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SUMMARY Viruses and mobile genetic elements are molecular parasites or symbi-
onts that coevolve with nearly all forms of cellular life. The route of virus replication
and protein expression is determined by the viral genome type. Comparison of
these routes led to the classification of viruses into seven “Baltimore classes” (BCs)
that define the major features of virus reproduction. However, recent phylogenomic
studies identified multiple evolutionary connections among viruses within each of
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the BCs as well as between different classes. Due to the modular organization of vi-
rus genomes, these relationships defy simple representation as lines of descent but
rather form complex networks. Phylogenetic analyses of virus hallmark genes com-
bined with analyses of gene-sharing networks show that replication modules of five
BCs (three classes of RNA viruses and two classes of reverse-transcribing viruses)
evolved from a common ancestor that encoded an RNA-directed RNA polymerase or
a reverse transcriptase. Bona fide viruses evolved from this ancestor on multiple, in-
dependent occasions via the recruitment of distinct cellular proteins as capsid sub-
units and other structural components of virions. The single-stranded DNA (ssDNA)
viruses are a polyphyletic class, with different groups evolving by recombination be-
tween rolling-circle-replicating plasmids, which contributed the replication protein,
and positive-sense RNA viruses, which contributed the capsid protein. The double-
stranded DNA (dsDNA) viruses are distributed among several large monophyletic
groups and arose via the combination of distinct structural modules with equally di-
verse replication modules. Phylogenomic analyses reveal the finer structure of evolu-
tionary connections among RNA viruses and reverse-transcribing viruses, ssDNA vi-
ruses, and large subsets of dsDNA viruses. Taken together, these analyses allow us
to outline the global organization of the virus world. Here, we describe the key as-
pects of this organization and propose a comprehensive hierarchical taxonomy of vi-
ruses.

KEYWORDS ICTV, evolution, megataxonomy, phylogenomics, phylogeny, realm,
virosphere, virus classification, virus nomenclature, virus taxonomy

The eternal mystery of the world is its comprehensibility . . . The fact that
it is comprehensible is a miracle.
—Albert Einstein, 1936

INTRODUCTION

All cellular life-forms, with the exception of some intracellular bacterial parasites,
host distinct repertoires of viruses and other mobile genetic elements (MGEs).

Viruses appear to be the dominant biological entities on our planet, with the total
count of virus particles in aquatic environments alone at any given point in time
reaching the staggering value of 1031, a number that is at least an order of magnitude
greater than the corresponding count of cells (1–5). Accordingly, lytic infections of
cellular organisms, primarily bacteria, by viruses play a central role in the biological
matter turnover in the biosphere (1, 5–10). The genetic diversity of viruses is harder to
assess, but, beyond doubt, the gene pool of viruses is, in the least, comparable to that
of hosts. The estimates of the number of distinct prokaryotes on earth differ widely, in
the range of 107 to 1012 (11–14), and accordingly, estimation of the number of distinct
viruses infecting prokaryotes at 108 to 1013 is reasonable. Even assuming the lowest
number in this range and even without attempting to count viruses of eukaryotes,
these estimates represent vast diversity. Furthermore, the genomes of most viruses
accumulate mutations much faster than genomes of cellular organisms due to both the
typically low fidelity of the virus replication machinery that stems, in part, from the
absence of proofreading activity in many viruses and the strong selection pressure
on virus populations (15–20). Some viruses are able to rapidly explore sequence
space via recombination, whereas those with segmented or multipartite genomes can
complement the accumulation of mutations through replication with reassortment of
genome segments (21, 22). Thus, viruses encompass an enormous pool of rapidly
evolving genes that appears to continuously contribute to the emergence of new
genes in cellular life-forms through the exchange of genetic material between cells and
viruses. However, despite the rapid short-term evolution of viruses, the key genes
responsible for virion formation and virus genome replication are conserved over the
long term due to selective constraints (23, 24).

Theoretical arguments and mathematical models of replicator evolution indicate
that genetic parasites inescapably emerge even in the simplest molecular replicator
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systems and persist through their subsequent evolution (25–30). Together with the
ubiquity and enormous diversity of viruses in the extant biosphere, these findings lead
to the conclusion that viruses and other MGEs played major roles in the evolution of life
ever since its earliest stages (8, 31–33). In a sense, all evolution of life is a history of
coevolution between MGEs and their cellular hosts. This coevolution involves both
the perennial arms race that leads to the evolution of the extremely diverse and
elaborate defense systems of the hosts and various forms of cooperation, in
particular exaptation of MGE genetic material for diverse and novel roles in hosts
and the converse hijacking of defense system components by MGEs (34, 35, 235).
The interactions between MGEs and their cellular hosts span the entire range from
mutualism, e.g., between bacteria or archaea and numerous plasmids that carry
genes essential for their hosts, via various forms of symbiotic relationships, to full
antagonism as in the case of lytic viruses (36–38). Considering the enormous
abundance and diversity of viruses and other MGEs, and the ubiquitous interactions
between MGEs and cellular hosts, a thorough investigation of the evolutionary
relationships among viruses and MGEs is essential to advance our understanding of
the evolution of life (8, 32, 39–41).

In this article, we summarize the emerging understanding of the evolutionary
relationships among diverse groups of viruses and argue that a coherent account of the
global organization of the virus world is now within reach. Prior to this work, only a few
attempts at virus megataxonomy were undertaken. For instance, in 1943, Ruska advo-
cated for a virus classification based on certain morphological characteristics of virions
(42). In 1948, Holmes outlined an all-virus-encompassing order with various subranks
on the basis of virus-host tropism (43). In 1961, Cooper suggested a system on the basis
of virus genome type and the absence or presence of a virion lipid envelope (44).
Others subsequently modified this taxonomy by adding virion pH sensitivity and virion
shape as classification criteria (45–48). In the most consistent virus taxonomy effort of
the pregenomic era, from 1962 to 1966, Lwoff, Horne, and Tournier developed an
alternative system that also focused on the type of nucleic acid that is encapsidated
into virions and virion morphology (“LHT system”) (49–51).

The advances of virus genomics and metagenomics create both the challenge
and the opportunity to develop a new, genome-based virus megataxonomy (52).
Recently, the International Committee on Taxonomy of Viruses (ICTV) formally ap-
proved the possibility to classify viruses known only from genomic sequence (53) and
to create taxa above the rank of order (54), thus opening the door for a compre-
hensive taxonomic scheme. Here, we describe the emerging global view of the
organization of the virus world and propose a complete, even though preliminary,
outline of the forthcoming virus megataxonomy.

THE BALTIMORE CLASSES OF VIRUSES, VIRUS HALLMARK GENES, AND MAJOR
EVOLUTIONARY TRENDS IN THE VIRUS WORLD

In sharp contrast with cellular organisms, viruses and MGEs use effectively all
possible genome replication and expression strategies (Fig. 1). The only general
exclusion principle that governs the information flow in cellular life-forms and MGEs
is the central dogma of molecular biology according to which information is
transferred from nucleic acids to proteins but never in the reverse direction (55, 56).
In a seminal 1971 article, Baltimore classified all then-known viruses into six distinct
classes that became known as Baltimore classes (BCs) (a seventh class was intro-
duced later), on the basis of the structure of the virion’s nucleic acid (traditionally
called the virus genome) (57–59):

I. Double-stranded DNA (dsDNA) viruses, with the same replication-expression
strategy as in cellular life forms

II. Single-stranded DNA (ssDNA) viruses that replicate mostly via a rolling-circle
mechanism

III. dsRNA viruses
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FIG 1 The seven Baltimore classes (BCs): information flow. For each BC, the processes of replication,
transcription, translation, and virion assembly are shown by color-coded arrows (see the inset). Host
enzymes that are involved in virus genome replication or transcription are prefixed with “h-,” and in cases
when, in a given BC, one of these processes can be mediated by either a host- or a virus-encoded
enzyme, the latter is prefixed with “v-.” Otherwise, virus-encoded enzymes are not prefixed. CP, capsid
protein; DdDp, DNA-directed DNA polymerase; DdRp, DNA-directed RNA polymerase; gRNA, genomic
RNA; RdRp, RNA-directed RNA polymerase; RT, reverse transcriptase; RCRE, rolling-circle replication
(initiation) endonuclease.
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IV. Positive-sense RNA [(�)RNA] viruses that have ssRNA genomes with the same
polarity as the virus mRNA(s)

V. Negative-sense RNA [(�)RNA] viruses that have ssRNA genomes complemen-
tary to the virus mRNA(s)

VI. RNA reverse-transcribing viruses that have (�)RNA genomes that replicate via
DNA intermediates synthesized by reverse transcription of the genome

VII. DNA reverse-transcribing viruses replicating via reverse transcription but incor-
porating into virions a dsDNA or an RNA-DNA form of the virus genome.

Ever since the publication of Baltimore’s paradigmatic article (57), the BCs have been
informally used as the top classification rank for viruses, and a proposal has been made
to formalize this status (54). Recently, all RNA viruses (BCs III, IV, and V) have been
formally unified under the realm taxon, which is equivalent to the domain rank used for
cellular organisms (60). From a formal information transfer perspective, each of the BCs
can be viewed as equivalent in stature to all cellular life-forms (59). In other words, all
cellular life-forms use a strategy of genome replication and expression that corresponds
to a single BC, namely, BC I. Viruses of the different BCs widely differ in abundance,
diversity, and distribution across the diversity of cellular hosts. The most abundant and
diverse viruses (at least to our current knowledge) are BC I viruses, which are most
common in prokaryotic hosts, and BC IV viruses, which dominate the viromes of
eukaryotes (61). However, none of the BCs can be considered “exotic,” because all BCs
include viruses and virus-related MGEs that are abundant in at least some hosts (Fig. 2).

