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 2 

ABSTRACT 21 

The monkeypox virus (mpox virus, MPXV) epidemic in 2022 poses a significant public health 22 

risk. However, the evolutionary principles of MPXV are largely unknown. Here, we examined 23 

the evolutionary patterns of protein sequences and codon usage in MPXV. We first showed the 24 

signal of positive selection in OPG027 specifically in Clade I. We then discovered accelerated 25 

protein sequence evolution over time in 2022 outbreak-causing variants. We also found strong 26 

epistasis between amino acid substitutions located in different genes. Codon adaptation index 27 

(CAI) analysis revealed that MPXV tended to use more unpreferred codons than human genes 28 

and that the CAI decreased with time and diverged between clades, with Clade I > IIa and IIb-29 

A > IIb-B. Although the decrease in fatality rate in the three groups matched the CAI pattern, 30 

it is unclear whether this is a coincidence or if the deoptimization of codon usage in MPXV 31 

induced a decrease in fatality. This study sheds new light on the processes influencing the 32 

evolution of MPXV in human populations. 33 

 34 
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Introduction 36 

The monkeypox virus (mpox virus, MPXV) epidemic in 2022 has caused substantial public 37 

health risks. MPXV is a linear double-stranded DNA virus that belongs to the Poxviridae family, 38 

Chordopoxvirinae subfamily, and Orthopoxvirus genus1-3. The genome of MPXV is 39 

approximately 197 kb in length and encodes approximately two hundred genes4. MPXV can 40 

infect multiple animal species, including humans, nonhuman primates, and rodents5-8. MPXV, 41 

like variola virus (VARV) and vaccinia virus (VACV) in the Orthopoxvirus genus, can cause 42 

disease and death in humans. 43 

 44 

In 1958, MPXV was discovered in a Danish animal facility8; in 1970, it was isolated from the 45 

first human case in the Democratic Republic of the Congo9. Prior to 2022, MPXV was 46 

predominantly endemic in the countries of Central and Western Africa, with spontaneously 47 

reported instances in other regions resulting from importations10-15. On May 7, 2022, the first 48 

human case of MPXV in the outbreak of 2022 was reported in the United Kingdom16,17. The 49 

global outbreak of MPXV was confirmed as an international public health emergency on July 50 

23, 202218. As of November 13, 2022, 79,411 confirmed cases had been recorded from 109 51 

countries and regions in the 2022 outbreak19. 52 

 53 

MPXV was classified into two clades based on phylogenetic analysis20: Clade I (also known as 54 

the 'Central African' clade) and Clade II (also known as the 'West African' clade). Clade II was 55 

further subdivided into the IIa and IIb subclades. The MPXV variants collected in the 2017-56 

2018 outbreak corresponded to subclade IIa or lineage A in IIb (IIb-A)21,22. The majority of the 57 

MPXV variants that triggered the 2022 outbreak belong to IIb-B, and they are phylogenetically 58 

more closely related to the variants transported from Nigeria to the United Kingdom, Israel, 59 

and Singapore in 2018-2019 than to the variants collected during the 2017-2018 Nigeria 60 

outbreak17,20. In the 2022 outbreak, however, sporadic cases of IIb-A.2 sublineages have also 61 

been reported17,20. 62 

 63 

The mutation rate of orthopoxviruses is 1-2 substitutions per genome per year23. Nevertheless, 64 

the evolutionary analysis revealed approximately 50 nucleotide differences in the 2022 variants 65 

compared to the 2018-2019 variants, which was 6-12 times greater than expected based on the 66 

usual orthopoxvirus mutation rate17. Moreover, excessive TC>TT and GA>AA mutations have 67 

been identified between the two clades of variants. It was hypothesized that the increased 68 

substitution rate in the 2022 MPXV genomes is the result of genome editing by apolipoprotein 69 

B mRNA-editing catalytic polypeptide-like 3 (APOBEC3) enzymes, which cause C>T 70 

mutations if editing occurs in the sense strand and G>A mutations if editing occurs in the 71 

antisense strand17,20. Since APOBEC3 enzymes are primate-specific24, it is plausible that the 72 
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recent circulation of MPXV in humans has resulted in a higher mutation rate due to APOBEC3 73 

editing than in its natural animal hosts, which include numerous non-primate species20. 74 

