mpoxv), a double-stranded DNA virus belonging to orthopoxvirus,
closely related to the variola virus, cowpox virus (CPXV) and vaccinia virus (VACV).'~> The first human case of monkeypox was identified in the
Democratic Republic of the Congo in 1970, Mpoxv evolved into Central African (CA-Mpoxv/Clade |) and West African (WA-Mpoxv/Clade lla)
clades' ™ and caused outbreaks in West and Central Africa until 2003.°° The Clade | Mpoxv viruses caused periodic outbreaks in Central Af-
rican countries in 1981-86, 1996-97, 2003, 2005-07, and 2013.7'° Similarly, the Clade lla Mpoxv viruses caused a short chain of outbreaks be-
tween 1970 and 1981 in West African countries, including Cote d'lvoire, Liberia, Nigeria, and Sierra Leone.® Inthe USA, the human outbreak of
the Clade Ila Mpoxv virus was observed in 2003, spread from an infected prairie dog traveled from Ghana.*® The Clade llb viruses caused the
outbreak in Nigeria in 2017-18 and further spread to countries such as the United Kingdom,"" Israel,® and Singapore.'? The Clade Ilb Mpoxv
viruses exhibit 99.6% and 99.7% nucleotide identity with Clade | and Clade lla viruses, respectively, at the whole genome level."® Furthermore,
the Clade llb Mpoxuv viruses are phylogenetically related to Clade Ila viruses at the level of nucleotide identity, suggesting possible micro-
evolution in Mpox viruses. '

The evolution and genetic diversity of poxviruses occur through homologous and nonhomologous recombination, gene duplications,
gene gain, and loss.">'® While gene loss occurs on multiple independent occasions, gene inactivation occurs through frameshift mutations,
nonsense mutation, within gene deletions, larger genomic region deletions, and complete deletion.”®™"” The gene deletion mainly occurs at
both terminals of the genome, whereas frameshift mutations occur more frequently in genes located in the central region.'™'® Notably, 2,502
accessory genes are inactivated in orthopoxviruses, of which 795 by frameshift mutations, 947 due to within gene deletions, and 759 through
complete deletion.'” Studies indicate that gene gain by horizontal gene transfer or recombination and gene loss/inactivation through frame-
shift mutations or genomic region deletion determine host range, evasion of the host immunity, pathogenicity, and virulence of Mpoxv.'>'®
Since three clades of Mpoxv display differences in disease manifestation, geographical spread, and transmission patterns, these clades might
have marked genetic variations including gene gain and gene loss/inactivation through frameshift mutations or genomic region deletion.

Previous studies indicate that Mpox viral proteins, B10R and B14R are truncated when compared to Clade |, while D14L protein is absent in
Clade lla.”'” Notably, a few Clade | Mpoxv viruses have been found to lose the MPV-Z-N2R/OMCP protein during evolution, associated with
better fitness in humans.”” In addition, APOBEC3 mutations were enriched in Mpoxv Clade llb.1 lineages responsible for the pandemic in
2022 compared to Mpoxv Clade llb A lineages that caused the outbreak in Nigeria during 2017-18.%?' Therefore, the APOBEC3 mutations
are considered to as the dominant driver of adaptive microevolution in humans.”?"*? However, the APOBEC3 mutations comparison be-
tween the Mpoxv clades is not fully understood. Our previous study found that point mutations accumulated in Mpoxv Clade IIb A, A.1,
A.1.1,A.2, and B.1 lineages from 2017 to 2022 may be due to selection pressure.’” Interestingly, a few virus sequences with gene duplication
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Figure 1. Complete genome nucleotide sequence level genetic phylogenetic in the Mpoxv
(A) Whole genome nucleotide sequences based on phylogenetic analysis without alignment curation/trimming of sequences separated them into Clade |, Clade

lla, Clade llb-A, A1, A1.1, A2, and B.1 lineages.
(B) NBGMD analysis based on whole genome nucleotide sequences revealed less than 0.5% nucleotide diversity among clades of the Mpox virus. The standard

error estimated in the NBGMD analysis for the Mpox virus was displayed above the diagonal.

and deletion by translocation of the genomic region have also been detected in the 2022 monkeypox outbreak.” Similarly, some viral se-
quences with the deletion of 2.3-15 kb and with more complex genomic rearrangements also were detected in the 2022 Mpoxv outbreak.”
In this line, a few viral genomes with ITR regions expanded from 6.4 kb to 24.6 kb, and extensive gene duplication and loss were also observed
in the 2022 outbreak.”” Also, some viral genomes with frameshift mutation, deletion mutation, and nonsense mutations to interrupt ORFs have
been documented in the 2022 Mpoxv outbreak.”>?’ However, genomic regions, frameshift mutations, in-frame nonsense mutations, and
amino acid tandem repeats specific to different clades of Mpoxv are largely unknown. Generally, the alignment curation/trimming methods
used in the genome alignment of Mpox viruses are expected to remove the gaps/genetically altered sites such as gene gain and gene loss/
inactivation in different clades of Mpox viruses. This could have resulted in the inability to recognize the critical genetic alterations in the
genome of Mpox viruses that are expected to provide cues, such as the genomic variations responsible for the multi-country outbreak in 2022.

In the present study, we have systematically analyzed genetic alterations in different clades of Mpox viruses without applying the alignment
curation/trimming methods. The results suggest the evolution of Mpoxv clade-specific genomic regions, frameshift mutations, in-frame
nonsense mutations, amino acid tandem repeats, and APOBEC3 mutations in Mpoxv Clade Ilb viruses.

RESULTS

Clade-specific genomic regions are found in the Mpoxv

Previously the phylogenetic analyses were performed for the Mpoxv clades after alignment curation/trimming.**" In this study, we performed
phylogenetic analysis on complete genome sequences of Clade |, Clade lla, Clade lIb A, A.1, A.1.1, A2 lineages, and representative complete
genome sequences of Clade Ilb B.1 available in NCBI public database without alignment curation/trimming. In this analysis, the sequences
were divided into clades and lineages (Figure 1A) and net between group mean distance (NBGMD) analysis revealed less than 0.5% nucle-
otide diversity among Clade |, Clade lla, and Clade b viruses at the whole genome level (Figure 1B). Next, we performed the SimPlot analysis
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Figure 2. Complete genome nucleotide sequence level genetic diversity in the Mpoxv

(A) The SimPlot analysis depicts the presence of three distinct genomic gaps among clades of the Mpox virus at the whole genome nucleotide sequence levels.
The NC_063383.1/Clade Ilb is used as a reference query sequence.

