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Evolution of monkeypox virus
from 2017 to 2022: In the light of
point mutations

Perumal Arumugam Desingu*, T. P. Rubeni and
Nagalingam R. Sundaresan

Department of Microbiology and Cell Biology, Indian Institute of Science, Bengaluru, India

Monkeypox virus (MPXV) causing multi-country outbreak-2022 is related to
viruses caused outbreak-2017-2018 in West Africa. Still not fully understood
which proteins of the MPXV discovered in Nigeria in 2017 have mutated through
different lineages to the extent that it could cause a multi-country outbreak
in 2022; similarly, codon usage bias, host adaptation indices, and the role of
selection or mutation pressure in the mutated genes are also not fully studied.
Here we report that according to the available sequence data this monkeypox
virus acquires point mutations in multiple proteins in each period, and these
point mutations accumulate and become a virus that can root outbreak-2022.
Viruses exported from Nigeria to Singapore, Israel, and the United Kingdom in
2018-2019 were developed as evolutionary ancestors to B.1 viruses (MPXVs
causing multi-country outbreak-2022) through MPXV/United States/2021/MD
virus. Although these exported viruses have different amino acid mutations in
different proteins, amino acid mutations in 10 proteins are common among
them. The MPXV-United Kingdom-P2 virus evolved with only mutations in
these 10 proteins and further evolved into MPXV/United States/2021/MD with
amino acid mutations in 26 (including amino acid mutations in 10 proteins
of the MPXV-United States-P2) proteins. It is noteworthy that specific amino
acid mutations in these 22/26 (presence in MPXV/United States/2021/MD)
proteins are present in B.1 viruses. Further, analysis of Relative Synonymous
Codon Usage (RSCU), Synonymous Codon Usage Fraction (SCUF), and
Effective Number of Codons (ENc) revealed codon usage bias in genes that
exhibited nucleotide mutations in lineage B.1. Also, host adaptation indices
analyzes such as Codon Adaptation Index (CAl), Expected-CAl (eCAl), Relative
Codon Deoptimization Index (RCDI) and Expected value for the RCDI (eRCDI)
analyzes reveal that the genes that demonstrated nucleotide mutations in
lineage B.1 are favorable for human adaptation. Similarly, ENc-GC3s plot,
Neutrality plot, and Parity Rule 2 (PR2)-bias plot analyzes suggest a major
role of selection pressure than mutation pressure in the evolution of genes
displaying nucleotide mutations in lineage B.1. Overall, from 2017 to 2022,
MPXV’s mutation and spread suggests that this virus continues to evolve
through point mutation in the genes according to the available sequence data.
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Introduction

Human monkeypox is a zoonotic infection caused by the
monkeypox virus (MPXV) in Orthopoxvirus (Adler et al., 2022)
which contains a double-stranded DNA genome of ~186-228kb
and encodes ~200 genes; however, MPXV has a genome size of
~197kb with nearly 190 genes (Kugelman et al., 2014; Muhlemann
etal,, 2020; Desingu, 2022). The central ~100,000-nt region of the
genome of this virus contains conserved genes required for virus
transcription and replication, and its left and right arms contain
genes that determine host innate immunity and host range
(Kugelman et al., 2014; Muhlemann et al., 2020). Historically,
from 1958 to 1964, MPXVs were detected in monkeys in European
countries such as Denmark (Von Magnus et al., 1956), Netherlands
(Gispen et al., 1967; Parker and Buller, 2013), and the United States
(Mcconnell et al., 1962). The MPXV virus that infects humans was
first discovered in 1970 in the Congo (Ladnyj et al, 1972).
Subsequently, the MPXV virus created several periodic outbreaks
in Central African countries (Heymann et al., 1998; Learned et al.,
2005; Formenty et al., 2010; Rimoin et al., 2010; Nolen et al.,
2016). Similarly, in West African countries, the MPXV virus,
which lacks human-to-human transmission and causes a mild
disease, has developed short outbreaks from 1970 to 1981
(Reynolds and Damon, 2012; Rezza, 2019). Further, phylogenetic
analysis divided these viruses into two separate clades (Hutin
etal., 2001; Reynolds et al., 2007; Brown and Leggat, 2016; Yinka-
Ogunleye et al., 2019): the central African clade of MPXVs
(CA-MPXVs/Clade 1), which causes severe illness in central
African countries (Breman et al., 1980; Hutin et al., 2001; Reynolds
etal,, 2007; Brown and Leggat, 2016), and the West African clades
(WA-MPXVs/Clade ITa) of MPXV which causes a mild infection
in west African countries (Reynolds and Damon, 2012; Rezza,
2019). Importantly, WA-MPXV/Clade Ila viruses have become a
human-to-human transmission, causing an outbreak-2017-
2018 in Nigeria (Jezek et al., 1986; Rezza, 2019; Yinka-Ogunleye
et al,, 2019). Viruses spread from this outbreak-2017-2018 to
countries such as United Kingdom (Mauldin et al., 2022), Israel
(Yinka-Ogunleye et al., 2019), and Singapore (Ng et al., 2019). It
is also worth noting that viruses found in countries such as the
United Kingdom, Israel, and Singapore were slightly different
from those that outbreaks in different parts of Nigeria except
Bayelsa (Mauldin et al., 2022). A traveler from Nigeria to the
United States (in 2021) has been diagnosed with monkeypox
infection, and the virus was reported to be related to the virus that
caused the outbreak-2017-2018 in Nigeria, in particular, it is
noteworthy that the infection did not spread to healthcare workers
(Costello et al., 2022).

