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Abstract

The diverse viruses in the phylum Nucleocytoviricota (also known as NLCDVs, Nucleo-cytoplasmic Large DNA Viruses) typi-
cally possess large icosahedral virions. However, in several families of Nucleocytoviricota, the icosahedral capsid was replaced
by irregular particle shapes, most notably, the amphora-like virions of pandoraviruses and pithoviruses, the largest known
virus particles in the entire virosphere. Pandoraviruses appear to be the most highly derived viruses in this phylum because
their evolution involved not only the change in the virion shape, but also, the actual loss of the gene encoding double-jelly
roll major capsid protein (DJR MCP), the main building block of icosahedral capsids in this virus assemblage. Instead, pan-
doravirus virions are built of unrelated abundant proteins. Here we show that the second most abundant virion protein of
pandoraviruses, major virion protein 2 (MVP2), evolved from an inactivated derivative of a bacterial glycoside hydrolase of
the GH16 family. The ancestral form of MVP2 was apparently acquired early in the evolution of the Nucleocytoviricota, to be-
come a minor virion protein. After a duplication in the common ancestor of pandoraviruses and molliviruses, one of the
paralogs displaces DJR MCP in pandoraviruses, conceivably, opening the way for a major increase in the size of the virion
and the genome. Exaptation of a carbohydrate-binding protein for the function of the MVP is a general trend in virus evolu-
tion and might underlie the transformation of the virion shape in other groups of the Nucleocytoviricota as well.
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1. Introduction

Nucleo-cytoplasmic large DNA viruses (NCLDVs), recently offi-
cially classified into a phylum Nucleocytoviricota (Koonin et al.
2020), represent an expansive and highly diverse group of eu-
karyotic viruses (Koonin and Yutin 2019). They are associated
with most major eukaryotic lineages and emerge as important
players in ecosystems across Earth’s biomes (Moniruzzaman
et al. 2020; Schulz et al. 2020). Analysis of marine microbial
metagenomes suggested that there is more phylogenetic

diversity in a single family of NCLDVs than currently known in
bacteria and archaea, combined (Mihara et al. 2018). Officially,
phylum Nucleocytoviricota includes seven virus families,
namely, Phycodnaviridae, Mimiviridae, Ascoviridae, Iridoviridae,
Marseilleviridae, Asfarviridae, and Poxviridae. However, many fam-
ily level groups remain unclassified, most notably, including
pandoraviruses (Philippe et al. 2013; Legendre et al. 2018), molli-
viruses (Legendre et al. 2015; Christo-Foroux et al. 2020),

Published by Oxford University Press 2020. This work is written by US Government employees and is in the public domain in the US.
This article is published and distributed under the terms of the Oxford University Press, Standard Journals Publication Model (https://academic.oup.com/
journals/pages/open_access/funder_policies/chorus/standard_publication_model)

1

Virus Evolution, 2020, 6(2): veaa059

doi: 10.1093/ve/veaa059
Research Article

https://orcid.org/0000-0001-5486-0098
https://orcid.org/0000-0003-3943-8299
https://academic.oup.com/


pithoviruses (Legendre et al. 2014), cedratviruses (Andreani
et al. 2016; Bertelli et al. 2017), orpheoviruses (Andreani et al.
2017a), faustoviruses (Reteno et al. 2015; Benamar et al. 2016),
pacmanviruses (Andreani et al. 2017b), mininucleoviruses
(Subramaniam et al. 2020), and medusaviruses (Yoshikawa
et al. 2019).

These viruses span a range of genome sizes. The smallest
among NCLDVs are mininucleoviruses with genomes of about
74 kb (Subramaniam et al. 2020). On the other side of the spec-
trum are pandoraviruses, the so far undisputed champions of
the virosphere in terms of genome size, which have genomes of
up to 2.5 Mb, larger than the genomes of many cellular organ-
isms (Philippe et al. 2013). Pandoraviruses are not the only true
giants among the NCLDVs: some members of at least two other
virus groups, mimiviruses and orpheovirus, have genomes
larger than 1 Mb (Guglielmini et al. 2019; Koonin and Yutin
2019). Mapping of the genome size distribution on the phylog-
eny of NCLDVs and reconstruction of gene gain and loss indi-
cate that gigantism has evolved on several independent
occasions and that giant viruses have evolved from viruses with
considerably smaller genomes (Guglielmini et al. 2019; Koonin
and Yutin 2019). However, the mechanisms and particular
adaptations permitting the dramatic expansion of virus
genomes remain unclear.