Although pragmatic, the classification of viruses into the BCs does not necessarily
accurately reflect evolutionary relationships. The proposition that the BCs are mono-
phyletic is arguably attractive and at face value plausible. However, evidence supports
monophyly for some of the BCs but refutes it for others. Generally, the evolution of
viruses and MGEs is studied with methods of molecular evolutionary analysis that are
also used for cellular organisms (62, 63). However, the organizations of the genetic
spaces dramatically differ between viruses and their cellular hosts. Even among cellular
life-forms, the genomes display remarkable plasticity and evolve in highly dynamic
regimes. Especially in prokaryotes, the dominant evolutionary process is horizontal
gene transfer (HGT), which results in massive gene gain and loss (64–67). Notwith-
standing these turbulent evolutionary dynamics, the genomes of all cellular organisms
encompass about a hundred universal genes that encode, almost exclusively, protein
and RNA components of the translation system (68). The presence of this universal
gene core is strong evidence for the origin of all cellular life from a last universal cellular
ancestor (LUCA) (68–70). Furthermore, phylogenetic analysis of these universal genes

FIG 2 Distribution of the seven BCs of viruses in the major divisions of prokaryotes and eukaryotes. The
virus genera are from the ICTV report (https://talk.ictvonline.org/ictv-reports/ictv_online_report/).
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reveals a central vertical trend in the evolution of cellular life-forms and provides a
scaffold for reconstructions of evolution by gene gain, gene loss, and HGT (71).

In the genetic space of viruses and MGEs, no genes are universal or even conserved
in the majority of viruses (72). Viruses have several distinct points of origin, so there has
never been a last common ancestor of all viruses. Moreover, even when a gene is
represented in many diverse groups of viruses, it cannot be automatically assumed that
it originated in their last common ancestor. The cause of the uncertainty is that viruses
acquire numerous genes from their cellular hosts, and independent capture of homol-
ogous genes by diverse viruses appears to be fairly common (73, 74). Furthermore,
rapid virus genome evolution often leads to extreme divergence of homologous
sequences in distinct viruses, so the successful detection of such homologs using even
the most powerful methods of sequence analysis is not guaranteed.

Notwithstanding the highly dynamic character of virus evolution and the ensuing
methodological problems, large-scale reconstruction of virus evolution is not a hope-
less pursuit. Despite the lack of a common ancestor of all viruses, evolutionary analyses
of large virus groups have proven productive. The prime approach in these studies is
phylogenetic analysis of virus hallmark genes (VHGs), i.e., genes that are broadly
conserved among diverse groups of viruses (72).

For cellular life-forms, in particular archaea and bacteria, gene frequency plots show
a characteristic, asymmetrical U shape that includes a small uptick on the right that
corresponds to (nearly) universal genes, a comparatively flat middle part consisting of
moderately conserved genes, and a large ascending part on the left that includes rare
and unique genes (Fig. 3). This characteristic distribution of gene frequencies is
observed at all evolutionary depths among prokaryotes and can be accurately de-
scribed by a model of evolution that incorporates a particular distribution of gene
replacement rates (i.e., deleterious effects of gene loss) (75–77). The gene frequency
distribution for virus genomes of dsDNA viruses, the only BC for which the number of
genes is sufficiently large to analyze this type of distribution, is qualitatively similar but
quantitatively different, with a notably greater fraction of viral genes contained within
the poorly conserved/unique cloud and a minuscule core of conserved genes (78, 79)
(Fig. 3). The genes comprising this core, together with the (nearly) ubiquitous genes in
genomes of viruses of the other BCs, can be defined as VHGs.

Not surprisingly, VHGs encode proteins involved in central functions of virus repli-
cation and morphogenesis (72). Most VHGs are restricted to one BC, but several are

FIG 3 Comparison of gene frequency distributions for prokaryotes and dsDNA viruses (Baltimore class I).
The horizontal axis shows the fraction of genomes in which a given family of orthologous genes is
represented. The vertical axis (logarithmic scale) shows the relative frequency of orthologous gene
families that are represented in the given number of genomes. Thus, common genes are on the right of
the plot, and rare genes are on the left.
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present in enormously diverse viruses and span two or even three BCs (Fig. 4). These
“super-VHGs” encode the following:

1. RNA-directed RNA polymerases (RdRps) that form an apparently monophyletic
group of palm domain-containing polymerases and unite the three BCs (III, IV,
and V) of RNA viruses

2. RNA-directed DNA polymerases, or reverse transcriptases (RTs), that unify the
two BCs (VI and VII) of reverse-transcribing viruses, along with the related MGEs,
and belong to the same branch of the palm domain polymerases as the RdRps

3. Superfamily 3 helicases (S3Hs) that are encoded almost exclusively by MGEs,
including (�)RNA (BC IV), most of the ssDNA (BC II), and diverse groups of dsDNA
(BC I) viruses

4. Single-jelly-roll capsid proteins (SJR-CPs), which are the most common form of
CPs among (�)RNA (BC IV) and ssDNA (BC II) viruses

5. Double-jelly-roll capsid proteins (DJR-CPs), widespread among dsDNA viruses
and also found in some ssDNA viruses

6. Rolling-circle replication initiation endonucleases (RCREs) that are encoded by
the great majority of ssDNA viruses but are also present in some dsDNA viruses.

The origins of super-VHGs appear to be widely different. In particular, RdRps, RTs,
and RCREs most likely represent the heritage of the primordial, precellular replicator
pool as indicated by the absence of orthologs of these proteins in cellular life-forms
(except for some that, obviously, have been captured from MGEs) (72, 80). The S3Hs and
SJR-CPs seem to have been acquired from cellular hosts at the earliest stages of virus
evolution, whereas the DJR-CPs probably evolved from SJR-CPs in a common ancestor
of an ancient virus lineage (80, 81).

The evolution of the rest of the virus genomes can be reconstructed using VHG
phylogenies as scaffolds (74, 82). A complementary approach is the dissection of
bipartite gene-genome networks of viruses into distinct modules (79, 83, 84). The
(super-)VHGs are hubs of such networks. Arguably, a comprehensive account of virus
evolution can be achieved only through the combination of phylogenetic and network
approaches.

During the last few years, the application of these approaches to different large
groups of viruses, often initially defined as BCs, has resulted in fairly detailed and
well-supported evolutionary classifications for most of these groups (61, 82, 85).
Thus, we unexpectedly find ourselves in the position of mapping the major regions of
the virus world with reasonable accuracy, albeit with many blank/unresolved spots on
the map.

FIG 4 Representation of the 6 “superviral hallmark genes” in virus genomes of the seven Baltimore classes.
The “superviral hallmark proteins” are shown by ribbon diagrams of the representative protein structures.
The lines connect the proteins with the viruses of BCs in which they are present. The thickness of each
connecting line roughly reflects the abundance of a given “superhallmark” gene in a given BC. DJR-CP,
double-jelly-roll capsid protein; RCRE, rolling-circle replication (initiation) endonuclease; RdRp, RNA-
directed RNA polymerase; RT, reverse transcriptase; S3H, superfamily 3 helicase; SJR-CP, single-jelly-roll
capsid protein.
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In the sections that follow, we summarize the emerging understanding of the
evolutionary connections among viruses within and across BCs. The coherent assem-
blages of related viruses identified through a combination of VHG phylogenies and
networks of gene sharing could become the taxa of multiple ranks in a new, internally
consistent, hierarchical system of virus taxonomy. In this forthcoming megataxonomy,
novel top-rank virus taxa will displace the BCs from their current status as informal
highest-rank taxonomic units. Nevertheless, the BCs will remain an essential framework
for the study of virus biology, much like the concepts of prokaryotes and eukaryotes,
which do not reflect the phylogeny of cellular life-forms and which are not taxa of any
rank but nevertheless are key staples of comparative cell biology.

Note that, here, we use “-virids” and “-virins” (as outlined in reference 86) as specific
suffixes to denote the collective members of a virus family and subfamily, respectively,
and to differentiate them from the collective members of a virus genus (“-viruses”).

EVOLUTIONARY LINKS AMONG VIRUSES WITHIN AND ACROSS THE BALTIMORE
CLASSES
RNA Viruses

Viruses in BCs III, IV, and V share a single VHG, the RdRp (87, 88). The RdRp sequences
are highly divergent among the three BCs, and the very demonstration of their
homology has been far from a trivial task (89, 90). Nevertheless, comparative analyses
of thousands of sequences of diverse RdRps and RTs in BCs III, IV, and V and of the
structures of these polymerases demonstrate the monophyly of these enzymes, all of
which contain the so-called palm domain (80, 82, 91). Accurate phylogenetic analyses
of protein families that consist of protein sequences as highly divergent as those of
RdRps and RTs require the utmost caution (92, 93). Yet, notwithstanding all the caveats,
the RdRp phylogenetic tree, which was rooted using the highly conserved RTs of group
II introns as the outgroup, has a well-defined structure (82, 94) (Fig. 5). Although the
placement of the root on the RT branch is forced, the tree topology appears to be fully
compatible with this assumption because the monophyly of the RdRps is strongly
supported.

The RdRps form five major branches (82). Two branches consist entirely of (�)RNA
viruses (branches 1 and 3), one branch combines (�)RNA and dsRNA viruses (branch 2),
another one consists of dsRNA viruses (branch 4), and the last branch includes (�)RNA
viruses (branch 5) (Fig. 5). The monophyly of each of the five branches is strongly
supported, but the evolutionary relationships among the five branches are less certain.
The RdRp is the hallmark of RNA viruses that brings them all together, whereas other
genes are specific to each of the five branches and their major subbranches. Multiple
gene exchanges between RNA viruses of different branches appear to have occurred,
complicating evolutionary reconstructions.

Branch 1. Branch 1 includes RdRps of viruses assigned to the Leviviridae and is the
only branch of (�)RNA viruses infecting prokaryotes, specifically a limited diversity of
bacteria of the phylum Proteobacteria. Levivirids remain a compact group of viruses
despite the recent expansion of “levi-like” viruses discovered through metagenomics
sequence analysis (95, 236).

In addition to levivirids, branch 1 includes the RdRps of their apparent descendants
infecting eukaryotes (Fig. 5). The RdRp tree topology suggests that levivirids first gave
rise to “minimal” RNA replicons, known as mitoviruses, which encode only RdRps (96).
Mitoviruses reproduce in the mitochondria of some protists, fungi, and plants, as befits
descendants of prokaryotic viruses, and could have been acquired by protoeukaryotes
together with the mitochondrial endosymbiont (97). Mitoviruses are the apparent
ancestors of another group of capsidless RNA replicons, narnaviruses, which escaped to
the eukaryotic cytosol. Subsequently, mitoviruses and narnaviruses were apparently
lost from most eukaryotic lineages.