(B—E) The Plot LAST hits analysis shows differences in genomic gaps and ITR length between clades of the Mpox virus, and Mpoxv Clade lla viruses were used as a
reference. The inserted boxes in the corners depict the length of the ITR regions in both the ends of the Mpoxv genome and the circle highlighting the break in
the red line, indicating the genomic gap/break.

to determine the genomic regions that have the highest genetic diversity among these three clades and found genomic gaps in three clades
of Mpoxv (Figure 2A). The LAST hits plot and alignment analysis revealed a genomic gap (170,751-171,230 bp as per DQ011156.1/Liberia-
1970-184) in Clade lla viruses identified in the USA in 2003 when compared to Clade lla viruses detected in Africa (Figures 2B and 2C). Similarly,
four genomic gaps ([1] 7,047-9,357 bp as per DQ011156.1/Liberia-1970-18, [2] 18,952-20,904 bp as per NC_003310.1, [3] 135,913-136,346 bp
as per DQ011156.1, and [4] 158,782-161,027 bp as per DQO11156.1) were observed in Clade | viruses as compared to Clade Ila viruses (Fig-
ure 2D). Also, a genomic gap (7,047-9,357 bp as per DQ011156.1/Liberia-1970-18) in Clade lIb viruses was noted when compared to Clade lla
viruses (Figure 2E). Notably, similar genomic gaps (7,047-9,357 bp as per DQ011156.1/Liberia-1970-18) are present in Clade | and Clade llb
viruses (Figures 2B-2E). We used the Highlighter tool to determine the nucleotide mismatches and the genomic gaps in the Mpoxv clades.”®
The results suggested two genomic gaps, 18,952-20,904 bp (as per NC_003310.1) and 49,960-50,212 bp (as per NC_003310.1) in Clade lla and
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Figure 3. Clade-specific genomic regions among the Mpoxv clades

(A) Nucleotide mismatches Highlighter analysis revealed two genomic gaps in Clade Ila and Clade Ilb viruses compared to Clade I. The Mpoxv Clade | viruses
were used as a reference. Detail illustrated in Figure STA.

(B) Nucleotide mismatch analysis indicated three and one genomic gaps in Clade | and Clade llb, respectively, compared to Clade Ila viruses. The Mpoxv Clade
lla viruses were used as a reference. Detail illustrated in Figure S1B.

Clade llb viruses when compared to Clade | viruses (Figures 3A and S1A). Similarly, another genomic gap of 7,047-9,357 bp (as per
DQ011156.1/Liberia-1970-184) was found in Clade | and Clade Ilb viruses in comparison with Clade lla viruses (Figures 3B and S1B). Moreover,
two genomic gaps, 135,913-136,366 bp (as per DQ011156.1/Liberia-1970-184) and 158,782-161,027 bp (as per DQ0O11156.1/Liberia-1970-184)
were observed in Clade | viruses compared to Clade lla viruses (Figures 3B and S1B). Overall, these findings indicate that genomic gaps exist
among the three clades of Mpoxv.

Previous studies have used the predicted ORFs in MT903344.1_Mpoxv-UK_P2 virus or NC_063383.1 virus to identify the nucleotide or
amino acid differences between coding regions in different clades/lineages of Mpoxv viruses. > In this study, we determined consensus
OREFs from all these predicted ORFs of Mpoxv available in the NCBI database and determined the genes in different clades of Mpoxv (Fig-
ure 4A; Figures S2-S5; Data S1, S2, S3, and S4; Table S1) and their frequencies (Figures 4B and S2-S5; Data S1, S2, S3, and S4; Table S1). We
also identified/annotated 31 unnamed proteins in VACV-WR and VACV-Cop viruses and named these proteins as MV proteins as stated in the
Virus Pathogen Resource (ViPR) online resource tool (Figures 4A, 4B, and S5).

Genetic variations in the Mpoxv Clade llb viruses compared to Clade | and Clade lla

Our findings indicate specific genomic gaps and differences in the ORFs in the three clades of Mpoxv. Therefore, we compared the ORFs of
Mpoxv Clade llb viruses with Clade | and Clade lla to identify the genetic variations. Our analysis found frameshift mutations specific to the Clade
llb viruses in several genes. The C11L gene, which codes for a 36 kDa major membrane protein, is truncated in Clade llb viruses due to a frame-
shift mutation (Figures 5A and Sé). Specifically, this frameshift mutation results in an alternate start site of translation resulting in the truncation of
the first 26 amino acids in the N-terminal of C11Lin Clade llb viruses (Figures 5A, 5B, and Sé). Similarly, the B14R, a gene that codes for a secreted
IL-1b binding protein also has frameshift mutation which results in premature termination leading to the loss of 146 amino acids in the C-terminal
of B14R in Clade Ilb viruses (Figures 5C and S7). Moreover, the C-terminal of B14R differs among the clades of Mpoxv (Figure 5C). The B14R
differs by 36 amino acids at the N-terminal and 127 amino acids at the C-terminal in Clade lla viruses when compared to Clade | viruses
(Figures 5C, 5D, and S7). We also found that D18L which codes for a kelch-like protein, initiates translation in the alternate start sites in Clade
|, Clade lla, and Clade llb viruses due to frameshift mutations (Figures 5E, 5F, and S8). Interestingly, the D18L gene frameshift is followed by the
within-gene deletion in the genomic region which is absent in Clade Il viruses (18,952-20,904 bp as per NC_003310.1/Clade I) (Figure 4A). Simi-
larly, the B1R gene which codes for BTB-Kelch-domain protein also has a frameshift mutation, followed by the within-gene deletion in Clade |
viruses (158,782-161,027 bp as per DQ011156.1/Liberia-1970-184) (Figure 4A). The B1R gene initiates translation at a different start codon and
position in Clade | and Clade llb viruses, which results in the generation of different fragments of the BTB-Kelch-domain protein (Figures 5G, 5H,
and S9). We also noted that D4L, B7R, and C12L genes are truncated by in-frame nonsense mutations in Clade llb viruses (Figures 51-5K, S10, and
S11). In further analysis, we found specific copy number variations in amino acid tandem repeats of Clade llb viruses. Specifically, the B16R which
codes for an IFN-alpha/beta receptor glycoprotein contains two copies of “MK" amino acid tandem repeats in Clade | and Clade lla viruses,
whereas Clade b viruses have four copies (Figures 5L and S11). In addition, Clade I, Clade Ila, and Clade Ilb viruses have I-MV178 (127 amino
acids), lla-MV179 (134 amino acids), and lIb-MV27 (76 amino acids) proteins, respectively, which contain the IL1-beta inhibitor domain, as per our
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Figure 4. Consensus ORFs for the different clades of Mpoxv

(A) The graphical figure illustrates the Mpoxv clades-specific genomic regions and their associated genes after determining consensus ORFs for the different
clades of Mpoxv. Further, the figure also illustrates the Mpoxv clades-specific coding region genetic diversity in terms of frameshift mutations, in-frame
nonsense mutations, and amino acid tandem repeats.

