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ABSTRACT The survival of viruses depends on their ability to resist host defenses
and, of all animal virus families, the poxviruses have the most antidefense genes.
Orthopoxviruses (ORPV), a genus within the subfamily Chordopoxvirinae, infect diverse
mammals and include one of the most devastating human pathogens, the now eradi-
cated smallpox virus. ORPV encode ;200 genes, of which roughly half are directly
involved in virus genome replication and expression as well as virion morphogenesis. The
remaining ;100 “accessory” genes are responsible for virus-host interactions, particularly
counter-defense of innate immunity. Complete sequences are currently available for sev-
eral hundred ORPV genomes isolated from a variety of mammalian hosts, providing a rich
resource for comparative genomics and reconstruction of ORPV evolution. To identify the
provenance and evolutionary trends of the ORPV accessory genes, we constructed clusters
including the orthologs of these genes from all chordopoxviruses. Most of the accessory
genes were captured in three major waves early in chordopoxvirus evolution, prior to the
divergence of ORPV and the sister genus Centapoxvirus from their common ancestor. The
capture of these genes from the host was followed by extensive gene duplication, yield-
ing several paralogous gene families. In addition, nine genes were gained during the evo-
lution of ORPV themselves. In contrast, nearly every accessory gene was lost, some on
multiple, independent occasions in numerous lineages of ORPV, so that no ORPV retains
them all. A variety of functional interactions could be inferred from examination of pairs
of ORPV accessory genes that were either often or rarely lost concurrently.

IMPORTANCE Orthopoxviruses (ORPV) include smallpox (variola) virus, one of the
most devastating human pathogens, and vaccinia virus, comprising the vaccine used
for smallpox eradication. Among roughly 200 ORPV genes, about half are essential
for genome replication and expression as well as virion morphogenesis, whereas the
remaining half consists of accessory genes counteracting the host immune response.
We reannotated the accessory genes of ORPV, predicting the functions of uncharac-
terized genes, and reconstructed the history of their gain and loss during the evolu-
tion of ORPV. Most of the accessory genes were acquired in three major waves ante-
dating the origin of ORPV from chordopoxviruses. The evolution of ORPV themselves
was dominated by gene loss, with numerous genes lost at the base of each major
group of ORPV. Examination of pairs of ORPV accessory genes that were either often
or rarely lost concurrently during ORPV evolution allows prediction of different types
of functional interactions.

KEYWORDS Gene gain, Gene loss, Host range, Poxvirus, Poxvirus evolution, Virus
evolution, Virus phylogeny, Adaptive mutations, Innate immunity

Orthopoxviruses (ORPV) comprise a genus within the subfamily Chordopoxvirinae of
the family Poxviridae (1). ORPV infect diverse mammalian hosts and include small-

pox (variola) virus (VARV), the causative agent of one of the most devastating albeit now
eradicated diseases of humans, other pathogens, such as monkeypox virus (MPXV), as
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well as cowpox virus (CPXV) and vaccinia virus (VACV), the first described virus vaccines
(1–3). Given the health relevance of the ORPV, their recent development as recombinant
vaccines for heterologous diseases and as oncolytic viruses, and their utility as laboratory
models for studying virus molecular biology and virus-host interactions, hundreds of
ORPV genomes have been sequenced. These double-stranded (ds) DNA genomes are
from 170 to 210 kb (kb) in length and encode about 200 proteins (4, 5).

The localization of genes with different functions in the genomes of ORPV is highly
non-random. The central part of the genome, of about 100 kb, is occupied by genes that
are shared with other poxviruses (and in many cases, with other large dsDNA viruses in
the phylum Nucleocytoviricota (6), also known as Nucleocytoplasmic Large DNA Viruses,
or NCLDV) and encode about 100 proteins involved, primarily, in virus genome replica-
tion and expression as well as virion morphogenesis (7). The peripheral regions of the
ORPV genomes include inverted terminal repeats of 0.1 to 12 kb and contain primarily
genes encoding proteins involved in various facets of virus-host interaction and define
the virus host range (8). More specifically, most of these “accessory” ORPV proteins coun-
teract host antivirus responses including innate immunity and programmed cell death
(1, 9–13). The accessory genes of the ORPV appear to have been derived from the hosts
at diverse stages of evolution, with the exception of several very short putative genes (4)
that might have originated de novo from non-coding sequences. Some of the accessory
proteins retain high sequence similarity with their cellular homologs and likely ancestors,
whereas others are highly diverged such that identification of the specific ancestry can
be difficult or even (presently) unfeasible (14, 15).

The accessory ORPV genes include several families of diverged paralogs, most of
which encode proteins containing widespread protein-protein interaction domains
involved in various intracellular and extracellular signaling pathways. Such domains
found in multiple ORPV proteins include the BTB (BR-C, ttk and bab) domain, also
known as the POZ (Poxvirus and Zinc finger) domain, Kelch repeats (16, 17), Ankyrin
(ANK) repeats, a diverged variant of the F-box known as PRANC (Poxvirus protein
Repeat of ANkyrin C-terminal) domain (18), the Bcl-2 domain (19), and a distinct, appa-
rently, chordopoxvirus-specific chemokine-binding PIE (Poxvirus Immune Evasion) do-
main (20). A notable feature of two paralogous families of ORPV proteins is the fusion
of two distinct domains, ANK-PRANC in one case and BTB-Kelch in another. The pro-
teins of both these families are adaptors that mediate the exploitation of the host
ubiquitin-proteasome by poxviruses (21–23). Most likely, these gene families evolved
by gene duplication during the evolution of the poxviruses, after the initial capture of
the respective family founder from the host.

Comparative genome analysis of ORPV has shown that these viruses have captured
very few genes after their divergence from the common ancestor with other chordo-
poxviruses. In contrast, numerous accessory genes were inactivated by frameshift
mutations or deleted in different ORPV lineages. In particular, and perhaps counterin-
tuitively, variola virus strains, including the most virulent ones, have lost many acces-
sory genes which correlates with their narrow (exclusively human) host range (4).
Dissection of the patterns of evolution, and in particular, the trends in the lineage-spe-
cific loss of the accessory genes is crucial for understanding the ORPV biology, includ-
ing the evolution of host range, evasion of the host immunity, pathogenicity and viru-
lence. Furthermore, poxviruses are unique among animal viruses in terms of the
diversity of proteins that affect various signaling pathways involved in the host antivi-
rus defense (8). Thus, characterization of the mechanisms and interactions of the acces-
sory proteins of ORPV has the potential to elucidate not only the virus-host interactions
and coevolution, but also the functions of different components and the cross talk
among these pathways themselves.

Here, we sought to obtain a comprehensive picture of the evolution of the ORPV
accessory genes. To this end, we constructed Clusters of Orthologous Genes (COGs) for
all ORPV with complete genome sequences, and amended these with orthologs of
ORPV genes from other chordopoxviruses. We also reannotated the ORPV accessory
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genes taking into account the current published information and predicting the func-
tions of several previously uncharacterized genes. Based on these analyses, a unified,
formal nomenclature of ORPV genes (OPG) is proposed. We then reconstructed the his-
tory of gains and losses for all accessory genes and investigated the emerging evolu-
tionary patterns and their functional implications.

RESULTS
Clusters of orthologs and functional reannotation of ORPV genes. For the pur-

pose of reannotation of the ORPV accessory genes and reconstruction of their genome
evolution, we first assembled the complete set of COGs (24–26) for the 235 available
unique complete genome sequences of ORPV, starting with the previously described
set of 214 genes (4) and using the clustering procedure described under Materials and
Methods. In this work, we were interested in the evolution of the accessory genes of
ORPV, whereas accessory genes present exclusively in other chordopoxvirus genomes
were outside of the scope of the study. However, because ORPV share many of the
accessory genes with some of the chordopoxviruses of other genera, it was necessary
to tally the representation of these ORPV genes across all chordopoxviruses in order to
map their capture to specific stages of evolution. To this end, position-specific scoring
matrices (PSSMs) constructed from multiple alignments of the ORPV accessory proteins
were mapped to 100 selected genomes of well-characterized viruses representing all
genera of chordopoxviruses. PSI-BLAST searches were carried out against the anno-
tated protein complements, and additionally, against six-frame genome translations, in
order to identify proteins that might have been missed during previous genome anno-
tations. We also translated in 6 frames all the ORPV intergenic regions longer than
100 bp and performed clustering of the resulting putative protein sequences by simi-
larity as well as PSI-BLAST and HHPRED searches to identify potential homologs.
However, these procedures failed to identify any additional OPGs.

Among the 214 OPGs of the Old World ORPV, 109 were represented in all ORPV and
thus were operationally defined as core genes, whereas the remaining ones could not
be identified or were lost due to deletions, frameshifts or nonsense mutations in vari-
ous subsets of the ORPV and so were operationally defined as accessory genes. It
should be noted that, under the automated procedure we implemented for calling
gene presence, a gene was considered present if the encoded protein comprised more
than 80% of the mean length of the protein encoded by the respective OPG. This hard
cut-off was based on the results of the previous analysis of the ORPV genomes (4) but
missed at least three special cases of gene disruption that nevertheless yield functional
proteins. For two of such cases, additional OPGs (OPG010a and OPG188a) were intro-
duced to accommodate distinct forms of ORPV proteins encoded by the same genes
as OPG010 and OPG188, respectively, bringing the total OPG count to 216. The third
case is OPG065 (E3L), for which we retained a single OPG because of the relatively
small size of the eliminated portion of the gene. These special cases in OPG evolution
are discussed below in the respective section.