Descendants of narnaviruses reacquired a gene encoding a distinct capsid protein,
namely, SJR-CP, and some also captured genes encoding a helicase and a movement
protein (98). These derivatives of the levivirid-related naked replicons, members of the
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Botourmiaviridae, were initially thought to infect only plants but subsequently were
identified in fungi and invertebrates as well (99, 100). Thus, the history of branch 1
seems to have involved a loss of the levivirid structural module (the unique major and
minor CP genes), yielding capsidless replicons, some of which subsequently reacquired
an unrelated CP (SJR-CP) from plant viruses. The natural history of branch 1 is the
simplest among the RNA viruses and prompts the creation of a high-rank taxon for
these viruses. Furthermore, the taxonomy within this forthcoming taxon will have to be
revised because the family Botourmiaviridae is located between the genera Mitovirus
and Narnavirus of the current family Narnaviridae.

Branch 2. Branch 2 of the RdRp tree (Fig. 5) includes diverse (�)RNA viruses and two
groups of dsRNA viruses that are sometimes collectively referred to as the “picornavirus
supergroup” (88, 101–103), named after the Picornavirales, an expansive, well-
characterized order of protist, animal, and plant viruses that includes many human
pathogens (104). Viruses in this branch show an enormous diversity of genome lengths,
gene repertoires, and genome organizations and form virions with staggeringly differ-
ent structures. Branch 2 includes viruses with the largest known RNA genomes (e.g.,

FIG 5 Schematic representation of the phylogenetic tree of the RNA-directed RNA polymerases (RdRps) of RNA viruses (realm Riboviria).
The five major branches discussed in the text are labeled. Only selected clades including the best-characterized virus groups are shown
within each major branch. Each branch represents collapsed sequences of the respective set of RdRps. The reverse transcriptase sequences
from group II introns and non-LTR retrotransposons were used as the outgroup to root the tree. The three BCs included in the tree are
color-coded (orange, BC III; blue, BC IV; purple, BC V). (Adapted from reference 82.)
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abyssovirids and planarian secretory cell nidovirus, both classified as Nidovirales) (105,
106), along with viruses with some of the smallest RNA genomes, such as sobemovi-
ruses (Sobemoviridae) (107). Notwithstanding this enormous diversity and despite the
fact that no genes except for those encoding RdRp are shared by all viruses in branch
2, the VHGs encoding SJR-CPs and trypsin-like proteases appear to derive from a
common virus ancestor of this branch (82).

The evolutionary scenario for viruses in branch 2 includes the parallel acquisition of
helicases of three superfamilies and a number of additional genes, especially by viruses
of the Nidovirales. Perhaps the most prominent feature of branch 2 is the interleaving
of two BCs. A strongly supported clade of dsRNA viruses within branch 2 consists of the
members of the Partitiviridae and Picobirnaviridae (part of BC III) embedded among
(�)RNA viruses (BC IV). Partitivirids and picobirnavirids have small, bipartite genomes,
of which one segment encodes the RdRp, whereas the other segment encodes the CP
that is apparently homologous to the CPs of other dsRNA viruses such as the Reoviridae
(108, 109) (see below). This clade also includes capsidless RNA replicons that encode
only the RdRp (100, 110, 111). These replicons reproduce inside mitochondria or
chloroplasts of algae and use the mitochondrial genetic code, resembling mitoviruses
of branch 1 with respect to genome content and lifestyle. Thus, the dsRNA virus clade
in branch 2 most likely evolved via a scenario similar to that outlined above for the
botourmiavirids in branch 1, namely, the combination of an RdRp-only capsidless
replicon inherited from prokaryotes and a eukaryotic dsRNA virus CP gene.

Picobirnavirid genes are preceded by evolutionarily conserved Shine-Dalgarno se-
quences, suggesting the possibility that the actual hosts of these viruses discovered in
association with animals are bacteria (112, 113).

An additional, striking case of mixing different BCs within the same virus genome is
presented by viruses of the Amalgaviridae, a family of unsegmented dsRNA viruses
infecting plants and protists that encode an RdRp confidently affined with those of
partitivirids, but their putative CP is derived from nucleocapsid proteins of the (�)RNA
viruses of the bunyaviral Phenuiviridae (BC V) (114).

From a taxonomic standpoint, the dissection of branch 2 shows the inevitability of
the creation of taxa that cross the boundaries between the BCs. This branch alone spans
enormous phylogenetic depth, necessitating the creation of a multirank taxonomy.

Branch 3. Branch 3 of the RdRp tree consists of viruses that are about as diverse, in
terms of gene composition and genome architecture, as those comprising branch 2 but
currently includes only (�)RNA viruses infecting eukaryotes (Fig. 5). Branch 3 contains
two clades consisting of thoroughly characterized plant and animal viruses, some of
which possess long and highly complex genomes (by RNA virus standards). These
clades are informally assigned to the “alphavirus supergroup” and “flavivirus super-
group” (88, 102, 115) (Fig. 5). The “alphavirus supergroup” includes an extremely broad
range of plant viruses and a narrower variety of animal viruses, all of which share a
conserved array of VHGs that encode capping enzymes, superfamily 1 helicases, and
RdRps (61, 102). The conservation of this block of VHGs strongly supports the mono-
phyly of the supergroup.

The “flavivirus supergroup” is smaller than the “alphavirus supergroup” and, until
recently, included only animal-infecting viruses of the Flaviviridae. However, metavi-
romic studies have greatly expanded this supergroup by adding numerous plant and
animal viruses with diverse genome organizations, including multipartite (�)RNA
flavivirus-related agents tentatively called “jingmenviruses” and even a putative dsRNA
flavivirus-related agent associated with gentian Kobu-sho syndrome (100, 116–120).
Similar to the “alphavirus supergroup,” the majority of the “flavivirus supergroup”
viruses encode capping enzymes and helicases. However, these proteins (domains)
belong to protein families that are distinct from those that include the counterpart
enzymes in the “alphavirus supergroup” and clearly have been acquired independently
(82).

In addition to the two supergroups, branch 3 includes a number of lineages that all
represent viruses with typically short genomes that encode RdRps, CPs, and a few
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additional proteins. Two strongly supported, well-characterized clades among these
short-genome viruses are formed by members of the Nodaviridae and Tombusviridae
and their relatives, but many more groups will have to be added for viruses discovered
by metavirome sequencing, such as “statoviruses,” “weiviruses,” “yanviruses,” and
“zhaoviruses” (100, 116, 121, 122). Again, a multirank, hierarchical taxonomic structure
is necessary to adequately represent this branch.

Branch 4. Branch 4 of the RdRp tree thus far includes only dsRNA viruses (Fig. 5), but
a novel group of (�)RNA viruses (“quenyaviruses”) that might belong at the root of this
branch was recently described (123). In a pattern mimicking the genomic diversity in
branches 2 and 3, dsRNA viruses in branch 4 span wide ranges of genome lengths and
complexities. This branch contains the “minimal” genomes of viruses of the family
Totiviridae that encode only RdRp and CP, along with the highly complex reovirid
genomes that consist of up to 12 dsRNA segments and encompass numerous genes.
The key observation that supports the monophyly of dsRNA viruses in branch 4 is the
conservation of the CP structure and the capsid architecture, in which 60 homo- or
heterodimers of the CP are organized on an unusual, pseudo-T�2 lattice (109, 124). The
simpler totivirids and the complex reovirids and their immediate relatives comprise the
two main clades within branch 4. Notably, the reovirid-like clade includes cystovirids,
the only known group of dsRNA viruses infecting prokaryotes (125). Thus, the same
trend of apparent evolution of eukaryotic viruses from prokaryotic ancestors as that
identified in branch 1 and suggested for branch 2 is recapitulated among branch 4
dsRNA viruses, and a multirank, hierarchical taxonomic structure can be readily applied.

Branch 5. Branch 5 (established phylum Negarnaviricota [52, 60]) consists of all
known (�)RNA viruses with the exception of deltaviruses and RdRp-less satellite viruses
(albetoviruses, aumaiviruses, papaniviruses, sarthrovirids, and virtoviruses). Perhaps,
unexpectedly, branch 5 is lodged within branch 4, where it forms the sister group of
the reovirid-like clade. The monophyly of the (�)RNA virus RdRps is unambiguously
supported by all used phylogenetic methods, but the position of the (�)RNA branch
amid the dsRNA viruses is less confidently supported (82). Nevertheless, the placement
of (�)RNA viruses within the dsRNA branch appears to be reaffirmed by comparison of
the structures of the RdRps of (�)RNA and dsRNA viruses (126, 127). Furthermore, this
tree topology is compatible with the apparent logical course of virus evolution: from
the (�)RNA viruses that are ubiquitous in eukaryotes, to the dsRNA viruses that are less
widely spread, to the (�)RNA viruses that, despite their diversity, appear to have a
limited host range (Fig. 2) and are absent from prokaryotes. In contrast to (�)RNA
viruses, dsRNA viruses and (�)RNA viruses share a signature of the reproduction cycle:
among viruses of both of these BCs, the replication and transcription machineries are
packaged into virions, and this packaging is essential for the replication of the respec-
tive RNA forms.

Branch 5 splits into two strongly supported clades (52, 60, 82), one of which consists
mostly of viruses with segmented genomes that use the mRNA “cap-snatching” mech-
anism (subbranch 5a, subphylum Polyploviricotina, classes Ellioviricetes [Bunyavirales]
and Insthoviricetes [Orthomyxoviridae, Tilapinevirus]), whereas the other clade includes
viruses with primarily unsegmented genomes that encode their own capping enzymes
(subbranch 5b, subphylum Haploviricotina, classes Monjiviricetes [Chuviridae, Mono-
negavirales] and Milneviricetes [Ophiovirus]) (Fig. 5).

The position of the phylum Negarnaviricota within the dsRNA virus branch creates
a taxonomic conundrum because dsRNA viruses of branch 4 are paraphyletic with
respect to branch 5. Conceivably, branch 4 could be accommodated taxonomically by
at least three phyla.

