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Abstract

The Nucleo-Cytoplasmic Large DNA Viruses (NCLDVs) infect a wide range of eukaryotic species, including amoeba, algae,
fish, amphibia, arthropods, birds, and mammals. This group of viruses has linear or circular double-stranded DNA genomes
whose size spans approximately one order of magnitude, from 100 to 2500 kbp. The ultimate origin of this peculiar group
of viruses remains an open issue. Some have argued that NCLDVs’ origin may lie in a bacteriophage ancestor that increased
its genome size by subsequent recruitment of eukaryotic and bacterial genes. Others have suggested that NCLDV's families
originated from cells that underwent an irreversible process of genome reduction. However, the hypothesis that a number
of NCLDVs sequences have been recruited from the host genomes has been largely ignored. In the present work, we have
performed pangenomic analyses of each of the seven known NCLDVs families. We show that these families' core- and shell
genes have cellular homologs, supporting possible escaping-gene events as part of its evolution. Furthermore, the detection
of sequences that belong to two protein families (small chain ribonucleotide reductase and Erv1/Air) and to one superfam-
ily [20G-Fe(II) oxygenases] that are for distribution in all NCLDVs core and shell clusters encoding for oxygen-dependent
enzymes suggests that the highly conserved core these viruses originated after the Proterozoic Great Oxidation Event that
transformed the terrestrial atmosphere 2.4-2.3 Ga ago.

Keywords Nucleo-cytoplasmic large DNA viruses - Gene recruitment - Origin and evolution of viruses - Pangenomic -
Proterozoic great oxidation event

Introduction

The Nucleo-Cytoplasmic Large DNA Viruses (NCLDVs)
infect eukaryotic hosts including amoeba, algae, fish,
amphibia, arthropods, birds, and mammals. These viruses
have linear or circular double-stranded DNA genomes whose
size spans approximately one order of magnitude, from 100

Handling editor: Anthony Poole.

< A. Becerra
abb@ciencias.unam.mx

1" Pacultad de Ciencias, UNAM, Cd. Universitaria, Apdo.
Postal 70-407, 04510 Mexico City, DF, Mexico

El Colegio Nacional, Donceles 104, Centro Histérico,
06020 Mexico City, CP, Mexico

Escuela Nacional Preparatoria, Plantel 8 Miguel E. Schulz,
Universidad Nacional Auténoma de México, Mexico City,
Mexico

to 2500 kbp. Seven taxonomic families are currently rec-
ognized by the International Committee on Taxonomy of
Viruses as members of the NCLDVs (ICTV 2020). These
families are the Ascoviridae, Asfarviridae, Iridoviridae,
Marseilleviridae, Mimiviridae, Phycodnaviridae, and
Poxviridae (Tidona and Darai 2011). These viral families
have also been grouped into the Phylum Nucleocytoviri-
cota because they either synthesize their DNA exclusively
in the cytoplasm, or have a first-stage replication and early
transcription in the host nucleus and a late transcription in
its cytoplasm (Chinchar and Hyatt 2008; Koonin and Yutin
2010; Asgari et al. 2017).

Forty-seven core proteins have been identified in
NCLDVs. However, only ten of them (A2L-like transcrip-
tion factor, A32-like-packaging ATPase, D5-like helicase
primase, elongation subunit of family B DNA polymerase,
helicase II, the large subunit of mRNA capping enzyme,
myristoylated envelope protein, the small subunit of ribo-
nucleotide reductase, and the RNA polymerase o- and
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B- subunits) have been proposed as phylogenetic markers.
They indicate that NCLDVs are a monophyletic group
(Yutin et al. 2009). This suggests that the common ancestor
of NCLDVs may have been endowed with an icosahedral
capsid, DNA replication, and transcription genes, proteins
involved in virion morphogenesis and perhaps, also inhibi-
tors of apoptosis (Iyer et al. 2001). This hypothetical ances-
tral viral population may have also undergone gene loss of
essential genes and possible non-orthologous host gene
displacements in its current descendents (Iyer et al. 2001;
Koonin and Yutin 2010, 2012; Yutin and Koonin 2012).
It has also been suggested that this hypothetical common
ancestor probably evolved from a bacteriophage, and that
subsequent recruitment of eukaryotic and bacterial genes led
to an early radiation of the NCLDVs that was associated with
the origin of eukaryotes (Koonin and Yutin 2010). In addi-
tion, it has been proposed that the horizontal gene transfer
of bacteriophage, archaeal, and plasmid selfish genes was,
and continues to be, an important process in the NCLDVs
emergence and evolution (Koonin et al. 2006; Moreira and
Brochier-Armanet 2008). These ancestral NCLDV's might
have encoded a minimal set of genes, but recurring genetic
expansion-reduction cycles, i.e., a “genomic accordion” led
to a diversity of large viral genomes (Filée 2013). Some
authors have assumed that NCLDVs and other eukaryotic
dsDNA viruses have independently originated from Tectivir-
idae phages with evolutionary intermediate mobile genetic
elements (a.k.a polintons and polintoviruses) (Koonin et al.
2015) with a highly genetic contribution of bacteria (Béack-
strom et al. 2019).

Others have argued that NCLDVs originated from an
irreversible process of cellular genome reduction com-
parable to the ones that have led to obligate intracellular
symbionts, in which ribosomal genes were lost, but some
other translational and transcriptional genes were conserved
(Tamames et al. 2007; Claverie and Abergel 2013). Claverie
and Abergel (2013) have argued that “[this scenario] might
represent an evolutionary link between the emergence of
the cell nucleus and the origin of the large DNA viruses.”
Finally, based on the phyletic patterns of putative ortholo-
gous genes encoding ribonucleotide reductase, thymidylate
synthase, B-family DNA polymerase, topoisomerase II-A
proliferating cell nuclear antigen, flap endonuclease, RNA
polymerase, transcription factor TFIIB, and some ami-
noacyl-tRNA synthetases, it has also been suggested that
NCLDVs emerged directly from the root of the universal tree
of life as a fourth major domain in addition to the Bacteria,
Archaea, and the Eukarya (Boyer et al. 2010; Legendre et al.
2012; Woyke and Rubin 2014).

In the present work, we report the results of a pangenomic
analysis of the proteomic repertoire, i.e., core, shell, and
cloud of NCLDVs homologous protein clusters. We propose
that since several core proteins present in each of the seven
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NCLDVs families have corresponding cellular homologs, a
mechanism of host-escaping genes may be the most plau-
sible explanation for the origin of this viral group. The
presence of 13 strictly O,-dependent enzymes and, more
specifically, small subunit ribonucleotide reductase type Ia,
Erv1/Alr, and 20G-Fe(II) oxygenases, at the core and shell
of different NCLDVs families, suggests that a number of
highly conserved genes for the replication cycle of these
viruses were acquired from their eukaryotic hosts following
the Great Oxidation Event (GOE) that changed the terrestrial
environment over 2.4-2.3 billion years ago.

Methodology

Retrieval and Pangenomic Analysis of NCLDVs
Genomes

All viral and cellular complete RefSeq proteomes were
downloaded from the NCBI GenBank (https://www.ncbi.
nlm.nih.gov/genome/viruses/ available as of January 2022)
and the 2017 KEGG database, respectively. The viral pro-
teome files were formatted and classified according to the
seven currently recognized NCLDVs families (Ascoviridae,
Asfarviridae, Iridoviridae, Marseilleviridae, Mimiviri-
dae, Phycodnaviridae, and Poxviridae) using Perl scripts.
NLCDV proteomes currently not classified into a viral fam-
ily or with a partial sequence were excluded.