A recent study reported that the MPXV viruses causing the
multi-country outbreak-2022 are related to the viruses that caused
the outbreak-2017-2018 in Nigeria (Isidro et al, 2022).
Furthermore, these studies divided MPXV viruses into three
distinct groups as follows: (i) CA-MPXVs as Clade-1//Clade 1, (ii)
WA-MPXVs detected before 2017 as Clade-2//Clade Ila, and (iii)
WA-MPXVs detected after 2017 as Clade-3/Clade IIb using core
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SNPs (Isidro et al., 2022) and inverted terminal repeats (ITR;
Happi et al.,, 2022). In addition, Clade-3/Clade IIb viruses are
sub-divided into A.1 and A.2, and A.1 is further divided into two
lineages, A.1.1 and B.1 (multi-country MPXV-2022) (Isidro et al.,
2022). In particular, the microevolution of SNPs between
MPXV-UK_P2 (accession MT903344.1) virus in the A.l
sub-group and viruses in the B.1 lineage has been studied (Isidro
etal, 2022). In this situation, the Clade-3 viruses that acquired the
character of human-to-human transmission in 2017 are still not
fully understood about what kind of evolutionary development
they have undergone until 2022 and which mutations have
accumulated as a positive selection during the evolutionary
process and evolved to the extent that is causing multi-country
outbreak-2022. In this context, in this study, we find out and
report what kind of evolution has been achieved in the Clade-3/
Clade IIb viruses from 2017 to 2022 to cause the multi-country
outbreak-2022.

Results and discussion

Since a recent study classified clade IIb MPXV viruses into
different lineages such as A, A.1, A.1.1, A.2, and B.1 using core
SNPs (Single nucleotide polymorphisms) (Isidro et al., 2022) and
ITR (Happi et al., 2022), we were interested in finding out whether
these lineages could also be separated at the complete genome
level. In our complete genome-wide phylogenetic analysis,
we observed that clade IIb MPXV viruses split into different
lineages (Figure 1A), as reported at the levels of SNPs (Isidro et al.,
2022) and ITR (Happi et al., 2022). In this analysis, the viruses
responsible for the outbreak in West Africa in 2017-2018 clustered
together to form lineage A or h(MPXV-1A (Figure 1A). Also, it is
worth stating that viruses in this hMPXV-1A group are more
closely related to Clade ITa than Clade I at the complete genome
level (Figure 1A), as we reported in our previous study (Perumal
Arumugam Desingu, 2022). Similarly, Net between group mean
distance (NBGMD) analysis revealed that Clade IIb viruses shared
0.291-0.337% and 0.416-0.453% genetic diversity with Clade ITa
and Clade I viruses at the complete genome level, respectively
(Figure 1A).

Furthermore, it is increasingly important that WA-MPXV's/
Clade ITa viruses acquired human-to-human transmission from
viruses in this hMPXV-1A group (Jezek et al., 1986; Rezza, 2019;
Yinka-Ogunleye et al., 2019; Perumal Arumugam Desingu, 2022).
In particular, we have reported in our previous study on the
evolutionary development and genetic diversity between
WA-MPXVs/Clade Ila viruses that are not capable of human-to-
human transmission and hMPXV-1A viruses that are capable of
human-to-human transmission (Perumal Arumugam Desingu,
2022). Here, these hMPXV-1A viruses, which acquired the
character of human-to-human transmission in 2017-2018, did
not cause a large multi-country outbreak in 2017-2018, but 4
years later caused a multi-country outbreak, so it is necessary to
find out what evolution this virus has achieved in these 4 years. To
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FIGURE 1 (Continued)

inverted terminal repeats (ITR; Happi et al.,, 2022). (B) Complete genome levels of genetic diversity (NBGMD) among different clades and lineages
MPXVs. Complete genome sequences of different clades and lineages of MPXVs in panel A were used for this analysis. The measured standard
errors in the NBGMD analysis were displayed above the diagonal in the table.

detect this evolutionary development, we subjected the complete
genome sequence of viruses that were detected from 2017 to 2022
to phylogenetic and mutational analysis.

Complete genome-wide phylogenetic analysis of the present
study revealed that viruses exported from Nigeria-MPXV-
outbreak-2017-2018 (hMPXV-1A) to the United Kingdom
(Mauldin et al., 2022), Israel (Yinka-Ogunleye et al., 2019), and
Singapore (Ng et al., 2019) form clade A.1, while viruses detected
from the United States in 2021-2022 form clade A.2 (Figure 1A).
Also, among the A.1 and A.2 groups, it is noteworthy that the A.2
group has the closest phylogenetic relationship with the
hMPXV-1A group (Figure 1A). Interestingly, phylogenetic analysis
revealed that the MPXV/United States/2021/MD (A.1.1) virus
detected in the United States is an evolutionary intermediate
between the A.1 group and the B.1 group (multi-country outbreak-
2022 causing MPXVs) (Figure 1A). Similarly, in the NBGMD
analysis, MPXV/United States/2021/MD (A.1.1) virus revealed
0.007, 0.019, 0.027, and 0.035% genetic diversity with B.1, A.1, A,
and A.2 lineages, respectively, at the complete genome level
(Figure 1B). Also, B.1 lineage exhibited 0.007, 0.023, 0.031, and
0.039% genetic diversity with A.1.1, A.1, A, and A.2 lineages at the
complete genome level, respectively (Figure 1B). Finally, the A.1
lineage exhibited 0.019, 0.023, 0.007, and 0.016% genetic diversity
with the A.1.1, B.1, A, and A.2 lineages at the complete genome
level, respectively (Figure 1B). From these, it appears that the
MPXV/United States/2021/MD (A.1.1) virus is an evolutionary
intermediate between the A.1 and the B.1 lineages. Further, it
appears that viruses closely related to the ones that caused the
Nigeria-MPXV-outbreak-2017-2018 caused the infection in 2022
other than endemic areas. Collectively, the phylogenetic and
NBGMD analyzes revealed that the hMPXV-1A virus has gradually
evolved over different periods from 2017-2018 to 2022.