(B) The frequency graph depicts the frequency levels of different genes in different clades of Mpoxv. This analysis was performed using almost all high-quality
complete genome sequences of Clade | (n = 46), Clade lla (n = 11), Clade llb (n = 45), Clade llb-A (n = 11), and Clade llb-A.1(n = 9), Clade llb-A.1.1(n = 1), Clade
IIb-A.2 lineages (n = 3), and representative complete genome sequences of Clade IIb-B.1 lineage (n = 21), also, our previous study reported that the 963 high-
quality complete genome sequences in the Clade Ilb-B.1 lineage (n = 963) with identical ORFs.'* The ORF annotation and frequency details are provided in
Figures S2-S5; Data S1, S2, S3, and S4.

annotations (Figures 4A and 4B; Data S4). Two uncharacterized proteins, llb-MV23 (72 amino acids) and [lb-MV29 (58 amino acids) are also found
uniquely in Clade llb viruses, which are absent in other clades (Figures 4A and 4B; Data S4). These findings indicate that Clade llb Mpoxv viruses
have specific genetic changes when compared to the other two Clades.

Genetic variations found in Clade | and Clade llIb viruses compared to Clade lla viruses

Our NCBI database genomic organization analysis revealed that the Clade lla have longer ITR regions (~9,357 bp) when compared to the ITR
regions of Clade | and Clade llb viruses (~6,400 bp). However, our LAST hits plot and nucleotide mismatches highlighter analyses revealed
that 3'-ITR of all three clades of Mpoxv are nearly similar in length (~9,357 bp) whereas the 5'-ITR of Clades | and Ilb are shorter (~6,400 bp) due
to the genomic deletion (Figures 2D, 2E, 6A, 6B, and S12). Curiously, the genomic gap of 7,047-9,357 bp (as per DQ011156.1/Liberia-1970-
184) present in Clade | and Clade llb viruses is located in the 5'-ITR regions of Clade lla viruses (Figures 4A, 6B, and S12). This deletion resulted
in the loss of R1L, N1L, and N3L in Clades | and Ilb of Mpoxv (Figures 6C, 6D, and S13). Our study also reveals that R1R, N1R, and N3R proteins
are expressed in two copies in Clade lla viruses, whereas in Clade | and Clade Ilb viruses, in a single copy (Figures 6C-6G, S13, and S14). The
nucleotide mismatch analysis revealed that Clade | and Clade Ilb viruses have nucleotide sequences coding for other genes instead of N1L,
N3L, and R1L (Figure 6B). Therefore, we were interested in determining the genes present in the genomic regions of Clade | and Clade Ilb
viruses. This analysis revealed the presence of D2L, CMLV-008, and Ilb-MV2 genes in Clade | and Clade Ilb viruses (Figures 6H, él, S15, and
S16), instead of N1L, N3L, and R1L genes in Clade lla.

Our further analysis found that the B10R gene is 103 amino acids truncated in the N-terminal in Clade lla viruses due to a frameshift mu-
tation (Figures 7A, 7B, and S17). Similarly, we also found an in-frame nonsense mutation in the O1L gene in Clade | and Clade Ilb viruses re-
sulting in premature termination (Figures 7C and S18). Moreover, the lla-MV163 (113AA) and Ila-MV172 (73AA) genes are absent in Clade | and
Clade llb (Figures 4A and 4B). In addition, the A10L protein contains “SN" amino acid tandem repeats of 5-9 copy numbers in Clade lla vi-
ruses, whereas two copy numbers in Clade | and Clade llb viruses (Figures 7D and S18). Similarly, the B5R of Clade lla viruses contains three
copy numbers of “NSS” repeats, and Clade | and Clade Ilb viruses contain two copies (Figures 7E and S19). These findings indicate that Clade
| and Clade Ilb Mpoxv viruses have genetic variations different from the Clade lla Mpoxv viruses.

Genetic variations found in Clade lla and Clade lIb viruses compared to Clade | viruses

Previous studies have found that the B10R and B14R proteins are truncated, and the D14L protein is absent in Clade Ila viruses compared
to Clade | Mpoxv viruses.”'” Our nucleotide mismatch highlighter analysis revealed two genomic regions 18,952-20,904 bp (as per
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Figure 5. Genetic variations found in the Mpoxv Clade Ilb viruses

(A and B) The frameshift mutation in C11L causes genetic diversity in the Clade Ilb viruses. According to the Clade | frame, the C11L gene is truncated in Clade-Ilb
viruses (A), whereas this gene is shorter in the Clade Ilb frame and expressed in all clades (B). Details of individual strains are provided in Figure Sé; Data S5.
(C and D) The frameshift mutation mediated genetic diversity in the Clade Ilb viruses B14R gene. The Clade llb viruses truncated in both Clade | and Clade lla
frames, but Clade Ila viruses truncate only in the Clade | frame. Detailed in Figure S7; Data S5.

(E and F) The frameshift mutation in D18L causes genetic diversity in the Clade llb viruses. If the D18L gene initiates translation at the frame of Clade Ila viruses, this
gene is truncated in Clade | viruses (E), whereas in the Clade Ilb frame, Clade | and Clade lla virus D18L is truncated (F). Detailed in Figure S8; Data S5.

(G and H) The frameshift mutation mediated genetic diversity in the Clade Ilb viruses B1R gene. According to the Clade | frame, the B1R gene is truncated in
Clade Ila and Clade Ilb viruses (G), whereas this gene in the Clade Ilb frame, Clade |, and Clade Ila virus B1R is truncated (H). Detailed in Figure S9; Data S5.
(I) The DAL present in the Clade | viruses are truncated versions of D4L in the other orthopoxvirus, and this gene is further truncated in the Clade lla and Clade Ilb
viruses. Detailed in Figure S10; Data S5.

(J) An in-frame nonsense mutation is observed in the B7R gene of the Clade IIb viruses. Detailed in Figure S11; Data S5.

(K) An in-frame nonsense mutation is observed in the C12L gene of the Clade | and Clade lla viruses. Detailed in Figure S11; Data S5.

(L) The Clade b viruses display more copy numbers of the amino acid tandem repeats compared to Clade | and Clade lla viruses in the B16R protein. Detailed in
Figure S11; Data S5.