The GET_HOMOLOGUES software for pangenomic
analysis was used to obtain the homologous protein clus-
ters of all NCLDV families according to the command
instructions of the manual (Contreras-Moreira and Vinuesa
2013). Given the divergent nature of viral sequences, we
have empirically adapted the concept of pangenome (Medini
et al. 2005; Tettelin et al. 2008) to define a core that includes
homologous proteins shared by at least 95% (core + softcore)
of all species of a viral family, a shell that covers partially
shared proteins (<95%), and a cloud that comprises all the
remaining proteins present in one or two viral species. Viral
families with less than three RefSeq proteomes were also
discarded from pangenomic comparisons. The bias in the
diversity of the size and nature of the proteomes for the clas-
sification by families of these viruses was, thus, considered.

Clusterization of homologous proteins of each NCDLV
family was performed using the smallest RefSeq viral
proteome as a query. The paired search was done by the
combination of BLASTP (Altschul et al. 1990), HMMER
(Eddy 2009), and COGTriangles (Kristensen et al. 2010)
algorithms with an alignment query coverage of 75% and
a Evalue < 10E-05. Proteins with no other viral species
homologs in the same family (orphans) were separated. To
identify the corresponding conserved domains, a search was
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conducted in the Pfam database Version 28.0 (Finn et al.
2008).

The estimation of the pangenomic repertoire size (core,
shell, and cloud) was calculated. The data were extrapolated
by fitting the Tettelin exponential decaying function model
(Tettelin et al. 2005). Once the protein presence—absence
matrix of each viral family was generated, all these data were
counted and classified into the pangenomic compartments,
and then plotted by calling R functions (https://www.r-proje
ct.org) at GET_HOMOLOGUES. The functional classifica-
tion of pangenomic orthologous clusters, the information
of Pfam, GenBank, Uniprot, Gene Ontology, and KEGG
databases was used through Pfam and GenBank accession
numbers once identified by GET_HOMOLOGUES. This
classification system is based on protein sequence homology
of complete prokaryotic and eukaryotic genomes (Tatusov
1997) and was used to categorize the NCLDVs orthologous
clusters according to the predicted function using Pfam data-
base or cited references. These categories, identified by one
letter, belong to four general functions: (i) information stor-
age and processing (A, B, J, K, L); (ii) cellular processes and
signaling (D, M, N, O, T, U, V, W, Y, Z); (iii) metabolism
(C,E,F, G, H, I, P, Q); and (iv) poorly characterized func-
tions (R, S). In this work, we propose two additional viral
categories for this classification system: (v) miscellaneous
functions (X), which include orthologous clusters that par-
take in many unrelated functions (genetic information, cellu-
lar processes, and metabolism); and (vi) capsid-related func-
tions (Vc), which are viral orthologous clusters that have no
cellular counterpart at the Pfam database. NCLDVs COGs
were also classified according to their relative frequency at
the Core, Shell, and Cloud repertoires. All these genetic, cel-
lular, and metabolic functions were classified according to
the database of Clusters of Orthologous Groups of proteins
(COGs, https://ftp.ncbi.nih.gov/pub/wolt/COGs/COG0303/
fun.txt) (Tatusov 1997). Clusters without identifiers in all
databases were classified as poorly characterized functions
(COGs R and S). All those NCLDVs orthologous clusters
with a Pfam identifier were used to determine their distribu-
tion in other viral groups, as well in Bacteria, Archaea, and
Eukarya in the database. All of these orthologous clusters
were counted according to their corresponding viral and
domain distribution, NCLDVs families, and COG functions.
The values were logarithmically normalized and plotted with
a heatmap library by R software.

NCLDV Oxygen-Dependent Enzyme Database
and Phylogenies

From the NCLDV pangenomic database described above,
all O,-dependent enzyme information and sequences were
extracted in order to build a new database. The NCLDV's
oxygen-dependent enzyme clusters with Pfam identifiers

were selected to search through the KEGG database for
distant homologous proteins in other viral groups, as well
as in Bacteria, Archaea, and Eukarya. MAFFT software
(Katoh et al. 2002) was used to construct multiple align-
ments with NCLDVs cluster sequences, except orphans.
HMMER was used to perform a profile HMM with more
than two NCLDVs sequences, while jackhammer was used
to more accurately detect cellular homology in NCDLV
orphans (Madera and Gough 2002). Both software pack-
ages were used with cut-off values of E < 10E-3. Redundant
homologous sequences with a similarity threshold greater
than 80% detected by the CD-HIT software (Fu et al. 2012)
were discarded. All cell and virus homologous sequences
were counted for each of the taxonomic groups (according
to viral families and cellular phyla, kingdoms, and domains)
with Bash and Awk scripts. All redundant sequences were
removed by an Awk script.

MAFFT was used with default parameters to construct
the multialignment of viral proteins and their cellular
homologs. To remove the spurious sequences and poorly
aligned regions of the multiple alignment, TrimAL soft-
ware (Capella-Gutiérrez et al. 2009) was handled with
default parameters. Maximum-likelihood phylogenies from
sequence alignments were estimated using the best-fit model
automatically selected by ModelFinder and ultrafast boot-
strap with 1000 replicates implemented in IQ-TREE version
2.2.2.6 (Nguyen et al. 2015). The root was inferred without
an outgroup by rootstrap using the most general amino acid
non-reversible model (Naser-Khdour et al. 2022). Alterna-
tively, a statistical test of the root was applied by comparing
the log likelihoods of the trees rooted on every branch of the
ML tree (tree topology test, —root test). The rooting posi-
tion on branches in the test ID=1 agrees with the highest
rootstrap score. To visualize and edit the phylogenetic trees,
the online iToL platform (Letunic and Bork 2016) was used.

Results
Database of NCLDVs Proteomes

Proteomic records of 136 species of Ascoviridae (6), Asfar-
viridae (8), Iridoviridae (26), Marseilleviridae (8), Mimi-
viridae (6), Phycodnaviridae (31), and Poxviridae (51) were
used for the pangenomic analyses. Although the proteomes
of Pandoravirus and Pithovirus were used for comparisons,
they were not considered in pangenomic analyses due to the
lack of more than three proteomes (Fig. S1). The relationship
between the viral proteome size and the host classification is
shown in Fig. S1. NCLDVs which infect invertebrates and
vertebrates typically have less than 200 proteins, whereas
those infecting protists typically have an expanded genome
encoding for over 500 proteins. As shown in Table 1, the
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Table 1 Homologous protein clusters of NCLDV

Viral fam-  Number Hosts Number of  Total Number of clusters
ily of pro- proteins by number
teomes proteome of pro- Core Shell Cloud
tems bY Orthologs In-par- Orthologs In-para- Orthologs In-paralogs
family alogs logs
Ascoviri- 6 Insects: lepidoptera 119-194 970 33 1 112 3 353 7
dae and hymenoptera
Asfarviri- 8 Mammals: pigs, bush- 152-164 1279 138 2 29 4 36 0
dae pigs, and warthogs
Vector: argasid ticks
Iridoviridae 26 Arthropods: insects 95-468 4105 10 0 318 10 1415 25
and crustaceans
Vertebrates: amphib-
ians and fish
Mar- 8 Protists: Acantham- 296-491 3468 216 17 236 11 708 8
seilleviri- oeba
dae
Mimiviri- 6 Protists: Cafeteria and 544-1217 5742 307 14 329 10 2147 40
dae Acanthamoeba
Phycodna- 31 Protists (algae): Chlo-  150-886 11568 6 4 655 58 5192 201
viridae rophyta, Haptophyta,
and Stramenopiles
Poxviridae 51 Arthropods; 120-334 10202 28 1 531 63 1901 146
hexapoda; insecta;
Pterygota
Vertebrates: fish,
birds, reptiles, mam-
mals
Total of 37334 738 39 2210 159 11752 427
proteins

or clusters

Phycodnaviridae family was the most affected by proteomic
filtration (from 23 to 6 proteomes), due to their proteome
size heterogeneity (from 150 to 886 proteins), which might
affect the clustering process by GET-HOMOLOGUES. This
viral family also infects a wide range of protist hosts.