Two ORFs encoding uncharacterized, very small proteins (OPG024 and OPG207),
both predicted to be intrinsically disordered and missing in many ORPV genomes, are
dubious as protein-coding genes, but were kept as OPGs for consistency (4).
Additionally, four genes were shared by AKPV and/or New World ORPV with centapox-
viruses, but were missing (apparently, lost) in the Old World ORPV (denoted X1-4 in
Table S1). It should be noted that the definitions of the core and accessory genes
adopted here are based solely on the patterns of gene loss and do not perfectly corre-
spond to the functional divide between the genes involved in virus replication, expres-
sion and morphogenesis, versus the genes implicated in virus-host interactions
(Table 1). Thus, some of the core genes, for example, OPG027 (C7L) and OPG159 (A31R;
see details below), encode proteins that target host defense pathways, whereas a few
accessory genes, for example, OPG178 (A48R, thymidylate kinase) encode proteins
involved in virus genome replication.
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TABLE 1 ORPV genes implicated in virus-host interaction (103 genes)

OPG Protein domain architecture, localization, function Cop
1 PIE domain, chemokine binding protein C23L*

2 TNF-α receptor homolog and PIE domain, chemokine binding protein, CrmB C22L*

3 ANK and PRANC domains, binds to the NF-κB p105 subunit and to SCP1 C19L-C21L*

4 ANK and PRANC domains C17L-C18L*

5 Bcl-2 domain, host range factor C16L*

6 Bcl-2 domain
7 PIE domain
8 BTB domain, no kelch domain
9 ANK and PRANC domains
10 C-type lectin domain, putative decoy ligand for NK cell inhibitory receptor
10a Type II transmembrane, TAP inhibitor, inhibits peptide loading on MHC I and antigen presentation
11 BTB and Kelch domains
12 PIE domain, SCP-2
13 TNF receptor vCD30 homolog, binds CD153, prevents CD30/CD153 interaction
14 ANK and PRANC domains, binds to cullin 2 and inhibits NF-κB activation
15 ANK and PRANC domains
16 MHC class I homolog (OMCP), secreted, blocks NKG2D receptor
17 ANK and PRANC domains
18 Paralog of OPG27, VACV C7 protein
19 Epidermal growth factor homolog, EGFR-dependent MAPK/ERK1/2 activation C11R
20 N-term prolyl hydroxylase fold, C-term IL-1 receptor antagonist, antagonizes DNA-PK by binding Ku C10L
21 KilA-N and RING domains, E3 ubiquitin ligase, blocks apoptosis, virulence factor
22 IL-18 binding protein homolog, secreted, blocks IL-18 receptor binding site
23 ANK and PRANC domains, host range, CP77
24 Intrinsically disordered
25 ANK and PRANC domains, targets IFITs for degradation, IFN resistance C9L
26 PIE domain, secreted C8L
27 Host range, inhibits type I IFN production and signaling, paralog of OPG18 C7L
28 Transmembrane domain
29 Bcl-2 domain, inhibits type I IFN production and signaling, targets HDAC5 for degradation C6L
30 BTB domain without Kelch domain C5L
31 Inactive prolyl hydroxylase, induction of hypoxic response, inhibits NF-kB signaling, binds Ku C4L
32 Complement control protein-like (CCP), prevents complement activation, secreted C3L
33 BTB and Kelch domains, inhibits inflammation, reduces immunopathology C2L
34 Bcl-2 domain C1L
35 Bcl-2 domain, inhibits NF-kB activation and apoptosis N1L
36 Bcl-2 domain, IRF3 activation inhibitor, α-amanitin target N2L
37 ANK domain (no PRANC domain), inhibits intrinsic apoptosis at the level of the apoptosome M1L
38 PIE domain, blocks SD28-mediated T cell activation, secreted M2L
39 ANK domain, no PRANC domain, NF-kB inhibitor, host range K1L
41 Mimic of eIF2α, pseudo-substrate for PKR , PKR inhibitor, IFN-resistance K3L
42 Phospholipase-D homolog K4L
43 Monoglyceride lipase homolog K5L, K6L
44 Bcl-2 domain, binds DDX3, blocks IFN-β promoter induction K7R
45 Bcl-2 domain, localized to mitochondria, blocks mitochondrial apoptosis F1L
47 BTB and Kelch domains, contributes to virulence, larger lesion size F3L
49 Immunoglobulin domain, type I membrane protein, affects plaque morphology F5L
50 No detectable domains F6L
51 No detectable domains F7L
52 No detectable domains, non-essential for morphogenesis and actin rearrangement in VACV F8L
55 RhoA-mDia signaling inhibitor, promotes cell motility F11L
60 Predicted all-β domain, highly conserved in most chordopoxviruses F15L
61 Non-functional serine recombinase F16L
65 Z-DNA binding domain, dsRNA-binding, PKR inhibitor, IFN resistance E3L
67 2 DNA-binding BEN domains, cGAS and IFN type 1 inhibitor, virulence factor E5R
74 C-terminal TM, activates of ERK1/2 signaling pathway, increases virulence O1L
91 NLPc/P60 superfamily protein, predicted hydrolase, non-essential in cell culture G6R
159 US22 family, SUKH superfamily, predicted dsRNA binding A31R
163 MHC class II antigen presentation inhibitor, virulence factor A35R
165 Inactive prolyl hydroxylase, induction of hypoxic response?, paralog of C10, C4 proteins A37R
166 No detectable domains, uncharacterized
167 CD47 homolog, integral membrane protein, promotes Ca2+ influx into infected cells A38L

(Continued on next page)
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We propose the OPGs as the unified nomenclature for ORPV genes, from OPG001 at
the left end of the genome to OPG214 at the right end (Table S1). Each OPG corre-
sponds to a set of orthologous genes that are conserved in a subset of the ORPV so
that orthologs in different viruses share the same name. The previous nomenclatures
based on the position of the ORPV genes on restriction endonuclease fragments are
obsolete, although we still indicate the VACV Copenhagen gene names for their histor-
ical familiarity (27). Further, unlike previous nomenclatures of ORPV genes, the OPGs
included only genes that are intact in at least one ORPV and hence predicted to be
functional, to the exclusion of all pseudogenes.

Most of the core ORPV genes are widely represented in other chordopoxviruses
although many are missing in the deepest branching genus, the Salmonpoxviruses (28)
(Table S2). In contrast, the representation of ORPV accessory genes in other chordopox-
virus genera varies from the near complete absence in salmonpoxvirus and crocodylid-
poxviruses to the near complete representation in the Centapoxvirus genus (Fig. 1A),
depending on the evolutionary distance from ORPV (see below). The ORPV themselves
also notably differ in the representation of the accessory genes, from about half of the

TABLE 1 (Continued)

OPG Protein domain architecture, localization, function Cop
168 Semaphorin homolog, secreted, blocks semaphorin cell surface receptor A39R
169 Lectin homolog, type II TM, cell surface A40R
170 PIE domain, secreted chemokine binding protein, interferes with chemokine-GAG interaction A41L
171 Profilin homolog, interacts with A-type inclusion protein and tropomyosin A42R
172 Type I membrane glycoprotein, localizes to Golgi and plasma membranes A43R
173 Inhibitor of host translation initiation, suppresses innate and adaptive immunity A43.5R
174 Hydroxysteroid dehydrogenase, inflammatory response inhibitor A44L
176 Bcl-2 domain, inhibits TLR- and IL-1βmediated NF-kB activation A46R
177 Gasdermin homolog, pyroptosis inhibitor? Immunoprevalent A47L
179 Bcl-2 domain, disordered 17 amino acid N-terminus mimics IκBα, inhibits NF-kB activation A49R
181 Distant homolog of OPG202, VACV B17 protein A51R
182 Bcl-2 domain, NF-kB pathway inhibitor, blocks TLR signaling A52R
183 TNF-receptor homolog, CrmC, secreted, prevents TNF binding to cell receptor A53R
184 BTB and Kelch domains, strong interaction with Cullin 3, could sequester Cullin 3 A55R
188 Poxin-Schlafen fusion protein, blocks DNA sensing and prevents IFN induction B2R-B3R
188a Poxin, 2’-3’-cGAMP nuclease, blocks DNA sensing and IFN induction B2
189 ANK and PRANC domains, affects ECTV spread in mouse organs B4R
191 HEAT/ARM repeats, C-terminal transmembrane domain B6R
192 PIE domain, ER resident, SCP-3, influences lesion size in mice B7R
193 IFN-γ receptor mimic, secreted, sequesters IFN-γ B8R
194 Surface glycoprotein type 1 TM domain, absent in CPXV Gri and BRI, present in CPXV GER91-3
195 PIE, ER localized, retains MHC I in ER, prevents antigen presentation B9R
196 BTB and Kelch domains B10R
197 Disordered B11R
198 Serine/threonine kinase homolog, nonfunctional B12R
199 Serpin (SPI2), CrmA, caspase-1 and 8 inhibitor, apoptosis (pyroptosis) inhibitor B13R, B14R
200 Bcl-2, NF-kB signaling inhibitor, prevents phosphorylation of IkBα, regulates MAPK/AP-1 activation B15R
201 3 immunoglobulin domains, IL-1 receptor homolog, blocks IL-1β, prevents fever in mice B16R
202 Distant homolog of OPG181, VACV A51 protein B17L
203 ANK and PRANC domains, binds to SCF ubiquitin ligase complex B18R
204 3 immunoglobulin domains, IFN type-1 decoy receptor, secreted, attaches to GAGs, inhibits IFN B19R
205 ANK and PRANC domains B20R
206 BTB and Kelch domains interacts with C3RL complex
207 No detectable domains, uncharacterized C11.5R
208 Serpin (SPI1), host range factor, apoptosis inhibitor C12L
209 PIE domain, SCP-1 C13L, C14L
210 Surface glycoprotein, type I transmembrane domain, T cell response suppressor, virulence factor
211 ANK and PRANC domains C15L/B21R
212 TNF receptor homolog and PIE domain, CrmD
213 TNF receptor homolog, secreted, CrmE, blocks TNF binding to cell receptors
214 N-methyl D-aspartate receptor homolog, Golgi localized, vGAAP, suppresses apoptosis
*Genes that are present on both ends of the Cop genome in internal terminal repeat.
Abbreviations: Cop, Copenhagen; IFN, interferon; TM, transmembrane; EV, enveloped virus.
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full set (53-55 genes) in VARV to about 60 genes in MPXV, VACV and ECTV to the near
full complement in some of the CPXV strains (Fig. 1B and Table S3A). An orthogonal
perspective on the accessory genes shows a broad range of representation of the
OPGs among the ORPV, from the presence in only a small minority of the genomes to
near ubiquity (Fig. 1C). The 214 OPGs represent the pangenome (29, 30) of the Old
World ORPV, that is, the union of all genes identified in these viruses, with the excep-
tion of AKPV that has an additional gene. There is no ‘mother of ORPV’ genome that
would contain all the 214 OPGs, but many CPXV strains lack only a few genes, and one
strain, CPXV _RatKre08_2jKC813505, has 213 genes. The location of the core and acces-
sory genes closely follows the ‘core in the center’ rule, with very few accessory genes
breaking the central block of the core genes (Tables S1 and S3).