 75 

Despite these recent discoveries, the evolutionary principles of MPXV remain poorly 76 

understood. Here, we first identified signatures of positive selection on MPXV genes. Then, we 77 

investigated epistasis in 2022 outbreak-causing MPXV variants. Finally, we examined MPXV 78 

codon usage patterns and their potential impact on fatality rates. This study revealed the 79 

accelerated evolution of the 2022 outbreak-causing MPXV variants and cautions the possible 80 

relationship between deoptimization codon usage and the decreased fatality rate in the MPXV 81 

evolutionary process. 82 

 83 

Results 84 

Positive selection on OPG027 in Clade I of MPXV 85 

To detect signatures of positive selection, we downloaded 1,953 high-quality MPXV genome 86 

sequences from the National Center for Biotechnology Information (NCBI)25 and GISAID26 87 

(https://www.gisaid.org, as of November 13, 2022) and divided these sequences into four clades 88 

(I, IIa, IIb-A, and IIb-B) and calculated the dN (nonsynonymous substitutions per 89 

nonsynonymous site), dS (synonymous substitutions per synonymous site), and dN/dS (ω) 90 

values for each gene between any two genomes from different clades. The majority of the 91 

comparisons yielded ω < 1, showing that purifying selection is the dominant force driving 92 

MPXV gene evolution (Fig. 1a). Interestingly, we found ω > 1 for OPG027 in pairwise 93 

comparisons between clades I and II, suggesting that this gene was subjected to positive 94 

selection during the divergence of these two clades. However, OPG027 showed strong 95 

signatures of purifying selection (ω < 1) in the pairwise comparisons between Clade II genomes. 96 

To better understand the discrepancies between these findings, we analyzed the SNPs in 97 

OPG027 across the 1,953 MPXV genomes, using VACV and VARV as outgroups. In the 98 

branch from the most recent common ancestor of Clades I and II to Clade I, we found three 99 

nonsynonymous changes (I47V, F79L, and V126I) and one synonymous nucleotide 100 

substitution (C276T). In contrast, no substitutions were found on the Clade II branch (Fig. 1b 101 

and Table S1). These data imply that OPG027 has experienced accelerated protein sequence 102 

evolution specifically in Clade I. OPG027 is crucial in determining host ranges and inhibiting 103 

host antiviral activities25,27,28. The accelerated evolution of OPG027 in Clade I could have been 104 

triggered by evolutionary arms races related to viral replication or immune evasion. 105 

 106 

Accelerated protein evolution in 2022 outbreak-causing MPXV variants 107 

To decipher the evolutionary trends of currently circulating MPXV variants, we analyzed 756 108 

IIb-B genomes with exact collection dates throughout the 2022 outbreak. In one MPXV genome, 109 
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the median number of substitutions relative to the reference genome (NC_063383, collected in 110 

August 2018 in Rivers State, Nigeria) was 69 (2.5th and 97.5th percentiles of 67 and 81, 111 

respectively), while the median numbers of synonymous and nonsynonymous SNPs were 27 112 

(2.5th and 97.5th percentiles of 27 and 30, respectively) and 33 (the 2.5th and 97.5th percentiles 113 

of 32 and 41, respectively). 114 

 115 

TreeTime29 analysis of these 756 MPXV genomes yielded a substitution rate of 6.07 ± 0.86 × 116 

10-5 substitutions/site/year at the genomic scale and lower substitution rates in the coding 117 

regions (the substitution rates in the first, second, and third positions of the codons were 5.70 ± 118 

2.70 × 10-5, 3.17 ± 2.52 × 10-5 and 4.66 ± 2.56 × 10-5 substitutions/site/year, respectively). 119 

Because nucleotide changes in the second position of a codon are nonsynonymous, while 120 

changes in the third position of a codon are mostly synonymous, these findings support the 121 

notion that purifying selection is the dominant evolutionary force affecting MPXV protein 122 

sequences. 123 

 124 

The number of substitutions in an MPXV genome increased with the time between the sample's 125 

collection date and the reference genome availability date (which was arbitrarily set on August 126 

15, 2018) (Fig. 2a-c). Notably, the number of nonsynonymous substitutions showed a 127 

significantly higher correlation coefficient with time than the number of synonymous 128 

substitutions (Rho was 0.33 versus 0.16 for the former versus the latter, respectively; P = 0.0008, 129 

Fisher's method). Remarkably, the slope of the linear regression between nonsynonymous 130 

substitutions and time was significantly steeper than that of the linear regression between 131 

synonymous substitutions and time (the slopes were 0.029 versus 0.0046, respectively; P = 132 