Pangenomic Analysis of NCLDVs Proteomes

A pangenomic analysis of more than 18,000 proteins from
reference proteomes of Asfarviridae, Ascoviridae, Iridovir-
idae, Marseilleviridae, Mimiviridae, Phycodnaviridae,
and Poxviridae is shown in Tablel. Estimates of proteins
included in the core, shell, and cloud of each viral family,
were extrapolated by fitting the Tettelin exponential decay-
ing function to the data as shown in Fig. 1.

Functional Classification of the NCLDVs Pangenome
As shown in Fig. 2, orthologs belonging to core-, shell-, and

cloud clusters have been classified according to the Cluster
of Orthologous Groups (COGs) into three categories, from
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the lowest to the highest frequency of proteins. The null or
less abundant category (at the top of the heatmap) encom-
passes orthologous clusters that mediate cellular processes
like cell cycle (e.g., cyclins, COG D) or membrane dynam-
ics (e.g., ABC transporters, COG M), metabolic processes
like coenzyme transport (e.g., N-acetyl transferase, COG H),
and genetic information processes like chromatin remode-
ling (e.g., histones, COG B). Other orthologous clusters like
ankyrin and leucine repetitions, and ATPases found in this
category are overrepresented in NCLDVs with the largest
genomes (Poxviridae, Phycodnaviridae, Marseilleviridae,
and Mimiviridae).

The moderately abundant category located at the middle
of the heatmap comprises orthologous clusters that partake
in viral functions such as capsid/membrane structure (e.g.,
Poxvirus P4B major core protein, lipid membrane protein),
and cellular processes, including defense mechanisms (e.g.,
chemokines, COG V), signal transduction (e.g., tyrosine/
serine kinases, COG T), and extracellular structures (e.g.,
collagene, COG W). In addition, this same category includes
orthologous clusters that have metabolic functions such as
metabolism and transport of amino acids (e.g., glutamine
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transferase, COG E), nucleotides (e.g., dihydrofolate reduc-
tase, COG F), carbohydrates (e.g., glycosyltransferase,
COG Q), lipids (triacylglycerol lipase, COG I), and energy
production (e.g., cytochrome P450, COG C). This moder-
ately abundant category includes clusters with sequences
associated with genetic information, such as RNA process-
ing (RNA helicases, ribonuclease III domain; COG A) and
translation (tRNA synthetases, translation initiation factor
4E; COGJ).

The most abundant category includes orthologous
clusters with no assigned function and is located at the
bottom of the heatmap. This type of orthologs represents
up to 70% of the Marseilleviridae- and Mimiviridae-
pangenomic core (Raoult 2004; Boyer et al. 2010); how-
ever, as of today, we ignore their actual function, given
the many unknowns in our understanding of NCLDVs.
Some of them may be related to capsid assembly (Sobhy
et al. 2015), whereas the molecular signatures of oth-
ers suggest that they are involved in genetic information
functions (COG L), including transcription and transla-
tion factors, as well as cellular processes such as signal
transduction and apoptosis (COG O).

The NCLDVs orthologs with a Pfam identifier were
grouped according to their distribution in other viral
groups (V) and in the major domains of life (A, Archaea;
B, Bacteria; and E, Eukarya) in the Pfam database with
the corresponding COG function. As shown in Fig. 3a, the
orthologous clusters with unknown (COG S) and hypo-
thetical functions (COG R) are predominantly found in
the pangenome of each NCLDV family. The orthologous
clusters involved in genetic information processes, includ-
ing post-translational modification (COG O), transcription
(COG K), replication (COG L), and nucleotide metabolism
(COG F), are moderately distributed in viruses, but pre-
sent in the three major domains of life. The orthologous
clusters found in Poxviridae, Phycodnaviridae, and Mimi-
viridae with functions associated to carbohydrate (COG
G), lipid (COG I), and amino acid (COG E) metabolism;
coenzyme transport (COG H); signal transduction (COG
T), and translation processes (COG J) are scarcely dis-
tributed at VABE. These three families have few ortholo-
gous sequences involved in signal transduction (COG T),
defense mechanisms (COG V), and capsid/membrane
(COG Vc) (horizontally transferred) functions, which are
also present in eukaryotic hosts. No cellular structural
traits like cytoskeleton (COG Z), nuclear structure (COG
Y), or cell motility (COG N) were found in NCLDVs
clusters. The 70% of NCLDVs pangenomic orthologous
sequences have uncharacterized functions, and, at primary
structure level, no host cell counterparts can be recog-
nized. The remaining NCLDVs orthologous sequences
are related to known informational, cellular, metabolic, or
diverse functions, and are homologous to other viral (V),

prokaryotic (P), and/or eukaryotic (E) sequences (Fig. 3b).
A total of 155 Pfam orthologous clusters out of 498 from
Ascoviridae; Asfarviridae, 84/203; Iridoviridae, 374/1723;
Marseilleviridae, 247/3467; Mimiviridae, 721/2784; Phy-
codnaviridae, 1117/5853; and Poxviridae, 921/2461 were
selected to search for cellular orthologous in the KEGG
Database. Orthologous clusters with uncharacterized func-
tions (R and S) were not included because of the apparent
absence of cellular homologs at primary structure level.
All cellular and viral orthologs identified by NCLDVs pro-
tein similarity were counted and classified according to
viral families, prokaryotic phyla, or eukaryotic kingdoms
(Fig. 4). Over 85% of cellular homologs were detected,
mainly from animals, fungi, protists, Firmicutes, Gamma-
proteobacteria, and plants (in that order).

NCLDV Oxygen-Dependent Database and Viral-Cell
Phylogenetic Trees

Once the NCLDV pangenomic database was built, all
oxygen-dependent enzyme information and sequences
were extracted. A total of 94 oxygen-dependent enzyme
pangenomic clusters were identified in the NCLDV fami-
lies, which can be classified into 12 protein families and
one superfamily (Table 2). However, with a few excep-
tions, their presence and distribution within the NCLDVs
families are mostly scattered. The small subunit of the
ribonucleotide reductase (PF00268), which belongs to the
ferritin Pfam clan (CL0044), was identified in the core of
all families except for the Poxviridae (shell) and the Asco-
viridae (cloud). The sulfhydryl oxidase family Erv1/Alr
(PF04777) was also identified in all the NCLDVs families,
in the core of Asco, Asfar, and Marseilleviridae, and in
the shell of the remaining families. It is noteworthy that in
the case of the Poxviridae, the sulfthydryl oxidase belongs
to a different oxygen-dependent Pfam family (PF04805).
Finally, three different enzymes belong to the Pfam clan
Cupin CL00029: PF13532 is present in the core of the
Marseilleviridae; PF13640 is identified in the shell of the
Mimi- and Phycodnaviridae; and PF13759 present only in
the Phycodnaviridae shell.

The next step was to build phylogenetic trees for each
of these oxygen-dependent enzymes, for which we selected
five representative orthologous clusters for the core and
shell present in most of the NCLDV pangenomes, each of
which was used in the search for homologous viral and cel-
lular sequences (cluster numbers are in the Supplementary
Material).