We revised and updated the functional annotations of all accessory ORPV genes
through a combination of literature review and database searches for functionally
characterized homologs and conserved domains using the PSI-BLAST and HHPred
methods, in cases where the available information was insufficient. As a result, we
were able to infer the domain organizations and potential functions of three previously
uncharacterized genes (OPG159, OPG165, OPG177) that are described immediately
below, whereas 10 genes remained completely uncharacterized. The accessory OPG

FIG 1 Distribution of ORPV accessory genes among chordopoxviruses. (A) Number of ORPV accessory genes (OPG) represented in each
chordopoxvirus genus. (B) Distribution of accessory genes among the major lineages of ORPV. (C) Representation of accessory genes in ORPV
genomes. Each bar represents one of the 106 accessory OPGs.
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and their known domain architectures and/or functions are described in Table 1 and,
in further detail, in Table S1.

Domain architectures and predicted functions of previously uncharacterized
ORPV genes. While reannotating the accessory genes of the ORPV, we were able to
infer the domain organizations and potential functions of three previously uncharac-
terized genes. The OPG159 (A31R) gene, which is conserved in all chordopoxviruses
except for the deepest branch (the salmonpoxviruses), encodes a protein that is similar
to the N-terminal domains of the US22 family of the SUKH superfamily (31). This con-
nection was not detectable with PSI-BLAST, whereas the HHPred search yielded a mod-
erate similarity to profile of the US22 family of herpesvirus proteins (probability of
43.45%). However, the fact that A31 and the US22 family proteins aligned from the N
termini of both proteins, and then, almost throughout the length of OPG159, and the
close similarity of the predicted secondary structures (Fig. S1A), suggest that this match
reflects genuine homology. Indeed, in an HHPred search initiated with the fowlpox vi-
rus OPG159 ortholog, the US22 family came up with a higher score of 63.76. The SUKH
domain forms a distinct a2b structural fold with 6 conserved b-strand and 4 con-
served a-helices, and all these elements are readily predictable in OPG159 and its
homologs from other chordopoxviruses (Fig. S1A). Crocodylidpoxviruses and avipoxvi-
ruses encode additional, paralogous US22 domain proteins (Fig. S1A), as previously
reported (31). Apparently, this paralog was lost during the subsequent evolution of
chordopoxviruses.

The SUKH domains are widespread in bacteria, eukaryotes and RNA viruses, and
appear to be involved in a broad range of defense functions, often, in interaction with
various nucleases (31). The US22 family of the SUKH domains is represented in many her-
pesviruses (hence the name of the family, after the US22 gene of betaherpesviruses),
which typically encode multiple paralogs of SUKH domain proteins, and some iridovi-
ruses and adenoviruses. Two of the SUKH domain proteins of human cytomegalovirus,
pTRS1 and pIRS1, have been shown to bind dsRNA via the US22 domain (a non-canoni-
cal dsRNA-binding domain) and inhibit the antivirus protein kinase R (PKR) (32–34).
However, PKR inhibition by these herpesvirus proteins does not require the US22 do-
main or dsRNA binding (35). Inhibition of PKR is one of the primary effects of poxviruses
on the host innate immunity and one of the principal host range determinants (36, 37).
ORPV and some of the other chordopoxviruses encode two previously characterized PKR
inhibitors, K3 (OPG041), a eIF2a mimic (38), and E3 (OPG065), a dsRNA-binding protein
(39). The possibility exists that OPG159 is a third PKR inhibitor, albeit functioning via a
mechanism distinct from that of the cytomegalovirus pTRS1 and pIRS1, that could back-
up E3 and K3, conceivably, adding robustness to the virus antidefense response.
However, it has been shown that a double E3L, K3L deletion mutant of VACV can repli-
cate only in PKR or RNase L knockout cell lines (36, 40), suggesting that OPG159 is insuffi-
cient to prevent the inhibitory activity of PKR and is more likely to inhibit a different
dsRNA-dependent defense activity. OPG159 might have been acquired by an ancestral
chordopoxvirus from a herpesvirus, the only case of such apparent gene transfer
between these two unrelated groups of large animal DNA viruses.

The OPG165 (A37R) represented in the ORPV and some other chordopoxviruses enco-
des a protein homologous to prolyl hydroxylases (HHPred probability 90.24% with
prolyl-4 hydroxylase from Chlamydomonas reinhardtii, PDB 2JIG) (Fig. S1B). The double-
stranded b-helix fold of prolyl hydroxylases (41) has been previously detected in ORPV
proteins OPG020 (C10L) and OPG031 (C4L) (42) that are highly similar to each other, but
only distantly related to OPG165 (HHPred probability 87.29%). Furthermore, the similarity
of the OPG031 and OPG020 proteins to prolyl hydroxylases is far more pronounced than
that of OPG165. Examination of the multiple alignments of these 3 chordopoxvirus pro-
teins containing the prolyl hydroxylase domain shows that the residues coordinating the
iron cation required for prolyl hydroxylase activity are missing in all three poxvirus pro-
teins (Fig. S1B), which implies that this domain was exapted for non-enzymatic functions.
It has been shown that OPG020 protein induces the hypoxic response in VACV-infected
cells by binding the N-terminal domain of the human oxygen sensor, prolyl-hydroxylase
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domain containing protein 2 (PHD2), and preventing it from hydroxylating a proline resi-
due in the transcription factor HIF-1a that activates cellular genes involved in the hypoxic
response (42). Apparently, the N-terminal domain of OPG020 acts as a structural mimic
of the oligomerization domain of PHD2 but instead of an enzymatically active complex
yields an inactive one, that is, inhibits PHD2 via a dominant negative mechanism. It
appears likely that OPG165 functions in a similar manner, recapitulating the theme of
partially redundant anti-immune mechanisms in ORPV. Given the disruption of the cata-
lytic site in all ORPV prolyl hydroxylase homologs, it appears that, notwithstanding the
high divergence of OPG165, they represent a family of paralogs that evolved via two
duplications after initial capture by an ancestral virus.

The OPG177 (A47L) encodes a protein homologous to the C-terminal domain of
gasdermins, a distinct a-helical bundle (100% HHPred probability with human gasder-
min D, 5NH1). Gasdermins are key effectors of pyroptosis, a lytic, proinflammatory cell
death pathway, and are involved also in other programmed cell death pathways (43).
The N-terminal domains of gasdermins oligomerize and form membrane pores that
cause membrane leakage, release of proinflammatory molecules and eventual cell
death (43, 44). However, under normal conditions, this activity of gasdermins is inhib-
ited by the C-terminal repressor domain (45). Under stress, cleavage of gasdermins by
proteases, such as caspase 1, leads to unregulated pore formation and induces pyrop-
tosis or other forms of cell death. The ORPV, thus, encode only the repressor domain
that could either inhibit the activity of the cleaved form of gasdermin in trans or the
cleavage itself. Notably, centapoxviruses, the chordopoxvirus genus that is the sister
group to ORPV, as well as New World ORPV, encode an additional paralog of OPG177
(OPGX2, Table S1 and Fig. S1C), suggesting a complex evolutionary history of this gene
(see discussion below).

Phylogeny and diversity of ORPV. A phylogenetic tree of 235 ORPV genomes
combined with 3 genomes of centapoxviruses was constructed from a multiple align-
ment of the nucleotide sequences of the central portions representing about 118 kb of
the genomes, from OPG048 (F4L) to OPG160 (A32L), using centapoxvirus sequences as
the outgroup (Fig. S2). The resulting tree topology is largely compatible with the topol-
ogies of the trees previously published for smaller collections of ORPV genomes (4,
46–48). As expected, the deepest split among the ORPV is between the New World
(RCNV, SKPV, VPXV) and Old World ORPV. The AKPV and AKMV are the deepest
branches in the Old World clade, and the rest of the tree is a pool of CPXV strains from
which several tight groups of viruses originate, including ECTV, VARV, CMLV-TATV,
VACV and MPXV. As noted previously (48), CPXV is not a monophyletic group: there
are five distinct clades, among which CPXV1 (splitting into CPXV1.1 and CPXV1.2)
belongs in the same branch with VACV, CPXV2 is the sister group of VARV-CMLV-TATV,
whereas CPXV3 and 4 are deeper branches, and CPXV5 is the sister group of ECTV-
ORPV Abatino (OPVA, Fig. S2).

We estimated the sequence divergence within the tight clusters of ORPV genomes
(Table S4). Members of the CPXV3 and CPXV4 clades have diversified substantially sug-
gesting thousands of years of evolution. In contrast, the mean divergence among the
VARV strains was only 0.36%, after excluding the oldest sequenced strains that come
from 11th century Vikings (43) and the 17th century (44). This level of divergence appa-
rently reflects approximately 400 years of VARV evolution. The diversity among the
MPXV strains was even less, suggestive of recent diversification of this virus. In contrast,
the diversity of VACV strains was relatively high (more than a 1% mean divergence),
which could reflect fast evolution during vaccine propagation in domesticated animals
and cell culture.

The four dominant families of paralogous accessory genes. The accessory genes
sets of ORPV are dominated by four families of paralogous genes encoding proteins
implicated in the modulation of various pathways of the host immune response and
programmed cell death (Table 1, Table S1): 1) 11 PIE domain proteins, five of which
also contain the Tumor Necrosis Factor (TNF) receptor domain at the N-terminus, 2) 12
Bcl-2 fold proteins, 3) 7 Kelch repeat proteins also containing the BTB domain at the
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N-terminus, 4) 14 ANK repeat proteins, most of which contain the additional PRANC
domain, a distinct variant of the F-box. Altogether, these four paralogous families
include 45 genes, that is, nearly half of the ORPV accessory genes. As discussed below,
apart from the ORPV, all four major families of paralogs are represented in many other
chordopoxviruses, suggesting that the ancestors of each family were captured by chor-
dopoxviruses at early stages of their evolution.

For the PIE domain family, there are no detectable homologs outside poxviruses,
suggesting that this all-beta fold protein evolved by rearrangement of one of the host
b-barrel domains, which obliterated the signatures of ancestry (20). For the other
paralogous families, there are numerous homologs in diverse organisms, but the exact
ancestry is difficult to pinpoint due to the low sequence similarity between poxvirus
and cellular proteins. Most of the paralogous family members are significantly more
similar to each other than they are to any non-poxvirus homologs (8). Notably, in the
process of the ORPV COGs construction, most of the members of each of the four fami-
lies accurately resolved into individual COGs, indicating that they represent distinct ev-
olutionary lineages, although some manual intervention was required as indicated
under Materials and Methods.