Classified or officially proposed groups of RNA viruses remaining unassigned.
Several groups of currently classified RNA viruses or RNA viruses that have officially
been proposed to be classified remain unassignable to any of the five major branches
due to the extreme divergence of their RdRps. These groups include the (�)RNA
Permutotetraviridae and the dsRNA Birnaviridae, Botybirnavirus, and proposed Polymy-
coviridae (formerly known as “tetramycoviruses” [128]). Monophyly of two families of
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viruses with circular domain permutation within their RdRps, Permutotetraviridae and
Birnaviridae, has been suggested (129, 130), but a robust placement of these unusual
RdRps in the phylogenetic tree requires further investigation. Also unclassified remains
the only (�)RNA virus that has been sequenced from a hyperthermal environment and
is suspected to infect the crenarchaeote Saccharolobus solfataricus (131). The forthcom-
ing expansion of the RNA virus genome collection, in particular resulting from massive
metagenomic analyses, is expected to place the currently unassigned groups into
existing or new groups.

Reverse-Transcribing Viruses

Reverse-transcribing viruses (BCs VI and VII) are widespread in protists, fungi, plants,
and animals but, at least so far, are not known to infect prokaryotes. However,
prokaryotes and most eukaryotes host several types of capsidless, nonviral retroele-
ments. In prokaryotes and many eukaryotic organelles, these retroelements include
group II introns and retrons (132, 133), whereas eukaryotes host several types of
non-long terminal repeat (LTR) retrotransposons (short and long interspersed nuclear
elements [SINEs and LINEs, respectively]) (134, 135). In close analogy to RNA viruses,
reverse-transcribing viruses (some of which are traditionally called LTR retrotrans-
posons) and the LINEs among non-LTR retrotransposons share a single gene coding for
the key genome replication enzyme, the RT. Thus, similar to the RNA virus RdRp, RT is
the only phylogenetic marker that can be analyzed to deduce the evolution of
reverse-transcribing viruses and retrotransposons (91, 132).

The RT phylogenetic tree includes five major branches, four of which consist of
nonviral retroelements (132, 136). The fifth strongly supported branch harbors all
currently known reverse-transcribing viruses. Thus, the RT phylogeny establishes the
monophyly of reverse-transcribing viruses that appear to share an ancestry from a
retrotransposon, conceivably at an early stage in the evolution of eukaryotes.

The virus branch of the RT tree consists of four clades, three of which represent,
respectively, viruses of the Hepadnaviridae (together with “nackednaviruses,” a recently
discovered group of nonenveloped hepadna-like viruses [137]), Belpaoviridae, and
Pseudoviridae, whereas the fourth clade unites the viruses of the Caulimoviridae,
Metaviridae, and Retroviridae (Fig. 6) (136, 137). In addition to the RT, all these families
of viruses (and LTR retrotransposons), except for hepadnavirids/“nackednaviruses,” also
share the genes encoding two core virion components, namely, the CP and the
nucleocapsid protein. The latter appears to have been lost in the spumaretrovirin
subclade of the retrovirids (138). Furthermore, belpaovirids, caulimovirids, metavirids,
pseudovirids, and retrovirids share a distinct replication-priming mechanism, by which
host tRNA molecules are recruited as primers for reverse transcription (136). In contrast,
hepadnavirids and, by inference, “nackednaviruses” use a protein-priming mechanism
involving the terminal protein domain of the RT (137). Therefore, the five families of
reverse-transcribing viruses are most likely monophyletic (justifying their current tax-
onomic classification into the Ortervirales [136]), to the exclusion of Hepadnaviridae and
“nackednaviruses” that comprise the earliest-branching clade of reverse-transcribing
viruses.

Notably, both caulimovirids and hepadnavirids/“nackednaviruses” (BC VII; often
collectively called “pararetroviruses”) package dsDNA genomes into their virions but are
far apart in the RT tree (Fig. 6). Thus, BC VII is most likely polyphyletic, mimicking the
case of dsRNA viruses. Given the monophyly of all viruses in the RT tree (Fig. 6), joining
the Ortervirales and Hepadnaviridae/“nackednaviruses” together appears logical and
could form another order in a single, higher-rank taxon.

Single-Stranded DNA Viruses

Most ssDNA viruses possess small, circular genomes that replicate via the rolling-
circle replication (RCR) mechanism and infect a wide variety of prokaryotic and eukary-
otic hosts (139). Several recent studies have revealed the high diversity and abundance
of ssDNA viruses in various habitats, showing that these viruses comprise a major
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component of the earth’s virome (140–146). The ssDNA viruses are currently classified
into four families of viruses infecting bacteria and archaea (Inoviridae, Microviridae,
Pleolipoviridae, and Spiraviridae) and nine families of viruses infecting eukaryotes
(Anelloviridae, Bacilladnaviridae, Bidnaviridae, Circoviridae, Geminiviridae, Genomoviridae,
Nanoviridae, Parvoviridae, and Smacoviridae). The ssDNA viruses with circular genomes
that encode a replication initiator protein (Rep) of the His-hydrophobic-His (HUH)
endonuclease superfamily and are suspected or shown to infect eukaryotes, i.e.,
those classified as Bacilladnaviridae, Circoviridae, Geminiviridae, Genomoviridae, Nano-
viridae, and Smacoviridae, have been collectively referred to as circular Rep-encoding
single-stranded DNA (CRESS-DNA) viruses (139, 147). Recent metagenomics studies
reveal a far greater diversity of CRESS-DNA viruses than previously observed, with
several family-rank clades (139, 148, 149).

Unlike most of the ssDNA viruses, parvovirids and bidnavirids possess linear ssDNA
genomes (150, 151). Whereas parvovirid genomes are replicated by the rolling-hairpin
mechanism (152), a variation of RCR, bidnavirids encode protein-primed family B DNA
polymerases (151). Notably, different pleolipovirids have either ssDNA or dsDNA ge-
nomes (153, 154), once again demonstrating evolutionary mixing of different BCs, in
this case within the same family.

Thus, BC II (ssDNA viruses) consists primarily of “minimal” viruses with genomes that
often encode a single protein involved in replication and a structural protein (and, in

FIG 6 Schematic phylogenetic subtree of the reverse transcriptases (RTs) of reverse-transcribing viruses (Caulimoviridae, Hepadnaviridae, and Retroviridae) and
long terminal repeat (LTR) retrotransposons (Belpaoviridae, Metaviridae, and Pseudoviridae). The tree is rooted using sequences from nonviral retroelements
(prokaryotic group II introns and non-LTR retrotransposons). Genome organizations of selected representatives of reverse-transcribing viruses and LTR
retrotransposons are shown near the corresponding clades. LTRs are shown as black triangles. 6, 6-kDa protein; ATF, aphid transmission factor; CA/CP, capsid
protein; CHR, chromodomain (contained only in the integrases of certain clades of metavirids from plants, fungi, and several vertebrates); gag, group-specific
antigen; env, envelope gene; INT, integrase; MA, matrix protein; MP, movement protein; NC, nucleocapsid; nef, tat, rev, vif, vpr, and vpu, genes expressing
regulatory proteins via spliced mRNAs; P, polymerase; pol, polymerase gene; PR, protease; PreS, pre-surface protein (envelope); PX/TA, protein
X/transcription activator; RH, RNase H; SU, surface glycoprotein; TM, transmembrane glycoprotein; TP, terminal protein domain; TT/SR, translation
trans-activator/suppressor of RNA interference; VAP, virion-associated protein. The two BCs included in the tree are color-coded (green, BC VI; brown,
BC VII). (Adapted from reference 136.)
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some groups, one or two accessory proteins). Except for anellovirids, bidnavirids,
spiravirids, and certain inovirids, all ssDNA virus genomes encode the HUH endonu-
clease domain that cleaves the genomic ssDNA at specific sites and initiates RCR (or
rolling-hairpin replication) (155, 156). The eukaryotic CRESS-DNA viruses also encode
S3Hs that typically are fused to HUH endonucleases to form two-domain Reps. In
contrast, prokaryotic ssDNA viruses encode single-domain HUH endonucleases (85, 157,
158). With the exception of inovirids, pleolipovirids, spiravirids, and the recently dis-
covered Flavobacterium-infecting, lipid-containing phage (FLiP) (proposed Finnlakeviri-
dae) (159), the capsids of ssDNA viruses are made of SJR-CPs.

Sequence comparisons and phylogenetic analyses of HUH endonucleases, S3Hs, and
CPs of ssDNA viruses suggest multiple origins of these viruses via a chimeric scenario
(Fig. 7) (85, 158, 160–163). The Reps of CRESS-DNA viruses are most closely related to
the homologous Reps of small bacterial RCR plasmids that also encode HUH endonu-
cleases and S3Hs. Phylogenetic analyses of the Reps show that the replication appa-
ratus of the CRESS-DNA viruses evolved from the plasmid replication machinery on at
least three independent occasions (Fig. 7) (85). Similarly, the HUH endonucleases of
CRESS-DNA viruses infecting prokaryotes appear to have evolved from plasmid endo-
nucleases that are not fused to S3Hs.

The CPs of eukaryotic CRESS-DNA viruses seem to come from a completely different
source: these proteins are most closely related to the CPs of diverse plant and animal
(�)RNA viruses (85, 164, 165). Thus, eukaryotic CRESS-DNA viruses apparently evolved
by recombination between a bacterial plasmid and a cDNA copy of a (�)RNA virus on
multiple, independent occasions. The realization of this scenario in the evolution of
multiple groups of CRESS-DNA viruses is one of the most remarkable cases of wide-
spread convergent evolution among viruses and other MGEs. In addition, this scenario
implies that the diversification of the eukaryotic (�)RNA viruses preceded the emer-

FIG 7 Multiple, chimeric origins of ssDNA viruses (and two groups of dsDNA viruses [Papillomaviridae and Polyomaviridae]). The genomes
are shown with two colors each, to emphasize the distinct origins of the genes encoding proteins involved in replication (Reps) and those
encoding capsid proteins (CPs). JRC, jelly roll capsid protein (nonorthologous JRC genes are shown with different colors); fCP, filamentous
capsid protein; pCP, polymorphic capsid protein; DdDp, DNA-directed DNA polymerase; RCRE, rolling-circle replication (initiation)
endonuclease; S3H, superfamily 3 helicase. (Adapted from reference 85.)
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gence of CRESS-DNA viruses. The provenance of the divergent microvirid SJR-CPs
remains uncertain (81).