As discussed below, all the NCLDVs are endowed with
class IA ribonucleotide reductases, which are also pre-
sent in numerous dsDNA bacteriophages, eukaryotes, a
large number of Bacteria, and a few Archaea. In our tree
(Fig. 5), most of the NCLDVs are found in a large branch
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Ascoviridae

total gene clusters = 498 taxa=6

® cloud (353, genomes<=2)
@ shell (112)

B core (33, genomes>=5)

Asfarviridae

B cloud (36, genomes<==2)
@ shell (29)

B core (138, genomes>=T7)

total gene clusters = 203 taxa=8

Iridoviridae

W cloud (1415, genomes<=2)
@ shell (318)

m core (10, genomes>=24)

total gene clusters = 1,743 taxa= 26

Marseilleviridae

® cloud (708, genomes<=2)
@ shell (236)

W core (216, genomes>=7)

total gene clusters = 1,160 taxa=8

Mimiviridae

Phycodnaviridae

Fig. 1 Pangenome of NCLDVs families. Orthologous clusters are plotted as relative frequency partitions of the pangenomic matrix into Core
(red), Shell (green), and Cloud (blue) compartments (Color figure online)
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W cloud (2147, genomes<=2)
@ shell (329)
B core (307, genomes>=5)

total gene clusters = 2,783 taxa= 6

B cloud (5192, genomes<=2)
@ shell (655)
B core (6, genomes>=29)

total gene clusters = 5,853 taxa= 31

Poxviridae

total gene clusters = 2,460 taxa = 51

M cloud (1901, genomes<=2)
I shell (531)
| core (28, genomes>=48)

Fig. 1 (continued)

which includes all the eukaryotes and some bacteria. The
NCLDVs families are nevertheless scattered throughout
this clade, usually in close association with their hosts.
For instance, the poxviruses are interspersed in the ani-
mal clade; phycodnaviruses are found in several different

branches close to fungi, protists, and plants; mimiviruses
are located in two different branches, one of them close to
animals, whereas the other is between several protists; and
the marseillevirus branch is located at the root of this large
eukaryotic clade. On the other hand, most of the asco- and
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Fig.2 Functions of viral pangenome clusters. At the Y-axis, the func-
tions are divided according to COGs described by (Tatusov 1997)
with 10-base logarithm-normalized values. These functions intervene
in the information storage and processing (A, B, J, K, L), cellular
processes and signaling (D, M, N, O, T, U, V, W, Y, Z), metabolism
(C,E, F, G, H, I, P, Q), and poorly characterized functions (R, S).
Other categories were added to this work: miscellaneous (X) and cap-
sid-related functions (Vc). At the X-axis, the functions are grouped
according to the frequency of the orthologs in the Core, Shell, and
Cloud clusters in each of the NCLDVs families (Iridoviridae, Asco-
viridae, Poxviridae, Phycodnaviridae, Marseilleviridae, and Mimivir-

iridoviral sequences are located in a branch that groups
many bacteriophages of the Myoviridae and Siphoviridae
families, as well as several Alpha-proteobacteria.

The Erv/Alr tree (Fig. 6) shows that all viral sequences
form a single clade which stems from one of the eukaryotic
branches. Within this viral clade, the NCLDVs families are
located in different branches. Two phycodnaviruses, the mar-
seilleiviruses, and the asco-iridoviruses, as well as several
poxviral proteins, form one single branch, whereas most of
the phycodnavirales and the mimiviral proteins are located
in a highly divergent branch along with the nudiviruses and
the baculoviruses.

The sequences of NCLDV putative-alkylated DNA
repair protein (PF13532/CL00029) are found in different
branches interspersed with different organisms (Fig. 7).
In this phylogeny, the mimiviruses and a Siphoviri-
dae sequence form a sister group to a large branch that
includes Actinobacteria and Gamma-proteobacteria. The
marseilleviruses are present as a sister group of some
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idae). According to the frequency (shades of red), orthologous clus-
ters are divided into three categories: null or little abundance (mainly
cellular processes such as cytoskeleton or coenzyme biosynthesis),
moderately abundant (mainly viral processes such as capsid forma-
tion, signal transduction as tyrosine kinase receptors and nucleotide
biosynthesis such as ribonucleotide reductase), and highly abundant
(unknown functions, transcription such as RNApol and transcrip-
tion and apoptosis factors such as repeated ankyrin and replication
domains such as DNApol). Ascoviridae and Mimiviridae have no
Shell due to only three genomes in the sample

cyanobacteria and this branch is, in turn, a sister group to
a clade grouping protists and animals. From this branch
stems, a highly diverse clade which includes phycodnavi-
ral and pandoviral sequences close to fungal and protists’
proteins as well as a clade comprising the sequences from
plant-infecting RNA viruses of the families Alphaflexivir-
idae, Betaflexiviridae, Secoviridae, and Closteroviridae,
which, in turn, forms a sister group to Proteobacteria. The
pithoviruses and a phycodnavirus are found at a branch
closer to the root of the tree with a couple of bacteroidetes.
The tree of the hypothetical protein belonging to the
20G-Fell oxygenase PF13759/CL00029 (Fig. 8) present
in the shell of the Phycodnaviridae, displays a bifurcation
with most of the bacterial sequences on one branch and
most of the viral sequences on the other. The phycodna-
viral sequences are found in two different branches within
the latter, which also include several myoviruses.
Finally, in the tree corresponding to the hypotheti-
cal protein PF13640/CL00029 (Fig. 9), the NCLDVs
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Fig.3 Comparison of function and domain distribution of the
NCLDVs orthologous clusters. a At the Y-axis, COGs nomenclature
is the same as shown in Fig. 2. At the X-axis, the frequency of the
orthologous clusters are shown in NCLDVs and other viruses (V),
in Archaea (A), in Bacteria (B), and in Eukarya (E). b Number of
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sequences are found in two different branches. Sequences
of mimiviruses and many phycodnaviruses are located as
a sister group of protists and fungi in one of the branches,

i i
Phycodna Marseille

POXVIRIDAE

PHYCODNAVIRIDAE MARSEILLEVIRIDAE MIMIVIRIDAE

homologous protein clusters by megaviral family, by hosts (V Virus,
P Procaryote, E Eukaryote), by general function (information, cel-
lular, metabolism, viral, many, and uncharacterized). Most of them
belong to viral clusters with no cellular homologs, but there are also
many clusters with cellular homologs distributed into all VPE and VE

whereas four of the phycodnaviral sequences are found
within the branch encompassing various myoviruses and
some Gamma-proteobacteria and cyanobacteria.
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Fig.4 Taxonomic distribution of the orthologous clusters among KEGG database. It is observed that NCLDVs orthologous groups are
NCLDVs, other non-NCLDVs, and cells. Hidden-Markov-based shared among 40% of those eukaryotes such as animals, fungi, pro-
profiles and PSI-BLAST iterations were done using the NCLDVs tists, and plants

orthologous clusters in order to determine cell distant homologs from
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[ ] Archaea
[] Bacteria
[] Eukarya
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[ Ascoviridae
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[l rridoviridae

. Marseilleviridae
[] Mimiviridae

[ Phycodnaviridae
B Poxviridae

. Other megaviruses

Fig.5 Phylogenetic tree of the small subunit of ribonucleotide
reductase core cluster 165 from Iridoviridae (hypothetical protein/
PF00268/ferritin). Taxonomic groups are written according to the
color of their corresponding Domain. Each OTU is represented
with a letter at the beginning according to the domain (B, Bacteria;