Meanwhile, double-stranded DNA virus MPXV's are slow-
evolving but have been reported to be susceptible to
microevolution (amino acid point mutations) for human
adaptation (Isidro et al., 2022). In this context, we are interested
to find out the microevolution (amino acid point mutations) of
the hMPXV-1A virus over different periods from 2017-2018 to
2022 (Isidro et al., 2022). For this purpose, in the present study,
microevolution (amino acid point mutations) within and
between lineages of hMPXV-1A, A.2, A.1, A.1.1, and B.1 lineages
in clade-IIb viruses was measured using NCBI Reference
Sequence NC_063383.1 in hMPXV-1A group as a reference
sequence. Among these, NC_063383.1 and MT903340.1 were
related to the isolate MPXV-M5312_HMI2_Rivers, which
showed the closest relationship in the phylogenetic analysis, and
it was noteworthy that there was no difference in protein amino
acid mutation level between them. The hMPXV-1A lineages of
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viruses compared to NC_063383.1/MT903340.1 virus exhibited
nucleotide mutations in 44 proteins, of which 31 were
non-synonymous, and 13 were synonymous (Figure 2A). The
presence of more non-synonymous mutations in hMPXV-1A
viruses suggests that these mutations may have arisen for host
adaptations. Also, MPXVgp021: L124S and MPXVgp103: K606E
amino acid mutations are present in high frequency among
hMPXV-1A viruses (Figure 2A). From these, it appears that
hMPXV-1A  viruses
microevolution. Since MPXYV is a zoonotic virus that can infect

undergo random multidirectional
different hosts such as humans, monkeys, rodents, etc., it has
that these
microevolution to adapt to the host by alternately infecting
humans and animals in the 2017-2018 outbreak.

Similarly, A.2 viruses exhibited nucleotide mutations in 58
proteins compared to NC_063383.1/MT903340.1 virus, of which
33 mutations were non-synonymous, and 25 mutations were

been speculated viruses have undergone

synonymous (Figure 2B). Of these 33 non-synonymous mutations,
only 13 mutations are common among viruses in the A.2 group,
and these 13 mutations include two mutations that are common
among viruses in the hMPXV-1A (Figure 2B). Although
hMPXV-1A and A.2 viruses randomly acquire mutations in many
proteins, MPXVgp021: L124S and MPXVgp103: K606E mutations
are conserved among these viruses (Figures 2A,B), so these could
be considered as positive selection mutations.

Further, we are interested in finding mutations among viruses
in group A.1. This analysis revealed mutations in 57 proteins in
group A.1 viruses compared to NC_063383.1/MT903340.1 viruses
(Figure 2C). Out of these 57 mutations, 29 are non-synonymous,
and 28 are synonymous (Figure 2C). Of the 29 non-synonymous
mutations, 10 are common among viruses in group A.1 (Figure 2C).
It is also noteworthy that among these 10 amino acid mutations,
MPXVgp021: L124S and MPXVgpl03: K606E mutations are
common in hMPXV-1A and A.2 groups (Figures 2A-C).
Interestingly, it is noteworthy that the MT903344.1/MPXV-United
Kingdom-P2 virus carries only 10 amino acid mutations that are
common among viruses in the A.1 group (Supplementary Figure S1).
Also, the MT903344.1/MPXV-United Kingdom-P2 virus must
be used as a reference sequence among non-endemic MPXV viruses
to measure mutations and evolution of B.1 viruses (Isidro et al.,
2022). Next, we were interested in identifying mutations in the A.1.1
virus (MPXV/United States/2021/MD), the closest evolutionary
ancestor of B.1 viruses (Figures 1A,B). Compared to NC_063383.1/
MT903340.1 virus, A.1.1 (MPXV/United States/2021/MD) virus
has mutations in 39 proteins, and of these 39 mutations, 26 are
non-synonymous, and 13 are synonymous (Figure 2D). Among
these 26 proteins amino acid mutations, 10 are in the MT903344.1/
MPXV-United Kingdom-P2 or A.1 group of viruses (Figures 2C,D;

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1037598
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

10.3389/fmicb.2022.1037598

frontiersin.org

(Continued)

synonymous mutation between B.1 and other lineages
05

Common synonymous mutation between B.1 and other lineages

Common Non:
8) compared with NC_063383.1/ MT903340.1. (B) Nucleotide and amino acid mutations

Desingu et al.