Phylogenetic analysis of the Reps reveals two large branches of eukaryotic CRESS-
DNA viruses, each including several families/clades, that could form a higher-ranked
taxon, and all CRESS-DNA viruses can be unified at an even higher rank (85). Eukaryotic
CRESS-DNA viruses are the likely ancestors of parvovirids, with their linear ssDNA
genomes. Remarkably, members of the Papillomaviridae and Polyomaviridae, viruses
with small, circular dsDNA genomes, seem to have evolved from ssDNA viruses, most
likely parvovirids, in a major transition in which the HUH domain lost its endonuclease
activity but retained the sequence-specific DNA-binding activity (166). Concomitantly,
the replication mechanism of these viruses switched from the RCR to the “theta”
bidirectional mechanism that operates in plasmid and bacterial chromosome replica-
tion. The CPs of papillomavirids and polyomavirids are highly divergent, so it remains
unclear whether they evolved from parvovirid CPs or were independently recruited
(81).

Parvovirids, papillomavirids, and polyomavirids could join the assemblage of CRESS-
DNA viruses at the top taxonomic rank. Although rare, this would not be the only case
of the same taxon including viruses with different nucleic acid forms encapsidated into
virions. For example, as pointed out above, the Ortervirales include reverse-transcribing
viruses that encapsidate RNA and DNA genomes, whereas members of the Pleolipov-
iridae possess either ssDNA or dsDNA genomes. In terms of the evolutionary status of
the BCs, ssDNA viruses present a unique conundrum, as these viruses constitute a
polyphyletic assemblage with multiple, diverse origins of different VHGs.

Double-Stranded DNA Viruses

The dsDNA viruses make up the most diverse and expansive of the BCs (BC I). These
viruses dominate the prokaryotic virome. dsDNA viruses are common among eu-
karyotes as well despite their low abundance and diversity compared to RNA viruses
(61) (Fig. 2). Not a single gene is conserved in all dsDNA viruses, which makes the
construction of a phylogenetic tree for the entire BC I impossible, in principle. However,
gene-sharing networks, combined with phylogenies of the genes that are conserved in
large groups of viruses, provide a working approach for dsDNA virus classification (79,
83, 84). The diversity of unclassified dsDNA viruses is enormous and seems to include
completely uncharted parts of the virus world (167–169). Thus, we can cover this BC
class here in only a coarse-grain outline.

The gene-sharing network of the dsDNA viruses splits into two expansive super-
modules and three smaller modules (Fig. 8). The supermodules are held together by
sets of VHGs that encode structural proteins and enzymes involved in virion morpho-
genesis, and each supermodule appears to be monophyletic, at least with respect to
these core genes.

DJR-MCP supermodule: dsDNA viruses with vertical jelly roll capsid proteins. The
double-jelly-roll major capsid protein (DJR-MCP) supermodule consists of numerous
groups of viruses with icosahedral virions that infect bacteria, archaea, and eukaryotes
(170, 171) (Fig. 9). In addition to the eponymous DJR-MCPs, most of these viruses
encode minor SJR-CPs (e.g., penton proteins) and FtsK-HerA superfamily genome-
packaging ATPases (172–175). Apart from this morphogenetic gene triad, the majority
of the viruses in the DJR-MCP supermodule encode DNA-directed DNA polymerases
(DdDps) and often S3Hs (61, 176) or replication initiation proteins (corticovirids) (177).

The DJR-MCP supermodule includes tail-less bacteriophages that are currently
classified as Corticoviridae and Tectiviridae as well as archaeal viruses of the Turriviridae.
However, metagenomic searches for putative viruses encoding DJR-MCPs revealed
an enormous diversity of uncharacterized members of this supermodule that
apparently infect prokaryotes (one of these new groups has been proposed as
“Autolykiviridae”) (167, 178). These recent findings suggest that DJR-MCP viruses are
a major, possibly even dominant, although not-well-characterized part of the
prokaryotic virome.
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Archaeal and bacterial viruses of the Sphaerolipoviridae (179) encode two vertical
single-jelly-roll MCPs (along with minor SJR-CPs) (180, 181) that form a capsid lattice
structurally resembling the DJR-MCP-based capsid lattice of, for example, Pseudomonas
phage PRD1 (Tectiviridae: Alphatectivirus), rather than those of (�)RNA and ssDNA
viruses composed of horizontal SJR-CPs (182, 183). Therefore, it appears likely that

FIG 8 Bipartite gene-genome network of dsDNA viruses. (A) Complete network. The larger circles show nodes corresponding to genomes, and dots show nodes
corresponding to core gene families. An edge connecting a circle and a dot indicates that a genome contains a representative of a core gene family. Virus
genomes that belong to different modules of the network are shown in different colors. (B and C) Internal organizations of the DJR-MCP (B) and HK97-MCP
(C) supermodules. The individual modules within each supermodule are shown by circles. The positions of some major groups of viruses are indicated. In panel
C, the numbers correspond to the module numbering described previously (79); the unnamed modules are small groups of tailed bacteriophages. DNAP, DNA
polymerase. (Adapted from reference 79.)
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sphaerolipovirids retain the ancestral state from which the vertical DJR-MCPs evolved
via gene fusion (81).

Eukaryotes host an even greater diversity of DJR-MCP supermodule viruses (Fig. 9).
Polintons, self-synthesizing transposon-like elements that are integrated into diverse
eukaryotic genomes but are predicted to form virions and diverse polinton-like viruses
and virophages, appear to descend directly from tectivirids or their immediate relatives
(176). Adenovirids are a derived offshoot of the same line of descent. Similar to
polintons, besides the major and minor CPs, adenovirids encode a distinct protease that
is most likely derived from a host deubiquitinylating enzyme and is involved in virion
morphogenesis (176). Notably, tectivirid-like and “polinton-like” viruses additionally
gave rise to two groups of capsidless elements, mitochondrial and cytoplasmic linear
plasmids, respectively, that are found in some protists, fungi, and plants (176).

Nucleocytoplasmic large DNA viruses (NCLDVs) comprise an expansive assemblage
of several families of eukaryotic viruses, including the Phycodnaviridae, extended
Ascoviridae, Asfarviridae, Iridoviridae, Marseilleviridae, Mimiviridae, and Poxviridae, and
currently unclassified giant viruses such as “cedratviruses,” “faustoviruses,” “medusavi-
ruses,” “Mininucleoviridae,” “molliviruses,” “orpheoviruses,” “pacmanviruses,” “pandora-
viruses,” and “pithoviruses” (74, 184–191, 237). All these viruses have long or “giant”

FIG 9 Proposed evolutionary scenario for DJR-MCP supermodule viruses. The host ranges of viruses are
shown by colored circles (see the color-code on the left). For nucleocytoplasmic large DNA viruses
(NCLDVs), schematic virion shapes are shown. (Adapted from reference 176.)
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genomes (up to 2.5 Mb) and corresponding large virions. Most of these viruses retain
the DJR structural module, the SJR minor CP, and the genome-packaging ATPase and
protease, although some viruses, such as “pandoraviruses,” have secondarily lost the
DJR-MCP and form irregularly shaped virions instead of virions based on typical
icosahedral capsids (192–194). Other NCLDV groups, such as “molliviruses,” “pithovi-
ruses,” and poxvirids, retain the DJR-MCP but do not incorporate it into virions that,
again, assume unusual shapes (74, 195–198). Comparative genomic reconstructions of
NCLDV evolution have mapped �40 genes to the common ancestor of this virus group
that, in all likelihood, existed prior to the divergence of the major eukaryote divisions
(199). Phylogenetic analysis of the highly conserved core genes of the NCLDVs yields a
well-resolved tree in which most of the unassigned groups belong to strongly
supported branches together with known viruses (74). Based on these analyses,
“cedratviruses,” “orpheoviruses,” and “pithoviruses” form a clade that joins the larger
assemblage within the NCLDV group that also includes the Ascoviridae, Iridoviridae, and
Marseilleviridae. “Molliviruses” and “pandoraviruses” also are related groups and form a
distinct clade with coccolithoviruses and phaeoviruses currently included in the Phy-
codnaviridae. Only “medusaviruses,” which appear to have acquired an unusually rich
repertoire of eukaryotic genes (191), remain an unassigned group. These observations
provide a comprehensive hierarchical taxonomy of the NCLDVs that will include a
number of new taxa of different ranks and requires splitting of some existing taxa, such
as the apparently polyphyletic family Phycodnaviridae (see below).

Notwithstanding all the genomic embellishments as well as unusual gene losses, the
NCLDVs appear to descend from “polinton-like viruses” (74, 176) (Fig. 9). The giant
viruses, despite their “cell-like” genome lengths and the diverse functional repertoire
of genes, appear to have evolved from smaller viruses independently, in different
branches of the NCLDV clade (200–202).

Recently, a novel group of viruses, “yaraviruses,” has been reported. The type virus
“yaravirus” has a 45-kb genome, i.e., a genome intermediate in length between NCLDVs
and polinton-like viruses. The “yaravirus” genome shares several distinctive genes (e.g.,
those encoding DJR-MCP, packaging ATPase, and primase-S3H) with NCLDVs whereas
others are apparently lacking. The provenance of this unusual virus remains to be
established through detailed genome analysis (238).

Finally, an ssDNA virus, FLiP, encoding a DJR-MCP with close structural similarity to
those of dsDNA viruses such as Pseudoalteromonas phage PM2, has been discovered,
revealing a connection between dsDNA and ssDNA viruses (159, 183).

HK97-MCP supermodule. The HK97-MCP supermodule, named after Escherichia coli
phage HK97 (Caudovirales: Siphoviridae: Hendrixvirus), for which the capsid structure
was among the first resolved in this virus assemblage (203), unites tailed viruses
infecting bacteria and archaea and a single, albeit large, group of animal viruses that
are currently classified as Herpesvirales (Fig. 8C). The icosahedral capsids of these viruses
are made of proteins that are unrelated to DJR-MCPs (203–206) (Fig. 10). In addition to
the HK97-MCP, viruses in this supermodule possess conserved portal proteins and two
subunits (large and small) of the terminase (207, 208). The large terminase subunits are
a distinct variety of packaging ATPases that share only the general structural design of
the P-loop fold with the packaging ATPases of the DJR-MCP supermodule viruses and
are not directly related to the latter (209).