NC_003310.1) (Figures 8A and S20) and 49,960-50,212 bp (as per NC_003310.1) found Clade | viruses, and absent in Clade Il viruses
(Figures 8B and S20). Furthermore, our analysis revealed that the 18,952-20,904 bp region of these two genomic regions contains genes
such as D14L, D15L, D16L, and D17L, but the 49,960-50,212 bp region is a non-coding region (Figures 8C, 8D, and S21). Moreover, the
D14L gene in the Clade | is a fragmented gene in other orthopoxviruses, but this gene is absent in the Clade Il viruses (Figures 8C, 8D,
and S21). Furthermore, our nucleotide mismatch highlighter analysis revealed that two genomic regions, 135,913-136,366 bp (Figures 8E
and 522) and 158,782-161,027 bp (as per DQO011156.1/Liberia-1970-184) (Figures 8F and 522), are found in Clade Il viruses, and absent in
Clade | viruses. Further, our analysis revealed that among these two genomic regions, the 135,913-136,366 bp region is a non-coding region,
and the 158,782-161,027 bp region contains genes lla-MV163 (Figures 8G and 523) and llb-MV23 (Figures 8H and S23). Furthermore, our anal-
ysis revealed that the Ila-MV163 gene is a fragment of the kelch-like protein in other orthopoxviruses and is only expressed in Clade Ila viruses
(Figures 8G and S23), while the llb-MV23 gene is only expressed in Clade llb viruses (Figures 8H and 523). However, the functional importance
of these genomic regions and their associated proteins are not fully understood.
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Figure 6. The unique genetic regions in the Clade | and Clade IlIb viruses

(A) The Clade lla viruses 3'-ITR regions nucleotide mismatch analysis indicates minimal genetic diversity and without genomic gaps among the Mpoxv clades. The
Mpoxv Clade lla was used as a reference. Details of individual strains are provided in Figure S12A.

(B) The Clade lla viruses 5'-ITR regions nucleotide mismatch analysis indicates the presence of a genomic gap of ~2,325 bp in Clade | and Clad llb viruses
compared to Clade Ila. Detailed in Figure S12B.

(C) The 5'-ITR regions’ genomic gap is associated with N3L, N1L, and R1L genes in Clade lla viruses, which are absent in Clade | and Clade Ilb viruses in the 5'-ITR
region. Detailed in Figure S13A; Data Sé.

(D) In the 3'-ITR region, N3R, N1R, and R1R genes are present in all the clades of Mpoxv. Detailed in Figure S13B; Data Sé.

(E) The N3R gene present in Mpoxv is similar to the N3R gene present in the other orthopoxviruses. Detailed in Figure S14; Data Sé.

(F) The N1R gene present in Mpoxv is similar to the N1R gene present in the other orthopoxviruses. Detailed in Figure S14; Data S6.

(G) The R1R in the Mpox viruses is the truncated version of R1R in the other orthopoxvirus. Detailed in Figure S14; Data Sé.

(H) The D2L present in the Mpoxv Clade | and Clade Ilb is the truncated version of D2L in the other orthopoxvirus. Detailed in Figure S15; Data Sé.

(I) The CMLV-008, Ilb-MV2, and I-HP genes in the Mpoxv Clade | and Clade Ilb are the truncated and fragmented version of the single ankyrin repeat-containing
gene in the other orthopoxvirus. Detailed in Figure S16; Data Sé.

We found frameshift mutations in R1R, and J1R/J3L genes in Clade | viruses, which resulted in truncations (Figures 6D, 9A-9E, and
S24-S26). Our further analysis revealed that the N2R gene is expressed only in Clade | viruses (Figure 5F). Interestingly, the loss of the
MPV-Z-N2R/OMCP gene in some of the Clade | Mpoxv has been associated with human-to-human transmission.”” We also found in-frame
nonsense mutations in genes such as C9L, B15L, A38R B3R, B18R, K1R, and A50R in Clade | viruses (Figures 9G-9M, and S27-529). Further, we
found variations in copy numbers of amino acid tandem repeats in proteins such as D11L, B17R, A28L, J1L/J3R, A33R, and H5R between Clade
| 'and Clade Il viruses (Figures 1T0A-10G, and S30-S32). We also found that the [Ib-MV9, lIb-MV22, 1Ib-MV28, 1la-MV162, llb-MV30 (116AA),
Gp16-like and llb-MV4 proteins are present in Clade Ila/Clade llb viruses, but absent in Clade | viruses (Figures 4A and 4B). These findings
reveal unique genetic variations between Clade | and Il Mpoxv.

Analysis of APOBEC3 mutations in the clades of Mpoxv

Comparisons within clades of Mpoxv have shown that APOBEC3 mutations were abundant in Clade Ilb viruses, suggesting that Clade Ilb
viruses have undergone microevolution for human adaptation.’"?? However, APOBEC3 mutations between clades of Mpoxv are largely un-
known. Our findings revealed that Clade | and Clade llb viruses had enhanced nucleotide mismatches in genes transcribed in both forward

iScience 27, 108601, January 19, 2024 7




¢? CellPress iScience
OPEN ACCESS

A B
B10R (Clade | Frame)- “MRSLIIVLLFPSIIYSMSIRRCEKTEEETWGLKIGLCIIAKDFYPERTDCSVHRPTASGGLITE

GNGFRVVIYDQCTEPHDFIITDTQQTRLGSSHTYIKFSN” Extra amino acid in the starting BAOR(Clade ll3 Erame),

Clade | Clade |
g s g g s s s g g g s g e s Clade lla Clade lla
Clade llb Clade Ilb
o do 2 % do S d o d b o ro vo o o o o 1o 18 b0 a0 20 20 Adnino acid position related to quury DQU11156.1/Lberia. 1970_184 (Clade Il
mino acid position related to quet .1/Liberia, ade lla
Amino acid position related to query NC_003310.1 (Clade I) S=Stop codon P query = = ( )
o1L
Cc . = Cladel
Clade lla
s+ Clade llb
0 10 2 3 40 SO 8 70 8 90 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380 30 400 410 420 430 440
Amino acid position related to query DQ011156.1/Liberia_1970_184 $=Stop codon
A10L 23, ¢ EmsH 138
D E - BoR « Cladel LC Hi
Clade llaL C ELEELEEE
. , . , . . . . - Clade IibL C 8] - - -EmEH
6 10 20 3 4 S 6 70 80 90 100 0 fo 20 30 40 50 60 70 80 90 100 10 120 130 140 150 160 170 180 190
Amino acid position related to query KJ642614.1_MPXV_UTC (Clade lla) Amino acid position related to query DQ011156.1/Liberia_1970_184 (Clade lla)

Amino acid Replacements

eQ ©T “A M eH eo- NA
oE G V oF @R #
oD P I Y eK e+

@S C oL oW eN eXx

Figure 7. The coding region genetic variations found in the Clade | and Clade IIb

(A and B) The frameshift mutation mediated genetic diversity in the Clade | and Clade Ilb viruses B10R gene. If the B10R gene initiates translation at the frame of
Clade | viruses, this gene is truncated in Clade lla viruses (A), whereas in the Clade lla frame, a shorter gene is present in all the Mpoxv clades (B). Detailed in
Figure S17; Data Sé6.