@ L1126011:68196A XN dBA; © [omusLo BN
® M — LLVZ60 158 _nm X\ ° . e L \/1 1501 ¥D 115015 16 1BAXAIN —@ = VL 1S0vOLIS0LS:L6LABAX N
® - WYS9EL YOV Z8 B AXN = VOL€.90 1:68LdBAXdN ~ . .
e b B ~2a1dB, [} =01 15001 4¥35 06 1IBAXAIN — @} 0115500 114165061 BAX AN
@ [=L116851011:281dBAXdN - - -
@ [ VL1620 L 11626482 1dBAXAN - LLLEBLO L 108 MY © [ PPOZYOV b1 LYO'I9ROZ L BLAM L1 gd0D) P T — —
e 2 ———— 4
© [ LLLVBLO L4v6S 5L BN XA © = 90VIZLYOV08IBAXN ® [Eseello o 0L S e ™ LYVIOZ LYON1OZa 681 dBAX N LLVB6YOLY 68 IBAX AN
Ao ——F
@ [ vOvrev0: e V'S LIBAX I “ IMthh%.wmmzvNmeins @ |- 1109111 1:801dBAXAN e L v1v L0200 111 b 20N 281 dBAX AN o
_ _ (=19 1689 1¢ 4:82LdBAX N — @ LYWOZIVONOZa 8 LIBAX AN
@ 912 1¥9 VOVISPIZa 0ZL (K11 8-00) ® |- viosevoo A a1 dBAXaN © [ V1S9 LV.L89IBAXN e = OV VE0ZOO:Ne0Za:ZB | dBAX N VLV DL L1 b8 LIBAX AN
. - - —— i B
@[ LLVSEL19/BEASOIIBAXIN = 7 109Z 19102 LABAX W ® | Liimiorees soBAxaN e = 19P0ZVOY 6L LY 19PCZ L™ 61Q:(ik L 80D
- . 29,06,
[ Lyvar LN BLIAXIN 4 P««vmmézqmmhwt&\,x&h - 1000801081/ ® L 1 11€97 1 10'46977:0 LIBAXAN 90122000 SceLd s BN
(= 1pZZ 161 quielod [eorpylodH ® B B - b
@ [ WYL LYYOZLLI 9SLIBAXAN N X 7Y L | 100050.10:991 dBAXAN —@ " OV¥B0ZOvON60ZaZ8IIBAX AN
” LLLIOKOLLL21IBAXAN @ | V109129 10591 BAXN - d
@[ LLLZSL1042518YLIBAXIN ® [ VYWOrwoMNwa:1LLdBAXdN (] = O1 19129 LOSLBAXN & woso00 XN
- K B [~OVVIrLOVOM L1 3651 dBAX AN
@ [ 90 19,2000 MaL2d LA B AXAN ® ® w.Lieevod @WM LOUBAXIN hd { V10912 10:%1LdBAXdN — @ = L116921104892 0L LIBAX N
= 1 12006 10:99 1dBAXIN = L1v82E0Lv 651 dBAXIN
OF ‘asuiy2e07e£0'88LdBAXAN ® |- vWorwo LI WIdBAXN ® { ] =L LVE2€0 1v'851LdBAX AN —8——————}91192910:59196 XN
© = v0102260 L' LIBAX N e = OV L0ZLOVO: AOZHH S L dBAX © [FO100990 NI ESIAXI L - OL 120890 112088 e 1BAXN @ L ivuzzivonzenisidoaxan
e L 916 .
©f-119710 D vEIdBANN ® e Wuﬁwhwi.uwﬂn\vﬂnm Y © [ 1woLIATrINErIdBAXAN L | wwvservvoiseraiezIdbAXI e LL/0E90L 12068 ¥E1dB,
@ vLIero L s 11BN n © y ® - OOV L1000 NP3 62 LABAX N L [ YWOEHZYOODEV R 6ZI9BAXIN
® [~ OV 128Y0:.220 25 IBAXN 2 e 6,
@ vvos1vON0saDELBAX e = 19P682N 8820:85 1IBAXIN e - Lyve5 10" LL W42 IdBAXAN L © FOREe BRI | wornveooe 62 AN
- ® 5  124v:521d6,
@ ovLewoveLcosTszIdBAXN L4 e I.—owmmv(o_.omv..__umwmm wﬁhw\ﬂ‘ns e T — e 00VLLOT: LLIVHZLIBAXAN iy
- e - LYV86LVONSEC 2L BAXN o
@[ L198:2019:T2IBAXIN © = LLvL0LY8yLdBAXdN © [VLLHSYOL1LISS 80 IBAX AN ° e — — @ L oowiom Luvradbaan
@ - WOOERVOODOERS LZIBAXIN © [ LLYBEOLYLYLAOAXN .
P - ® = '09561Y01VS61S: vhIdBAXIN e B DRVY V260 0 K] ® - V195219 19:00LdBAX N —@ |1y LvONsaT 1 ZIdBAXIN
©
® I>uo$umu.§%>x% @ [VVVZYONLES BOIBAXIN ® =LV 10v2 10 ¥60dBAX AN = 195219, l
@ L118e 1YL AL ABILIBAXIN b 195860 2890:8€ LABAXAN
@ [ LOVE0OV:L603BAXAN ® =L L12LLD LLAOPZH:#80dBAX AN A
@ L1150 11vLIdBAYIN © [~ OVVIISOVONLISTSEIIBAXIN e " — @~ LV.AOVLIVOAOPLH 60X N
ol anizmoreridnan ° @ [=Lllv&zolvive Em>x““wz ® = LVL0V 1706046 AX AN {4 = VYO LZOVO:050dBAX N SV Y ——
e = OVVBZOVO:NGZT:6Z IBAXAIN = VOVZr100V:060d5A X Nl
[ ] =1 1121201 L' AOYZHYB0dBAX AN ® — &= YOVZrIOOV060d6AXIN
A @ -191001 199:00919:DLdBAX N @ = vOEZ809: IZLABAXIN Y 111940 11:0609BAXdN
Q @ |- 9vvoEOVO 09z S0IOAXAN ® [~ LOO%EOD 8L Em>xh_nm ® [9.1 146901 060N XN - J, —e——L11101v011:080d6AXAN
@ [~ LVveeeLvYONeeea:LLLdBAXN ® -
Py a5 L. a6, - - _o L
W e W09V VY 3909 0B XN 2 © visiviosodsaxan - e OVOKBZY VO 1vELS 06048 /XN hE ® | v 0sOvY:050dBAX AN s WYODVV:60dBAXAIN
o @ 1119990 1120196 XN < © = L1950 1990LdBAX N < ® = Lvv96 LvO/NS6 1 0'LLOJBAX N A. ® L o1 198000 1156 £5:0609BAXIN m L LLYELOOL