Most members of the Nucleocytoviricota have icosahedral cap-
sids constructed from the characteristic double-jelly roll (DJR)
major capsid proteins (MCPs) and single jelly roll minor capsid
proteins, an architecture shared with several groups of smaller
eukaryotic and prokaryotic viruses (Krupovic and Bamford
2008). This feature has been used as the basis for unification of
all DJR MCP viruses, including Nucleocytoviricota, into the king-
dom Bamfordvirae, within the realm Varidnaviria (Koonin et al.
2020). However, departure from the canonical icosahedral cap-
sid has occurred on several independent occasions in the his-
tory of Nucleocytoviricota (Fig. 1A). Perhaps, the most extensively
studied and hence best understood case is that of poxviruses, in
which the homolog of the DJR MCP instead of performing a role
of capsid protein functions as a scaffolding protein and is pro-
teolytically removed from the mature virions which assume a
brick-shaped morphology (Condit, Moussatche, and Traktman
2006). Non-icosahedral virions are also characteristic of ascovi-
ruses, pithoviruses, cedratviruses, orpheovirus, pandoraviruses
and, potentially, molliviruses. Virions of ascoviruses, depending
on the species, are either bacilliform, ovoidal, or allantoid in
shape and have complex symmetry (Asgari et al. 2017).
Pithoviruses, cedratviruses, orpheovirus, and pandoraviruses
also have ovoid virions, with certain differences in the terminal
‘cork-like’ structures (Philippe et al. 2013; Legendre et al. 2014;
Andreani et al. 2016, 2017a; Silva et al. 2018). In contrast, molli-
virus virions are spherical with a thick coat or tegument covered
with fibers (Quemin et al. 2019). In phylogenetic analyses, molli-
viruses and pandoraviruses form a clade that is lodged deep
within the family Phycodnaviridae (Yutin and Koonin 2013), an
expansive family of algal viruses with complex icosahedral viri-
ons (Fang et al. 2019; Van Etten, Agarkova, and Dunigan 2019).
Despite the diversity of virion morphologies, all but one group
of Nucleocytoviricota viruses with non-icosahedral virions encode
orthologs of the DJR MCP, suggesting that, following the poxvi-
rus paradigm, these proteins retain roles in virion assembly or/
and structure. Pandoraviruses represent the only apparent ex-
ception, even though in molliviruses, the closest relatives of
pandoraviruses, DJR MCP is one of the major components of the
virion (Legendre et al. 2015). Instead, pandoravirus virions (1 lm
in length and 0.5 lm in diameter) contain two major virion

proteins (MVP) with molecular masses of �60 kDa which are
unrelated to the MCPs of other known viruses (Philippe et al.
2013). The thick, electron-dense tegument layer of pandoravirus
virions has been reported to contain cellulose which could be
stained with cellulose-specific fluorescent dye and enzymati-
cally degraded by cellulase (Brahim Belhaouari et al. 2019).
Thus, pandoraviruses appear to represent the most radical de-
parture from the paradigmatic virion architecture common to
other viruses in the Nucleocytoviricota. However, how this change
has occurred and what is the source of the pandoravirus MVPs,
remains unknown.

Here, we investigated the provenance of the MVPs of pan-
doraviruses and show that one of the two most abundant pro-
teins evolved from an inactivated derivative of a bacterial
glycoside hydrolase of family 16 (GH16). We propose a scenario
for the gradual evolution of pandoraviruses from icosahedral
ancestor. These results provide a striking example of exaptation
of a cellular protein for an MVP function.