Discussion and Conclusions
Generalities of NCLDVs Pangenomes

All cellular and viral genomes have a mosaic nature due
to the different origins of their sequences. In all cases,
however, the highly conserved hallmark genes constitute
a core that can provide key information about the nature
of the ancestral entities (Lazcano et al. 1992; Delaye et al.
2005; Becerra et al. 2007; Koonin et al. 2022). NCLDV's
pangenomes, i.e., the entire gene set for all viral species
within each family (Ascoviridae, Asfarviridae, Iridoviri-
dae, Marseilleviridae, Mimiviridae, Phycodnaviridae,
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A, Archaea y E, Eukarya) or virus (V), to the KEGG code, and to
the taxonomic level. The phylogeny was inferred by using the most
general amino acid non-reversible model with a rootstrap support of
43% (root test ID=1) and an ultrafast bootstrap with 1000 replicates
(Naser-Khdour et al. 2022)

and Poxviridae), and the phylogenetic analyses of the core
clusters of proteins, provide important evolutionary data
about the possible origins of these viral entities. At the
most highly conserved level of the pangenome, the most
conserved sequences present in all viral strains within the
same family are found in the core (Fig. 1). At the next
level of conservation, the shell proteins are shared by less
than 90% of all viral species of the same family. Finally,
the cloud comprises the viral species-specific proteins,
most of which have an unknown or predicted function,
and includes sequences that might have diverged so rap-
idly that their putative cellular homologs cannot be iden-
tified. Given the consistent biases in the viral proteome
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Fig. 6 Maximum-likelihood phylogenetic tree of the Ervl/Alr core
cluster 2545 from Phycodnaviridae (ERV1-ALR_family_protein/
PF04777). Taxonomic groups are written according to the color of
their corresponding domains. Each OTU is represented with a letter
at the beginning according to the domain (B, Bacteria; A, Archaea

samples, a word of caution is essential when discussing
these results.

The global repertoire analysis shows that NCLDVs have a
rather large open pangenome (Fig. S2b), with a higher num-
ber of paralog clusters in the shell and the cloud (Table 1
and Fig. S2b). The COG Triangles pangenomic matrix par-
tition into the shell, cloud, and core clusters was plotted
for each viral family (Fig. 1). The largest cores are found
on viruses that infect Acanthamoeba spp., while viruses
that infect algae, invertebrates, and vertebrates exhibit the
smallest core clusters. Not surprisingly, all viral proteome

y E, Eukarya) or virus (V), to the KEGG code, and to the taxonomic
level. The phylogeny was inferred by using the most general amino
acid non-reversible model with a rootstrap support of 99.4% (root test
ID=1) and an ultrafast bootstrap with 1000 replicates (Naser-Khdour
et al. 2022)

sequence permutations revealed that the number of core pro-
teins decreased with the addition of a new proteome for each
viral family. However, the extrapolation of each curve shows
that the number of core proteins remains constant regard-
less of adding more proteomes (Fig. S2a). For instance,
the minimum core of Poxviridae (51 proteomes) reached
an asymptotic curve of four orthologous clusters (Table 1
and Fig. S2a). Analysis of all permutations also indicates
that the number of shell and cloud proteins increases with
the addition of proteomes. A decaying exponential model
fits the estimation of this global protein repertoire. There
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Fig.7 Maximum-likelihood phylogenetic tree of 20G-Fe(II) oxyge-
nase core cluster 662 of Marseilleviridae (putative-alkylated DNA
repair protein/PF13532/cupin). Taxonomic groups are written accord-
ing to the color of their corresponding domains. Each OTU is rep-
resented with a letter at the beginning according to the domain (B,

is a huge bias between the size of the sample of genomes
analyzed and the different circular areas of each compart-
ment; this is particularly true of the core, which tends to be
small compared to the others since it only includes highly
conserved proteins shared with all genomes of a viral fam-
ily. However, it is noteworthy that Asfarviridae is the only
family that has a core proportionally larger than the other
pangenomic compartments. There are three possible expla-
nations for this observation: 1) there are few genomes for
the family, 2) no effort has been made to discover other gen-
era, or 3) it is simply a family with a naturally not-dynamic
closed pangenome, that is, there is not a vast repertoire of
new genes in the shell or cloud.

@ Springer

Bacteria; A, Archaea y E, Eukarya) or virus (V), to the KEGG code,
and to the taxonomic level. The phylogeny was inferred by using the
most general amino acid non-reversible model with a rootstrap sup-
port of 35.1% (root test ID=1) and an ultrafast bootstrap with 1000
replicates (Naser-Khdour et al. 2022)

Figures 2 and 3 display the non-random distribution of
the NCLDVs orthologous clusters. Genetic information
clusters are found mostly in cells (prokaryotes and eukary-
otes) and viruses, while uncharacterized proteins (most of
which are orphan sequences) tend to be found in viruses.
As summarized in Fig. 3a, in our sample, all viral proteins
associated with replication, transcription, recombination, or
repair functions have cellular homologs. These are, in fact,
the molecular traits that define the main properties of viral
replicons. The set of clusters with most cellular homologs
is COG O (post-translational modification, protein turno-
ver, chaperones). On the contrary, protein sequences with
no cellular homologous and with specific (e.g., capsid
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Fig. 8 Maximum-likelihood phylogenetic-rooted tree of 20G-Fe(II)
oxygenase shell cluster 3434 of Phycodnaviridae (hypothetical pro-
tein/PF13759/cupin). Taxonomic groups are written according to
the color of their corresponding domains. Each OTU is represented
with a letter at the beginning according to the domain (B, Bacteria;

formation) or unknown functions might be orphans or are
simply highly diverged sequences that lost their phylogenetic
imprint. Therefore, there are two possibilities: either viruses
provided some core sequences to cell genomes, or viruses
acquired them from cells millions of years ago. We favor the
latter possibility.

The orthologous clusters shared among NCLDVs are also
found in other viruses (14.2%), in Bacteria (35.5%), Archaea
(7.9%) and, mostly, in Eukarya (42.4%) (Fig. 4). Regardless
of their poly- or monophyletic origin, the results reported
here suggest that the NCLDVs orthologous-protein clusters

=

A, Archaea y E, Eukarya) or virus (V), to the KEGG code, and to
the taxonomic level. The phylogeny was inferred by using the most
general amino acid non-reversible model with a rootstrap support of
43.6% (root test ID=1) and an ultrafast bootstrap with 1000 repli-
cates (Naser-Khdour et al. 2022)

distributed at the core, shell, and cloud, and which are also
present in the three domains of life, have an ultimate cel-
lular origin consistent with a mechanism of host-escaping
genes that may be the most plausible explanation for the
origin of the core sequences (including those encoding oxy-
gen-dependent enzymes, as discussed below) followed by a
polyphyletic late accretion of a wide repertoire of cellular
genes. Although it has been argued by some that viruses
preceded cells, the fact that all of them are obligate intra-
cellular entities appears to rule out this possibility. There-
fore, the most likely explanation is that the homology and

@ Springer
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Fig.9 Maximum-likelihood phylogenetic-rooted tree of 20G-Fe(II)
oxygenase shell cluster 750 of Phycodnaviridae (hypothetical protein/
PF13640/cupin). Taxonomic groups are written according to the color
of their corresponding domains. Each OTU is represented with a let-
ter at the beginning according to the domain (B, Bacteria; A, Archaea

taxonomic distribution of the core proteins suggest they have
been recruited from cellular hosts.