(C) An in-frame nonsense mutation is observed in the O1L gene of the Clade | and Clade Ilb viruses. Detailed in Figure S18; Data Sé.

(D) The Clade | and Clade llb viruses display lesser copy numbers of the amino acid tandem repeats compared to Clade lla viruses in the A10L protein. Detailed in
Figure S18; Data Sé.

(E) The Clade | and Clade llb viruses display lesser copy numbers of the amino acid tandem repeats compared to Clade lla viruses in the B5R protein. Detailed in
Figure S19; Data Sé.

and reverse directions compared to Clade lla viruses (Figures 11A, 11B, and S33). Notably, most nucleotide mismatches are transition
(Figures 11C, 11D, and S34) and silent mutations (Figures 11E, 11F, and S35). The Clade | and Clade llb viruses showed abundant
APOBEC3 mutations, especially the GA-to-AA mutation in genes transcribed in forward and reverse directions compared to Clade Ila viruses
(Figures 12A-12H, S36 and S37). The Clade | and Clade llb viruses enriched with A-to-G mutations compared to Clade Ila viruses (Figures 12C—
12H). Furthermore, dN/dS analysis revealed the existence of negative selection pressure in genes transcribed in forward and reverse direc-
tions in Clade | and Clade b viruses (Figures 121 and 12J), indicating the presence of negative selection. We also found that the Clade | and
Clade llb viruses had more transition mutations and APOBEC3 mutations compared to Clade | viruses at the whole genome level, and GA-to-
AA mutation was abundant among these APOBEC3 mutations (Figures 12K-120, S38, and S39). These findings indicate that Clade I/Clade
lIb viruses accumulated APOBEC3 mutations during evolution.

DISCUSSION

This study sheds light on the genetic variations in different clades of Mpox viruses with different types of disease manifestation, unveils the
genetic variations in the Clade llb viruses, and also discloses the combinations of shared genetic variation with other clades of viruses. The
Clade lIb viruses caused outbreaks in Nigeria in 2017-18,° and the virus was transmitted by travelers to Asian and European countries in
2017-18."""? However, Clade Ilb viruses causing outbreaks in non-endemic countries from 2022 without an epidemiological link to Africa.
Although the Clade | viruses have been endemic in Africa since the first detection in the 1970s,”” Clade llb viruses have been documented
outside Africa since 2017.%?" Studies indicate that the accumulation of APOBEC3 mutations and point mutations within Clade Ilb viruses from
2017 to 2022 may be responsible for the 2022 outbreak.?" Our work uncovered several unique genetic variations in Clade Ilb viruses, which
could be responsible for the pandemic outbreak of 2022.

A previous study found that D10L, D14L, B10R, B14R, and B19R as probable virulence genes in Mpoxv, and D14L could be a leading candi-
date.”"” Interestingly, the vaccinia virus strain lacking the B14R ortholog exhibited changes in virulence.*>*" Our analysis revealed that genetic
variations are found in several genes of Clade llb viruses, including the C11L, D18L, B1R, B7R, B14R, DAL, Ilb-MV27, B16R, and uncharacterized
genes such as lIb-MV23, and IIb-MV29. We found that C11L, a major membrane protein is truncated in 26 amino acids in Clade llb viruses by
frameshift mutation. We also observed the truncation of B14R in Clade llb viruses by frameshift mutation, whereas the truncation pattern is
different from the Clade lla. Vaccinia viruses express C2 and F3 which are BTB-Kelch proteins expressed in early infection, known to affect the
outcome of infection.* Similarly, ectromelia virus, a mousepox virus, also contains a family of four BTB/kelch proteins, and interestingly,
EVM150, one of the four BTB/kelch proteins is an inhibitor of the cellular NF-kB pathway, an important component of the antiviral response.”
In our work, we found two Kelch-domain-containing genes (D18L and B1R) that exhibit frameshift mutations in Clade Ilb viruses. Furthermore,
although there are no experimental studies of whether proteins are translated in the alternate frame adopted by frameshift mutations in pox-
viruses to the author’s best knowledge, previous studies using viral genomic data analysis have clarified that frameshift mutations play an
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Figure 8. The unique genetic regions in the Clade lla and Clade IIb viruses
(A) The nucleotide mismatch analysis displays the lack of the genomic region 18,952 to 20,904 bp (as per NC_003310.1/Clade 1) in the Clade lla and Clade Ilb
compared to Clade | viruses. Details of individual strains are provided in Figure S20A.

(B) The nucleotide mismatch analysis displays the lack of the genomic region 49,960 to 50,212 bp) (as per NC_003310.1/Clade I) in the Clade Ila and Clade Ilb
viruses compared to Clade | viruses. The Mpoxv Clade | viruses were used as a reference. Detailed in Figure S20B.

(C) The genomic region 18,952 to 20,904 bp (as per NC_003310.1/Clade I) contains the D14L gene and is a truncated version of the D14L gene present in other
orthopoxviruses. Detailed in Figure S21; Data S7.

(D) The genomic region 18,952 to 20,904 bp (as per NC_003310.1/Clade ) contains the D15L, D16L, and D17L genes, which are a truncated fragmented version of
the single Kelch-repeat containing gene in other orthopoxviruses. Detailed in Figure S21; Data S7.

(E) The nucleotide mismatch analysis displays the presence of the extra genomic region 135,913 to 136,366 bp (as per DQ011156.1/Liberia_1970_184/Clade Ila) in
the Clade lla and Clade Ilb viruses compared to Clade | viruses. Detailed in Figure S22A.

(F) The nucleotide mismatch analysis displays the presence of the extra genomic region 158,782 to 161,027 bp (as per DQ011156.1/Liberia_1970_184/Clade Ila) in
the Clade lla and Clade Ilb viruses compared to Clade | viruses. Detailed in Figure S22B.

(G) The genomic region 158,782 to 161,027 bp (as per DQO11156.1/Liberia_1970_184/Clade lla) contains the lla-MV163 gene only in Clade lla and is a truncated
version of the gene present in other orthopoxviruses. Detailed in Figure S23; Data S7.

