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Abstract

Monkeypox is a viral zoonotic disease endemic in Central and West Africa. In May 2022, dozens 

of non-endemic countries reported hundreds of monkeypox cases, most with no epidemiological 

link to Africa. We identified two lineages of monkeypox virus (MPXV) among two 2021 

and seven 2022 U.S. monkeypox cases: the major 2022 outbreak variant, B.1, and a minor 

contemporaneously sampled variant called A.2. Analyses of mutations among these two variants 

revealed an extreme preference for GA-to-AA mutations indicative of human APOBEC3 cytosine 

deaminase activity among Clade IIb MPXV (previously West African, Nigeria) sampled since 

2017. Such mutations were not enriched within other MPXV clades. These findings suggest that 

APOBEC3 editing may be a recurrent and a dominant driver of MPXV evolution within the 

current outbreak.

One-Sentence Summary:

We report multiple introductions of monkeypox viruses of different origins into the U.S. and find 

evidence of APOBEC3 editing since 2017.

Monkeypox is a viral zoonotic disease caused by monkeypox virus (MPXV) that is endemic 

in West and Central Africa. There have been several reported cases of travel-associated 

monkeypox in non-African countries in recent years. In 2003, an outbreak of monkeypox 

in the United States (U.S.) was linked to imported African small mammals (1). In 2017, 

the largest monkeypox outbreak in western Africa occurred in Nigeria after decades of no 

identified cases (2), and during 2018 to 2021, eight cases were exported from Nigeria to 

non-endemic countries (2–5). In 2021, there were two U.S. monkeypox cases in travelers 

from Nigeria, in Maryland and Texas (4, 5). In May of 2022, this pattern of monkeypox 

cases in travelers from Nigeria shifted. As of September 28, 2022, 67,602 cases of 

monkeypox were reported in 99 non-endemic countries, most with no epidemiological link 

to Africa (6), and 25,509 cases have been confirmed in the U.S.A (7).

Comparison of MPXV sequences from nine U.S. monkeypox cases from 2021 and 2022 

(ON563414.3, ON674051, ON675438, ON676703 – ON676708) revealed two distinct 

lineages (Fig. 1) within MPXV Clade IIb (formerly named West African MPXV found 

east of the Dahomey Gap). Neutral nomenclature was chosen to reduce stigmatization that 

can be associated with naming based on locations (8). We maintain the designation of two 

clades of MPXV (Clade I: formerly Congo Basin/Central African and Clade II: formerly 

West African) based on genetic distance and evidence-based clinical differences (9–12). Five 

of the seven May 2022 U.S. sequences formed a monophyletic clade with 2022 MPXV 

sequences from Europe (Fig. 1), with most genomes within this clade containing 0 – 2 

nucleotide changes in non-repeat regions (Fig. S1, Table S1). This clade will be referred to 

as the current predominant 2022 MPXV outbreak variant, B.1 (based on proposed MPXV 

naming from Nextstrain (13)). MPXV from a 2021 travel-associated case from Nigeria 

to Maryland (USA_2021_MD) displayed high similarity to variant B.1 sequences, with 

approximately 13 nucleotide differences (Figs. 1 and S1, Table 1). The USA_2021_MD 
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and 2022 outbreak sequences shared many mutations that separated them from MPXV 

sequences from Nigeria and travel-associated cases from 2017 – 2019 (Table S2).

Two 2022 U.S. MPXV sequences, USA_2022_FL001 and USA_2022_VA001, and one 

2021 U.S. sequence (USA_2021_TX) formed a monophyletic clade (variant A.2) that was 

polyphyletic to other 2022 MPXV sequences from the U.S. and Europe (Fig. 1). Each 

genome contained approximately 80 nucleotide changes relative to variant B.1 MPXV 

sequences (Fig. S1). The three variant A.2 genomes displayed approximately 30 unique 

nucleotide differences from each other (Fig. S1, Table S3). Each case also reported travel to 

different countries in the Middle East and West Africa (Table S4). Together, this suggests 

that although the three MPXVs share a common ancestor, they likely represent separate 

introductions to the USA.