0.001). These findings support the notion that the 2022 outbreak-causing MPXV variants have 133 

experienced accelerated protein sequence evolution. 134 

 135 

Epistasis in 2022 outbreak-causing MPXV variants 136 

We analyzed the patterns of linkage disequilibrium (LD) between MPXV SNPs (Fig. S1). We 137 

focused on SNPs with frequencies ranging from 0.005 to 0.8 in the 1,873 MPXV genomes of 138 

Clade IIb-B, and only SNP pairs with r2 ≥ 0.8 were considered in the LD analysis. Under these 139 

criteria, we discovered 41 substitutions (16 synonymous, 21 nonsynonymous, and 4 intergenic 140 

ones) forming 15 linkage groups that were distributed in 12 sublineages of Clade IIb-B (Fig. 3 141 

and Table S2). Two linkage groups (Groups 6 and 8) had just synonymous or noncoding 142 

alterations, and six groups (Groups 1, 2, 3, 4, 12, and 15) had one nonsynonymous substitution 143 

plus at least one synonymous (or noncoding) substitution (Table S2). Notably, six linkage 144 

groups (Groups 5, 7, 9, 10, 11, and 13) were composed of at least two tightly linked 145 

nonsynonymous substitutions located in different genes, such as H173Y in OPG038 (NF-κB 146 
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inhibitor) and D124N in OPG099 (Membrane protein CL5) in the case of B.1.8, D162N in 147 

OPG040 (Serpin) and R88K in OPG107 (Entry-fusion complex essential component) in the 148 

case of B.1.4, and S288L in OPG185 (Hemagglutinin) and S156L in OPG055 (Protein F11) in 149 

the case of B.1.14. One linkage group, in particular, consisted of one synonymous substitution 150 

(V273V in OPG130) and three nonsynonymous substitutions: S532L in OPG210 (B22R family 151 

protein), D729N in OPG117 (NTPase), and G4R in OPG118 (Early transcription factor 70 kDa 152 

subunit) (Table S2). We speculated that these epistatic interactions would be associated with 153 

the fitness of an MPXV lineage because many genes with these tightly linked amino acid 154 

alterations are involved in viral infection or anti-host immunity. More functional research is 155 

needed to determine the biological functions of these changes as well as their epistatic impacts. 156 

 157 

Deoptimization of codon usage in MPXV over time 158 

Viruses often rely on the host organism's cellular machinery for biological functions such as 159 

translation. They also often exhibit a low level of codon use bias, owing to mutational pressure 160 

or natural selection30,31. Viruses with poor codon usage are proposed to be more adaptable to 161 

different host species31-33. 162 

 163 

To examine the codon usage bias in MPXV variants, we calculated the codon adaptation index 164 

(CAI) of the concatenated coding sequences (CDSs) in each MPXV genome as previously 165 

described34. The MPXV CAI values varied from 0.6093 to 0.6104, with 0.6098 as the median 166 

and 0.6098 and 0.6100 as the 2.5th and 97.5th percentiles, respectively. Overall, the CAI value 167 

of MPXV was substantially lower than those of human genes (Fig. 4a), suggesting that MPXV 168 

is more likely to use unpreferred codons than human genes. This observation is in line with the 169 

notion that MPXV genomes are A/T rich because codons rich in A/T nucleotides are generally 170 

unpreferred in humans. 171 

 172 

When we grouped the MPXV variants into three categories based on the collection dates in 173 

1968-2008, 2017-2021, and 2022, we found that the CAI of MPXV decreased over time, and 174 

this trend was statistically significant (Fig. 4b). Because Clade I is the oldest and Clade IIb-B 175 

is the most recent, it is not surprising that a significant difference in the CAI was found when 176 

we separated the MPXV genomes into three groups based on lineage, in the order of Clade I > 177 

IIa and IIb-A > IIb-B (Fig. 4c). The continued deoptimization of codons in MPXV genomes 178 

was most likely caused by an overabundance of C>T or G>A mutations driven by APOBEC3-179 

mediated viral editing (Table S3). 180 

 181 

MPXV Clade I had a fatality rate of 10.6% (95% CI: 8.4–13.3%), while clades IIa and IIb-A 182 

had a fatality rate of 3.6% (95% CI: 1.7%–6.8%)10. Clade IIb-B, which primarily caused the 183 
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2022 MPXV outbreak, had a fatality rate of 0.063% (50 deaths out of 79,411 confirmed cases, 184 

according to the WHO as of November 13, 2022)19. Notably, there was a significant difference 185 

in fatality rate among the MPXV clades, with Clade I > IIa and IIb-A > IIb-B (Fig. 4d). 186 