The genes encoding members of the four families are scattered over both ends of
the ORPV genomes, including several tandem blocks, such as the block of three Bcl-2
genes, OPG34-36 (Table 1). The phylogenetic trees of each family (Fig. S3A-D) are well
resolved, with most branches supported by high bootstrap values, and reflect the his-
tory of serial duplications that could be mapped to different stages in the evolution of
chordopoxviruses as discussed below. Notably, however, there is not a single case of a
pair of paralogous genes that are adjacent in the genome being sister groups in the
phylogenetic trees of the respective families (Fig. S3A-D). Thus, if the original duplica-
tions occurred in tandem, the poxvirus genomes were subsequently extensively rear-
ranged. The proximity of some paralogous genes, e.g., OPG34-36, likely resulted from
secondary translocations.

Reconstruction of gains and losses in the evolution of ORPV accessory genes.
We further sought to reconstruct the history of the acquisition (gain) and loss of the
ORPV accessory genes during the evolution of chordopoxviruses, in order to uncover
potential functionally relevant patterns and connections between genes. Given that
capture of a gene from an external source by evolving viruses is a rare event, we
assumed that each OPG was gained only once during chordopoxvirus evolution but
could have been lost on multiple, independent occasions. Under this assumption
(known as the Dollo law in zoology), the gain and loss events can be deterministically
(given the phylogenetic tree topology) reconstructed using the Dollo parsimony
approach (49, 50). An early study has reported a reconstruction of gene gain and loss
for 20 poxvirus genomes using a similar approach (51). The vastly expanded collection
of chordopoxvirus genomes provides for a more precise mapping of the evolutionary
events on the phylogenetic tree. A cautionary note is that the Dollo assumption for
some genes might be violated (that is, some genes potentially could be regained) as a
result of recombination among chordopoxviruses themselves. However, we did not
address this possibility (with the exception of one specific case discussed below).

We applied Dollo parsimony (see Materials and Methods for details) to the patterns
of OPG presence-absence in virus genomes (Table S3A) to obtain independent gain and
loss reconstructions of the OPGs. Given that most of the accessory OPGs are shared with
different groups of other chordopoxviruses, the reconstructions were performed on 100
genomes that were selected to represent the diversity of chordopoxviruses. The phylo-
genetic tree of these 100 viruses was constructed from a concatenated multiple align-
ment of 35 conserved proteins and rooted with the Salmon Gill poxvirus, the deepest
known branch of chordopoxviruses. To investigate the patterns of gene loss and possible
additional gain among ORPV, a separate reconstruction was performed on the tree of
238 ORPV and centapoxvirus genomes described in the preceding section. The inferred
patterns of gene gain and loss are described in the following sections.
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FIG 2 Gain of ORPV genes at different stages of evolution of chordopoxviruses. Each circle
associated with a tree branch shows the node number from which the branch emits (see Table S5A)

(Continued on next page)
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Waves of gene gain during the evolution of chordopoxviruses. According to our
reconstruction, there were four major waves of gene capture during the evolution of
chordopoxviruses (Fig. 2, Table S1, column F and Table S5A). The first wave occurred
following the split of the genus Salmonpoxvirus from the common ancestor with the
rest of the chordopoxviruses. At this time, 41 genes were inferred to have been cap-
tured, all representatives of the core set of ORPV genes. As noticed previously, salmon
gill poxvirus lacks most of the genes involved in membrane biogenesis in other chor-
dopoxviruses (28), so all these genes were acquired en route to the common ancestor
of the tetrapod-infecting chordopoxviruses. As noticed above, however, the core set of
ORPV genes also includes some genes implicated in virus-host interactions. The only
gene in that category acquired in this early stage of chordopoxvirus evolution is
OPG159 (A31R), a member of the US22 family and a putative inhibitor of a dsRNA-de-
pendent host defense activity, that most likely was captured by the ancestral chordo-
poxvirus from a herpesvirus (see above).

The second major wave of gene acquisition maps to the divergence of crocodilepox
viruses from the largest chordopoxvirus branch that unites viruses infecting birds and
mammals. By that point in chordopoxvirus evolution, the set of core genes was largely
complete, and the 43 genes inferred to have been acquired at this juncture comprise
about half of the accessory genes (Fig. 2, Table S5A). Importantly, this is the point of
entrance into poxvirus genomes of three of the dominant chordopoxvirus gene fami-
lies: TNFR-PIE fusion proteins, ANK-PRANC fusion proteins and the prolyl hydroxylase
domain-containing proteins. Among the 12 OPGs that consist of ANK-PRANC proteins,
11 were inferred to have been acquired at this stage, suggestive of fast expansion of
this family via a series of gene duplications after the capture of the founder of the fam-
ily from the host. In addition, two genes encoding ANK repeats without a PRANC do-
main appear at this point, likely, via duplication followed by truncation. For the other
two families, the founders were the only representatives at this stage, indicating that
duplication occurred later in chordopoxvirus evolution.

The third wave of gene proliferation corresponds to the divergence of the ORPV
and their sister group, centapoxviruses, from the common ancestor with leporipoxvi-
ruses and capripoxviruses. In contrast to the previous wave, this stage of evolution pri-
marily involved duplication of previously acquired accessory genes, in particular, the
Bcl-2 and BTB-Kelch proteins that were captured between the first and second waves
of gene gain (Fig. 2 and Table S5A).

The fourth, final wave of gene gain occurred prior to the divergence of ORPV from
the common ancestor with centapoxviruses (Fig. 2 and Table S5A). This stage involved
further duplication of the genes in the BTB-Kelch and Bcl-2 families as well as capture
of several genes from the hosts such as, for example, guanylate kinase (OPG186, A57R)
and an inactivated protein kinase (OPG198, B12R). The genes apparently gained during
the evolution of the ORPV are discussed in the next section.

As a necessary cautionary note, it should be indicated that the reconstruction of the
history of gene gain by duplication in paralogous families, even if largely compatible
with the gene phylogenies for these families, is more error-prone than the inferences
for the rest of the genes because of the possibility that lineage-specific duplications
are mistaken for ancient ones by the COG approach. In particular, late occurrence of at
least some of the duplications in the paralogous families has been suggested previ-
ously (8). Thus, the counts of ancient gene gains by duplications given here should be
considered the upper bound.

Gene gain in ORPV. Only nine genes were gained throughout the evolution of
ORPV (Fig. 2, Table S1, column F and Table S5B). Six new genes were inferred to have

FIG 2 Legend (Continued)
and the number of genes inferred to have been gained at the branch. The callouts (blue boxes)
indicate the inferred points of entry of the ancestors of the major families of paralogous accessory
genes into the evolving poxvirus genomes. The chordopoxvirus genera are indicated to the right of
the tree.
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been gained at the base of ORPV, including additional members of the large families of
paralogs, namely, PIE (OPG192), Bcl-2 (OPG029), and BTB domain without Kelch
(OPG030). OPG192 seems to have evolved by duplication of the pre-existing OPG026
(Fig. S3A), followed by relocation of one of the paralogs in the genome. In contrast, the
specific origins of OPG029 and OPG030 are difficult to pinpoint, apparently, because of
the high rates of evolution of these genes resulting in long branches in the phyloge-
netic trees of the respective families (Fig. S3B,C). OPG028 is a special case, a gene
encoding a tiny membrane protein that might have emerged de novo, from a non-cod-
ing sequence. Subsequently, this gene seems to have been lost in only one VARV
strain, suggestive of an important role in ORPV reproduction. Of note is the array of
three co-located new genes, OPG028-030, an apparent hot spot of ORPV gene birth.
OPG058 (F14L), which is conserved in all ORPV, apparently evolved by duplication of
OPG156 (A30L), a small virion phosphoprotein. The conservation of both paralogs in all
ORPV suggests that they perform distinct, essential functions. Finally, OPG188 is
another special case, where a new domain was added to an ancestral poxvirus protein
as discussed below.

Three additional genes were gained later in ORPV evolution. OPG207 (C11.5L) enco-
des a tiny protein without any distinct features, the origin of which maps to the branch
separating AKMV from the rest of the Old World ORPV and that apparently was lost on
19 independent occasions during the subsequent ORPV evolution (Table S5B). This
gene should be considered questionable until the production of the protein is experi-
mentally validated. OPG010a is another special case, where a protein with a new func-
tion was derived from a preexisting protein as discussed in the next section.

The latest gained gene in ORPV is OPG214, N-methyl d-aspartate receptor homolog,
an apoptosis inhibitor (52), that was acquired before the divergence of CPXV4 from the
rest of ORPV but was subsequently lost on 19 independent occasions (Table S5B). This
is the only gene that was acquired by ORPV from the hosts as supported by the high
amino acid sequence identity (about 75%) with mammalian homologs. Nearly identical
21 bp sequences flanking the open reading frame are indicative of a target site dupli-
cation, consistent with gene capture resulting from LINE-1 mediated retrotransposition
of the mRNA of the ancestral host gene (53). Conceivably, this protein plays an acces-
sory role in apoptosis (pyroptosis) inhibition that becomes irrelevant in many ORPV.

Loss of genes during the evolution of ORPV. The distribution of the gene losses
across the phylogenetic tree of the ORPV is highly non-uniform (Fig. 3). The most
extensive gene loss, 37 genes, was mapped to the branch that leads to the common
ancestor of the MPXV, followed by the loss of 35 genes at the base of the ECTV branch.
The stem of VARV is associated with the loss of 19 genes, and 18 more genes were lost
on the path to the common ancestor of CMLV-TATV and VARV. Thus, altogether, the
emergence of VARV was accompanied by the loss of as many genes as the advent of
MPXV, followed by the loss of 12 additional genes within the VARV clade, after the
deepest split between the Viking strain and the rest of the strains (Table S5B). At the
base of the VACV branch, 18 genes were lost, followed by substantial additional losses
in different groups of VACV strains, for example, 18 genes in the ancestor of the
Tashkent strains. Apart from these deep losses, some individual ORPV strains have lost
multiple genes as well. Striking examples include the VACV strain MVA, which was pas-
saged more than 500 times in chicken embryo fibroblasts, and IHD-W1, each losing 18
genes.

Several pairs of sister branches of ORPV including closely related viruses showed
sharply contrasting amounts and rates of gene loss (Fig. 3). The strongest case in point
is the ECTV-OPVA branch, where the ancestor of ECTV strains lost 35 genes whereas
OPVA lost none. Similarly, 19 genes were lost at the base of the VACV, in contrast, to
only two genes lost in CPXV1 (Fig. 3). These contrasting patterns of gene loss presum-
ably reflect drastic changes in the virus biology following the divergence of the respec-
tive clades. The nature of the change is clear in the case of VACV because of multiple
passages in domesticated animals for vaccine production or in cell cultures, but far less
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obvious in the case of ECTV although a switch to a narrow host range is a clear possi-
bility. Except for the early branching ECTV clade, all groups of ORPV that underwent
extensive genes loss belong within the same major clade in the phylogenetic tree that
splits from CPXV3 (Fig. 3). However, only two genes were lost at the stem of this clade,
indicating that massive gene loss occurred in parallel, independently, at the bases of
the MPXV, VACV and VARV branches within the ‘high-loss’ clade of ORPV.