e = WO909vVV:3909X:€01dBAXIN
@ = LYVOZ LW NSZA: D LBAX AN — © [ 1990£2009:9096 XN e L | 1v880 1V280dBAX AN — 291 3:£8046,
= ® [~WOz6L1vD32610:L0IABAXAIN > e
® OVOPEYVI0BOBAXN ® = Y VESSY VO NEGST:860dBAXN © F11i0ez11v 2006 XN ® =9 L 10690 11065 8L0BAXIN — @ vIvZIO LY RPINGLOBAXIN
d ® — &, " 3
O vALo6ZwO LZB0dN XN - N WMMMMMMWW%UN( © |0 niwesolo cs0dbaxan e = LYV6L LN LL0JBAX N — @} 1vve LvONSa:8L 0IBAXIN
@ L1120 1 1EL04BAXN e X L '8e0dB,
® [~LYVe0l LYONG0LQ:80dBAX N © [ovieL50v0 000NN ® LY r} O 1V S0 — @91 10600 LT08S BLOIBAXAIN
O Hvo06s0voiR0diX © | LYVOLLYONOLQ180BAXIN e = OVVOSOVO'N90'890dB/X
L4 P o dBAX N
. © [-OUDIELOVD VWHESIVYO:ISOUBAXAN — @} LVW6L IYONSLO:L0!
@ |- INV001 LOV: L903BAXAN © [LLVeriOLV:6L096AXIN e = 1198150 19:250dBAXdN -
— :8.0d6, =YV VESOV YO 189931509 AX AN —8& =L 1W0v101v:80dBAXIN
@ 91169 10590d0AX N 4 1108120108200 u>xns hd e = 0118010104801 1:/50dBAX AN
” [uovessoov-eaioAM @ = YOVEHOOVSHOBAXAN e |.| = OVVB50WO N A8 dBAX AN
@ [ OVVOEOVOHe9E3 SO0IBAXIN @ [=109/91000:8904BAXAN L = VVOBSEOVO:Sr0dBAX AN
® —o— L
© = WOLL8vO0DLL8 LSOO XN © [~ 9LL6D10590d0AXN © [ WOBEOVOSHOBAXN e | 111190 1L bb0dBAXAN 11981.5019:290d6 /XN
= VW2 LVO V52, 190dBAX N —eo—} 48017
© [ L1060 10 LSHBAXIN [ o /55002 90dBAX AN © [ 19PKiC 190 19PpL U ZPOIBAX AN ® =L LVSeZ0 1¥:$10dB/XdN L 18010L0'48017:509BAX N
O 11006010 L5ON XN © [OVVIZLOVONLZLA:S0dBAX N © [ 19Pe100 9P R LEOIONXAN e 4521395045 ®
© 11109101 36008 7104BAXN @ [~ VLvZ9zOLYIEN0S0dEAX N © | voosmeooscodaxan L 4 [-©018/900'88L Ly0BAXN —@ 1111001 LvrodBAXAN
© | VLIZevO LS 6r0dBAXdIN ® 1109/20 15°58046AXdN
e 5, - c —eo— | 5,
e V1062V 1:Z80dBAX N ” e v/ LV6LOL V1665096 AX N © kovsuieer."mrmseodBaxan . - 'L 1VSZZOLY ##0dBAX N
- =09 187090 0814'SEDIBAX N e
@ =1 VV0RE LD NOEQ:0e0dBAXIN m b 1 1915€0 19:SH0IBAXIN 8-boismom: anveodxan b S, @ 621 3:30d6,
@ |- LYVELLYONELABZOBAXIN © [ LL1z011er0dbAXN - - — @ -9012/900S8.d: L YOIBAXIN
© - LYVEZ LW NI Z0dBAX N 4 [~ VAOELOLO!H0dDAX SN © [ o e ¢ LBl LSS SN B,
- : : —e L
b YVO8EV00'360: 1p0dBAX AN © FiLieior oS szotAa PY L 0158190 1:220d6AX N LLOBLEOLY SEABNXAN
© (0097819062036 XIN e == LYV/81 LYO'N.8LA:SE0dBAX N BT Ao R e
P - ® = V0158190 L:220BAXN @ = 111/62011:520dBAXdN
e VO LVZLY LLSPZIT:LZ0IBAXIN hd V1062YL1:2e0dBAX N - e B
© [ WO9ELYDODIE RIGZOIBAXAN ® VO LY L1'SY21 712006 AX N e = YOLP2LY L LSYZLT:LZ0IBAXIN I 0voETrO09:atery T 0dBAX N
O Lvrrvosi0dnxa ® = VOLYZIVL L1 1Z0dBAXdN
hd e 6, ® = 01902 L 19:9} 046AXAIN = L Lv$90 1V:900BAX N
© 01902 L I9NYHQ9LOIBAXAN (] = V119419 L L'SPZL1: L Z0dBAXIN A4 [e20200:9 00NN ° e mm—m— 5
: - - 1 16601 v:£00dBAX N
01902 1 19:94 0IBAXAN © [ 01002 1 1991 0dBAXIN © [ WOSSYO0 355011 LOBAXAN
S e = LYVELLYONELAYLOBAXN D I ® [~ LLYYeD 1 900d0AX - 1 1v29£01v:£00dBAX N
I L - ¥
© [T LwviSLvONISOELBAXAN ® [ L V2060 1v-£00dOAX N - 1vwroz LvO:N19Za:000dBAX N
= g dBAX N yap) -
008900 199 800IBAXAIN e Y LYOVSOLY:I0VGNZ L0 @ K preszvin -100.120008AxN 4
. . ® = LYV$9Z LYONPOZa-e00dBAX AN
© = LVVSLYS NSIO:ZLOIBAXIN 0115500 1:4+65:200dBAX N
VWZOVOV: HZOY DOdBAX N
@ |=L1vezs0Lv:(010dBAXdN © [ LoveooV SzuZ00BAX N e =0 L 1¥00L:475S5:Z004BAXAN
 LYVIEE LYONYEEQ:00dBAXdN - : —@ |+ VL150L¥OL 150157 L00ABAX AN
@ I '1802v90.8924 0L0IBAXIN © [vivioLv: INZ0dBAXAN ® = VL 1S0LYO L1601 L00IBAXAN pAm—
o v o o v o LI LA e wv o
- ©o o - © o N M M N M M AN
KAouanbaiy Kouanbaagy Kouanbaig Kouanbauigy fouanba iy
< m o (=] w