(H) The genomic region 158,782 to 161,027 bp (as per DQO11156.1/Liberia_1970_184/Clade Ila) contains the lIb-MV23 gene only in Clade Ilb and is a truncated
version of the gene present in other orthopoxviruses. Detailed in Figure S23; Data S7.

important role in the evolution of poxviruses.'>'®** We believe that these genetic variations observed in the Clade llb viruses might be
involved in the pathogenesis.

Poxviruses have identical and reverse complementary ITR regions at the end of the genome.**® Whereas genes acquired/transferred in
one ITR region are often duplicated in the next ITR region through replication-based mechanisms.*> Notably, the variations in gene-copy

33738 and virus pathogenesis.'”>* However, a portion of 3-ITR deletion was reported

numbers are reported to regulate virus replication
in the Clade | and is linked with fitness in humans.”® In the present study, we observed that the Clade | and Clade llb viruses have unique
genetic variations such as a shorter [TR region associated with the reduced copy numbers of R1R, N1R, and N3R genes. Similarly, variations

are also noted in the genomic region and their associated genes, especially in D2L. Further, Clade | and Clade llb viruses have unique genetic
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Figure 9. Frameshift mutations, and in-frame nonsense mutations found in the Clade lla and Clade IlIb viruses

(A) In the Clade Il viruses frame, the R1R gene is truncated in Clade | viruses. Detailed in Figure S24; Data S7.

(B and C) The frameshift mutation mediated genetic diversity in the Clade Il viruses J1R gene. If the J1R gene initiates translation at the frame of Clade | viruses,
this gene is truncated in Clade Il viruses (B), whereas in the Clade Il frame, it is truncated in Clade | (C). Detailed in Figure S25; Data S7.

(D and E) The frameshift mutation mediated genetic diversity in the Clade Il viruses J3L gene. If the J3L gene initiates translation at the frame of Clade | viruses, this
gene is truncated in Clade |l viruses (D), whereas in the Clade Il frame, it is truncated in Clade | (E). Detailed in Figure S26; Data S7.

(F-H) An in-frame nonsense mutation is observed in the N2R (F), C9L (G), and B15L (H) genes of the Clade Ila and Clade Ilb viruses. Detailed in Figure S27;
Data S7.

(I and J) An in-frame nonsense mutation is observed in the A38R (I) and B3R (J) genes of the Clade | viruses. Detailed in Figure S28; Data S7.

(K=M) An in-frame nonsense mutation is observed in the B18R (K), K1R (L), and A50R (M) genes of the Clade | viruses. Details of individual strains are provided in
Figure S29; Data S8.

variations in genes such as B10R, O1L, A10L, B5R, lla-MV163 and Ila-MV172. Studies have observed that B10R gene truncation in Clade lla
viruses compared to Clade | viruses, suggesting to change in virulence Mpoxv.'*'? Similarly, the genomic deletions were documented in
vaccinia viruses and correlated with the host range and disease outcome.*” Previously, functionally active protein truncations were also re-
ported in poxviruses®”'* and modified vaccinia virus Ankara (MVA) when passaged in chick embryo fibroblasts.*'™** Therefore, we speculate
that these genomic deletions and genetic variations found in Clade | and Clade b viruses might be involved in determining the host range
and transmission of the virus.

Our study also observed that the Clade Ila and Clade b viruses have unique genetic variations such as genomic region variations, frame-
shift mutations, and copy number variations. The Clade Il Mpoxv has unique genetic variations such as two genomic region variations and
their associated genes Ila-V163 (kelch-like) and IIb-MV23, and the absence/loss of two genomic region variations and their associated genes
D14L (C3b/C4b-binding) and kelch-like proteins protein’s fragments of D15L, D16L, and D17L. Furthermore, Clade lla and Clade llb viruses
have unique genetic variations in genes such as NMDA receptor-like protein (R1R), ankyrin-like (J1R/J3L), Kelch-like protein (C9L), A38R (IEV
but not CEV envelope protein), B3R (serine; Ser/Thr Kinase), B18R (kelch-like protein), A28L (the major component of IMV surface tubules),
B17R (ankyrin-like), H5R (virosome-associated), and MV9 (virosome component proteins), B15L (IL-1 beta inhibitor), D11L (TLR/IFN-beta
signaling inhibitor), J1L/J3R (chemokine binding), lla-MV162 (TLR/IL-1 signaling inhibitor), llb-MV30 (116AA) (TNF-alpha-receptor-like
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Figure 10. Amino acid tandem repeats mutations found in the Clade lla and Clade Ilb viruses
(A-G) The amino acid tandem repeats copy number differences were observed between Clade | and Clade Il viruses in D11L (A), B17R (B), A28L (C), J1L/J3R
(D and E), A33R (F), and H5R (G). Detailed in Figures S30-S32; Data S8.

protein), Gp16-like (IL-1 receptor antagonist) and llb-MV4 (IL-1 receptor antagonist) genes. Previous study has also observed the large
genomic region deletion in the Mpoxv and experimentally proven that the complement control protein (CCP) plays an essential role in
the host immune response mediated virus pathogenesis of Mpoxv.*® Previous works also found that the loss of the MPV-Z-N2R/OMCP
gene in some of the Mpoxv is associated with fitness in humans.”® The present study also identified genomic region variations and their asso-
ciated, and also multiple gene genetic variations between the Clade Il and Clade | viruses. The functional importance of these genetic var-
iations is fully understood, and we speculate that the genetic variation might contribute to disease outcomes.

The amino acid tandem repeats are abundant in proteins of eukaryotes, these repeats are acquired through replication slippage and are help-
ful in mutation, genetic variability, and adaptive processes/evolutions, and it has been reported that these repeats are abundant in alternatively
spliced genes.***’ Also, reports suggest that amino acid tandem repeats are also involved in protein function and folding.***” Itis noteworthy that
amino acid tandem repeats are not generally found in viruses, but poxviruses contain amino acid repeats such as ankyrin and kelch repeats.”®”"’
Previous studies also identified the tandem repeats A26L, B16R, and B19R proteins of Mpoxv and suggested the functional role of the repeats.
the present study, we observed that the amino acid tandem repeats copy number difference between the clades of Mpoxv in the B16R, A10L, B5R,
D11L, B17R, A28L, J1L, J3R, A33R, and H5L proteins. The functional importance of the amino acid tandem repeats in these proteins is not fully
understood. We believe that these amino acid tandem repeats may have a role in the disease outcome, which needs to be explored.