The rates of accessory gene loss for each clade were compared to the percent diver-
gence of the nucleotide sequence in the central conserved core region of the genome,
which serves as a proxy for time, under the molecular clock assumption (Fig. 4). Thus,
the number of genes lost in a clade (for example, at the base of the VARV branch and
in all its descendants) per 1% divergence of the nucleotide sequences in the central
region of the genome, shows that the groups in the high-loss branch (Fig. 3) as well as
ECTV lose genes at similar rates of 20 to 35 (Fig. 4). Interestingly, when the loss rate for
the VARV branch was estimated without the deepest Viking branch, and then, without
the 17th century branch, a lower estimate of 10 was obtained for the modern strains,
suggesting that gene loss in VARV had been slowing down after the initial acceleration.
The deep branches of ORPV, CPXV4 and AKPV had low loss rates, whereas the loss rate
in CPXV3 was close to that in the modern strains of VARV. Remarkably, however,
CPXV2, the sister clade of the VARV-CMLV-TATV branch, shows an extremely high gene
loss rate of about 100, and TATV had only a slightly lower rate of about 80. These esti-
mates indicate that the evolution of ORPV involved several major accelerations of gene
loss of roughly the same magnitude, with the notable exceptions of the dramatic
accelerations in CPXV2 and TATV.

FIG 3 Phylogenetic tree of ORPV and gene loss in ORPV evolution. The large branches are collapsed and shown with triangles. Each box associated with a
tree branch shows the node number from which the branch emits (see Fig. S2) and the number of genes inferred to have been lost at the branch
(numbers in bold). The four colored boxes show major clades with many genes lost at the stem. For branches without associated boxes, no or one gain
was inferred. The red shape shows the high-loss clade of ORPV.
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The trends of gene loss are reflected in the topology of the gene content evolution
tree of ORPV that was constructed by comparing the patterns of gene presence-ab-
sence (54) and shows substantial differences in topology from the phylogenetic tree
built from the sequence alignment of the core genes (Fig. 5). Unlike in the sequence-
based phylogeny, in the gene presence-absence tree, all CPXV strains that lost few
genes form a tight cluster that also includes the AKMV strains and is joined by New
World ORPV, and then, by VACV that underwent a moderate gene loss at the onset of
their evolution. Virus groups that underwent extensive gene loss, namely, MPXV, VARV,
TATV and CMLV, form another major cluster (Fig. 5). This tree topology reflects the sub-
stantial overlap in the sets of genes that were independently lost in these four groups
of ORPV as discussed below. In this tree, CPXV2, the group of strains with an anoma-
lously high gene loss rate, forms a deep branch in the CPXV clade, indicating that its
gene loss pattern was distinct from that in the rest of the high-loss groups.

Genomic landscape of gene losses in ORPV. By definition, the great majority of
the genes lost by ORPV are accessory genes located at both ends of the genomes
(operationally defined as the 50 genes at each end). Among these genes, 88 compris-
ing 44 from each end were lost at least once during ORPV evolution, and 81 genes
were lost at least twice, independently. Moreover, many genes were lost on multiple,
independent occasions, up to 25 times (Fig. 6 and Table S5B). The frequency of gene
loss notably drops from each of the ends toward the middle of the genome.

The accessory genes were often lost in blocks (Tables S3A and S5B). Strikingly, the
same block of 10 genes, located near the left end of the genome, was lost in the three
major branches of ORPV, namely, MPXV, VARV, and VACV, and in the latter two groups,
this block extends to 13 genes. The sole exception within these three groups is horse-
pox virus (HSPV), which belongs inside the VACV branch (Fig. S2), but retains three of
the genes in the 10 gene block (Table S3A). The 10 gene block consists, primarily, of
genes encoding members of the large accessory protein families (see above), including
three paralogous ANK-PRANC proteins, two Bcl-2 proteins, two proteins containing the
BTB domain (one with Kelch domain and another without), and one protein containing
the PIE domain (Table 1). In the case of this and other, shorter loss-prone gene blocks,
the respective genes have been entirely deleted (the genes at the border of the
deleted gene blocks are typically present but are disrupted by frameshifts or within

FIG 4 Estimated rates of gene loss in the major clades of ORPV. The plot shows the loss rate in the
stem of the respective clade and each of the branches within the clade. The gene loss rates were
estimated as the number of genes lost per 1% nucleotide distance from the common ancestor of the
respective group. Whiskers show the 90% confidence interval (5th and 95th percentile of the loss
rates across 1000 bootstrap samples of genes).
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FIG 5 Gene content evolution tree of ORPV derived from the patterns of gene presence-absence. The
Unweighted Pair Group Method with Arithmetic mean (UPGMA) dendrogram was constructed from the
matrix of distances between OPG presence-absence patterns, and therefore, reflects the overlap between
the sets of lost genes (Table S3A).

Evolution of Orthopoxvirus-Host Interaction Genes ®

July/August 2021 Volume 12 Issue 4 e01495-21 mbio.asm.org 15

https://mbio.asm.org


gene deletions). However, the exact borders of the deletions do not coincide in differ-
ent groups of ORPV, and furthermore, the presence of genes in the middle of the block
in the HSPV genome implies that, at least, in VACV, the loss of this gene block involved
more than one deletion. Similarly, two or even more deletions in this gene block
occurred in ECTV and in many strains of CPXV (Table S3A). Another region of the ge-
nome that is particularly prone to deletions is the 13 gene block near the right end,
from OPG177 to OPG188a (Tables S3A and S5B).

There were only a few losses in the central part of the genome that deviated from
this trend (Tables S3A and S5B). In particular, OPG041 (K3L) was lost in MPXV and
ECTV, and MPXV also lost OPG067 (E5R). The loss of OPG041, one of the two OPGs that
inhibit PKR via distinct mechanisms (see above), appears to reflect the experimentally
demonstrated lower level of dsRNA production in cells infected with MPXV (55) and
ECTV (56), compared with VACV, which apparently makes the former viruses less sensi-
tive to the dsRNA-dependent inhibition of virus reproduction mediated by PKR (57).
Notably, in addition to the inactivation of OPG041, MPXV encodes an N-terminally
truncated form of the E3 protein (OPG065) lacking the Z-DNA-binding domain (8) as
discussed below, in the section on unusual cases of gene disruption in ORPV.

The specific functions of OPG067 are not known, but the presence of two DNA-
binding BEN (BANP, E5R and Nac1) domains (58) in this protein suggests the possibility
of involvement in a different but, perhaps, related anti-immune mechanism that is
likely to involve recognition of cytoplasmic DNA by host defense factors.

The common ancestor of the VARV strains, with the exception of the deepest
branch, lost the OPG069 (E7R) gene that encodes a component of the enveloped viri-
ons (59). The common ancestor of TATV and CMLV as well as the MVA strain of VACV
lost OPG074 (O1L) that has been shown to activate the ERK kinase, which is required
for optimal reproduction of other VACV strains in cell culture (60). Several additional
genes from the middle of the genome were found to be lost from individual strains
(Table S3A) although, in these cases, it is harder to rule out a sequencing error.

Concurrent and exclusive gene loss and potential interactions among ORPV
genes. We sought to explore potential functional connections among ORPV genes by
detecting patterns of concurrent gene loss (groups of genes that are lost together
more often than expected) or, conversely, exclusive gene loss (groups of genes that
are lost together unexpectedly rarely). In many previous studies, concurrent gene loss
patterns have been used to predict functionally linked genes, for example, those
encoding proteins that form a complex or otherwise cooperate within the same func-
tional pathway (61, 62). Conversely, patterns of exclusive (complementary) gene loss

FIG 6 Distribution of inferred gene losses along the ORPV genomes. Each bar shows the number of
times a given OPG was lost during the evolution of the ORPV. OPG153 (A26L), a gene with an
anomalously high loss rate for its position away from the genome end, is indicated.
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can point to functional redundancy, or in other words, to alternative genes responsible
for the same essential biological function. For example, genes with complementary
loss patterns could affect the same pathway, perhaps, at different stages and via differ-
ent mechanisms as in the case of OPG041 and OPC065 discussed above. Such genes
are likely to behave as synthetic lethal, that is, pairs of genes that cause lethality only
when both are inactivated. Although requiring much caution, due to the complexity of
interactions among genes, analysis of patterns of gene loss can have considerable pre-
dictive power (61–63).

The patterns of concurrent gene loss can be represented in the form of a heat map
(Fig. 7A) or a network (Fig. 7B) (see Table S6 for complete information). Predictably,
high density of concurrent losses of OPG was observed at both ends of the genomes,
whereas closer to the middle of the genome the density of concurrent losses dropped
precipitously (Fig. 7A). At least in part, this trend could be attributed simply to the high
deletion rate near the genome termini. However, the pattern persists, even though the
concomitant loss frequency was normalized by the geometric mean of the individual
gene losses (Table S6), suggesting that the strongest connections might reflect func-
tional associations. For example, the most strongly connected cluster of three concom-
itantly lost genes in the concurrent gene loss network (Fig. 7B) included OPG006 (a
Bcl-2 protein), OPG008 (a BTB domain protein) and OPG013 (a TNF receptor homolog)
that potentially could affect different steps of the same, perhaps, species-specific host
pathway. There are, also, multiple associations among genes located closer to the cen-
tral part of the genome (Table S6). A case in point is the gene pair OPG032 (C3L,
secreted complement control factor) and OPG033 (C2L, a BTB-Kelch protein): each of
the four times OPG032 was lost during the ORPV evolution, the loss occurred jointly

FIG 7 Concurrent gene loss in ORPV. (A) Heatmap of gene losses. The all against all map of OPG is shown. The intensity of the red color is proportional to
the frequency of the concurrent loss of the respective OPG. (B) Network of gene losses. Shown is a sub-network of the complete network of concurrent
gene loses that includes 53 genes, with edges connecting genes with at least 3 independent concurrent losses. The color goes from blue (3 shared losses)
to red (13 shared losses). The network was visualized using Cytoscape v.3.8.2.
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with OPG033 (which was only once lost separately). This concurrent loss of the two
genes could not be explained simply by the high probability of joint deletion because
OPG032 was never lost together with its other neighbor OPG031, and OPG033 was
only once lost together with OPG034. Thus, a functional interpretation of the excessive
joint loss of OPG032 and OPG033 appears to be more likely than a mechanistic one.