-synonymous mutation
@ Synonymous mutation
@ Insertion

L

FIGURE 2
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Nucleotide and amino acid mutations present in the different lineages of hMPXV (Clade Ilb-A, A.2, A.1, A.1.1, and B.1). (A) Nucleotide and amino

acid mutations in the Clade IIb-A lineages of viruses (n

Frontiers in Microbiology


https://doi.org/10.3389/fmicb.2022.1037598
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Desingu et al.

10.3389/fmicb.2022.1037598

FIGURE 2 (Continued)

in the Clade Ilb-A.2 lineages of viruses (n=3) compared with NC_063383.1/ MT903340.1. (C) Nucleotide and amino acid mutations in the Clade
IIb-A.1 lineages of viruses (n=6) compared with NC_063383.1/ MT903340.1. (D) Nucleotide and amino acid mutations in the Clade llb-A.1.1
lineages of viruses (n=1) compared with NC_063383.1/ MT903340.1. (E) Nucleotide and amino acid mutations in the Clade Ilb-B.1lineages of

viruses (n=963) compared with NC_063383.1/ MT903340.1.

Supplementary Figure S1). Excitingly, of the amino acid mutations
in 26 proteins of the A.1.1 (MPXV/United States/2021/MD) virus,
22 were passed on to viruses in the B.1 group (Figures 2D,E).
Further, mutations in group B.1 (compared with NC_063383.1/
MT903340.1) are consistent with mutations found in a recent study
comparing MT903344.1/MPXV-United Kingdom-P2 virus (Isidro
etal., 2022).

As B.1 lineages exhibited only point mutations in genes
compared to NC_063383.1/MT903340.1, we were interested in
determining the role of codon usage bias, host adaptation,
selection pressure, and mutation pressure in the evolution of
genes with these mutations. For this, we first performed RSCU,
SCUE and ENc analyses on genes that exhibited nucleotide
mutations in lineage B.1 to detect codon usage bias. A RSCU
value of 1 indicates no codon bias for that specific codon, >1.0
indicates positive codon usage bias (defined as abundant codons),
and < 1.0 indicates negative codon usage bias (defined as less-
abundant codons) (Gun et al., 2018; Wang et al., 2018). RSCU
analysis revealed that the majority of codons for most genes
were > 1.0 and < 1.0, indicating codon usage bias in these genes
(Figure 3A). Similarly, SCUF analysis revealed bias in
Synonymous Codon Usage Fraction in most genes (Figure 3B).
As with the RSCU and SCUF analyses, most genes have ENc
values of 40-50 (Figure 4A), indicating moderate codon usage
bias in these genes. After this, we conducted CAI, eCAI, RCD],
and eRCDI analysis with human codon usage to find out whether
the codon usage bias in these genes is likely to favor host (human)
adaptation. In these analyses, genes with mutations in B.1 lineage
showed CAI value of 0.65-0.75 (Figure 4B), eCAI value of 0.7-0.8
(Figure 4C), RCDI value of 1.3-2.2 (Figure 4D), and eRCDI value
of 1.9-2.4 (Figure 4E). From the results of these analyses, it
appears that codon usage in these genes is favorable for human
adaptation. After this, we were interested to find out whether
selection pressure or mutation pressure plays an important role
in the evolution of these genes, which are favorable for human
adaptation; for this, we carried out ENc-GC3s plot, Neutrality
plot, and Parity Rule 2 (PR2)-bias plot analysis. In this Enc-plot
analysis, since the values of most of the genes fall below the
expected curve (Figure 5A), it is revealed that selection pressure
plays a major role in the evolutionary development of these genes
than mutation pressure. Similarly, the slope of the Neutrality plot
analysis is 0.1284 (Y =0.1284*X+31.94, R* =0.81876, p value
<0.0001), indicating that mutation pressure and natural selection
pressure contribute 12.84 and 87.16%, respectively, in the
evolution of these genes (Figure 5B). Finally, Parity Rule 2 (PR2)-
bias plot analysis shows that most genes with mutations in B.1
lineage have unequal A to T and G to C (Figure 5C), which
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reveals the mutation and selection pressure in these genes.
Collectively, the results of these analyzes show that there is a
codon usage bias in the genes with mutations in the B.1 lineage,
that the codon usage of these genes is favorable to human
adaptation, and that selection pressure plays a major role in the
evolution of these genes than mutation pressure.

More specifically, the mutations in the 5-inverted terminal
repeats (5-ITR) [MPXVgp001 (Chemokine binding protein):
S105L; MPXVgp002 (TNF receptor/CrmB): S54F; and MPXVgp003
(Ankyrin/Cop-C19L/J3L): D264N] and 3-ITR [MPXVgpl91
(Chemokine binding protein): S105L; MPXVgp190 (TNF receptor/
CrmB): S54F; and MPXVgpl89 (Ankyrin/Cop-C19L)/J1R):
D264N] regions of viruses in group B.1 are identical
(Supplementary Table S1), suggesting that these mutations are more
likely to be functional mutations rather than random. Also, it is
worth noting that the amino acid mutations that have gradually
accumulated from 2017 to 2018 (hMPXV-1A) through A.1 and
A.1.1 viruses to 2022 (B.1) are mostly in host immune evasion and
virus propagation proteins (Supplementary Table S1). Furthermore,
phylogenetic analysis, NBGMD analysis, and protein mutations
suggest that A.2 viruses detected in the United States in 2021 and
2022 evolved directly from hMPXV-1A (2017-18) viruses and that
A.2 viruses did not play a major role in the evolution of B.1 viruses
through A.1 and A.1.1 viruses. Further, the MPXV/United
States/2021/MD virus detected in 2021 in the United States is an
evolutionary intermediate to the viruses responsible for the
outbreak-2017-2018 in West Africa and B.1 viruses in phylogenetic,
NBGMD and amino acid mutation levels. Particularly, since the
data of complete genome sequences of MPXV viruses are not
available in other countries especially in MPXV endemic countries
after 2017-18, therefore it seems that these viruses have achieved
evolution in MPXV non-endemic countries (United States,
United Kingdom, Singapore, and Israel).