Previous studies have identified the APOBEC3 mutations within the clades of Mpoxv,*?' whereas in the present study we observed the
APOBEC3 mutations between the clades of Mpoxv. Our data suggest that the enrichment of APOBEC3 and other mutations in Clade
| and Clade llb viruses is capable of human-to-human transmission when compared to Clade lla viruses with limited human-to-human trans-
mission. These findings suggest that Clade | and Clade b viruses might have undergone adaptive microevolution for adaptation in humans
during the process of intermittent or continuous cryptic spread of infection in humans. Similarly, our findings suggest that APOBEC3 GA-to-
AA mutations are more enriched in Clade Ilb viruses than Clade | viruses, suggesting that Clade Ilb viruses might have undergone extensive
adaptive microevolution than Clade | viruses for effective human adaptation. Further, the presence of negative selection in the Mpoxv indi-
cates the process of continuous evolution through purifying selection.

The combination of loss/gain/inactivation of many genes in addition to the loss/gain/inactivation of individual genes, can often determine the
host range, evasion of the host immunity, pathogenicity, and virulence of poxviruses.'>'® Therefore, it is likely to be realized that the combined
genetic variations in the various genes mentioned above have contributed to shaping the evolution of the virus to emerge into a pandemic
outbreak-causing virus. Our findings indicate that the pandemic outbreak might have evolved as a combination of genetic variations in several
genes, and the genetic variations might have been accumulated in a continuous evolutionary process. We believe that our findings will help in
understanding the evolutionary process of Mpox viruses in the ongoing outbreak and are expected to help in tracking the spread and transmis-
sion of Mpoxyv, designing proper diagnostics, developing anti-virals, and also to predict the future direction of the Mpoxv evolution.

57|n

Limitations of the study

The present study is a molecular evolution and genetic diversity study based on Mpoxv complete genome sequences available in the NCBI
database. This analysis was performed using almost all high-quality complete genome sequences of Clade |, Clade lla, Clade llb, Clade Ilb-A,
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Figure 11. Genetic variations are found in the genes transcribed in forward and reverse directions

(A and B) The nucleotide mismatch analysis displays the presence of abundant mismatches in the Clade | and Clade lIb viruses genes that transcribed in the
forward (A) and reverses (B) directions compared to Clade lla viruses. The Clade lla viruses were used as a reference. Details of individual strains are
provided in Figure S33.

(C and D) The nucleotide transitions and transversions analysis exhibited abundant transitions in the Clade | and Clade Ilb virus genes transcribed in the forward
(C) and reverse (D) directions compared to Clade lla viruses. The Mpoxv Clade lla viruses were used as a reference. Detailed in Figure S34.

(E and F) The silent and non-silent mutations analysis showed the enhancement of silent mutations in the Clade | and Clade Ilb virus genes that were transcribed in
the forward (E) and reversed (F) directions compared to Clade lla viruses. The Mpoxv Clade lla viruses were used as a reference. Detailed in Figure S35.

and Clade llb-A.1, Clade lIb-A.1.1, Clade IIb-A.2 lineages, and representative complete genome sequences of Clade lIb-B.1 lineage (n = 963)
with identical ORFs."? Also, few genetically diversified viral genomic sequences have recently been identified in the Clade I1b-B.1 lineage,
which were not analyzed in the present study. Furthermore, in this present study frameshift mutations or frameshift mutation results in an alter-
nate start site of translations have been detected, whereas the frame in which proteins are translated can only be determined through exper-
imental studies. Therefore, future experimental studies are required to validate the findings of this study.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o METHOD DETAILS
O Sequence alignment
The LAST plot hits in the MAFFT alignment
Phylogenetic analysis
Net between group mean distance (NBGMD) analysis
SimPlot analysis
Determining consensus ORFs for the different clades of mpoxv
Measurement of nucleotide and amino acid mismatch, transition and transversion, and silent and non-silent mutation analysis for the
mpoxv
O Measuring APOBEC3 motif mutations and dN/dS ratio in the mpoxv
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Figure 12. APOBEC3 mutations among the Mpoxv clades
(A and B) The APOBEC3 mutations analysis exposed the enrichment of APOBEC3 mutations in the Clade | and Clade Ilb virus genes that were transcribed in the
forward (A) and reverse (B) directions compared to Clade lla viruses. The Mpoxv Clade lla viruses were used as a reference. Detailed in Figures S36 and S37; Data

S9 and S10.
C-E) The graphical representation displaying different types of APOBEC3 and non-APOBEC3 motif mutations in the Clade | (C), Clade lla (D), and Clade Ilb

(
(E) virus genes that transcribed in the forward direction. The Mpoxv Clade lla viruses were used as a reference. Detailed in Data S9.

(F-H) The graphical representation showing different types of APOBEC3 and non-APOBEC3 motif mutations in the Clade | (F), Clade lla (G), and Clade Ilb
(H) virus genes that transcribed in the reverse direction. The Mpoxv Clade Ila viruses were used as a reference. Detailed in Data S10.

(I'and J) The graphical representation of the dN/dS ratio among different Mpoxv clades virus genes that transcribed in the forward (l) and reversed (J) directions.

The Mpoxv Clade Ila viruses were used as a reference. Detailed in Data S11 and S12.
(K) The nucleotide transitions and transversions analysis exhibited abundant mutations in the Clade | and Clade llb viruses at the whole genome levels compared

to Clade lla viruses. The Mpoxv Clade Ila viruses were used as a reference. Detailed in Figure S38.
(L) The APOBEC3 mutations analysis exposed the enrichment of APOBEC3 mutations in the Clade | and Clade b viruses at the whole genome levels compared

to Clade lla viruses. The Mpoxv Clade lla viruses were used as a reference. Detailed in Figure S39; Data S13.
(M-0) The graphical representation showing different types of APOBEC3 and non-APOBEC3 motif mutations in the Clade | (M), Clade lla (N), and Clade Ilb
(O) virus genes at the whole genome levels compared to Clade Ila viruses. The Mpoxv Clade Ila viruses were used as a reference. Detailed in Data S13.
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METHOD DETAILS

Sequence alignment

In the present study, the monkeypox virus's complete genome, different genomic regions, and gene nucleotide sequences were retrieved
from the NCBI public database and aligned in the MAFFT 7.407_1 multiple alignment program with the parameters of Gap extend penalty
of 0.123 and Gap opening penalty was fixed as 1.53.°%¢" This analysis was performed using almost all high-quality complete genome se-
quences of Clade-| (n = 46), Clade-lla (n = 11), Clade-llb (n = 45), Clade-lIb-A (n = 11), and Clade-llb-A.1(n = 9), Clade-lIb-A.1.1(n = 1), Clade-
lIb-A.2 lineages (n = 3), and representative complete genome sequences of Clade-llb-B.1 lineage (n = 21), also, our previous study reported
that the 963 high-quality complete genome sequences in the Clade-Ilb-B.1 lineage (n = 963) with identical ORFs."*