2. Results and discussion
2.1 Homologs of the pandoravirus MVPs in other viruses

We analyzed the provenance of the two major, most abundant
virion proteins of pandoraviruses that ranked 1 and 2 in proteo-
mic analyses (Philippe et al. 2013). To this end, sequences of the
corresponding Pandoravirus salinus proteins, MVP1 (psal_273;
YP_008436917) and MVP2 (psal_221; YP_008436815), were used
as queries in homology searches. Homologs of MVP1 were re-
stricted to pandoraviruses, and sensitive profile–profile compar-
isons did not reveal similarity to any other known proteins,
consistent with the original assessment (Philippe et al. 2013). In
contrast, numerous homologs of MVP2 were readily identifiable
in other viruses by BLASTP (n¼ 54; E< 5e�03). In particular,
MVP2 homologs were widespread in (but restricted to) members
of the class Megaviricetes (Koonin et al. 2020), including pandora-
viruses, molliviruses, mimiviruses, marseilleviruses, cedratvi-
ruses, orpheovirus, and medusavirus (Fig. 1A). Notably,
pandoraviruses and molliviruses encode two MVP2 homologs
each (psal_221 and psal_428 in P. salinus), whereas other viruses
carry a single MVP2-like gene. Clustering of the viral sequences
based on pairwise similarities, followed by community detec-
tion analysis using convex clustering algorithm implemented in
CLANS (Frickey and Lupas 2004), revealed six clusters (Fig. 1B).
From the largest to the smallest, these clusters are: 1,
Mimiviridae; 2, Marseilleviridae and Medusavirus; 3, psal_428-like
proteins of pandoraviruses and molliviruses; 4, psal_221-like
proteins of pandoraviruses; (5) cedratviruses; and 6, psal_221-
like proteins of molliviruses. Finally, the orpheovirus sequence
was an outlier, loosely connected to the Mimiviridae cluster. The
pithoviruses, which form a monophyletic group with orpheovi-
rus and cedratviruses, do not encode a homolog of either
psal_221 or psal_428 (Fig. 1A). Given that orpheovirus and
cedratvirus homologs show higher sequence similarity to the
corresponding proteins of mimiviruses rather than to each
other (Fig. 1B), it appears likely that the protein has been ac-
quired independently by the ancestors of the two virus groups.
More generally, the connectivity pattern suggests that most vi-
ruses encode orthologs of psal_428, whereas genuine orthologs
of MVP2 are conserved only in pandoraviruses and molliviruses.
The clusters of MVP2-like proteins were generally consistent
with the classification of the respective viruses (Fig. 1B), sug-
gesting that these genes have not undergone recent exchange
between viruses from different families.
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In all viruses, for which proteomics data on the viral particles
is available, MVP2 homologs were found to be virion components
(Fig. 1A). However, except for the psal_221 orthologs in pandoravi-
ruses, these proteins constitute only minor fraction of the virion
proteins. Whereas psal_221 is the second most abundant protein
in P. salinus virion, its homolog psal_428 is ranked only at 161
(Legendre et al. 2018). In molliviruses, which are the closest rela-
tives of pandoraviruses, but employ DJR MCP for virion formation,
ml_494 and ml_264, the orthologs of P. salinus psal_221 and
psal_428, are ranked only 96 and 56, respectively (Legendre et al.
2015). Among members of the Marseilleviridae, MVP2 homologs
were identified in virions of Marseillevirus (Boyer et al. 2009),
Melbournevirus (Fabre et al. 2017; Okamoto et al. 2018), and
Noumeavirus (Fabre et al. 2017). In Melbournevirus, MEL_089,
along with the DJR MCP, was among the five proteins highly resis-
tant to urea treatment (Okamoto et al. 2018), suggesting that in
certain properties, namely, resilience to denaturing treatment,
MVP2-like proteins are similar to the bona fide MCPs. A potential
function of an MVP2-like protein has been suggested only in mim-
iviruses. L829, a homolog of MVP2, has been identified in virions
of several mimiviruses, including Acanthamoeba polyphaga mimivi-
rus (Renesto et al. 2006) and Tupanvirus soda lake (Abrah~ao et al.
2018; Schrad et al. 2020). Spontaneous deletion of a locus in the
mimivirus genome, which included the L829 gene, resulted in the
loss of the characteristic fibers surrounding the mimivirus virions,
and proteomic analysis of the purified fibers further suggested
that L829 is one of several components of the fibers (Boyer et al.
2011). However, RNAi-mediated knock down of the L829 gene did

not eliminate fibers completely, only making them shorter and
less dense, suggesting that L829 is not a major component of
these structures (Sobhy et al. 2015). The fiber layer present in
mimiviruses has not been observed in other MVP2-encoding vi-
ruses, including pandoraviruses and molliviruses, suggesting that
the function(s) of MVP2 in these viruses differs from that in the
mimivivurses.

