ELSEVIER

Elsevier has created a Monkeypox Information Center in response to the

declared public health emergency of international concern, with free
information in English on the monkeypox virus. The Monkeypox Information
Center is hosted on Elsevier Connect, the company's public news and

information website.

Elsevier hereby grants permission to make all its monkeypox related
research that is available on the Monkeypox Information Center - including
this research content - immediately available in publicly funded
repositories, with rights for unrestricted research re-use and analyses in
any form or by any means with acknowledgement of the original source.
These permissions are granted for free by Elsevier for as long as the

Monkeypox Information Center remains active.


https://www.elsevier.com/connect/monkeypox-information-center

¢? CellPress

Recombination shapes the 2022
monkeypox (mpox) outbreak

Ting-Yu Yeh,"* Zih-Yu Hsieh,?’ Michael C. Feehley,'’
Patrick J. Feehley,"” Gregory P. Contreras,’” Ying-Chieh Su,**
Shang-Lin Hsieh,”> and Dylan A. Lewis®

Monkeypox (Mpox) is a global health emergency. Yeh et al. analyze
tandem repeats and linkage disequilibrium in monkeypox virus
(MPXV) sequences from the 2022 pandemic to determine the virus
evolution, showing that these are useful tools to monitor and track
phylogenetic dynamics and recombination of MPXV.

The 2022 monkeypox outbreak repre-
sents the first time this disease has spread
widely beyond Central and West Africa.
Initially identified in the UK in May
2022, monkeypox case numbers quickly
increased in Europe, North and South
America, Asia, Africa, and Oceania. On
July 23, 2022, the WHO declared the
monkeypox outbreak a global health
emergency. On August 12, 2022, a total
of 35,032 cases were confirmed in nearly
80 countries (Monkeypox data explorer.
Our World in Data).

(MPXV)  se-
quences from the 2022 outbreak belong

Most monkeypox virus

to the B.1 clade (except two cases from
the US). In this study, we analyze MPXV
sequences during 2022 pandemic to
investigate whether the virus is adapting
for better survival and transmission

among the human population.

In a rapidly evolving poxvirus, adapta-
tion is simultaneously driven by two
(gene
copy number variation, fast) and single

mechanisms:  recombination
nucleotide variants (SNVs, slow) at the
same loci." Recombination generates
new phenotypes with greatly altered
disease potential that are better suited
to viral survival. It has been shown
that vaccinia viral DNA is swapped
back and forth ~18 times per genome
in a single round of infection to make re-

combinant phenotypes. Recombina-

tion in poxvirus genomes has been
commonly detected by selection or
screening in laboratory animals or cell
culture for more than 60 years®?
Gershon et al. described recombina-
tion of four capripoxvirus isolates dur-
ing natural virus transmission by
analyzing physical maps of the viral
genome.” However, very little is known
about poxvirus recombination in nature
due to its relatively large genome size
and lack of genomic surveillance data,
which is now becoming available.

Our efforts focused on discovering the
variability of the MPXV genome via
recombination to determine the potential
risk of new viral strains. Tandem repeats
(TRs) were first identified within the in-
verted terminal repeat of vaccinia virus
DNA with a 70-base-pair sequence ar-
ranged in two blocks of 13 and 17 copies,
respectively.” Other poxvirus TRs are
small pieces of DNA sequences (3-25 nu-
cleotides) and their sequences and copy
numbers vary among different poxvirus
family members or isolates.” The inser-
tions and deletions of TRs are common
events among these poxviruses.” There-
fore, these TRs exhibit high rates of varia-
tion and they represent a target for
poxvirus gene truncation and variation.®®
Here, we report the first evidence of
natural recombination of monkeypox vi-
rus by analyzing TRs. We also use linkage
disequilibrium, a well-known SNVs-based
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analysis, to detect new lineages and
recombination in MPXV genome of 2022
pandemics.

To determine the genomic diversity in
monkeypox genomes in the 2022
outbreak, we first searched TRs in 415
available MPXV sequences (B.1 clade)
worldwide from January 1 to July 20,
using the Tandem Repeat Finder algo-
rithm. The advantage of this method is
that it eliminates the bias caused by
sequence alignment error, especially
in low complexity sequences like TRs.
Based on the criteria of the alignment
score (>100) and length (>7 base pair,
bp), we identified 6 TRs with variations
in their copy numbers (Figures STA
and S1B). TR A/E have identical 16 bp
sequences of inverted repeats (5'-TAA
CTCTAACTTATGACT-3' and 5-AGTC
ATAAGTTAGTTA-3') at both ends of
the MPXV genome (Figure S1B). The
viral populations were further catego-
rized into six groups based on TR
numbers (TRNs) of TRA/E (Figure S1C).
Three hundered and seventy-eight
cases (90.6%) were associated with
TRN = 7.9 versus 14 cases of TRN =
15.9 (3.4%), which were collected in
the US (ON959133, ON959134, ON95
9135, ON959136, ON954773, ON95
9131, ON959132), Belgium (ONONé6
22712, ON622713, ON880419, ON88
0420, ONB880421, ONB880422) and
the Czech Republic (ON983168). One