Although the decline in fatality rate followed a pattern similar to that of CAI in the three groups, 187 

it is unclear if this is simply a coincidence or the consequence of a causal relationship in which 188 

the deoptimization of codon usage caused a decrease in fatality across the three groups. 189 

 190 

Discussion 191 

The pathogenicity and drug resistance of viruses could be significantly boosted by only a few 192 

amino acid changes. For instance, an amino acid substitution (N752D) in the DNA polymerase 193 

of equid herpesvirus type 1 (EHV-1) could significantly alter its neuropathogenicity35, and one 194 

amino acid change (T831I) or two linked changes (A314V and A684V) in the DNA polymerase 195 

(E9L) of VACV significantly increased levels of drug resistance36. In this study, we detected 196 

signals of positive selection in OPG027 specifically in Clade I of MPXV. Because OPG027 is 197 

important in determining host range and inhibiting type-1 interferon27,28, the amino acid 198 

changes (I47V, F79L, and V126I) in OPG027 may serve as candidates for future functional 199 

studies to investigate the biological difference between Clade I and II variants. 200 

 201 

Similar to findings for SARS-CoV-237-39, we detected many tightly linked amino acid changes 202 

in the 2022 outbreak-causing MPXV variants. These changes tend to be located in different 203 

genes, most of which are associated with viral entry or immune evasion. It is plausible that 204 

compensatory advantageous mutations occurred during the 2022 outbreak, which could explain 205 

the accelerated protein sequence evolution in these MPXV variants. However, we cannot rule 206 

out the possibility that sampling bias or founder effects influenced the observed trends. Future 207 

research should examine the evolutionary driving mechanisms and biological significance of 208 

these epistatic interactions. 209 

 210 

Codon usage bias can affect protein expression and function by changing translation 211 

efficiency40, mRNA stability41, and peptide conformation42,43. MPXV, similar to SARS-CoV-2 212 

and many other viruses34, tends to use more unpreferred codons than human genes. The CAI of 213 

MPXV also declined with time and differed between clades, with Clade I > IIa and IIb-A > IIb-214 

B. Notably, the fatality rate also differed significantly among the MPXV clades, in the order of 215 

Clade I > IIa and IIb-A > IIb-B. Since viruses with significant translational activities may 216 

impose a translational burden on the host or cause severe clinical symptoms44, the 217 

deoptimization of codon usage in MPXV might cause the virus to replicate slowly and thus 218 

reduce the fatality rate during evolution. However, we cannot rule out the possibility that the 219 

similar trends in the CAI and fatality rates are simply coincidences caused by sampling bias or 220 
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 8 

other confounding factors. Further studies are needed to decipher the observed relationship. 221 

There is a need for vaccine development to combat MPXV45, and our findings show the 222 

importance of optimizing codon usage in mRNA and DNA vaccine design because codon usage 223 

impacts the efficiency of antigen expression. 224 

 225 

Materials and methods 226 

Evolutionary analysis 227 

A total of 2,789 MPXV genome sequences were retrieved from the National Center for 228 

Biotechnology Information (NCBI)25 and GISAID26 (https://www.gisaid.org, as of November 229 

13, 2022). Only 1,953 complete and unique sequences were used for downstream analysis. 230 

Multiple sequence alignment and mutation identification were performed by Nextclade v2.4.046. 231 

The mutations were annotated by SnpEff v5.0e47 based on the reference genome (NCBI: 232 

NC_063383). Only 756 IIb-B genomes with exact collection dates were used to estimate the 233 

mutation rates based on the phylogenetic relationships by TreeTime v0.9.4 (--reroot oldest --234 

covariation) 29. 235 

 236 

The detection of positive selection 237 

For each gene, we kept only one sequence of pairs of identical sequences and discarded 238 

sequences containing more than 15 ambiguous nucleotides or gaps. Then, we calculated N (the 239 

number of nonsynonymous sites), S (the number of nonsynonymous sites), dN 240 

(nonsynonymous mutations per nonsynonymous site), dS (synonymous mutations per 241 

synonymous site) and the dN/dS (ω) ratio of every sequence pair by implementing the yn00 242 

program in PAML v448. 243 

 244 

The linkage disequilibrium of Clade IIb-B 245 

We calculated the r2 (square of the correlation coefficient) of each SNP pair outside the inverted 246 

terminal repeat regions of Clade IIb-B using an in-house script. Each SNP was supported by at 247 

least five genome sequences and had a frequency of less than 0.8 but more than 0.005 in Clade 248 