Real-time PCR testing of USA_2021_MD and the five 2022 MPXV variant B.1 samples 

revealed a lower sensitivity (average Ct delay of 6.88, ranging from 5.3 to 8.3) in 

Orthopoxvirus generic OPX3 real-time PCR assay (14) compared to Monkeypox Clade 

II-specific real-time PCR assay (15) (Table S5, when performed as described in Methods). 

By contrast, similar Ct values were observed for USA_2022_FL001, USA_2022_VA001, 

or USA_2021_TX samples (average difference of −0.78 Ct, ranging from −1.4 to 0.5). 

By careful comparison of Ct values between the two assays laboratories can, in theory, 

differentiate between cases belonging to variant B.1 and cases from other Clade IIb MPXV 

without sequencing. Sequence examination revealed a SNP in the reverse primer binding 

site for the OPX3 real-time PCR assay (DNA polymerase gene, VACV-Cop E9L, C322T) 

in USA_2021_MD and variant B.1 sequences that was absent from other Clade IIb MPXV 

sequences. The decreased sensitivity in the OPX3 assay is unrelated to the U.S. Food and 

Drug Administration-cleared VAC1 assay (16) used for MPXV screening. Use of different 

commercial reagents, run parameters or PCR platform may result in different results.

When we compared the 2022 outbreak MPXV sequences in Fig. 1 to other MPVX 

sequences in Lineage A, we noticed a striking preponderance of G-to-A mutations, 

specifically 5ʹ GA-to-AA or 5ʹ GG-to-AG, indicative of host Apolipoprotein B mRNA 

Editing Catalytic Polypeptide-like3 (APOBEC3) activity (17, 18) (Fig. 2, Table 2). Looking 

at this systematically, we found a significant enrichment of APOBEC3 context G-to-A 

mutations was evident throughout Lineage A, among Clade IIb MPXV sequences sampled 

from 2017 to 2022 (Fig. 2). Overall, among unique mutations within Lineage A, 167 

G-to-A mutations were in an APOBEC3 context, while nine G-to-A mutations were not 

in an APOBEC3 motif, and only 14 mutations were not G-to-A (Fig. 2, Table 2). The 

vast majority of the APOBEC3 context G-to-A mutations were specifically GA-to-AA (156 

out of 167, 95%, Fig. 2), indicating that if these mutations were generated by APOBEC3 

editing, APOBEC3G was not the major form, as it produces GG-to-AG changes (19, 20).

We explored the abundance of APOBEC3 motif G-to-A mutations along the evolutionary 

trajectory from the common ancestor of Lineage A to the variant A.2 and B.1 (Figs. 2, 

S2). The path from the estimated ancestor of Lineage A to the estimated ancestors of 

both variant B.1 and A.2, including each internal branch, revealed significantly increased 

APOBEC3 motif G-to-A changes, indicating sequential acquisition of mutations in distinct 
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individuals sampled historically since 2017 have contributed to the high proportions of 

GA-to-AA APOBEC3 (Fig. S2 and Table S6). Given the limited variation found in 2022 

outbreak sequences in variant B.1, there were only a small number of SNPs relative to the 

ancestor for any one sequence. When considered together, however, all 8 SNPs observed 

among the 12 variant B.1 genomes available in early May 2022 were GA-to-AA APOBEC3 

context mutations (Figs. 2, S2 and Table S6). Outbreak-related sequence data has increased 

very rapidly, enabling analysis of 397 outbreak genomes sampled between May 1 and July 

15, 2022, available through the GISAID data sharing initiative (21). This greatly expanded 

data set confirmed the pattern observed among the first twelve sequences: 275/308 (89%) 

of observed unique G-to-A mutations occurred in an APOBEC3 context, and 261/275 

(95%) of these were specifically 5’ GA-to-AA (Figs. 2 and S3, Table S7). Beyond variant 

B.1, by partitioning Lineage A into sublineages (A.2, Nigeria 2017, and Nigeria 2017 

– 2019; Fig. 2) we found that G-to-A mutations in A.2 were in an APOBEC3 context 

were enriched throughout Lineage A (Figs. 2, S2 and Table S6). Four additional MPXV 

sequences belonging to variant A.2 have now been detected in India and Thailand (22); 

45/47 (96%) G-to-A mutations were in a APOBEC3 context, and all 45 of these were 

specifically 5’ GA-to-AA (Table S7).