The LAST plot hits in the MAFFT alignment

The LAST Plot hits and alignment for the complete genome nucleotide sequences of monkeypox viruses have been performed using MAFFT
version 7 online server with the Score = 39 (E = 8.4e~"") (https://mafft.cbrc.jp/alignment/server/).>** This analysis was carried out with almost
all high-quality complete genome sequences of Clade-I (n = 46), Clade-lla (n = 11), Clade-llb (n = 45), Clade-llb-A (n = 11), and Clade-llb-
Al(n = 9), Clade-llb-A.1.1(n = 1), Clade-llb-A.2 lineages (n = 3), and representative complete genome sequences of Clade-llb-B.1 lineage
(n = 21), details of sequences provided in Figure TA.
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Phylogenetic analysis

In the present study, the complete genome nucleotide sequences of monkeypox viruses were first aligned using MAFFT 7.407_1, MAFFT
aligned sequences were used to generate the BEAST XML file in BEAUti v1.10.4 with the MCMC method. Next, the generated BEAST
XML file was used to run the BEAST v1.10.4, and the tree file was generated using the HKY substitution model, strict clock, coalescent constant
size, random starting tree, length of chain 10000000, echo state every 1000, and log parameter every 1000. Then, the generated tree file was
used to run the TreeAnnotator v1.10.4 with the maximum clade credibility (MCC) tree. Finally, the was visualized in the FigTree v1.4.4 with the
tMRCA (HPD95%).

Net between group mean distance (NBGMD) analysis

In this study, the complete genome nucleotide sequences of the Mpox virus were first aligned in MAFFT 7.407_1, and then the NBGMD anal-
ysis was performed in MEGA7.”” The NBGMD analysis was carried out using the Kimura 2-parameter model with the Transitions plus Trans-
versions substitution, gamma distribution (shape parameter = 5), pairwise deletion of gaps/missing data were deleted pairwise, and standard
errors were estimated using the bootstrap test of 1000 replicates. The measure standard error was presented above the diagonal in the
NBGMD analysis result tables. This analysis was carried out with almost all high-quality complete genome sequences of Clade-I (n = 46),
Clade-lla (n = 11), Clade-llb (n = 45), Clade-llb-A (n = 11), and Clade-llb-A.1(n = 9), Clade-llb-A.1.1(n = 1), Clade-llb-A.2 lineages (n = 3),
and representative complete genome sequences of Clade-llb-B.1 lineage (n = 21), details of sequences provided in Figure 1A.

SimPlot analysis

SimPlot 3.5.1°" was utilized to measure the percent identity/similarities among the query of Mpox viruses and reference sequences of Mpoxv.
In this study, the complete genome nucleotide sequences of Mpox viruses were first aligned in MAFFT 7.407_1 before they were exported to
SimPlot 3.5.1 for the subsequent analysis. In the present study, SimPlot analysis of Mpox viruses was carried out with the Kimura (2-parameter)
method by 500 base pairs of the window at a 50 base-pair step, and NCBI reference sequence NC_063383.1 was used as the query sequence.

Determining consensus ORFs for the different clades of mpoxv

First, the ORF differences in predicting the ORFs of individual strains in Clade-I, Clade-lla, and Clade-IIb using different methods by different
research groups at different times were identified using the information derived from the Virus Pathogen Resource (ViPR) online resource tool.
Following this, we determined whether the different ORFs in individual strains within each clade were present in other viruses in that particular
clade by retrieving sequences from other viruses aligned with the nucleotide sequences associated with these ORFs. For this, first, the com-
plete genome nucleotide sequences of Mpox viruses were aligned in MAFFT 7.407_1°%¢"?, from these aligned sequences, the aligned nucle-
otide sequences related to each ORF were retrieved, and the ORFs were determined within and between the Mpoxv-Clades using MEGA7”’
and NCBI ORFfinder tool with different ORF lengths of nucleotides (https://www.ncbi.nlm.nih.gov/orffinder/). Further, the details of ORF and
their VACV-WR, VACV-Cop, OPG, and MPXVgp naming as well as functional annotations are provided in Table S1.

Measurement of nucleotide and amino acid mismatch, transition and transversion, and silent and non-silent mutation
analysis for the mpoxv

The nucleotide and amino acid mismatch, Transition and transversion, and Silent and non-silent mutations among the Mpox viruses complete
genome sequences, ITR regions, different clade-specific regions, and genes that are transcribed in the forward and reverse directions using
the Highlighter tool”® with or without similarity sorting of the sequences and treating the gaps as a character (https://www.hiv.lanl.gov/
content/sequence/HIGHLIGHT/highlighter_top.html). Further, the nucleotide and amino acid mismatch were also visualized using the
Variant Visualizer tools (https://www.hiv.lanl.gov/content/index) https://www.hiv.lanl.gov/content/sequence/VVISUALIZER/wvisualizer.html.

Measuring APOBEC3 motif mutations and dN/dS ratio in the mpoxv

The APOBEC3 motif mutations in the Mpox virus's complete genome sequences and genes that are transcribed in the forward and reverse
directions were measured by utilizing the Hypermut 2.0 tool with customized options®® (https://www.hiv.lanl.gov/content/sequence/
HYPERMUT/hypermut.html). Fisher Exact p-value was used as a statistical analysis. The reference sequences used in the analysis were dis-
played in the respective figures. Clade lla virus sequence DQ011156.1/Liberia_1970_184 was used as the query sequence. Next, the
dN/dS ratio in the Mpox virus's genes that are transcribed in the forward and reverse directions was calculated using the SNAP v2.1.1¢°
(https://www.hiv.lanl.gov/content/sequence/SNAP/SNAP.html). Clade lla virus sequence DQ011156.1/Liberia_1970_184 was used as the
query sequence. The reference sequences used in the analysis were displayed in the supplementary data related to the respective figures.

QUANTIFICATION AND STATISTICAL ANALYSIS

In phylogenetic analysis, we detected tMRCA (HPD95%) in BEAST v1.10.4 and visualized in FigTree v1.4.4. The genetic diversity and standard
errors in NBGMD analysis were estimated using Kimura 2-parameter model in MEGA7. Further, detecting APOBEC3 motif mutations, Fisher
Exact p-value was used as a statistical analysis.
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