Perhaps, the most notable is the case of OPG074 (O1L), a non-essential membrane
protein encoded in the central part of the ORPV genomes. This gene was lost twice
during the ORPV evolution, in the stem branch of CMLV-TATV and, independently, in
VACV strain MVA. On both occasions, OPG074 was lost jointly with OPG034 (C1L, a Bcl-
2 domain protein) and OPG039 (K1L, an ANK repeat protein). In this case, given the low
incidence of gene loss in the middle of the genome, involvement of the three genes in
the same functional pathway appears likely.

The network of concurrent losses of ORPV genes (Fig. 7B and Table S6) is dense,
with many genes having a high node degree, that is, having been lost concurrently
with numerous other genes, up to 84 connections (Fig. S4A,B and Table S6). The net-
work displays a near uniform node degree distribution (Fig. S4A) and a high clustering
coefficient (Fig. S4B), which reflects the existence of many tightly connected groups of
genes. These features differentiate this network from both random networks and
scale-free networks that are common in biology (64) and seem to suggest numerous
interactions among the OPG that are distributed across multiple, overlapping gene
modules. Although many of these connections are likely to be spurious, this high con-
nectedness of the network suggests multiple, complex functional interactions among
the accessory genes of ORPV. Interestingly, both most highly linked genes, OPG213
and OPG183 (A53R), encode TNF receptor homologs, suggesting a central role of these
genes in the interactions of ORPV with the host immune responses.

A notable case of repeated loss of the same gene is OPG153 (A26L) that was lost on
18 independent occasions during ORPV evolution. This is an anomalously high rate of
loss for a gene located so far from the end of the genome: among the topmost fre-
quently lost ORPV genes, A26L is the only one located more than 50 genes away from
the end (Fig. 6 and Table S1). The A26 protein is contained in mature ORPV virions and
contributes to the binding of MV to plasma membrane and to the suppression of vi-
rus-cell fusion (65), and in some ORPV, also is involved in occluding mature virions in
dense inclusions (66). Evolutionary experiments in cell culture have shown that an
A26L disruption mutant came to fixation in the virus population after multiple pas-
sages of a VACV mutant with a defect in the A8R gene encoding a transcription factor
(67). Our present analysis shows that A26L was lost concurrently with a variety of ORPV
genes, suggesting that analogous compensatory phenomena occurred repeatedly dur-
ing the ORPV evolution.

To summarize, although the available data is insufficient to make compelling pre-
dictions of functionally linked ORPV genes, many tentative inferences amenable to ex-
perimental validation can be made.

We next explored the pairs and larger clusters of genes that were often lost individ-
ually but never or infrequently together (Table S6). The most striking such pair consists
of OPG005 (C16L, Bcl-2 protein) and OPG037 (M1L, ANK protein without the PRANC do-
main, apoptosis inhibitor) that have been lost 12 and 11 times, respectively, during
ORPV evolution, but are never missing together. In this case, it can be predicted with a
degree of confidence that these proteins affect the same host apoptotic pathway and
form a synthetic lethal pair. Furthermore, OPG005 is never missing together with
OPG204 (B19R, decoy interferon receptor). OPG019 (C11R, epidermal growth factor
homolog) is never missing together with several genes, including the frequently lost
OPG001 and OPG003 (PIE domain and Ank-PRANC domain proteins, respectively),
again suggesting functional redundancy. Overall, as in the case of concurrently lost
genes, the exclusive loss or absence of genes in ORPV seems to have limited predictive
power but several instances of likely functional redundancy can be inferred.
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Gene loss in the four major families of paralogous ORPV genes.We examined in
greater detail the patterns of gene loss within the four largest families of paralogous
genes of ORPV, in relation to the major branches of ORPV (Table 2). None of the ORPV
has lost any of the families completely. Conversely, each of the members of each family
was lost at least once during ORPV evolution, except for two Bcl-2 proteins, OPG35
(N1L) and OPG200 (B15R). There were notable differences in the extents of gene loss
across the four families of paralogs and the major lineages of ORPV (Table 2). Thus,
MPXV lost 6 of the 8 BTB-Kelch proteins, whereas VACV and ECTV each lost only one.
Overall, the most extensive loss was observed among the ANK-PRANC proteins,
whereas Bcl-2 proteins and PIE proteins were lost rarely, in comparison. An exception
is the loss of nearly half of the Bcl-2 family in ECTV (Table 2). The genes within each
family are lost non-uniformly, following the general trend of preferential gene loss at
genome ends. Thus, among the BTB-Kelch genes OPG008 and OPG011 located near
the left end of the genome are the most extensively lost genes, each on 25 occasions,
whereas OPG047 (F3L), which is closer to the middle of the genome, was lost only
twice. Similarly, among the Ank-PRANC genes, the near-terminal OPG211 was lost on
20 occasions, whereas OPG189 (B4R) only twice. This signal is even more prominent
among the Bcl-2 family genes. Thus, the near-terminal OPG5 and OPG6 were lost 12
and 14 times, respectively, whereas OPG035 (N1L) was never lost (as mentioned
above), and the two adjacent Bcl-2 genes located toward the middle of the genome,
OPG44 (K7R) and OPG45 (F1L), were lost only once each (table S5B). Taken together,
the pattern of gene losses in the families of paralogous ORPV genes suggest that,
although most of these genes individually can be dispensable depending on the biol-
ogy of specific viruses, there seems to be an essential basic function of each family in
suppression of host immunity that is essential for ORPV reproduction.

Progression of ORPV genes en route to elimination. We were further interested
in the more mechanistic details of gene loss during the evolution of ORPV. Among the
total of 2502 accessory genes that were found to be inactivated in the 235 ORPV
genomes, 795 were disrupted by frameshift mutations, 947 contain within gene dele-
tions, only one contained an in-frame stop codon resulting from a nonsense mutation,
and 759 were (nearly) completely deleted, in many cases, as parts of larger deletions
(Table S3B). The different types of gene inactivation showed distinct distributions over
the length of ORPV genomes such that large deletions occur primarily near both ge-
nome termini, whereas genes located deeper into the genomes are mostly inactivated
by frameshifts; within-genes deletions are less common and occur more uniformly
along the genome (Fig. 8). Notably, the distributions of all events displayed a high
degree of symmetry with respect to the middle of the genome.

By mapping gene inactivation events onto the phylogenetic tree of ORPV, the paths
of gene elimination could be traced. We performed such an analysis for six selected
accessory genes that showed distinct histories depending on their genomic positions
(Fig. 9). Thus, OPG004, located near the left end of the genome, was lost as a result of
independent large deletions in the MPXV and VARV branches (as already noted above),
whereas within the VACV branch as well as CPXV3, frameshifts were followed by either
within-gene or larger deletions. OPG016 was eliminated by large deletions in VARV
and some CPXV branches, whereas in VACV, such deletions are traceable to a founding
frameshift. In the case of OPG030, closer to the central part of the genome, frameshifts
independently occurred in VARV and ECMV, and the resulting pseudogenes persisted

TABLE 2 Loss of the genes of the four dominant large families of paralogs in the major
clades of ORPV

ORPV branch Total lost genes BTB-Kelch (8) Ank-PRANC (14) Bcl-2 (12) PIE (11)
MPXV 37 6 5 3 1
VARV 37 6 7 2 2
VACV 18 1 6 1 2
ECTV 35 1 7 6 3

The total number of members in each paralogous family is indicated in parentheses.

Evolution of Orthopoxvirus-Host Interaction Genes ®

July/August 2021 Volume 12 Issue 4 e01495-21 mbio.asm.org 19

https://mbio.asm.org


in all viruses of the respective groups; in contrast, in CPXV4, a frameshift was followed
by a within gene deletion. OPG152 and OPG153, two adjacent genes located close in
the middle portion of the genome, where gene disruption is overall rare, display con-
trasting patterns of gene loss. OPG152 was disrupted by independent within gene
deletions in MPXV, VARV and VACV, whereas OPG153 was inactivated by multiple inde-
pendent frameshifts (as discussed above), of which several occurred in the same posi-
tion within the gene, in a stretch of 7 A bases that is likely to trigger DNA polymerase
slippage. Finally, for OPG164, a frameshift at the base of the VARV clade was followed
by a within gene deletion in one branch.

Overall, the routes of gene elimination in ORPV are likely to be determined by multi-
ple factors. These include genomic position, whereby deletions appear to preferentially
occur near the ends, the presence of frameshift or deletion prone sequences within
the respective genes, and possibly, additional effects of selection.

Unusual fates of disrupted genes in ORPV evolution. One notable example is the
recruitment of a frameshift variant of an ancestral gene for a new function. The OPG010
protein consists of about 160 amino acids and contains an N-terminal transmembrane
domain followed by a C-type lectin domain. It is conserved in most chordopoxviruses
and was apparently acquired prior to the divergence of mammalian poxviruses and avi-
poxviruses from their common ancestor (Table S1 and S5A). This gene, however, is dis-
rupted in many ORPV (Fig. 10 and Table S3A). Remarkably, one of the disrupted variants,
69 amino acids in length and retaining the transmembrane domain, acquired a new C-
terminal sequence, derived from an alternative, originally non-coding reading frame in
the lectin-coding region, and gained a distinct function, as an ER-located TAP inhibitor,
that was fixed in evolution (68). This functional truncated variant is found in many strains
from all five branches of CPXV (Fig. 10), and remarkably, the nucleotide sequences
encoding the short protein are (nearly) identical in all these genomes (with only one or
two substitutions in some of the strains). The only plausible explanation for this highly
unusual case of evolution of a new functional gene in ORPV involves broad dissemina-
tion across the diversity of CPXV via homologous recombination following the initial fra-
meshift mutation. The other ORPV, including the major high-loss branches, MPXV, VARV
and VACV, the OPG010 gene was disrupted to yield fragments of variable lengths that
originated from different parts of the protein, are not conserved even among closely

FIG 8 Distribution of different gene disruption events along the ORPV genomes. The distributions of relative frequencies of 4 types of gene
disruption events along the ORPV genomes are shown. The events are color-coded as shown beneath the plot: D, decaying (deletion); F,
frameshift; N, in-frame stop nonsense mutation; X, complete absence (large deletion). Relative frequencies of disruption events in each gene
were averaged in an 11-gene sliding windows.
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related strains and thus apparently are non-functional (Fig. 10). In the course of the
ORPV gene reannotation, we opted to construct two OPGs for this unusual case: one for
the full-length protein containing the lectin domain (OPG010) and the other one for the
functional truncated variant (OPG010a). Because most of the accessory genes were trun-
cated through frameshifts in different lineages of ORPV, we searched for possible cases
of evolutionary conservation of truncated proteins, especially, those containing signal
peptides, but failed to identify convincing evidence of this route of evolution for any
other genes. Thus, so far, OPG010a remains the only clear case of a disrupted gene
escaping pseudogenization through exaptation.