In contrast, APOBEC3 context G-to-A changes were lower than expected by chance relative 

to other G-to-A changes across Clade I and Clade IIa MPXV (Figs. 2 and S2, Table S8). 

To better resolve where within the phylogeny the switch in mutational patterns arose, we 

evaluated the mutational frequencies along the internal branches in Clade IIb leading into 

Lineage A (Figs. 2 and S2, Table S8); these were not found to be statistically enriched for 

APOBEC3 context G-to-A changes.

Of note, in the July 15 GISAID sample there were three highly related sequences, one each 

from Italy, Spain and France, that were chimeric in that most of the genome was typical 

of variant B.1, but each ITR region carried 5 consecutive bases that were typically found 

among other Lineage A and Clade IIb MPXV but not among B.1 sequences. A detailed 

analyses of these sequences is provided in Fig. S4, and they were excluded from analysis 

shown in Fig S3. This pattern is potentially indicative of recombination, an important aspect 

of poxvirus evolution (23); however, assembly errors caused by reference-calling in low 

coverage regions could not be ruled out as a possible explanation.

Given the clear transition in the mutational pattern in Lineage A relative to Clades I 

and IIa (Fig. 2), we explored the hypothesis that there was a concomitant change in the 

evolutionary rate in Lineage A. First, we used the fixed local clock model as implemented 

in BEAST to compare the estimated mean evolutionary rate of Lineage A (7.2×10−6 ± 

8.9×10−7 (standard deviation), to Clade I (1.9×10−6 ± 3.1×10−7) and Clade IIa (3.9×10−6 

± 8.9×10−7) (Table S9). We also separated Lineage A, retaining Nigerian-SE-1971 as an 

outgroup, from Clade I and IIa and repeated the analysis using two trees; we felt this 

to be the more appropriate alternative given the transition in the underlying evolutionary 

model. In this analysis we found Lineage A had an even higher evolutionary rate estimate of 

2.8×10−5 ± 8.8×10−6, while estimates for Clades I and IIa were essentially unchanged (Table 

S9). Thus, using either approach, we observed higher evolutionary rates within Lineage A, 

consistent with mutations being driven by host editing mediated through APOBEC3, over 
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what is expected by errors in the viral polymerase. An enriched evolutionary rate for clade 

B.1 outbreak viruses has been similarly reported by others (18, 22). A cautionary note 

regarding the robustness of estimates of rates of evolutionary change in this scenario is that 

if the mutations are indeed dominated by host-mediated mutations, different people may 

have different levels of APOBEC3 activity, and this may change over time. Such transient 

host-dependent increases in G-to-A ABOBEC3 motif enriched mutations in HIV genomes in 

single infected hosts are observed both in HIV-1 infection in humans and SHIV infections in 

monkeys (24, 25)

All publicly available MPXV genomes from the 2022 Monkeypox outbreak to date belong 

to Clade II, which may cause less severe disease and have a lower case fatality rate 

than Clade I MPXV (10–13). Genomes published during the 2022 outbreak share a 

common ancestor with MPXV sequences from Nigeria (Clade IIb); however, sequences 

from surrounding countries are limited and most of our understanding of these relationships 

comes from viruses linked to or identified in Nigeria. The high similarity among the current 

predominant 2022 MPXV outbreak variant B.1 is similar to the 0.4 to 1.5 SNPs reported 

between genomes from epidemiologically linked samples from the same transmission 

chain (3). Among Clade IIb sequences, many unique mutations were shared between 

USA_2021_MD and variant B.1 genomes, further indicating that any evolutionary force 

leading to these changes most likely preceded the 2022 outbreak and were found in a 

common ancestor shared between the variant B.1 and USA_2021_MD. In contrast, there 

were sufficient differences (>30 SNPs) among the three variant A.2 sequences to suggest 

they likely represent separate introductions into the U.S.