In conclusion, according to the available sequence data,
MPXV viruses appear to have microevolved from 2017-18 to
2022, gradually accumulating mutations in key proteins to
accommodate a multi-country outbreak-2022. Furthermore,
different mutations in different proteins among individual viruses
in the Clade IIb suggest that these mutations may have evolved
as host adaptations. Since Poxviruses are slow evolving viruses,
by monitoring MPXYV viruses in other countries and animals and
detecting unique mutations in MPXV viruses in different
countries and animals, we can predict the geographical area/
animals from which these viruses are spreading and determine
the future direction of the outbreak, prevent disease transmission
from different animals and countries, and is expected to support
preparedness for future outbreaks.
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FIGURE 3

Relative Synonymous Codon Usage (RSCU) and Synonymous Codon Usage fraction. (A) Relative Synonymous Codon Usage (RSCU) for genes that
displayed mutations in the Clade IIb-B.1 lineages of viruses compared with NC_063383.1/ MT903340.1. More than 1,000 sequences from different

lineages in Clade Ilb were used, and details are provided in Supplementary Data S1. The RSCU values of each gene are given in

Supplementary Data S2. (B) Synonymous Codon Usage fraction for genes that displayed mutations in the Clade llb-B.1 lineages of viruses
compared with NC_063383.1/ MT903340.1. More than 1,000 sequences from different lineages in Clade Ilb were used, and details are provided in
Supplementary Data S1. The SCUF values of each gene are given in Supplementary Data S2.

Materials and methods sequences were aligned with MAFFT 7.407_1 multiple alignment
program with parameters-Gap extend penalty (0.123) and Gap
Data curation and sequence alignment opening penalty (1.53) (Katoh and Standley, 2013; Mareuil et al.,
2017; Lemoine et al., 2019).

The MPXV’s whole genome sequences were retrieved from
NCBI (National Center for Biotechnology Information)'
databases in the present study. Next, these MPXV’s whole genome Phylogenetic analysis

For phylogenetic analysis, whole genome sequences of MPXV's

1 aligned to MAFFT 7.407_1 determined the best fit model through
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FIGURE 4

Host adaptation indices. (A) Effective Number of Codons (ENc) values for genes displayed mutations in the Clade IIb-B.1 lineages of viruses

compared with NC_063383.1/ MT903340.1. More than 1,000 sequences from different lineages in Clade Ilb were used, and details are provided in
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FIGURE 4 (Continued)

Supplementary Data S1. The ENc values of each gene are given in Supplementary Data S3. (B) Codon Adaptation Index (CAl) values for genes
thatdisplayed nucleotide and amino acid mutations in the Clade Ilb-B.1 lineages of viruses compared with NC_063383.1/ MT903340.1. More than
1,000 sequences from different lineages in Clade llb were used, and details are provided in Supplementary Data S1. The CAl values of each gene
are given in Supplementary Data S3. (C) Expected-CAl (eCAl) values for genes that displayed mutations in the Clade IIb-B.1 lineages of viruses
compared with NC_063383.1/ MT903340.1. More than 1,000 sequences from different lineages in Clade Ilb were used, and details are provided in
Supplementary Data S1. The eCAl values of each gene are given in Supplementary Data S3. (D) Relative Codon Deoptimization Index (RCDI) values
for genes that displayed mutations in the Clade Ilb-B.1 lineages of viruses compared with NC_063383.1/ MT903340.1. More than 1,000 sequences
from different lineages in Clade Ilb were used, and details are provided in Supplementary Data S1. The RCDI values of each gene are given in
Supplementary Data S4. (E) The expected value for the RCDI (eRCDI) values for genes that displayed mutations in the Clade Ilb-B.1 lineages of
viruses compared with NC_063383.1/ MT903340.1. More than 1,000 sequences from different lineages in Clade Ilb were used, and details are
provided in Supplementary Data S1. The eRCDI values of each gene are given in Supplementary Data S4.

the IQ-TREE web server? (Trifinopoulos et al., 2016), and the GTR
model was selected accordingly. Phylogenetic analysis of the whole
genome of MPXVs was performed using PhyML 3.3_1 (Galaxy
Version 3.3_1)/ngphylogeny.fr (Guindon et al., 2010; Mareuil et al.,
2017; Lemoine et al,, 2018), through GTR (Evolutionary model),
discrete gamma model through categories (n=4), Empirical
(Equilibrium Frequencies), Subtree Pruning and Regraphing by tree
topology search with optimizing parameters such as tree topology,
branch length, and model parameter, and examination the branch
support was performed out by approximate Bayes branch. Lastly,
the interactive tree of life (iTOL) v5 (Letunic and Bork, 2021) was
used to visualize the phylogenetic trees.

Net between group mean distance
analysis

In this study, the complete genome nucleotide sequences of
different clades and lineages of MPXV's were first aligned in MAFFT
7.407_1 (Katoh and Standley, 2013; Mareuil et al., 2017; Lemoine
et al,, 2019; Desingu and Nagarajan, 2022a), and then NBGMD
analysis was performed in MEGA7 (Kumar et al., 2016; Desingu
and Nagarajan, 2022a). NBGMD analysis was executed in MEGA7
with the following parameters: Kimura 2-parameter model,
Transitions plus Transversions substitution, gamma distribution-
shape parameter =5, gaps/missing data were pairwise deleted, and
standard errors (assessed through the bootstrap test of 1,000
replicates). Finally, the measured standard errors were presented
above the diagonal in the respective tables of NBGMD analysis.

Identification mutations in the
monkeypox virus

In the present study, Codon and amino acid mutations in
hMPXV-A, A.2, A.1, A.1.1, and B.1 lineages were identified using
MONKEYPOX VIRUS TYPING TOOL? NC_063383.1/
MT903340.1 was used as a reference sequence.