2.2 Bacterial origins of MVP2-like proteins

Searches with the psal_221 sequence against the RefSeq data-
base (BLASTP, E< 5e�03) showed that, in addition to viruses,
MVP2 homologs are widespread in bacteria, particularly, in acti-
nobacteria, with most annotated as hypothetical proteins.
Clustering of the bacterial and viral MVP2 homologs revealed
three interconnected major modules of bacterial sequences
(Fig. 2A). Actinobacteria dominated all three modules: 88 per
cent in Module 1 (n¼ 92), 60 per cent in Module 2 (n¼ 31), and 62
per cent in Module 3 (n¼ 8; Supplementary Table S1). Firmicutes
and proteobacteria represented the second largest groups in
Modules 2 (29%) and 3 (31%), respectively. All viral homologs
clustered with sequences from Module 1 (Fig. 2A). Notably,
psal_221 orthologs connect to bacterial sequences through viral
homologs, consistent with this group representing divergent
paralogs that evolved in the context of giant virus genomes.
However, whether all virus proteins are monophyletic or were
recruited from bacteria on multiple independent occasions
could not be concluded from the clustering analysis due to
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similar levels of sequence similarity among viral as well as be-
tween viral and bacterial homologs, resulting in a dense con-
nectivity between the corresponding clusters.

To study the relationships between viral and bacterial
homologs in Module 1, we performed maximum likelihood phy-
logenetic analysis using IQ-Tree (Minh et al. 2020). In the mid-
point rooted tree shown in Fig. 2B, viral and bacterial sequences
form two major clades, suggesting monophyly of all viral
sequences. Thus, in all likelihood, the bacterial ancestor of
MVP2-like proteins has been introduced into the virus world on
a single occasion. Although basal nodes in the phylogeny are
poorly resolved (Fig. 2B), phyletic distribution of the protein in
giant viruses (Fig. 1A) suggests that the corresponding gene has
been disseminated horizontally. Notably, all viruses that encode
MVP2 homologs infect amebae, phagocytic protists that feed on
bacteria and often harbor bacterial endosymbionts.
Accordingly, amebae are considered to be a ‘melting pot’ of
gene exchange between bacteria and giant viruses (Boyer et al.
2009). Indeed, none of the giant viruses infecting other hosts
encodes this protein. In particular, the absence of MVP2 in the
closest relatives of the mimiviruses that infect algae (Santini
et al. 2013; Moniruzzaman et al. 2014) and microzooplankton
(Fischer et al. 2010; Deeg, Chow, and Suttle 2018) is consistent
with the possibility that the evolution of this protein took place
in the context of virus–host interactions in ameba, whereby
ancestors of the MVP2-encoding viruses have co-infected the
same host and exchanged genes.

2.3 Ancestral function of MVP2-like proteins

To gain insights into the potential function of the bacterial pro-
teins ancestral to MVP2 homologs, we performed PaperBLAST

which explores the database of 700,000 scientific articles that
mention over 400,000 different proteins (last update 24 March
2020; Price and Arkin 2017). However, no relevant information
was found. Homology searches against the PDB database also
returned no hits, suggesting that none of the proteins in
Modules 1–3 were functionally or structurally characterized.
Therefore, we performed sensitive profile–profile comparisons
with HHpred using as queries profiles separately constructed
for each of the three bacterial modules shown in Fig. 2A. In all
three cases, HHpred-returned proteins of the GH16 (cd00413) as
the best hits (Supplementary Fig. S1), although the significance
of the hit for Module 3 was more modest compared with those
obtained for the other two modules (probability of 82% vs
96–98%). The GH16 family is an expansive, and taxonomically
widespread assemblage of functionally diverse enzymes, in-
cluding lichenase, xyloglucosyltransferase, agarase, kappa-
carrageenase, endo-beta-glucanases, endo-beta-galactosidase,
and more (CAZypedia Consortium 2018; Viborg et al. 2019;
Linton 2020). These enzymes adopt a common b-jelly roll fold
consisting of two closely packed, curved antiparallel b sheets
which create a deep channel harboring the catalytic site
(Fig. 3A) that consists of the conserved triad of acidic residues in
the pattern EXDX(X)E, where X is any amino acid (Viborg et al.
2019). Examination of the alignment of the GH16 representa-
tives, viral MVP2 homologs and bacterial sequences from
Modules 1 to 3 (Supplementary Fig. S2) showed that the active
site in the latter two groups carries mutations of the conserved
glutamate and aspartate residues in the catalytic site (Fig. 3B),
suggesting that these proteins are not enzymatically active.
Thus, in all likelihood, the bacterial protein acquired by giant vi-
ruses was already inactivated.
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In addition to the inactivated GH16 domain, psal_221 con-
tains an N-terminal region of unclear function in which
twenty-one out of twenty-seven amino acid residues are ala-
nines (Fig. 3C). A similar N-terminal Ala-rich region of the
Antigen I/IIf from Streptococcus mutans is responsible for bind-
ing to collagen, laminin, keratin, and fibronectin (Sciotti et al.
1997). Thus, it appears likely that the Ala-rich region of
psal_221 also mediates specific protein–protein interaction.
The Ala-rich region is conserved in all psal_221 pandoravirus
orthologs but not in other viral MVP2 homologs, including
psal_428. Notably, it is also missing in the psal_221 orthologs
in molliviruses, suggesting that the region has been acquired
following the divergence of pandoraviruses and molliviruses
from their common ancestor and might be specifically in-
volved in the formation of the amphora-like pandoravirus
virions.