After the re-emergence of MPXV in Nigeria in 2017 and prior to 2022, there had only 

been two reported events of person-to-person transmission of MPXV outside of Africa (3, 

26). Several factors may be contributing to this recent increased spread between humans, 

including behaviors involving close contact and failure to recognize or diagnose monkeypox 

to prevent spread. It is currently unclear if APOBEC3 motif or other mutations observed 

in the 2022 outbreak MPXV variants have affected or will affect viral transmissibility or 

pathogenicity. A mutation in F13L (which codes for the target of tecovirimat, an antiviral 

agent indicated for the treatment of smallpox) (E353K) was shared by all sequences in the 

predominant 2022 outbreak cluster; functional studies revealed no effect on the efficacy of 

tecovirimat (EC50 was 0.007731 ± 0.002 μM for 353E and 0.002860 ± 0.001 μM for 353K) 

(Fig S5).

APOBEC3 proteins are an important component of the vertebrate innate immune system and 

restrict the replication of exogenous viruses through cytosine-to-uracil deaminase activity 

(19, 27). APOBEC3 proteins act mainly on single-stranded DNA and have been extensively 

studied in RNA viruses, including HIV (20) but can also act on DNA viruses (28, 29). 

It is unlikely the GA-to-AA substitutions we report here are due to sequencing error as 

the sequences used in the analyses were produced across many different laboratories using 

multiple methods, including both short and long read approaches, and both with and without 

PCR. The presence of mutations consistent with APOBEC3 editing in several branches of 

the Clade IIb MPXV will cause discordance in estimates of evolutionary rate and divergence 

time using many standard methods.
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Specific enrichment of APOBEC3 motif mutations in Clade IIb MPXV since 2017 may 

suggest something different in virus-host interactions, facilitating this mutational pattern. 

Such a pattern might be caused by sustained transmission in a new host or a new route 

of infection. Primates, including humans, exhibit evolutionary expansion of the APOBEC3 

family to seven members that are not seen in rodents (30), which are thought to be the 

primary reservoir of monkeypox virus in Africa. Additionally, APOBEC3 has been found in 

higher levels in mucosal tissues than in skin in humans (31), thus permucosal transmission 

may provide increased opportunity for APOBEC3 editing of MPXV. Prior to this outbreak, 

APOBEC3 editing was not recognized or appreciated as a mechanism of poxvirus mutation. 

Two studies in vaccinia virus found (1) overexpression of APOBEC3 had no effect on 

viral replication and (2) endogenous or overexpressed APOBEC3 was not degraded by 

vaccinia virus, as it is by other viruses (32, 33). However, neither of these studies performed 

sequencing. The fact that the enrichment can be observed at essentially all levels within 

Clade IIb MPXV since 2017 suggests it is a recurrent and dominant mutational effect in 

recent MPXV evolution. Furthermore, the majority of mutations detected among expanding 

outbreak samples were 5ʹ GA-to-AA (Fig. 2, Table S7), indicating that this mutational bias 

is continuing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phylogenetic analysis of Clade IIb MPXV genome sequences.
Variant B.1 sequences are shown in blue text; variant A.2 is shown in orange; green 

branches indicate Clade IIb. Phylogenetic analysis was performed in BEAST v1.8.3 

using HKY+G model and constant coalescent prior on complete genome alignments after 

removing all sites containing gaps. Scale bar is in substitutions per site; posterior support 

values are shown at branch points.
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Fig. 2. Analysis of APOBEC3 motif mutations in MPXV.
A. Maximum Likelihood phylogenetic tree using IQ-TREE. Enrichment for G-to-A 

APOBEC context mutations (shown by blue line) was found in Lineage A, within Clade 

IIb (green branches). A detailed version of this tree with taxa names is included in Fig. 