2 http://igtree.Cibiv.univie.ac.at/

3 https://www.genomedetective.com/app/typingtool/monkeypox/
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Relative synonymous codon usage
analysis

RSCU value is measured as a ratio between the observed to
the expected value of synonymous codons for a specified amino
acid in the particular gene (Gun et al., 2018; Wang et al., 2018;
Desingu and Nagarajan, 2022b). A RSCU value of 1 indicates no
codon bias for that specific codon, >1.0 indicates positive codon
usage bias (defined as abundant codons), and< 1.0 indicates
negative codon usage bias (defined as less-abundant codons)
(Gun et al,, 2018; Wang et al., 2018). In this study, the RSCU
values for different genes of MPXVs were measured using the
ACUA Software (Vetrivel et al., 2007), and the details of the genes
used and the number of sequences is shown in the
respective figures.

Effective number of codons

Effective number of codons determines which of the 61
codons are effectively used to make the 20 amino acids; this value
ranges from 20 to 61. ENc values less than 35 indicate high codon
bias, whereas ENc values greater than 50 indicate general random
codon usage (Zhao et al., 2016; Wang et al., 2018; Desingu et al.,
2022; Desingu and Nagarajan, 2022b). In this study, the ENc
values of different genes of MPXV were determined through an
online server* (Puigbo et al., 2008a), and the details of the genes
used and the number of sequences are shown in the
respective figures.

Codon adaptation index

The CAI is a quantitative measure of the resemblance of a
given gene’s synonymous codon usage bias and the synonymous
codon usage frequencies of a reference host gene (Puigbo et al.,
2008a,b; Tian et al.,, 2020). The CAI values range from 0 to 1; when
the CAI value is close to 1, it indicates a strong bias of the codon

4 http://ppuigbo.me/programs/CAlcal/
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usage/protein expression (Puigbo et al., 2008a; Tian et al., 2020).
The coding region nucleotide sequences of MPXV genes were
retrieved from NCBI nucleotide public database (see text footnote
1).Thereference set of human (Homo sapiens) codon usage was
obtained from the codon usage database.” Then, the CAI was
calculated using the online server (see footnote 4) (Puigbo et al.,
2008a), and the details of the genes used and the number of
sequences are shown in the respective figures.

Expected-CAl

To determine if the statistically significant variations in the
CAI values arise from codon usage bias, it is reccommended to use
expected-CAI (eCAJ; Puigbo et al., 2008b; Cristina et al., 2015).
We used the same coding nucleotide sequences of MPXV genes,
and a reference set of host codon usage (human- Homo sapiens)
was used in the CAI calculation, and the details of the genes used
and the number of sequences is shown in the respective figures.
The eCAI was measured through an online server® at 95%
confidence interval, using Markov method (Puigbo et al., 2008b;
Cristina et al., 2015).

Relative codon deoptimization index and
expected value for the relative codon
deoptimization index

The RCDI was introduced by Mueller (Mueller et al., 2006),
measuring the codon deoptimization through the similarities in
codon usage by the given genes (pathogen) and reference genomes
(host- Homo sapiens) (Puigbo et al., 2010). When the RCDI value
is close to 1, it indicates a higher rate of pathogen protein
expression/adaptation in the host. The statistically significant
difference in RCDI values was measured by eRCDI (Puigbo et al.,
2010). The same data input used in CAI/eCAI was also utilized for
the RCDI and eRCDI analysis also, and the details of the genes used
and the number of sequences are shown in the respective figures.
RCDI and eRCDI were measured on an online server,” using
Markov method at the 95% confidence interval (Puigbo et al., 2010).

ENc-GC3s plot

In ENc-GC3s plot analysis, selection pressures or mutation
pressures are the major factors affecting the codon usage bias
of a particular gene is determined by plotting ENc values
against the third position of GC3s of codon values (Tian et al.,
2020; Desingu et al., 2022; Desingu and Nagarajan, 2022b).

5 http://ppuigbo.me/programs/CAlcal/CU_human_nature
6 http://ppuigbo.me/programs/CAlcal/E-CAl/calc_random.php

7 http://ppuigbo.me/programs/CAlcal//RCDI,
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First, the expected curve was generated by assessing the
expected ENc values for each GC3s as previously recommended
(Wang et al., 2018; Tian et al., 2020; Desingu et al., 2022). The
ENc value and GC3s value for different genes MPXVs were
calculated through an online server for CAI calculation (see
footnote 4) (Puigbo et al., 2008a). When mutation pressure
alone determines the codon usage bias of a particular gene, the
ENc-GC3s plot value lies on or around the expected curve, but
when codon usage bias is influenced by selection and other
factors, the ENc-GC3s plot value falls significantly below the
expected curve (Wang et al., 2018; Tian et al., 2020).

Neutrality plot analysis

The degree of influence of mutation pressure and natural
selection on the codon usage patterns is evaluated by GC12 values
of the codon plotted against GC3 values in the neutrality plot
analysis (Desingu et al., 2022; Desingu and Nagarajan, 2022b). The
GC12 and GC3 values for the nucleotide sequences of different
genes of MPXVs were obtained from an online CAI analysis
server (see footnote 4) (Puigbo et al., 2008a).

Parity rule 2-bias plot

In PR2-bias plot analysis, the mutation pressure and natural
selection affecting the codon usage bias is measured by the AT bias
[A3/(A3+ T3)] is plotted against GC-bias [G3/(G3 +C3)] (Tian
et al., 2020; Desingu et al., 2022; Desingu and Nagarajan, 2022b).
Parity Rule 2 (PR2)-bias plot analysis shows that mutation and
natural selection pressure are absent if A=T and G=C (Tian et al,,
2020; Desingu et al., 2022; Desingu and Nagarajan, 2022b). The
A3, T3, G3, and C3 values of nucleotide sequences of different
genes of MPXVs were attained by using the ACUA Software
(Vetrivel et al., 2007).
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