Despite the conservation of the structural and morphogenetic proteins, the HK97-
MCP supermodule viruses display enormous ranges of genome complexity and gene
content. Some of the viruses in this supermodule encode nearly complete replication
systems, whereas the genomes of other viruses effectively lack genes involved in
replication and completely rely on the host replication machineries (210). The prokary-
otic HK97-MCP viruses currently comprise the vast order Caudovirales, which includes
five established families (Ackermannviridae, Herelleviridae, Myoviridae, Podoviridae, and
Siphoviridae) and five proposed families (Autographiviridae, Chaseviridae, Demerecviri-
dae, Drexlerviridae, and Zobellviridae).

This taxonomy is currently under reorganization and, in the near future, can be
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expected to expand into many new families, to adequately reflect the extreme
heterogeneity of these viruses with respect to gene composition and phylogenetic
relationships (211, 212). Bipartite network and comparative genomics analyses identi-
fied multiple modules consisting of various tailed bacterial and archaeal viruses that
potentially could form new families (Fig. 8C) (79, 83, 213). However, even this picture
appears to be dramatically incomplete as new groups of HK97-MCP viruses continue to
be discovered by metagenomics and single-cell genomics. Recent examples include the
putative family of cross-assembly (crAss)-like viruses (168, 214, 215), “magroviruses”
that infect mesophilic euryarchaeotes (216), and several groups of Lak-like megaphages
(169, 217). All these virus groups are only distantly related to other HK97-MCP viruses
and can be fully expected to require new taxa of different ranks.

Baculovirid/nudivirid module. A distinct, comparatively small, stand-alone module
consists of several families of arthropod viruses, including the Baculoviridae, Hytrosa-
viridae, Nimaviridae, Polydnaviridae (genus Bracovirus), and Nudiviridae (218–220). These
viruses encompass several genes that are distantly related to core genes of the NCLDVs
and thus could be highly derived members of the DJR-MCP supermodule, despite the
absence of the DJR-MCP and formation of odd-shaped virions (61, 79).

Crenarchaeote virus module. A large module that is nearly disconnected from the
rest of the gene-sharing network of dsDNA viruses consists of viruses that infect
hyperthermophilic crenarchaeotes. These viruses adopt various unique virion morphol-
ogies, with CPs that are unrelated to structural proteins of other viruses or to each other
(83, 221–224) (Fig. 8A). Most of the crenarchaeote viruses also lack genes for recog-
nizable homologs of proteins that comprise the replication machineries of other viruses
(210). Nevertheless, these viruses are linked in the network through shared genes for
transcription factors, uncharacterized ATPases, and glycosyltransferases (83). How-
ever, these genes are not orthologous among crenarchaeote viruses from different
families and, in all likelihood, have been acquired horizontally from either other viruses
or the respective hosts. Given the apparent independent origins of most crenarchaeote
virus groups, several highest-rank taxa would be needed to adequately reflect their
places in the virus world.

Papillomavirid/polyomavirid module. A stand-alone module of dsDNA viruses
includes papillomavirids and polyomavirids that apparently evolved from ssDNA viruses
(see the section above) and thus are disconnected from the rest of the dsDNA
viruses. Remarkably, a recently discovered unusual group of viruses, “adomaviruses,”
bridges papillomavirids/polyomavirids with the typical dsDNA viruses of the DJR-MCP

FIG 10 Comparison of the structures of the major capsid proteins of bacterial, archaeal, and eukaryotic
viruses of the HK97-MCP supermodule. For HCMV and HK97, the Protein Data Bank (PDB) accession
numbers are indicated in parentheses (5VKU and 1OHG). HCMV, human cytomegalovirus; HK97, Esche-
richia coli phage HK97; HSTV-1, Haloarcula sinaiiensis tailed virus 1.
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supermodule. “Adomaviruses” combine a gene encoding a polyomavirid-like replica-
tion protein with the genes encoding the morphogenetic protease and at least one
other virion protein with homologs in the dsDNA viruses of the Adenoviridae (225–227).

Taken together, the analyses summarized above indicate that, similarly to the ssDNA
viruses, the dsDNA viruses (BC I) are polyphyletic, that is, apparently evolved from
unrelated components on multiple independent occasions. The monophyletic groups
among the dsDNA viruses are the two major supermodules, several groups of crenar-
chaeote viruses, and the papillomavirids/polyomavirids.

PROPOSED MEGATAXONOMY OF VIRUSES

The ICTV currently approves eight principal/primary taxon ranks (in descending
order, realm, kingdom, phylum, class, order, family, genus, and species) and seven
secondary ranks (subrealm, subkingdom, subphylum, subclass, suborder, subfamily,
and subgenus). As of 2019, only a single realm, Riboviria, has been established (228).
This realm currently consists of all (�)RNA, dsRNA, and (�)RNA viruses that comprise
the only formally established virus phylum (Negarnaviricota). This phylum, in turn,
includes the only established subphyla and classes of viruses (52, 60). The rest of the
current virus taxonomy begins at the rank of disconnected orders or families. The
emerging view of the global organization of the virus world outlined above naturally
translates into a hierarchical scheme of an expanded virus taxonomy. In this section, we
explicitly present such a hierarchy, suggesting the need for numerous taxa above the
rank of family or order. Figure 11 outlines a megataxonomy from realm to family rank,
which we officially proposed via four proposals to the ICTV in 2019 (229–232). The
hierarchy presented in Fig. 11, which fills all principal/primary available ranks, was
approved by the ICTV Executive Committee in December 2019 but must be considered
tentative until formally ratified by the entire ICTV in the spring of 2020.

RNA Viruses and Reverse-Transcribing Viruses

RdRps and RTs are the only proteins that are universally conserved among both RNA
viruses and reverse-transcribing viruses and are the key replication enzymes of viruses
of BCs III, IV, and V (RdRps) and BCs VI and VII (RTs). The monophyly of these proteins
calls for the unification of these viruses in a single, highest-rank taxon, the established
realm Riboviria (228), with two naturally defined kingdoms for RdRp- and RT-encoding
viruses, respectively (Fig. 11A). In practice, this implies the inclusion of the reverse-
transcribing viruses into the recently established realm Riboviria, which currently
consists of only BCs III, IV, and V. The proposed taxonomic structure within each
kingdom is based on the topologies of the phylogenetic tree of RdRps and RTs (Fig. 5
and 6, respectively) and the gene composition of viruses within the major branches.

The megataxonomy of RNA viruses and reverse-transcribing viruses entails at least
two conceptual problems. First, capsidless elements related to viruses are treated
inconsistently. Endornavirids, hypovirids, mitoviruses, narnaviruses, and umbraviruses
are all included in the taxonomic scheme of RNA viruses, whereas non-LTR retrotrans-
posons are currently not classified with the RT viruses. This nonuniform approach can
be justified by the fact that the capsidless RNA replicons clearly are derivatives of bona
fide RNA viruses, whereas non-LTR retroelements are outside the RT virus tree and are
the apparent ancestors of reverse-transcribing viruses. Furthermore, at present, bel-
paovirids, metavirids, and pseudovirids are mostly referred to as “LTR retrotrans-
posons.” However, in these cases, the arguments for classifying them as virus families
appear compelling.

The second problem is the possible paraphyly of dsRNA viruses with respect to
(�)RNA viruses. The origin of (�)RNA viruses from within dsRNA viruses requires further
validation but, if confirmed, will make “reovirid-like” dsRNA viruses a paraphyletic
taxon. In principle, this inconsistency can be resolved through the creation of three
phyla of dsRNA viruses.
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FIG 11 Proposed megataxonomy of the virus world. Officially proposed taxon names are printed in boldface type; names of taxa that have already
been accepted by the ICTV are rendered in normal font. The names of the virus groups that have not been officially proposed or formally accepted
are shown in quotation marks. Taxon and virus group positions in the hierarchy, when uncertain, are indicated by fading curved dotted lines. The
etymology of newly proposed taxon names associated with this article is outlined in File S1 in the supplemental material. Official taxa or officially
proposed taxa that can be assigned only to top ranks at this time are indicated by curved dashed lines in the absence of quotation marks. All taxa/virus
groups are to be considered sensu lato; i.e., they may include numerous “-like” viruses not yet named and/or classified. Proposed taxon names should
be seen as provisional. Definitive names will be approved and ratified by the ICTV and will be found at the ICTV website (https://talk.ictvonline.org/).
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ssDNA Viruses

Most ssDNA viruses encode homologous replication proteins, HUH endonucleases,
and many groups additionally encode S3Hs that are fused to these endonucleases.
Numerous ssDNA viruses also encode homologous capsid proteins, SJR-MCPs. How-

FIG 11 (Continued)
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ever, phylogenomic analyses show that ssDNA viruses do not share a single origin, as
these viruses evolved by the recombination of plasmids with cDNA copies of RNA
viruses on multiple, independent occasions (Fig. 7). Strikingly, even among viruses
within a single, rapidly expanding, recognized family, Inoviridae, multiple replacements
of genes encoding the HUH endonuclease with homologous but also with unrelated
plasmid genes seem to have occurred (146).

The natural history of ssDNA viruses, despite its complexity, is becoming clear
through recent phylogenomic analyses and challenges the very concepts of monophyly
and polyphyly (85). Indeed, both the replication and structural genes of different
groups of ssDNA viruses originate from plasmids and RNA viruses, respectively, but
stem from different families of these elements. An additional complication is that, apart
from the ssDNA viruses, HUH endonucleases are encoded by a number of dsDNA
viruses. Thus, ssDNA viruses are neither monophyletic nor polyphyletic in the tradi-
tional sense, a type of relationship that does not seem to have analogs among other
viruses or cellular life-forms. This conundrum questions the legitimacy of the unification
of ssDNA viruses into a single taxonomic hierarchy. Nonetheless, not unlike RNA viruses
or reverse-transcribing viruses, the majority of ssDNA viruses, along with papilloma-
and polyomavirids with small dsDNA genomes, share the key replication enzyme, HUH
endonuclease, that is conducive to phylogenetic analysis. Thus, we rely on the HUH
endonuclease phylogeny and clustering to propose a megataxonomy that also includes
the small dsDNA viruses, papillomavirids and polyomavirids, which apparently derive
from ssDNA viruses (Fig. 11B). The extent of divergence between different groups of
ssDNA viruses suggests elevating several of the currently recognized families (Inoviri-
dae, Microviridae, and Parvoviridae) to higher taxonomic ranks, those of order or even
class.