2.4 Evolution of pandoravirus MVP2

Collectively, our results suggest a scenario for the evolution of
major structural proteins of pandoravirus virions (Fig. 4). The
roots of the MVP2 ancestor can be traced to a peculiar group of
functionally uncharacterized bacterial proteins which have
evolved from GH16 family enzymes through inactivating muta-
tion in the active site. Given that GH16 enzymes act on carbohy-
drates, the inactivated GH16 derivatives, most likely, retained
the ability to bind carbohydrates and function in this capacity.
In particular, MVP2 might interact with and stabilize the cellu-
lose component of the pandoravirus tegument layer (Brahim
Belhaouari et al. 2019). Following the acquisition, the inacti-
vated GH16 gene has been exchanged between different groups

of giant ameba-infecting viruses, where they function as minor
components of the viral particles. In the ancestor of mollivi-
ruses and pandoraviruses, this gene underwent duplication
and, in pandoraviruses, one of the copies gained an Ala-rich re-
gion, giving rise to pre-MVP2. The advance of pre-MVP2 to the
status of an MVP was likely concomitant with the acquisition of
MVP1, the provenance of which remains enigmatic, and the loss
of the ancestral DJR MCP which is conserved in all other viruses
encoding MVP2-like proteins, including molliviruses. The
switch from the icosahedral DJR MCP-based capsids to
amphora-like virions has likely led to changes in virion assem-
bly mechanisms and potentially precipitated substantial in-
crease in virion and genome sizes that occurred in
pandoraviruses.
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2.5 Concluding remarks

Dramatic changes in virion architecture are common in virus evo-
lution, across the virosphere, from the smallest of viruses to the
giants discussed here. This transition is typically accompanied by
replacement, in a particular virus lineage, of the ancestral mor-
phogenetic module with a different one, which often comes from
other viruses (Caprari et al. 2015; Guardado-Calvo and Rey 2017;
Kazlauskas et al. 2017; Wolf et al. 2018; Koonin et al. 2020).
Exchange or even loss of morphogenetic modules appears to be
more frequent in viruses with smaller genomes. For instance,
RNA viruses of the order Tymovirales can have either icosahedral
virions (Tymoviridae), flexible filamentous (e.g. Alphaflexiviridae)
virions, or no capsids at all (Deltaflexiviridae). Furthermore, capsid
protein genes can be exchanged between viruses with RNA and
DNA genomes (Diemer and Stedman 2012; Roux et al. 2013).
Intuitively, mixing and matching of morphogenetic and genome
replication modules should be more efficient when both modules
consist of small numbers of genes, as is indeed the case for vi-
ruses with small genomes. In contrast, the morphogenetic mod-
ules of giant viruses are far more complex, many of them
encapsidating in excess of 100 proteins (Renesto et al. 2006;
Legendre et al. 2014, 2018; Schrad et al. 2020). Thus, replacement
of the key components in such intricate systems is more likely to
disrupt the co-evolved dependencies and lead to defective assem-
blies. Nevertheless, pandoraviruses succeeded in achieving just
that: the DJR MCP has been lost and the typical icosahedral capsid
turned into a giant amphora-like virion. Our findings discussed
here shed light on this remarkable metamorphosis. We show that
one of the two MVPs of pandoraviruses has evolved from a pre-
existing minor virion component, in itself, a horizontally acquired
inactivated bacterial enzyme, suggesting a gradual transformation
of a non-capsid protein into a bona fide MVP.