Another example of an unusual fate among the OPG involves fusions and fissions of
Poxin and Schlafen. Most of the CPXV and MPXV strains encode a protein of about 500
amino acids, OPG188, which is a fusion of the Poxin, a cGAMP-specific nuclease that
blocks the STING-dependent interferon pathway (69, 70), and the RNA-binding protein
Schlafen (71). Poxin is apparently ancestral in poxviruses, being represented in some
entomopoxviruses, whereas Schlafen was acquired by the ancestor of ORPV and fused
with poxin (Fig. 10). Subsequently, the fused gene OPG188 was disrupted in the com-
mon ancestor of the CPXV1 and VACV lineages, recreating the active Poxin and gener-
ating a C-terminal fragment that is apparently non-functional; furthermore, in VARV,
the OPG188 gene was disrupted completely (Fig. 10). A full size, stand-alone Schlafen
protein was not detected in any poxvirus genomes. For the ORPV gene reannotation,
we once again created two different OPGs, OPG188 for the fusion protein and
OPG188a for the solo Poxin. Poxin and Schlafen, in all likelihood, function in concert in

FIG 9 Routes of gene disruption in ORPV. The gene disruption events for 6 OPGs are mapped onto the phylogenetic tree of the ORPV (Fig. S2). Magenta,
decaying (within gene deletion); blue, frameshift; red, missing (large deletion).
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the fusion protein, although the specific role of this protein, and what Schlafen adds to
the Poxin activity, remains unclear. To our knowledge, the evolutionary history of
Poxin-Schlafen is unique in that disruption of the fusion protein recreates the original,
active state of one of the fusion components.

The well-characterized case of OPG065 (E3L) (8) is, in principle, similar to the case of
OPG188/188a. This gene encoding a protein containing an N-terminal Z-DNA-binding do-
main (Za) and a C-terminal dsRNA-binding domain (dsRBD) was acquired prior to the
divergence of parapoxviruses from the rest of the mammalian chordpoxviruses (Table S1
and Ref. 8). The dsRBD domain is necessary and sufficient for the inhibiton of PKR, whereas
the specific function of the Za domain remains unclear although disruption of this domain
in VACV leads to severely reduced virulence in model systems which correlates with the
reduction of Z-DNA binding (72–74). The upstream portion of OPG065 is disrupted in lep-
oripoxviruses and, independently, in MPXV and Volepox virus, inactivating the Za domain,
whereas the dsRBD remains intact and active (8) (Table S3B). Thus, similar to the case of
OPG188, multiple independent disruptions of OPG065 eliminate one domain and a distinct
function of a multdomain, multifunctional ORPV protein without affecting a second do-
main with its distict function. The disruption of OPG065 is thought to affect the virulence
and host range of the respective chordopoxviruses (8).

Gasdermins have a complex history in ORPV. As discussed above, OPG177 (A47L) is
a homolog of the C-terminal portion of gasdermins and a likely pyroptosis inhibitor.

FIG 10 Unique evolutionary scenarios for disrupted genes in ORPV. The inferred evolutionary events are shown for three OPGs with unusual histories.
OPG188: fusion of Poxin with Schlafen followed by disruption of Schlafen, leaving the intact Poxin, or disruption of the entire fused gene. OPG177,
Gasdermin homolog, duplication in branch leading to the common ancestor of ORPV and Centapoxviruses followed by the loss of one paralog in Old
World ORPV. Poxvirus X denotes the common ancestor of Centapoxviruses and ORPV. Shapes with pale gray coloring and red cross denotes gene
disruption. OPG010, OPG010a: exaptation of a disrupted remnant of an endoplsmic reticulum protein containing a lectin domain for a function as a TAP
inhibitor (OPG10a); OPG10a evolved convergently in several groups of ORPV (see the text).
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This gene was captured from the host prior to the divergence of leporipoxviruses and
capripoxviruses from the rest of mammalian poxviruses (Table S1 and S5A) and was
subsequently duplicated prior to the divergence of centapoxviruses and ORPV. Both
centapoxviruses and the New World ORPV encode two gasdermin paralogs but the
Old World ORPV have lost one of the copies (OPGX2 in Table S1 and Fig. 10), followed
by the loss of the remaining one (OPG177) in MPXV and CMLV (Fig. 10).

DISCUSSION

We initiated this work with the goal of elucidating consistent trends in ORPV evolu-
tion and harnessing comparative genomics for predicting functions of uncharacterized
genes likely involved in potential virus-host interactions. Even before pursuing these
goals directly, our first task was to develop an evolutionary classification of ORPV genes
and the corresponding uniform nomenclature, and reannotating the accessory genes
combining literature searches with sequence analysis using sensitive computational
methods. Notwithstanding the obvious drawback of introducing a new, unfamiliar no-
menclature, we believe this to be an essential step because of the advantage of using
the same name for orthologous genes in all ORPV. Inconsistent naming of orthologs in
different viruses substantially complicates comparative genomic studies. We included
the commonly used nomenclature of the VACV Copenhagen genes along with the
OPGs. This practice will probably continue in further ORPV studies, but the introduction
of the unified nomenclature appears indispensable. We suggest that the OPGs, which
entail a convenient, uniform numbering that immediately conveys the gene position in
the virus genome, accommodate all Old World ORPV genes and exclude pseudogenes,
become the standard tool for annotation of ORPV genomes and the study of ORPV
evolution. The current reannotation of the accessory OPG highlights the remarkable
multifunctionality of many of these proteins: even those accessory proteins that, unlike
those in the ANK-PRANC and BTB-Kelch families, encompass only a single domain typi-
cally have been shown to affect multiple host immune pathways (Table 1 and
Table S1). To this end, we employed the well-established COG approach (24–26). All
214 OPGs accurately resolved into COGs, with minimal manual intervention to disam-
biguate the assignment of paralogous genes.

The OPGs are divisible into two classes of nearly equal size: about 100 genes in the
central part of the genome that encode proteins involved in viral housekeeping func-
tions (virion structure, replication, transcription) and are mostly essential for virus
reproduction in cell culture, and about 50 genes from each end that encode accessory
proteins involved in virus-host interactions. There are a few exceptions to this parti-
tioning whereby several genes affecting host immune mechanisms are located close
to the middle of the genome, and conversely, a few genes involved in replication are
close to the ends. Furthermore, some of the essential, housekeeping genes possess
additional functions in the abrogation of host responses to infection. A striking case in
point is OPG062 (F17R), which is a major DNA-binding protein in VACV virion cores (75,
76), but additionally, has been shown to suppress the host interferon response by dys-
regulating mTOR kinase (77, 78). Another notable example is OPG106 (H1L), a dual
specificity phosphatase that plays an essential role in virion morphogenesis by dephos-
phorylating virion proteins, and additionally, inhibits the STAT1-dependent interferon
pathway (79, 80). These exceptions notwithstanding, the evolutionary regimes of the
central part and the periphery of the ORPV genome are dramatically different. The
genes in the central region, except for several lineage-specific losses, all persisted
throughout the evolution of chordopoxviruses infecting tetrapods. In contrast, the pe-
ripheral regions are highly dynamic and were completely reshaped during the same
evolutionary span. Gain and loss of the accessory genes of ORPV occurred on different
evolutionary scales. Most of the accessory genes apparently accrued in the last com-
mon ancestor of ORPV as a result of three waves of gene capture. On the short scale,
evolution of the ORPV was dominated by gene loss, which accompanied the emer-
gence of each major ORPV branch, and in the MPXV and VARV branches, involved up
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to 40% of the accessory genes. Notably, the rate of gene loss in ORPV showed a steep
gradient from the ends toward the central part of the genome. Whether the cause of
the decreasing rate of gene loss from the periphery to the center of the ORPV genomes
is mechanistic or adaptive, is hard to ascertain. Deletions might occur more frequently
near the ends of the genome via recombination between gene copies during the repli-
cation of head-to-head concatemers (81, 82). However, it is also conceivable that selec-
tion favors genome rearrangements that cluster less essential genes and push genes
with more important functions toward the central part of the genome. These two
explanations of the observed trend of gene loss are not mutually exclusive.

In this work, we did not systematically investigate recombination between ORPV
genomes that could be an important factor in the evolution given the high level of
sequence similarity allowing homologous recombination. Indeed, likely recombination
events between ORPV and also between ORPV and centapoxviruses have been
reported in several previous studies (46, 83–85). The remarkable case of OPG010a, a
novel gene that appears to have disseminated among CPXV strains via multiple recom-
bination events, underlines the role of recombination in ORPV evolution that remains
to be comprehensively characterized by phylogenomic analysis.

A notable feature of the accessory gene repertoires of the ORPV is the high preva-
lence of paralogous gene families including the striking proliferation of ANK-PRANC
and Bcl-2 proteins. Acquisition of new genes by poxviruses requires complete reverse
transcription of the respective host mRNAs followed by illegitimate recombination
with the virus genome. The feasibility of this scenario has been demonstrated experi-
mentally (53), but incorporation and subsequent fixation of a functional gene is likely
to be extremely rare. Therefore, in the course of their adaptive evolution, poxviruses
take the maximum advantage of each acquired gene via serial duplication and func-
tional diversification. According to our reconstruction, the expansion of paralogous
families via duplication typically occurred shortly after poxviruses captured the found-
ing members of the respective families, especially, in the case of the ANK-PRANC fam-
ily. Amplification of accessory genes under selective pressure in evolutionary experi-
ment, dubbed the evolutionary accordion (86, 87), suggests that gene duplications are
relatively frequent in poxviruses, in accord with the evolutionary reconstruction. The
differences between the specific roles of paralogs are poorly understood but involve
both distinct specificities and (partial) functional redundancy (8). As we observe here,
none of the large families of paralogs is lost completely in any orthopoxvirus, suggest-
ing that the basic activity of each class of domains, such as, for example, the role of
ANK-PRANC protein in the modulation of the ubiquitin-proteasome network, is essen-
tial for virus reproduction, regardless of the host range.