There are several groups of ssDNA viruses that do not encode Reps of the HUH
endonuclease superfamily, including annelovirids, bidnavirids, a substantial fraction of
inovirids, and the recently discovered bacteriophage FLiP. The origin of annelovirids
remains mysterious, whereas the evolutionary trajectories of bidnavirids, inovirids, and
FLiP appear to be traceable. Bidnavirids have apparently evolved from parvovirids via
the replacement of the HUH endonuclease domain, but not the S3H domain, of the Rep
with a protein-primed DNA polymerase from polintons (151). The evolution of inovirids
featured multiple Rep replacements with nonorthologous and nonhomologous genes
from plasmids and transposons, but the morphogenetic module firmly unifies all
filamentous phages (146). The ancestral state of the FLiP Rep (Rep_trans superfamily)
remains uncertain because FLiP is currently the sole representative of the proposed
Finnlakeviridae. However, this virus is structurally related to DJR-MCP viruses and can
thus be legitimately included in the corresponding realm.

dsDNA Viruses

dsDNA viruses account for the bulk of the diversity in the virus world and accord-
ingly comprise the most complex network of relationships among all viruses. Further-
more, at least two major divisions of dsDNA viruses, the DJR-MCP and the HK97-MCP
supermodules, appear to have genuinely independent origins, despite sharing some
homologous genes. Accordingly, these two major groups of dsDNA viruses merit
classification as separate, highest-rank taxa, i.e., realms (Fig. 11C and D). In some parts
of the dsDNA domain of the virus world, the currently available information is insuffi-
cient for us to develop more than only a general outline of the taxonomic hierarchies.
Furthermore, among the dsDNA viruses of hyperthermophilic crenarchaeotes, the few
shared genes, such as those encoding DNA-binding proteins and glycosylases, in all
likelihood spread via HGT (221, 222). The lack of apparent common ancestry among
most crenarchaeote viruses would justify their placement into several separate realms.
However, due to sparse sampling of these virus groups, it appears premature to
establish highest-rank megataxonomies for these viruses at this point.
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The Evolutionary and Taxonomic Status of the Baltimore Classes

The phylogenomic analysis of all known groups of viruses discussed above places
the BCs into an evolutionary framework. The BCs fare quite differently as potential
high-rank evolutionary units. Only BC V, (�)RNA viruses, survived unscathed as a
monophyletic taxon. In contrast, the dsRNA viruses are a polyphyletic group, with at
least two major branches derived from different parts of the (�)RNA virus tree. Thus,
(�)RNA viruses, although formally monophyletic, comprise a paraphyletic taxon with
respect to dsRNA viruses and (�)RNA viruses. Among the reverse-transcribing viruses,
the RNA-containing viruses are similarly paraphyletic relative to one group of DNA-
containing viruses (caulimovirids), whereas the second group of DNA-containing
viruses (hepadnavirids/“nackednaviruses”) forms a distinct taxon.

Apart from this splitting and blending of the BCs, the global organization of the virus
world that we attempt to reconstruct here (Fig. 11 and 12). features the unification of
all RNA viruses with reverse-transcribing viruses into a single, monophyletic group that
joins five BCs, a construct that was not in any form implied by Baltimore’s system.

The ssDNA viruses present a special case of chimeric origins that involve parallel
recruitment of key genes from common ancestral pools and do not fit the traditional
concepts of either monophyly or polyphyly. Thus, the creation of a highest-rank taxon
encompassing all ssDNA viruses is, to a degree, a matter of convenience. Somewhat
paradoxically, apart from this major conundrum, the small dsDNA viruses (papilloma-
virids and polyomavirids) are clearly derived from ssDNA viruses and accordingly
should be included in the taxonomic hierarchy of the latter, once again mixing two BCs
(Fig. 11 and 12). Inversely, the FLiP (ssDNA virus) genome should be classified with
dsDNA viruses of the DJR-MCP supermodule.

FIG 12 Virus realms, Baltimore classes, and the global network of the virus world. Gray shapes denote the four virus realms, and white rectangles
denote the seven Baltimore classes. The colored circles contain ribbon diagram representations of the structures of hallmark virus proteins and
the RNA recognition motif (RRM) domain. Circles are connected to groups of viruses, in which a given viral hallmark protein or domain is
represented, and to BCs by lines of the corresponding color. Abbreviations: DJR, double jelly roll; PolB, family B DNA-directed DNA polymerase;
RCRE, rolling-circle replication (initiation) endonuclease; RdRp, RNA-directed RNA polymerase; RT, reverse transcriptase; S3H, superfamily 3
helicase; SJR, single jelly roll.
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The dsDNA viruses are the most obvious case of polyphyly of a BC, where at least
two independent realms do not share an origin, along with the several groups of
crenarchaeote viruses that might qualify as independent realms and papillomavirids
and polyomavirids that are derived from ssDNA viruses and are classified accordingly.

The overall conclusion is clear: the BCs are a useful, coherent classification of viruses
by genome type that correlates with the evolutionary relationships revealed by phy-
logenomic analysis. However, this correlation is obviously imperfect. In general, the BCs
are not monophyletic and thus cannot be adopted as the top-rank virus taxa.

The Ultimate Network Architecture of the Virus World

The final question that we must address here is whether evolutionary connections
across the entire virus world exist that would make the megataxon “Viruses” a legiti-
mate concept. As discussed above, some major groups of viruses, for example, the two
realms of dsDNA viruses, do not share an ancestry. Yet the matter is not unambiguous.
Indeed, three simple protein domains that are present in multiple (super-)VHGs,
namely, (i) the RNA recognition motif (RRM) that forms the cores of all virus poly-
merases; (ii) the jelly roll, the core domain of SJR- and DJR-MCPs; and (iii) S3H, the
replicative helicase of diverse viruses, link the majority of the viruses in all BCs and
in three of the four proposed realms (Fig. 12) (80). Thus, underneath the vastly different
evolutionary histories and the polyphyly of viruses, fundamental structural and evolu-
tionary unity likely harkens back to the primordial pool of genetic elements. In
particular, primordial RNA replicons, including reverse-transcribing replicons akin to
extant group II introns, were the likely ancestors of the realm Riboviria (80).

CONCLUSIONS

The principal and, in our view, striking conclusion of this work is that the global
organization of the virus world is becoming transparent. Evidently, there are numerous,
sometimes vast, white spots on the map of the virosphere. These gaps are being
gradually filled thanks to increasingly sensitive analyses of genomic and metagenomic
data coupled with comparisons of virus protein structures. A comprehensive, internally
consistent, and stable hierarchical taxonomy of viruses seems to be within the reach of
the current generation of virologists. We find it unexpected and remarkable that,
notwithstanding the enormous diversity of viruses that is rapidly expanding through
the advances of metaviromics, the contours of such a hierarchical virus taxonomy
appear to be solidifying. At the top of the megataxonomy are the four effectively
independent realms that, however, are connected at an even higher rank of unification
through the super-VHG domains. Within each of the virus realms (Riboviria, “Monod-
naviria,” “Varidnaviria,” and “Duplodnaviria”), the readily traceable hierarchy of evolu-
tionary relationships calls for the construction of a comprehensive hierarchical
taxonomy. Here, we outlined this entire hierarchy and presented a sketch of a mega-
taxonomy (Fig. 11), which we have recently proposed to the ICTV in a series of four
formal taxonomic proposals (229–232) that were approved by the ICTV Executive
Committee in December 2019. We emphasize that this megataxonomy is an open
system, in which the emergence of new high-rank taxa, including realms, can be
anticipated. The BCs, which, for decades, have been informally construed as the
highest-rank virus taxa, do not accurately represent the evolution of viruses and thus
lack taxonomic relevance. Nevertheless, the BCs remain a fundamental and useful
classification of viruses by genome type and replication-expression strategies that
reflects important aspects of virus biology and evolution.

APPENDIX

GLOSSARY

megataxonomy Classification of viruses into taxa at or above the order rank to reflect
the known macroevolutionary relationships of large virus groups plus nomenclature
for these megataxa. Derived from similar terms used in cellular taxonomies (e.g., see
references 233 and 234).
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monophyletic Belonging to a group of organisms that consists of all the descendants
from a common ancestor.

paraphyletic Consisting of all the descendants of the group’s last common ancestor
excluding one or more monophyletic subgroups; the group is then considered
paraphyletic with respect to the excluded subgroups.

polyphyletic Not being connected to a common ancestor.
superviral hallmark genes (super-VHGs) VHGs that are conserved across different

Baltimore classes of viruses and define realms.
viral hallmark genes (VHGs) genes or parts of genes that are conserved in diverse

groups of viruses; here used to define subrealm megataxa.
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182. Demina TA, Pietilä MK, Svirskaitė J, Ravantti JJ, Atanasova NS, Bamford
DH, Oksanen HM. 2016. Archaeal Haloarcula californiae icosahedral
virus 1 highlights conserved elements in icosahedral membrane-
containing DNA viruses from extreme environments. mBio 7:e00699-16.
https://doi.org/10.1128/mBio.00699-16.

183. Oksanen HM, Abrescia NGA. 2019. Membrane-containing icosahedral
bacteriophage PRD1: the dawn of viral lineages. Adv Exp Med Biol
1215:85–109. https://doi.org/10.1007/978-3-030-14741-9_5.