MVP2 of pandoraviruses represents a case of exaptation of a
cellular protein for a function in virion assembly and structure.
A similar route has been proposed for the origin of the MVPs of
certain archaeal, animal, and plant viruses (Krupovic et al. 2015;
Krupovic and Koonin 2017). More generally, the evolution of the
pandoravirus MVP2 appears to recapitulate the recently pro-
posed scenario for the origin of viruses, under which capsid
proteins continuously evolve from functionally diverse cellular
proteins (Krupovic, Dolja, and Koonin 2019). The evolution of
pandoravirus MVP2 from an inactivated GH16 family glycoside
hydrolase mirrors the proposed evolution of the jelly roll fold
capsid proteins, the most common type of capsid proteins, from
carbohydrate-binding proteins (Krupovic and Koonin 2017).
Intriguingly, virions of pithoviruses, superficially similar to
those of pandoraviruses, and mature brick-shaped virions of
poxviruses do not contain homologs of either MVP1 or MVP2 of
pandoraviruses and are instead constructed from unrelated
proteins (Resch et al. 2007; Legendre et al. 2014). Similarly, major
virions proteins of poxviruses have no obvious homologs
among other known viruses. Although sequence similarity
searches thus far have not provided insights into the prove-
nance of these proteins, structural studies and/or development
of more sensitive homology detection tools should help solving
this puzzle.

3. Methods
3.1 Sequence searches and clustering

Viral homologs of pandoravirus proteins psal_273
(YP_008436917) and psal_221 (YP_008436815) were identified us-
ing PSI-BLASTP (Altschul et al. 1997) against the non-redundant

protein database and NCBI. The bacterial homologs of psal_221
were collected by running two iterations of PSI-BLAST against
the RefSeq database restricted to bacterial sequences. The re-
dundancy in the resultant dataset was removed by clustering
the sequences with MMseq2 (Steinegger and Söding 2017) to 80
per cent sequence identity over 80 per cent of the alignment
length.

Sequences were clustered using CLANS with BLAST option
(Frickey and Lupas 2004). CLANS is an implementation of the

Fruchterman-Reingold force-directed layout algorithm, which
treats protein sequences as point masses in a virtual multidi-
mensional space, in which they attract or repel each other
based on the strength of their pairwise similarities (CLANS
P-values; Frickey and Lupas 2004). Thus, evolutionarily more
closely related sequences gravitate to the same parts of
the map, forming distinct clusters. Clusters of viral psal_221
homologs were identified by CLANS convex clustering
algorithm at P-value¼ 1e�20. Whereas clustering of bacterial
and viral homologs was performed at CLANS P-value¼ 1e�14.

3.2 Multiple sequence alignments and remote homology
detection

Sequences were aligned using MAFFT in ’Auto’ mode (Katoh,
Rozewicki, and Yamada 2019) and visualized with Jalview
(Waterhouse et al. 2009). Sequence searches based on profile–
profile comparisons were used to detect remote homology.
Multiple sequence alignments were used as queries for profile–
profile comparisons in HHpred against different protein data-
bases, including Pfam, PDB, CDD, and SCOPe (Zimmermann
et al. 2018).

3.3 Phylogenetic analysis

For phylogenetic analysis, uninformative positions we removed
using TrimAl with gap threshold of 0.2 (Capella-Gutierrez, Silla-
Martinez, and Gabaldon 2009). The final alignment contained
392 positions. The maximum likelihood tree was constructed
using IQ-TREE v2 (Minh et al. 2020). The best-fitting substitution
model was selected by IQ-TREE and was LGþFþR5. Branch sup-
ports were estimated using bootstrap (1,000 replicates). The tree
was visualized with iTOL (Letunic and Bork 2019).

Data availability

All the data used in this work are available from the GenBank
database and from the Supplementary Material.
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