IIb-B. Only the SNP pairs with r2 ≥ 0.8 were selected as linked SNPs. 249 

 250 

Calculation of the codon adaptation index (CAI) of MPXV 251 

The CAI was calculated as previously described34. In brief, we weighted the frequencies of 252 

codons based on the median expression levels in 54 human tissues from the Genotype-Tissue 253 

Expression (GTEx) database Version 8 (https://www.gtexportal.org/). Then, the CAI was 254 

calculated according to the actual frequencies of codons in the transcriptomes. 255 

 256 
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 9 

We extracted the coding sequences of each MPXV sequence based on the multiple sequence 257 

alignment from Nextclade46 and the annotation of the reference genome (NCBI: NC_063383). 258 

We concatenated the coding sequences of MPXV to calculate the human-expression weighted 259 

CAI value. 260 
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Figures & legends 398 

 399 
Figure 1 Positive selection on OPG027. 400 

(a) The distribution of the median dN/dS ratio (ω) between two sequences of each MPXV 401 

gene from different clades. The ω values of OPG027 are indicated by the red arrows. (b) The 402 

amino acid substitutions of OPG027 in the evolutionary process of MPXV. 403 

 404 
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 406 

Figure 2 SNPs of lineage B during the 2022 monkeypox outbreak. 407 

The number of SNPs in the whole genome (a), at synonymous sites (b), and at nonsynonymous 408 

sites (c). The y-axis indicates the number of SNPs in each genome sequence relative to the 409 

reference genome (NC_063383). The x-axis indicates the collection date.  410 

  411 
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 412 

 413 

Figure 3 Linkage disequilibrium between SNPs in Clade IIb-B of MPXV.  414 

The fifteen linked SNP groups (r2 ≥ 0.8) in Clade IIb-B of MPXV. The y-axis indicates the 415 

amino acid substitutions in the proteins caused by SNPs or SNPs in the intergenic region. The 416 

A82405C/A82406T causing CAA (Q) > CCT (P) in OPG105 is labeled Q427P/Q427P*. The 417 

number of sequences containing at least one of these 41 substitutions and the number of 418 

sequences used to detected LD are shown as the numerator and denominator, respectively. 419 
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 420 

Figure 4 The CAI and fatality rate of MPXV. 421 

(a) The distribution of CAI values of human genes and the concatenated coding sequences of 422 

MPXV. (b) The CAI values decreased over time. (c) The CAI of different clades and lineages. 423 

(d) The fatality rate of different clades and lineages. The error bars indicate the 95% confidence 424 

intervals. 425 

 426 
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Supplementary Tables and Figures 428 

Table S1 The number of sequences with mutations in OPG027 among different clades of 429 

MPXV. 430 

asyn: synonymous; nonsyn: nonsynonymous. 431 

  432 

SNP Typea AA change 
Clade 

I IIa IIb-A IIb-B 

G16333A syn I15I - - - 1/1873 

C16327T syn L17L - - - 2/1873 

T16239C nonsyn I47V 33/33 - - - 

C16227T nonsyn D51N - - 1/31 - 

G16213A syn I55I - - - 1/1873 

C16209T nonsyn E57K - - - 1/1873 

G16147A syn Y77Y 1/33 - - - 

G16141T nonsyn F79L 32/33 - - - 

C16125T nonsyn E85K - - - 1/1873 

C16123A nonsyn E85D 12/33 - - - 

G16110A syn L90L - - - 11/1873 

G16102A syn N92N 33/33 - - - 

C16002T nonsyn V126I 33/33 - - - 

C15947T nonsyn R144K - - - 1/1873 
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Table S2 The linkage group of substitutions in Clade IIb-B of MPXV 433 
 434 

Linkage 

group 

(Lineage) 

 

Pos 

 

SNP 

 

AA 

change 

 

Type 

 

Gene 

 

Protein 

 

 

Group 1 

(B.1.11) 