The default explanation for the massive gene loss at the bases of the major
branches of ORPV (MPXV, VARV, VACV, ECTV) seems to be a ratchet of gene elimination
upon transition from a broad to a narrow host range. Conceivably, when a gene(s)
required for virus reproduction in a broad range of hosts is accidentally inactivated,
the virus becomes locked within a single host, and the ratchet kicks off, such that fixa-
tion of further gene deletions is driven by selection for replication speed. However, it is
also conceivable that subsets of the accessory gene are rendered dispensable by bio-
logical factors other than the host range, such as for example, a generally slow repro-
duction rate.

An alternative or additional interpretation of the massive gene loss as direct adapta-
tion cannot be dismissed, namely, that inactivation of certain genes is actually advanta-
geous for a virus under given conditions. In evolutionary experiments with VACV in cell
culture, inactivation of either of the OPG153 (A26L), OPG091 (G6R) and OPG141
(A14.5L) genes, which are all mature virion components, led to a substantial increase in
the fitness of a mutant defective in the function of OPG134 (A8R), a transcription factor
(67). Inactivation of any of these genes in the wild type VACV did not enhance virus fit-
ness. Here, we observed that A26L was frequently lost, jointly with a variety of other
genes, during the evolution of ORPV, whereas G6R and A14.5L were fully conserved.
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These findings emphasize the complex, non-obvious functional relationships among
ORPV genes that substantially depend on the specific biological context.

The largely uniform estimated rate of gene loss along with major deviations in
some lineages of ORPV (Fig. 4) might be best compatible with a combination of neutral
and adaptive factors underlying the observed patterns.

Most of the genes that have been lost in the ORPV were initially disrupted by frame-
shifts, and these mechanistic causes of frequent frameshift mutations occurring during
ORPV replication might exist. For example, in the frequently disrupted OPG153, frame-
shifts occurred on a run of 7 T on multiple occasions (67). Although detailed analysis of
the frameshifts is beyond the scope of this work, given that the ORPV genomes are AT-
rich, the presence of runs of T in the coding sequences of many genes is likely to sub-
stantially increase the frequency of frameshift mutations that become the first step en
route to gene loss.

One of the principal goals at the inception of this work was to infer functional inter-
actions among ORPV genes through patterns of concurrent and exclusive loss. The
analysis of these patterns did lead to predictions that might merit experimental follow-
up, but these are few and relatively weak. There seem to be multiple, complementary
reasons behind the limited success of this effort. First, the interactions among the
ORPV genes appear to be highly complex, because of which many patterns are not
readily interpretable. The high density and clustering of the network of concurrent
gene losses in ORPV (Fig. 8) implies multiple functionalities of most of the accessory
genes and the existence of multiple, overlapping modules affecting the even more
complex host defense pathways. Second, many of the connections in that network are
likely to reflect generic rather than specific functional links whereby, upon changes in
the host range or virus-host interactions in general, many genes involved in the sup-
pression of diverse host defense pathways become dispensable simultaneously,
obscuring specific functional interactions. Third, although there are many ORPV
genomes now available, the data is not as rich as it might seem because the major
groups, such as MPXV, VARV, and VACV, are clusters of numerous, closely related
genomes.

Although the apparent multifunctionality of most of the accessory proteins of the
ORPV (1) complicates analysis of the gene loss patterns among sets of genes involved
in the inhibition of the same defense pathway, a clear trend is noticeable. The genes
affecting the same pathway appear to form echeloned anti-immune systems such that,
depending on the host range and other biological factors, some but not all compo-
nents can become redundant and hence dispensable. A straightforward example are
the three genes eliciting hypoxic response (OPG020, 031, 165): one or two of these
genes were lost in multiple ORPV, but at least one gene was always retained. Further
accumulation of diverse ORPV genome sequences can be expected to unravel the full
potential of comparative genomic approaches for deciphering the networks of virus-
host interactions.

MATERIALS ANDMETHODS
Gene complements of chordopoxviruses, ORPV and centapoxviruses, construction of clusters

of orthologous ORPV genes and reannotation of the accessory gene functions. Complete chordo-
poxvirus genomes, available as of September 2020, were downloaded from GenBank (88). A non-redun-
dant set (‘100 chordopoxvirus genomes’) was constructed by comparing all genomes using MEGABLAST
(89), clustering genomes using BLASTCLUST (90), with the coverage threshold of 98% and identity
threshold of 98%, and selecting one representative per cluster. Proteins that are encoded in the
genomes but are not annotated in GenBank were predicted using PRODIGAL (91). ORPV and centapoxvi-
rus genomes from the non-redundant set were used to produce clusters of OPG as follows. Predicted
proteins of the 34 ORPV and 3 centapoxvirus genomes were pooled and clustered using BLASTCLUST
with a 50% coverage threshold and a 50% identity threshold; out-paralogs, that is, paralogs resulting
from duplications preceding the emergence of the ORPV (92), were separated manually on the basis of
their conserved positions in the ORPV genome. Protein sequences within each cluster were aligned
using MUSCLE (93). Position-specific scoring matrices (PSSM) derived from the alignments were used as
queries in a PSI-BLAST search (94) against the set of 238 high-quality ORPV and centapoxvirus genomes;
top hits were collected into new clusters and re-aligned. This procedure produced 216 clusters of OPG
that represent the ORPV pangenome.
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The 216 OPGs were mapped to the 100 chordopoxvirus genomes in the following manner: Position-
specific scoring matrices (PSSM) derived from the OPG alignments were used as queries in a PSI-BLAST
search (94). OPGs with short reference sequences (,100 aa) were searched against the six-frame transla-
tions of the genomic DNA; OPGs with longer reference sequences were searched against the GenBank-
annotated proteins encoded in these genomes. Hits covering at least 75% of the query were registered
as gene presence.

A different, more accurate procedure was applied for the analysis of the ORPV and centapoxvirus
genomes. Alignment consensus was obtained for each OPG to determine the majority-supported pro-
tein boundaries and used further as the reference protein sequence for each of the 216 OPGs. PSSM
derived from the OPG alignments were used as queries in a PSI-BLAST search (94) against the six-frame
translations of the set of 238 ORPV and centapoxvirus genomes. The footprints produced by these
searches were examined, and those passing the following criteria, modified from those employed previ-
ously for ORPV genome analysis (4), were considered to indicate the presence of a functional gene: (i)
no more than 50 bp from the 59-side of the footprint are missing; (ii) the footprint covers at least 80% of
the OPG consensus length; (iii) the footprint contains no stop codons except within 50 bp from either
end. The phyletic pattern was further examined and, where required, corrected case by case, to ensure
agreement with the published data on the presence or absence of the respective gene. Orthopoxvirus
pangenome genes were ordered and numbered according to their consensus location in the set of 235
ORPV genomes.

The initial functional annotation of each OPG was taken from previously published ORPV genome
analyses and surveys (1, 4, 5). In order to update and enhance the annotation, all sequences of accessory
proteins were searched against the NCBI non-redundant protein sequence database using PSI-BLAST
(94) and against the PDB, PFAM and CDD databases using HHPred (95). The putative homologs identi-
fied in these searches were assessed for validity and functional relevance case by case. Protein secondary
structure was predicted with Ali2D (96).

Phylogenetic analysis. Protein sequences were aligned using MUSCLE (93); sites containing more
than 50% of gap characters and with homogeneity below 0.1 (97) were removed. Phylogenetic trees
were constructed using FastTree with the WAG evolutionary model and gamma-distributed site rates
(98).

The phylogenetic tree for the selected representative set of chordopoxviruses was constructed using
concatenated alignments of 35 proteins conserved across chordopoxviruses, with alignment filtering
and Fasttree as described above. The following OPGs were included: 053, 063, 066, 071, 072, 084, 089,
091, 094, 095, 102, 104, 105, 106, 107, 109, 111, 113, 116, 117, 124, 125, 126, 127, 129, 133, 136, 137, 143,
145, 147, 148, 151, 155, 160. The tree was rooted with the salmon gill poxvirus as the outgroup.

The phylogenetic tree for the ORPV and centapoxvirus genomes was constructed as follows. The
highly conserved regions of the genomes, spanning the segment between OPG048 and OPG160 were
extracted from all 238 genomes and aligned using MAFFT (99). All sites containing gaps were removed
from the alignment. A maximum likelihood phylogenetic tree was reconstructed using IQ-tree with the
GTR1F1R5 evolutionary model, selected by built-in ModelFinder (100). The tree was rooted between
ORPV and centapoxviruses.

Similarities between the presence-absence patterns in a pair of genomes were calculated as the
number of shared orthologs divided by the geometric mean of the gene complements. Similarities were
converted to distances using the d = -ln(s) transformation. UPGMA dendrogram was constructed from
the matrix of pairwise genome distances.

Reconstruction of gene gain and loss. The history of gene gains and losses in the set of 100 chor-
dopoxvirus genomes and 238 genomes of ORPV and centapoxviruses was reconstructed, under the
Dollo parsimony principle, using the DOLLOP program of the PHYLIP package (101). To elucidate the
specific modes of gene loss, including frameshifts, in-frame nonsense mutations, and partial or complete
gene deletions, a reference sequence was selected for each of the 216 OPGs that gave the highest-scor-
ing TBLASTN (94) match in a search against the 238 genomes of ORPV and centapoxviruses, covering
100% of the protein query and containing no stop codons. Reference ORFs were used as queries in a
BLASTN search against the 231 Old World ORPV genome, the best match in each genome was identified,
and the nucleotide sequences were extracted and aligned together with the corresponding reference
sequence using MAFFT (99). Alignments that involved genes marked as absent in a given genome were
classified into the following categories: missing if no BLASTN hits with an e-value better than 1025, at
least 50% identity, and with at least 200 bp matching the query, are found; decaying if the alignment
with the reference ORF was found to be missing more than 33% of the length or more than 50 bp rela-
tive to the reference ORF; frameshifted if the alignment satisfied the coverage criteria, but contained at
least one frameshift; and nonsense if the gene sequence was not frameshifted, but contained in-frame
stop codons.

Clade-specific gene loss rate was calculated by dividing the number of independent losses within a
clade (including the branch at the base of the clade) by the total tree branch length of the clade (meas-
ured in substitutions per site). Confidence intervals were obtained by calculating the numbers of losses
within 1000 bootstrap samples of 216 genes and discarding top and bottom 5% of the results.

Data availability. All the genome sequences used for this analysis were from GenBank. The align-
ments of 35 conserved chordopoxvirus proteins used for constructing the phylogenetic tree shown in
Fig. 2 and the alignment of the central regions of the ORPV genomes used for the tree shown in Fig. S2
are available at ftp://ftp.ncbi.nih.gov/pub/yutinn/Poxvir_2021/.
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ADDENDUM IN PROOF
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