TAuxergen Inc., Columbus Center, Baltimore, MD
21202, USA

2 ake Washington High School, Kirkland, WA
98033, USA

3Department of Thoracic Surgery, Chi-Mei
Medical Center, Tainan City, 710, Taiwan

4Department of Biotechnology and Bioindustry
Sciences, National Cheng Kung University,
Tainan City, 710, Taiwan

5MacKay Memorial Hospital, Taipei City, 104,
Taiwan

éMonte Vista High School, Danville, CA
94526, USA

"These authors contributed equally
*Correspondence: yehty@auxergen.com
https://doi.org/10.1016/j.med;j.2022.11.003

Gheck for
Updaies


mailto:yehty@auxergen.com
https://doi.org/10.1016/j.medj.2022.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medj.2022.11.003&domain=pdf

Med

case of TRN = 5.6, TRN = 3.6, and
TRN = 2.6 was found in the UK (ON
619837, ON619835, ON022171). There
were 21 cases with different TR numbers
between TR A and E (“mismatch” in Fig-
ure S1C). This result shows that genome
diversity can be grouped by TR polymor-
phism among MPXV populations in the
2022 pandemic.

TR B, C, D, and F are direct repeats and
located at either the intergenic regions
(TR B, C, D) or 3 inverted terminal
repeat (TR F) (Figure S1C, detail infor-
mation of TR B, C, D in Mendeley
data: 10.17632/txgdw36vxc.1). Each
TR C and F contain one and three
copies of 9 bp sequence (5-TAT
GATGGA-3'), respectively. While the
majority of viral sequences contain TR
F (TRN = 3.5, 97.1%), 50.8 and 48.2%
of total samples either have TR C with
TRN = 9.7 and TRN = 7.7, respectively
(Figure S1D). Based on TR C/F pattern,
the viral populations can be classified
into 4 lineages (M, 210 cases; U, 193
cases; |, 7 cases; and one uncatego-
rized, Figure S1D). Further, in combina-
tion with TRNs of TR C/Fand TR A/E, we
are able to categorize viral populations
into 11 subgroups. TR D is a 9 base-pair
sequence (5'-ATATCATT-3') with more
various copy numbers, ranging from
TRN = 2 to 54.6 (Figure ST1E). Interest-
ingly, the sequences with high TRNs of
TR D (TRN>30) also contain higher
TRNs of TR A/E (TRN>15.9, 20 cases)
in the group U, indicating that lineage
U has more TR diversity than the others.

Taken together, our data demonstrate

that TRs diverged frequently during natu-

ral transmission within the B.1 clade and

that the virus is evolving as its population

expands (Zeng's E = —1.65, Achaz's
= -2.52, p <0.007).

Poxvirus recombination between two co-
infecting parental viruses generates ge-
netic diversity.”? MPXV recombination
in natural infection has not been reported
to date. Using TR polymorphism, we
identified eight genomes with recombi-

nant crossovers (Figure S1F). Case FVG-
ITA-01 (ON755039) in Italy may be
generated from parental sequences
from the group | and M. Case VIDRLO1
(ON631963) in Australia comes from
parental sequence of the group M and
U (Figure S1D), as well as six cases in
Slovenia (ON838178, ON631241, ON60
9725, ON754985, ON754986, ON754987).
This is the first report of recombination
of MPXV in natural transmission to our
knowledge. Our results also suggests
that six Slovenian cases may have
evolved into a new lineage.

We then employed single nucleotide
polymorphism (SNPs) analysis using the
DNASP v6 algorithm to detect the occur-
rence of recombination (Rozas's Za =
0.0005, p < 0.05). We also used Haplo-
view algorithm to visualize the patterns
of linkage disequilibrium (LD) between
variants with minor alleles in at least
two MPXV isolates and to detect the
possible recombination (Figure S1G). In
the absence of evolutionary forces or nat-
ural selection, D/, the normalized coeffi-
cient of LD, converges to zero along the
time axis at a rate depending on the
magnitude of the recombination rate be-
tween the two loci. Since most SNPs
were at very low frequencies, many SNP
pairs had low values of squared coeffi-
cient of correlation () and the log of the
odds (LOD) (Figures S1J and S1K).

The LD analysis reveals five SNP pairs
located at C22736T/G74357A, G34305A/
G148421A, G34305A/G189246A, G1484
21A/G189246A, and G186153A/C188379T
(8 cases) with the high log of odds (>10)
and strong evidence of LD (%2 test, p <
0.0001), in which the upper 95% confi-
dence bound of D' is above 0.98 and
the lower bound is above 0.7 (Figures
STH and S11). C22736T/G74357A SNPs
are present in 28 cases, including 25
in Germany, one in Austria, one in the
UK, and one in Portugal. G186153A/
C188379T SNP pairs has eight German
cases. There are 14 Canadian cases con-
taining G34305A/G148421A/G189246A
SNPs (Mendeley data: https://doi.org/
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10.17632/txgdw36bvxc.1).  Our results
suggest that virus has evolved into at

least three new lineages.