67611 G>A Y307Y syn OPG085 Metalloendopeptidase 

130231 G>A Q436Q syn OPG151 DNA-dependent RNA polymerase 

subunit rpo132 

18133 C>T P232P syn OPG031 C4L/C10L-like family protein 

159277 G>A E121K nonsyn OPG185 Hemagglutinin 

Group 2 

(B.1) 

103417 C>T E552K nonsyn OPG123 Nucleoside triphosphatase I 

173114 C>T 
 

intergenic OPG200-OPG204 

 

Group 3 

(B.1.13) 

132520 C>T 
 

intergenic OPG151-OPG153 

175093 G>A D188N nonsyn OPG204 IFN-alpha/beta-receptor-like secreted 

glycoprotein 

Group 4 

(B.1.3) 

64426 C>T T97T syn OPG083 Viral core cysteine proteinase 

55133 G>A R665C nonsyn OPG074 Iev morphogenesis protein 

 

 

Group 5 

(B.1.8) 

63811 G>A F302F syn OPG083 Viral core cysteine proteinase 

22643 G>A H173Y nonsyn OPG038 NFkB inhibitor 

80111 C>T T37T syn OPG103 DNA-directed RNA polymerase 

subunit 

78034 G>A D124N nonsyn OPG099 Membrane protein CL5 

 

Group 6 

(B.1) 

156429 C>T 
 

intergenic OPG181-OPG185 

65571 C>T L284L syn OPG084 RNA helicase NPH-II (2) 

144988 G>A L140L syn OPG167 CD47-like protein 

 

 

Group 7 

(B.1.4) 

189258 G>A L20L syn OPG005 Bcl-2-like protein 

148427 G>A F323F syn OPG174 Hydroxysteroid dehydrogenase 

24995 C>T D162N nonsyn OPG040 Serpin 

85774 G>A R88K nonsyn OPG107 Entry-fusion complex essential 

component 

 

Group 8 

(B.1) 

116130 G>A K127K syn OPG134 Intermediate transcription factor 

VITF-3 (1) 

152202 G>A 
 

intergenic OPG178-OPG180 

Group 9 

(B.1.14) 

159779 C>T S288L nonsyn OPG185 Hemagglutinin 

36617 G>A S156L nonsyn OPG055 Protein F11 

 

 

Group 10 

(B.1.12) 

182950 C>T S532L nonsyn OPG210 B22R family protein 

111084 G>A V273V syn OPG130 A5L protein-like 

98233 G>A D729N nonsyn OPG117 NTPase (1) 

98455 G>A G4R nonsyn OPG118 Early transcription factor 70 kDa 

subunit 

 

 

Group 11 

(B.1) 

51378 G>A L263L syn OPG070 Membrane protein E8 

181082 G>A D189N nonsyn OPG209 Virulence protein 

89030 C>T V140I nonsyn OPG109 RNA polymerase-associated 

transcription-specificity factor RAP94 

16110 G>A L90L syn OPG027 Host range protein 

Group 12 

(B.1) 

169928 G>A D87N nonsyn OPG197 CPXV205 protein 

58518 G>A F22F syn OPG077 Telomere-binding protein I1 

Group 13 

(B.1.10) 

89906 C>T S92F nonsyn OPG110 Late transcription factor VLTF-4 (1) 

94798 G>A E47K nonsyn OPG115 Virion core protein D3 

Group 14 

(B.1.9, 

B.1.1, B.1) 

82405 CAA> 

CCT 

Q427P nonsyn OPG105 DNA-dependent RNA polymerase 

subunit rpo147 82406 

Group 15 

(B.1.1) 

119838 C>T I79I syn OPG137 Viral membrane formation protein 

52232 G>A S736L nonsyn OPG071 DNA polymerase (2) 

 435 
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 437 
Table S3 Summary of SNPs in Clade IIb-B of MPXV 438 

 439 

Type of SNPs 
Synonymous 

SNPs 

Nonsynonymous  

SNPs 

C>T 244 (43.7%) 454 (43.2%) 

G>A 252 (45.2%) 387 (36.9%) 

Other types 62 (11.1%) 209 (19.9%) 

Total number of 

SNPs 
558 1050 

 440 
 441 
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 443 

Figure S1 Linkage disequilibrium between SNPs in Clade IIb-B of MPXV. 444 

The r2 (y-axis) against the distance between each SNP pair (x-axis). The SNP pairs in the 445 

fifteen linked SNP groups (r2 ≥ 0.8) included in Fig. 3 are shown as red points. 446 

 447 
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