Oxygen-Dependent Enzymes in NCLDVs

NCLDV R2 Subunit Ribonucleotide Reductase Type IA

The key role of ribonucleotide reductases (RnRs) in the early
evolution of life may have been their participation in the

biosynthesis of deoxyribonucleotides in the transition from
RNA to DNA cellular genomes (Lazcano et al. 1988). RNRs

@ Springer

y E, Eukarya) or virus (V), to the KEGG code, and to the taxonomic
level. The phylogeny was inferred by using the most general amino
acid non-reversible model with a rootstrap support of 90.3% (root test
ID=1) and an ultrafast bootstrap with 1000 replicates (Naser-Khdour

et al. 2022)

mediate the reduction of purine- and pyrimidine ribonucleo-
tides diphosphates to their corresponding deoxyribonucleo-
tides by removing the -OH group on the ribose. The three
different RnRs classes which catalyze this highly conserved
free radical chemical reaction in the three domains of life are
well understood (Torrents et al. 2002). Class I RnRs have a
di-iron center that generates a tyrosyl-free radical in the pres-
ence of oxygen. These reductases have been subdivided into
three types, which differ on the metal center involved in the
formation of the tyrosyl radical: class A [Fe(III)-O-Fe(III)],
class IB [Mn(III)-O-Mn (III), and Fe(III)-O-Fe(III)], and
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class IC Mn(IV)-O-Fe(III)]. The class IA RnRs are distrib-
uted in eukaryotes, prokaryotes, and many viruses, whereas
class IB and IC RnRs are present only in bacteria. Class II
RnRs require an S-adenosylcobalamin cofactor to generate
the free cysteinyl radical under aerobic or anaerobic condi-
tions, and are present in prokaryotes and bacteriophages.
Class III RnRs generate a glycine radical when S-adenosyl
methionine interacts with an iron-sulfur center present in
prokaryotes and bacteriophages in anaerobic conditions
(Torrents 2014).

Our results show that all NCLDV families described so
far are endowed with the strictly aerobic class IA RnR. This
holoenzyme comprises two homodimeric subunits denoted
as the large subunit R1 and the small subunit R2. The R1
subunit possesses both the allosteric-binding site and the
nucleotide-reduction active site, while the R2 subunit har-
bors the di-ferric center and the tyrosyl radical. Both motifs
are easily recognized in the sequences described in our
pangenomic results; however, the R2 subunit is the one that
requires the presence of an oxygen atom to start the enzy-
matic reaction where the radical electron is transferred from
the R2 tyrosine to the R1 cysteine to produce a thiol radical.
The R2 subunit of class IA RnR (R2RnR) is found in all
seven NCLDV families and clusterized into the pangenomic
core (Asfarviridae, Iridoviridae, Marseilleviridae, Mimiviri-
dae, and Phycodnaviridae), shell (Poxviridae), and cloud
(Ascoviridae) (Table 2). NCLDV R2RnR sequences were
grouped into the Ribonuc_red_sm (PF00268) Pfam family,
which has a ferritin fold (CL0044) and comprises a distinc-
tive four helical bundle with either a Fe or Mn dimer at
the center (Murzin and Chothia 1992). This ferritin clan is
a highly conserved iron-binding protein superfamily dis-
tributed in almost all living beings and has iron-storage
functions, but has also been associated with immune (Ong
et al. 2005) and stress responses (Larade and Storey 2004),
and host-nutrient homeostasis during virion production in
NCLDV metagenomic analyses (Moniruzzaman et al. 2020).

Consensus phylogenetic trees of core genes such as
superfamily II helicase, A2L-like transcription factor, RNA
polymerase A subunit, RNA polymerase B subunit, nRNA
capping enzyme, A32-like packaging ATPase, myristoylated
envelope protein, primase helicase, DNA polymerase, and
R2RnR, have been interpreted to indicate a monophyletic
origin of NCLDVs (Iyer et al. 2001, 2006; Yutin et al. 2009;
Koonin and Yutin 2010). This may be the case, but given the
different divergence rates of these molecules in each viral
system, the use of consensus trees of a set of genes or pro-
teins may bias the description of the evolutionary history
of a complete group of viruses. For instance, the RZRnR
phylogenetic tree presented in this work indicates a more
complex evolutionary history than the monophyletic pat-
tern mentioned above (Fig. 5). Ascoviridae and Iridoviridae
are evolutionary related and both infect invertebrates like

lepidopteran larvae (iridoviruses also infect amphibians and
fish) (Federici et al. 2009), and their R2ZRnR phylogenetic
distribution reflect two independent origins, one related to
eukaryotes and the other to Alpha- and a Gamma-proteo-
bacteria (Fig. 5.) In particular, the Gamma-proteobacteria
Francisella spp, pathogenic bacteria of mammals and fish,
have a class I RnR related to Lymphocystis disease virus, an
iridovirus which infects fish. It has been proposed that these
iridoviruses (and the new bacteriophage family Schitoviri-
dae included in this study) may have acquired RnR genes
from Francisella in a double viral/bacterial infection in an
aquatic vertebrate (Lundin et al. 2010). Koonin et al. have
suggested that the evolution of both R1 and R2 RnR subu-
nits involves multiple acquisitions, losses and displacements
(Yutin and Koonin 2012), and also, some lineage-specific
genes in NCLDVs may have been acquired from possibly
bacterial endosymbionts associated with protists (Koonin
and Yutin 2019). Our study suggests that the presence of the
strictly aerobic R2RnR subunit in the pangenomic repertoire
of all NCLDVs may have been independently acquired at
different times once significant amounts of free oxygen had
accumulated during the middle Proterozoic terrestrial atmos-
phere approximately 2.5 Ga. This interpretation is consistent
with the eukaryotic nature of the NCLDVs hosts (animals,
algae, and other protists). In other words, the presence of
the strictly aerobic class IA R2RnR can be considered as a
biogeochemical marker that allows to date the origin of a key
component of the NCLDVs’ core.

NCLDV Erv1/Alr

This family includes proteins that catalyze disulfide bond
formation required for the stability and function of many
eukaryotic (mainly in mitochondria) and periplasmic-bac-
terial proteins in an oxidizing environment. These sulfhy-
dryl oxidase (SOX) domains have as a molecular signature
a conserved C-X-X-C disulfide motif, adjacent to a flavin-
adenine dinucleotide (FAD) prosthetic cofactor-binding site
that allows the transfer of electrons from thiol substrate pro-
teins to non-thiol electron acceptors such as oxygen (Vitu
et al. 2006). This domain includes a four-helix bundle where
the FAD cofactor is sheltered, as well as an additional single
turn of helix (Vitu et al. 2006). The first studies of SOX in
NCLDVs in the Poxviridae vaccinia virus strains reported
that disulfide bridge formations play a key role in the intra-
cellular mature virion and membrane assembly in the cyto-
plasm (Ichihashi 1981; Locker and Griffiths 1999). In the
present study, the SOX (most of them identified as putative
thiol oxidoreductases) domain was found in the pangenomic
core (Ascoviridae, Asfarviridae, Marseilleviridae), shell
(Iridoviridae, Mimiviridae, Phycodnaviridae, and Poxviri-
dae), and few cloud clusters (Ascoviridae, Iridodviridae,
and Mimiviridae) (Table 2). These pangenomic clusters
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were identified as oxygen-dependent enzyme families from
the Erv1/Alr family (PF04777 Pfam without a clan clas-
sification). This protein family is distributed in eukaryotes
and few bacterial groups such as Nostocales and Oscillato-
riophycidea (Cyanobacteria), Rhizobiales, and Rhodobac-
terales (Alpha-proteobacteria), Pirellula (Planctomycetes),
Verrumicrobiaceae, in Euryarchaeota, and in some dsDNA
viruses. This domain was classified by (Yutin and Koonin
2012) as a NCLDV core protein and was used by them to
demonstrate the monophyletic character of NCLDVs. How-
ever, given the mosaic nature of viral genomes, the evolu-
tionary history of a single molecule does not necessarily
reflect the evolutionary history of the entire viral group itself
(Fig. 6). The tree shown in Fig. 6 displays two well-defined
viral and eukaryal branches. Due to the distribution in eukar-
yotes and the absence of bacterial homologs, it appears that
viral Erv1/Alr was acquired once by the NCLDV ances-
tor prior to the emergence of the last eukaryotic common
ancestor and, later, in evolutionary-related insect-infecting
Nudiviridae and Baculoviridae (Thézé et al. 2011). Proteins
belonging to the same group of enzymes in these viral fami-
lies had previously been reported and characterized. The
Ac92 protein, another FAD-binding sulfhydryl oxidase pre-
sent in Baculoviridae, has a complex quaternary structure
not related to the NCLDV and eukaryal Erv1/Alr enzymes,
due to possible involvement of the complex biphasic-
infection caused by two structurally different virions forms
(Hakim et al. 2011). The Poxviridae Erv1/Alr protein, EIOR
protein, is well conserved in this family, and is also associ-
ated with the morphogenesis of immature and mature virus
particles (Senkevich et al. 2000).