S2. The scale bar indicates the number of substitutions per sequence site. B. Mutational 

patterns found among Clade I, Clade IIa, and Lineage A in the phylogeny above. All 

unique mutations in a clade relative to the most recent common ancestor of that clade are 

shown in a single panel, and the class of each mutation is shown on either the forward 

or reverse complement strand. The increased number of APOBEC3 context mutations, 

indicated by blue ticks, in Lineage A, versus red and grey captures the dominance of 

GA-to-AA APOBEC3 context mutations in this lineage and contrasts with Clades I and IIa. 

The exact numbers and statistics are provided in Table 2. The A.2 and B.1 variants within 

Lineage A in the tree, and an updated analysis of 397 variant B.1 sequences from GISAID, 
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demonstrate the continuing dominance of GA-to-AA APOBEC3 context mutations among 

currently sampled outbreak sequences. C. Bar charts showing the total number of each class 

of unique mutations within each clade in Fig. 2B, Clade I, Clade IIa, Lineage A, as well as 

for 397 sequences from lineage B.1 from Fig. S3A.
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Table 1.
Unique coding nucleotide changes in 2022 predominant MPXV outbreak variant B.1.

Mutations listed were shared among all MPXV Clade IIb variant B.1 sequences examined in Figure 1 and 

were not present in USA_2021_MD or UK-P2 (MT903344.1). Gene homologs in Vaccinia virus Copenhagen 

(VACV-Cop) are given for each gene. Pos is position in MT903344.1. Additional information can be found in 

Table S2.

Pos MD 2021 2022 Outbreak TYPE EFFECT AA CHANGE NOTE

3120, 194114 G A snp synonymous VACV-Cop C19L Ankyrin-like

39148 C T snp missense Glu353Lys VACV-Cop F13L major envelope antigen of EEV

73248 G A snp missense Asp88Asn VACV-Cop G8R VLTF-1 (late transcription factor 
1)

74214 G A snp missense Met142Ile VACV-Cop G9R Entry/fusion complex 
component

77392 G A snp missense Glu162Lys VACV-Cop L4R ss/dsDNA binding protein

84596 C T snp synonymous VACV-Cop J6R RNA polymerase subunit 
(RPO147)

150480 C T snp missense His221Tyr VACV-Cop A46R IL-1/TLR signaling inhibitor

170273 G A snp synonymous VACV-Cop B12R Ser/Thr Kinase

183534 C T snp missense Pro722Ser VACV-Cop B21R Membrane-associated 
glycoprotein
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Table 2.
Summary of the counts of different classes of all unique mutations that were observed in 
different clades shown in Fig. 2.

C-to-T mutations in the forward strand are included as G-to-A in the reverse complement, as a simplified way 

to tally of all mutations that occurred in the context of an APOBEC3 motif in the viral genome relative to 

those that did not. The p-values are based on a Fisher’s exact test of a contingency table that considered all G’s 

either in an APOBEC context (GA or GG) or not in an APOBEC context (GC or GT), and then determining 

the number of G-to-A substitutions that occurred within each of the two contexts. ABOBEC motif Odds Ratio 

>1 indicates APOBEC context enrichment.

Contingency Table

Clade All other 
mutations

G-to-A 
APOBEC 

context

G in 
APOBEC 
context, no 

change

G-to-A 
non 

APOBEC 
context

G not in 
APOBEC 
context, no 

change

p-value
2-sided q-value Odds 

Ratio

GA-
to-AA

or
GG-

to-AG

Non-
APOBEC 

context

I 277 72 36552 176 30580 <0.000001 0.000006 0.3423 45 + 
27

IIa 225 65 36548 132 30578 <0.000001 0.000006 0.412 35 + 
30

APOBEC 
context 

enriched

Lineage 
A 14 167 36415 9 30669 <0.000001 0.000006 15.63 159 + 

8

B.1, 
N=12 0 8 36517 0 30675 0.0095 0.022 inf 8 + 0

B.1, 
N=397 115 275 35064 33 29705 <0.000001 0.000006 7.06 261 + 

14

A.2 3 52 36516 3 30674 <0.000001 0.000006 14.56 51 + 1
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