Moreover, the upper 95% confidence
bound of D' for SNP pairs C25641T/
C70777T and G5592A/G78031A was
0.34 and 0.87, respectively, showing
strong evidence of recombination.
This result suggests that two Germany
cases (ON959149 and ON637939) and
one Spain case (ON720849) already
gained their mutations via recombina-
tion (Figure STI).

In this study, we show the first report of
MPXV
genome based on TR (SNP-indepen-
dent analysis) and LD (SNP-dependent
analysis). Kugelman et al. have investi-
gated MPXV genome diversity from 60
human samples collected in the Demo-

natural recombination of

cratic Republic of the Congo from 2005
through 2007 based on four regions
with TRs.® MPXV populations in 2022
pandemics can be categorized into 4
lineages with 11 different subgroups
in clade B.1. Like Kugelman et al.s
studies, we found that none of the TR
of MPXV strains were located at the
protein coding region. However, all of
their 60 samples (2005-2007) had iden-
tical right and left TRs. In contrast, we
have detected 21 genomes (5.1%)
with mismatch TR A/E during the 2022
pandemic to date (Figure S1C).

LD analysis also detected three new line-
ages (G22736T/G74357A, G186153A/G188
379T,G34305A/G148421A/G189246A),
suggesting that MPXV has diverged
during the 2022 pandemic. Based on a
neutrality test, directional selection ap-
pears to not yet be significant (normal-
ized Wu and Fay's DH = —0.74, p >
0.05), consistent with the idea that
SNVs' mutation rates are generally
slower than recombination in poxvirus
evolution.”

It has been shown TRs with the diverse

length (54, 70, 125 bp) near the ends of
vaccinia virus genome can provide a novel
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marker to detect unequal crossing over
and compare the relatedness of poxvi-
However, the TR diversity has
been underappreciated in poxvirus study.
To prevent the power of TR annotation
being compromised by sequencing-as-
sembly error, we also validated TRAto F

I’USGS.9

using multiple TR detection TRAL algo-
rithms combined with evolutionary and
statistical analyses (Mendeley data:
10.17632/txgdw36vxc.1). We have not
detected ambiguous sequences at the
boundary of TRs in MPXV recombinants;
therefore, it is very unlikely that their se-
quences resulted from mixed infection of
different MPXV isolates. Taken together,
these data confirmed that recombination
did occur in 2022 monkeypox outbreak.
Our results indicate that TR analysis is
well-suited for detecting poxvirus recom-
bination events. These data also demon-
strated that TR and LD analysis can
detect different recombination events
(Figures STF versus S1l). In combination
with genomic surveillance, TR and LD
analysis are both useful tools to monitor
and track phylogenetic dynamics and
genetic epidemiology of monkeypox
transmission.

We speculate that the MPXV genomes in
the 2022 outbreak emerged most likely
from a single origin, gained mutations
or TRs, and then evolved into different lin-
eages and subgroups. Then, co-infection
of viruses from two parental lineages
occurred, followed by homologous
recombination via multiple possible
mechanisms.” Therefore, the progeny
MPXV recombinants have mosaic pattern
of TRs or mutations. So far, we have not
detected any defective MPXV virus
arising from a single infection.

TRinsertions in the promoter and 3’-un-
translated regions of MPXV may also
have influence on gene expression and
regulation (Mendeley data: 10.17632/
txgdw36vxc.1). It has been reported
that the 3’-to-5' exonuclease activity of
viral DNA polymerase plays an essential
role in promoting extraordinarily high
levels of genetic recombination in
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vaccinia infection.” Recombination is
involved in vaccinia virus adaptation to
counteract the interferon-induced anti-
viral host cell response mediated by
the double-stranded RNA-dependent
protein kinase (PKR). One of the weak
PKR inhibitors, vaccinia virus K3L, un-
dergoes recurrent gene amplification
with a beneficial SNV (His47Arg) via
active recombination driven by selec-
tion.”"'% This event is mediated by
vaccinia RNA polymerase and leads to
rapid homogenization of K3L gene ar-
rays.'% It is worth noting that natural
MPXV C3L (vaccinia K3L homologue) is
truncated at amino acid 43 by the stop
codon and loss of binding site to PKRs
and elF2B (Mendeley data: 10.17632/
txgdw3évxc.1). It is unclear whether
MPXV virulence is changed due to the
loss of the anti-interferon activity.

Due to the limitation of available demo-
graphic information, our study does
not imply that MPXV recombination
occurred in any specific populations of
sex, gender, age, ethnicity, or socio-
economic status.

SUPPLEMENTAL INFORMATION

Supplemental information can be found
online at https://doi.org/10.1016/j.med].
2022.11.003.
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