NCLDV 20G-Fe(ll) Oxygenase Families

The non-heme 2-oxoglutarate (20G) Fe(II)-dependent oxy-
genases (20GXs) are widespread in bacteria and eukary-
otes, and catalyze the reactions involved in the oxidation of
organic substrates such as proline and lysine in procollagen
using 20G and a O, molecule (Myllyharju and Kivirikko
1997). They play diverse functions in carnitine biosynthesis,
collagen and fatty acid metabolism, phytanic acid metabo-
lism (Loenarz and Schofield 2011), while also partaking
in fundamental cellular processes such as chromatin and
DNA modification, RNA synthesis, splicing, mRNA dem-
ethylation, tRNA and ribosome modification, and protein
hydroxylation (Herr and Hausinger 2018). 20GXs com-
prise a conserved double-stranded B-helix fold containing
an HX[DE] dyad, and a carboxy-terminal histidine, both of
which bind the Fe?*, and 20G-binding sites and a C-ter site
involved in substrate recognition. Loops play structural and
catalytic functions and are hallmarks of the 20GX classifica-
tion (Islam et al. 2018). The 20GXs are classified into the
CL0029 Pfam clan, a set of proteins with a conserved barrel
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domain (cupin fold) that include germins and plant stor-
age proteins (Dunwell 1998), and which contains all seven
known 20GXs. Three of these members, 20G-Fell _Oxy_2
(PF13532), 20G-Fell_Oxy_3 (PF13640), and 20G-Fell _
Oxy_5 (PF13759), were found in the core and shell of some
NCLDV families in our study (Table 1).

Nine clusters of Marseilleviridae (both core and cloud),
Mimiviridae (both shell and cloud), and Phycodnaviridae
(cloud) were identified as PF13532 (Table 1 and Supple-
mentary Material). This family includes AlkB, a dioxyge-
nase protein that removes methyl groups from purines and
pyrimidines to repair the DNA. The topology of the tree
presented here indicates that the Marseille, Mimi-, and Phy-
codnaviridae (as well as other unclassified NCLDVs, e.g.,
Pithovirus, Pandoravirus, and Pacmanvirus) 20XGs are dis-
tributed in different evolutionary clades. The Pithovirus and
Chrysochromulina ericina virus 20GXs share a common
ancestor with those of a Cyanobacteria, a Bacteroidetes, an
Alpha-proteobacteria, and a ciliate. Pacmanvirus A23, which
is a newly discovered giant virus related to Asfarviridae and
Faustoviruses (Andreani et al. 2017), has a 20GX related
to some obligate aerobic Delta- and Gamma-proteobacteria
and an animal (although the closeness of the latter might be
an artifact due to methodological issues such as the filtra-
tion by the query eukaryotic protein sequence size and Ref-
Seq). This clade also clusters 20GXs of Mimiviridae with
Cyanobacteria and Gamma-proteobacteria, but also with
some Siphoviridae. The sister clade of the latter groups Mar-
seilleviridae with mostly animals and Cyano- and Gamma-
proteobacteria. Finally, Pandoravirus and phycodnavirus
branches are close to fungal and protists’ sequences, and all
of these form a large clade with the 20GX motifs of plant-
infecting + ssSRNA viruses and rhizosphere-related bacteria.
This phylogeny might be interpreted to support the hypoth-
esis that horizontal gene transfer has played a significant role
in 20GX evolution (Jia et al. 2017).

Likewise, 17 clusters classified as PF13640 (20G-Fell _
Oxy_3) were found only in Mimiviridae (cloud) and Phycod-
naviridae (shell and cloud) (Table 1). Pfam classifies this
family with other enzymes including AlkB, a DNA repair
enzyme that removes methyl groups in purines and pyri-
midines (Falnes et al. 2002). The phylogenetic tree shows
again the evolutionary complexity of this enzyme, placing
the Mimiviridae and Phycodnaviridae 20GXs close to many
eukaryotes and some bacteria, and distantly related to those
of other phycodnavirus, which are grouped with Myoviridae,
other bacteriophages, and many bacteria (Fig. 8).

Other Oxygen-Dependent Enzymes Present in NCLDV
There are other oxygen-dependent enzymes identified in the

pangenomic levels of Mimiviridae, Phycodnaviridae, and
Poxviridae. A particularly interesting one is the ubiquitous
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copper/zinc superoxide dismutase (Cu/Zn SOD), Pfam
ID PF00080, an enzyme responsible for the conversion
of superoxide radicals to hydrogen peroxide and molecu-
lar oxygen in cells (Schinina et al. 1989). Cu/Zn SOD is
present in the pangenomic shell of Mimiviridae, Phycod-
naviridae, and Poxviridae. The transition from anoxic,
Cu/Zn-poor to Cu/Zn-rich oceans with a highly oxidizing
atmosphere 1.8-0.8 Ga (Anbar 2008) may be the explanation
for the emergence of transition-ion metal-binding motifs in
the reaction center of several enzymes (Vigani and Mur-
gia 2018) in aerobic bacteria, eukaryotes, and certainly,
in NCLDV and other eukaryal virus (e.g., Baculoviridae)
genomes. In non-heme oxygen-dependent enzymes like Cu/
Zn SOD and dioxygenases discussed here, the presence of
residues that participate in ion coordination indicates their
oxygen requirement for their function. For example, it is
well known that dioxygenases have a strict dependence on
Fe2 +to activate oxygen to react with the substrate (Solomon
et al. 2016). On the other hand, the Cu/Zn SOD is depend-
ent of oxygen first by the specialization for limiting reactive
oxygen species and by the oxygen-dependent maturation of
Cu/Zn SOD that includes the incorporation of Cu and Zn
atoms coordinated by six histidines and one aspartic acid
(Valentine and de Freitas 1985). In both cases, these residues
are conserved in viral sequences as shown in Fig. 7.

The fatty acid desaturase (FAD) (PF00487) is an enzyme
that catalyzes the insertion of a double bond on fatty acids,
and most of them are endoplasmic reticulum (ER) integral
membrane proteins (Kaestner et al. 1989). FAD was found
in the pangenomic clouds of Ascoviridae and Phycodnaviri-
dae. FAD is classified into the integral membrane acyl-coA
desaturase superfamily clan (CL0O713), which is a family of
di-iron-containing proteins that share four transmembrane-
helice folds anchored to the ER membrane. This clan also
contains fatty acid hydroxylases (PF04116), which are
also found in the pangenomic clouds of Mimiviridae and
Phycodnaviridae. This family includes fatty acid carotene
hydroxylases, which are involved in the zeaxanthin synthe-
sis by hydroxylating B-carotene, and sterol desaturases that
dehydrogenate the C-5 bond in a sterol intermediate. Both
of them contain two copies of a HXHH motif that coordi-
nates Fe atoms and are highly conserved enzymes among
eukaryotes.

Like the previously described 20GXs, the next four
enzymes also belong to the cupin fold family (CL0029).
The aspartyl/asparaginyl beta-hydroxylases (AABH) are
also oxygenases that catalyze oxidative reactions through
20G- and Fe-binding motifs. They contain N-ter § strands
and C-terminal helical domains. This enzyme was found in
the pangenomic cloud of Mimiviridae and the pangenomic
shell of Phycodnaviridae. A cysteine dioxygenase was found
only in the pangenomic cloud of Mimiviridae. This enzyme
is involved in the homeostatic regulation of steady-state

cysteine levels and the oxidation of cysteine metabolites
such as sulfate and taurine (Dominy et al. 2006).

The phytanoyl-CoA dioxygenase (PhyH) is a mostly-
eukaryal and bacterial enzyme that catalyzes the oxidation of
phytanic acid (Jansen et al. 2000) and hydroxylases 2-ami-
noethylphosphonic acid (McSorley et al. 2012), respectively.
This enzyme is present only in the pangenomic cloud of
Phycodnaviridae. The lytic polysaccharide mono-oxygenase
(PF03067) was found in the pangenomic shell and cloud of
Phycodnaviridae and Poxviridae. This protein plays impor-
tant roles in cellulose and chitin formation (Folders et al.
2000) and is one of the 257 members of the Ig-like fold
superfamily (CLO159), such as PKD, cadherins, fibronec-
tin, bacterial Ig-like, and also viral tail fiber domains with
important roles in cell-cell adhesion and signaling (Chen
et al. 2018). The cytochrome b5-like heme/steroid-binding
domain (PF00173) was found only in the pangenomic cloud
of Mimiviridae. This family contains electron transport
membrane-bound hemoproteins distributed in eukaryotes
and in a few bacteria, such as the animal cytochrome b5,
which is folded into the catalytic and membrane-binding
site which anchors the microsomal membrane (Ozols 1989).
Finally, the pheophorbide A oxygenase (PAO) domain
(PF08417) is found close to the C-ter of a Rieske-2Fe-2S
domain in cyanobacteria and plant proteins participating in
the chlorophyll metabolism. This domain was found only in
the pangenomic shell of Phycodnaviridae. PAO is involved
in the viral degradation of the algal photosynthetic appa-
ratus, and the heme-dependent cytochrome P450 family
protein (Pruzinska et al. 2003), and clearly suggests a late
Proterozoic origin for these viral proteins.

Final Remarks

The different oxygen-dependent enzymes we have discussed
play key roles in metabolism and cellular morphology of
bacteria and eukaryotes. The defining domains of these
enzymes are also found in NCLDVs, all of which thrive in
the aerobic environments of their corresponding hosts. The
distribution and the evolutionary analyses of these strictly
oxygen-dependent enzymes demonstrate a complex history
of possible gene recruitments and horizontal transfer from
cells (either bacterial or eukaryal) to the NCLDVs, once
the biogeochemical conditions of the Proterozoic changed
to a permanently oxidized terrestrial environment after the
Great Oxidation Event (GOE) 2.4-2.3 Ga. The presence of
Fe-, Cu-, and other metal-binding protein motifs involved
in oxygen attachment suggests that the viral recruitment of
these enzymes did not lead them to lose their O, depend-
ency. The case of the aerobic RnR is particularly appeal-
ing. Its distribution in Eukaryotes, the complex phylogeny
of its small subunit, and the closely related viral and host
phylogenetic groups as seen in Fig. 1, in addition to the
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presence of this subunit in all megavirus families, specially
in the pangenomic core, appear to indicate an ancient hori-
zontal gene transfer event from early eukaryotes to a mega-
virus ancestor. Although the evolutionary history of each
of these domains cannot represent the evolutionary history
of an entire group such as megaviruses, the consilience of
their distinct evolutionary stories may hint to the fact that
these ancient domains could not have been acquired before
the GOE. It is quite possible that these giant viruses have
acquired oxygen-dependent enzymes at different times, nev-
ertheless, always in recent times. At the same time, the RnR
Ia might have been present in the last ancestor of eukaryotes
(LECA) more than 2 billion years ago and acquired by hori-
zontal transfer from bacteria, possibly from the facultative
anaerobic phylum Bacteroidetes (Lundin et al. 2010). More-
over, a small megaviral core of genes that code for replica-
tion and capsid proteins has been identified, allowing to infer
a monophyletic origin (Iyer et al. 2001). Hence, the consil-
ience of these arguments: a megaviral highly conserved gene
core (DNA polymerase, ATPase, D4 helicase, superfamily
II helicase, RNA polymerase a and f), the specific depend-
ency on eukaryotic hosts, and the independent acquisition
of different oxygen-dependent enzymes, allows us to infer
that the smaller megaviruses (Asfarviridae, Ascoviridae,
Iridoviridae, Phycodnaviridae, and Poxviridae) could have
a monophyletic origin as proposed by Koonin et al. (Yutin
et al. 2014) and evolved independently, through the gain and
loss of genes (Filée 2015); and, at the same time, through
ancient horizontal transfers, including those involving these
oxygenic enzymes.

Viral evolution is a complex process. While in cells,
vertical inheritance appears to be more significant than
horizontal gene transfer, in viruses, the lateral acquisition
of genes appears to be a major mechanism to acquire new
traits. Our analysis confirms a non-random gene acquisi-
tion within the mosaic-like evolution process in NCLDVs,
i.e., NCLDVs have not remained genetically isolated among
them. While the most conserved genes present in the core
in each family are mostly related to their host counterparts,
the less conserved genes present in the shell of each family
are phylogenetically related to other NCLDVs. While func-
tions associated with core proteins play essential roles in
cells, the same is not always true for the cloud repertoire.
The results presented here are inconsistent with the proposal
that NCLDVs represent a primordial fourth domain of life
directly derived from the last common ancestor of living
beings, a population that most likely thrived in an anaerobic
environment. The processes described here do not address
the monophyletic- or polyphyletic- origin of NCLDVs. This
will be discussed in subsequent papers. However, our results
indicate a key role for the capture-gene process in shaping
the main features of this group of viruses. The same appears
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to be true for the O,-dependent enzymes discussed here,
which may have been acquired after the NLCDVs evolved.

In other words, all viral proteins of which activity is
present in genetic cellular processes (polymerases, exonu-
cleases, etc.) originate from their hosts or highly related
organisms. Proteins of which activity was only described
on viruses come from cells as an exaptation or may have
originated de novo on viruses. It is possible that this evolu-
tionary pattern may not be restricted to NCLDVs but may be
a major process of virus evolution. Therefore, as a diverse
group, NCLDV families have heterogeneous pangenomes
whose phylogenetic studies are evidence of extensive lateral
gene transfer between them and host cells (Filée et al. 2008).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00239-023-10126-z.
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