184. Iyer LM, Aravind L, Koonin EV. 2001. Common origin of four diverse

Koonin et al. Microbiology and Molecular Biology Reviews

June 2020 Volume 84 Issue 2 e00061-19 mmbr.asm.org 30

https://doi.org/10.7554/eLife.51971
https://doi.org/10.3390/v10040187
https://doi.org/10.1146/annurev-virology-031413-085444
https://doi.org/10.1146/annurev-virology-031413-085444
https://doi.org/10.1038/srep05347
https://doi.org/10.1038/srep05347
https://doi.org/10.1038/263106a0
https://doi.org/10.1038/263106a0
https://doi.org/10.1016/bs.aivir.2014.11.005
https://doi.org/10.1007/s00705-015-2613-x
https://doi.org/10.1038/nrmicro3067
https://doi.org/10.1038/nrmicro3067
https://doi.org/10.1093/nar/20.13.3279
https://doi.org/10.1016/0014-5793(90)80175-i
https://doi.org/10.1016/0014-5793(90)80175-i
https://doi.org/10.1002/bies.201200083
https://doi.org/10.1002/bies.201200083
https://doi.org/10.1073/pnas.1703834114
https://doi.org/10.1099/0022-1317-73-10-2763
https://doi.org/10.1099/0022-1317-73-10-2763
https://doi.org/10.1016/j.coviro.2013.06.010
https://doi.org/10.1016/j.coviro.2013.06.010
https://doi.org/10.1186/1471-2148-9-112
https://doi.org/10.1186/1471-2148-9-112
https://doi.org/10.1038/ncomms3700
https://doi.org/10.1038/ncomms3700
https://doi.org/10.1186/1745-6150-7-13
https://doi.org/10.1186/1745-6150-7-13
https://doi.org/10.1093/gbe/evv034
https://doi.org/10.1093/nar/gki702
https://doi.org/10.1186/s12985-018-0974-y
https://doi.org/10.1038/s41564-017-0053-y
https://doi.org/10.1101/572362
https://doi.org/10.1101/572362
https://doi.org/10.1038/nature03056
https://doi.org/10.1146/annurev-biochem-060910-095130
https://doi.org/10.1146/annurev-biochem-060910-095130
https://doi.org/10.1159/000107603
https://doi.org/10.1038/s41467-019-08319-6
https://doi.org/10.1038/s41467-019-08319-6
https://doi.org/10.1073/pnas.1300601110
https://doi.org/10.1093/nar/gkh828
https://doi.org/10.1093/nar/gkh828
https://doi.org/10.1038/nrmicro3389
https://doi.org/10.1006/viro.1999.9837
https://doi.org/10.1006/viro.1999.9837
https://doi.org/10.1038/nature25474
https://doi.org/10.1038/nature25474
https://doi.org/10.1007/s00705-013-1970-6
https://doi.org/10.1007/s00705-013-1970-6
https://doi.org/10.1038/s41467-019-09451-z
https://doi.org/10.1038/s41467-019-08927-2
https://doi.org/10.1038/s41467-019-08927-2
https://doi.org/10.1128/mBio.00699-16
https://doi.org/10.1007/978-3-030-14741-9_5
https://mmbr.asm.org


families of large eukaryotic DNA viruses. J Virol 75:11720 –11734.
https://doi.org/10.1128/JVI.75.23.11720-11734.2001.

185. Iyer LM, Balaji S, Koonin EV, Aravind L. 2006. Evolutionary genomics of
nucleo-cytoplasmic large DNA viruses. Virus Res 117:156 –184. https://
doi.org/10.1016/j.virusres.2006.01.009.

186. Koonin EV, Yutin N. 2010. Origin and evolution of eukaryotic large
nucleo-cytoplasmic DNA viruses. Intervirology 53:284 –292. https://doi
.org/10.1159/000312913.

187. Andreani J, Aherfi S, Bou Khalil JY, Di Pinto F, Bitam I, Raoult D, Colson
P, La Scola B. 2016. Cedratvirus, a double-cork structured giant virus, is
a distant relative of pithoviruses. Viruses 8:300. https://doi.org/10.3390/
v8110300.

188. Rodrigues RAL, Andreani J, Andrade ACDSP, Machado TB, Abdi S,
Levasseur A, Abrahão JS, La Scola B. 2018. Morphologic and genomic
analyses of new isolates reveal a second lineage of cedratviruses. J Virol
92:e00372-18.

189. Andreani J, Khalil JYB, Sevvana M, Benamar S, Di Pinto F, Bitam I, Colson P,
Klose T, Rossmann MG, Raoult D, La Scola B. 2017. Pacmanvirus, a new
giant icosahedral virus at the crossroads between Asfarviridae and fausto-
viruses. J Virol 91:e00212-17. https://doi.org/10.1128/JVI.00212-17.

190. Andreani J, Khalil JYB, Baptiste E, Hasni I, Michelle C, Raoult D, Levas-
seur A, La Scola B. 2017. Orpheovirus IHUMI-LCC2: a new virus among
the giant viruses. Front Microbiol 8:2643. https://doi.org/10.3389/fmicb
.2017.02643.

191. Yoshikawa G, Blanc-Mathieu R, Song C, Kayama Y, Mochizuki T, Murata
K, Ogata H, Takemura M. 2019. Medusavirus, a novel large DNA virus
discovered from hot spring water. J Virol 93:e02130-18. https://doi.org/
10.1128/JVI.02130-18.

192. Philippe N, Legendre M, Doutre G, Couté Y, Poirot O, Lescot M, Arslan
D, Seltzer V, Bertaux L, Bruley C, Garin J, Claverie J-M, Abergel C. 2013.
Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb reaching
that of parasitic eukaryotes. Science 341:281–286. https://doi.org/10
.1126/science.1239181.

193. Yutin N, Koonin EV. 2013. Pandoraviruses are highly derived phycod-
naviruses. Biol Direct 8:25. https://doi.org/10.1186/1745-6150-8-25.

194. Legendre M, Fabre E, Poirot O, Jeudy S, Lartigue A, Alempic J-M,
Beucher L, Philippe N, Bertaux L, Christo-Foroux E, Labadie K, Couté Y,
Abergel C, Claverie J-M. 2018. Diversity and evolution of the emerging
Pandoraviridae family. Nat Commun 9:2285. https://doi.org/10.1038/
s41467-018-04698-4.

195. Legendre M, Lartigue A, Bertaux L, Jeudy S, Bartoli J, Lescot M, Alempic
J-M, Ramus C, Bruley C, Labadie K, Shmakova L, Rivkina E, Couté Y,
Abergel C, Claverie J-M. 2015. In-depth study of Mollivirus sibericum, a
new 30,000-y-old giant virus infecting Acanthamoeba. Proc Natl Acad
Sci U S A 112:E5327–E5335. https://doi.org/10.1073/pnas.1510795112.

196. Legendre M, Bartoli J, Shmakova L, Jeudy S, Labadie K, Adrait A, Lescot
M, Poirot O, Bertaux L, Bruley C, Couté Y, Rivkina E, Abergel C, Claverie
J-M. 2014. Thirty-thousand-year-old distant relative of giant icosahedral
DNA viruses with a pandoravirus morphology. Proc Natl Acad Sci U S A
111:4274 – 4279. https://doi.org/10.1073/pnas.1320670111.

197. Hyun J-K, Accurso C, Hijnen M, Schult P, Pettikiriarachchi A, Mitra AK,
Coulibaly F. 2011. Membrane remodeling by the double-barrel scaf-
folding protein of poxvirus. PLoS Pathog 7:e1002239. https://doi.org/
10.1371/journal.ppat.1002239.

198. Bahar MW, Graham SC, Stuart DI, Grimes JM. 2011. Insights into the
evolution of a complex virus from the crystal structure of vaccinia virus
D13. Structure 19:1011–1020. https://doi.org/10.1016/j.str.2011.03.023.

199. Yutin N, Wolf YI, Raoult D, Koonin EV. 2009. Eukaryotic large nucleo-
cytoplasmic DNA viruses: clusters of orthologous genes and recon-
struction of viral genome evolution. Virol J 6:223. https://doi.org/10
.1186/1743-422X-6-223.

200. Yutin N, Wolf YI, Koonin EV. 2014. Origin of giant viruses from smaller
DNA viruses not from a fourth domain of cellular life. Virology
466 – 467:38 –52. https://doi.org/10.1016/j.virol.2014.06.032.

201. Koonin EV, Yutin N. 2018. Multiple evolutionary origins of giant viruses
[version 1; peer review: 4 approved]. F1000Res 7(F1000 Faculty Rev):
1840. https://doi.org/10.12688/f1000research.16248.1.

202. Bäckström D, Yutin N, Jørgensen SL, Dharamshi J, Homa F, Zaremba-
Niedwiedzka K, Spang A, Wolf YI, Koonin EV, Ettema TJG. 2019. Virus
genomes from deep sea sediments expand the ocean megavirome and
support independent origins of viral gigantism. mBio 10:e02497-18.
https://doi.org/10.1128/mBio.02497-18.

203. Wikoff WR, Liljas L, Duda RL, Tsuruta H, Hendrix RW, Johnson JE. 2000.

Topologically linked protein rings in the bacteriophage HK97 capsid.
Science 289:2129–2133. https://doi.org/10.1126/science.289.5487.2129.

204. Bayfield OW, Klimuk E, Winkler DC, Hesketh EL, Chechik M, Cheng N,
Dykeman EC, Minakhin L, Ranson NA, Severinov K, Steven AC, Antson
AA. 2019. Cryo-EM structure and in vitro DNA packaging of a thermo-
philic virus with supersized T�7 capsids. Proc Natl Acad Sci U S A
116:3556 –3561. https://doi.org/10.1073/pnas.1813204116.

205. Fokine A, Leiman PG, Shneider MM, Ahvazi B, Boeshans KM, Steven AC,
Black LW, Mesyanzhinov VV, Rossmann MG. 2005. Structural and func-
tional similarities between the capsid proteins of bacteriophages T4
and HK97 point to a common ancestry. Proc Natl Acad Sci U S A
102:7163–7168. https://doi.org/10.1073/pnas.0502164102.

206. Dai X, Zhou ZH. 2018. Structure of the herpes simplex virus 1 capsid
with associated tegument protein complexes. Science 360:eaao7298.
https://doi.org/10.1126/science.aao7298.

207. Feiss M, Rao VB. 2012. The bacteriophage DNA packaging machine.
Adv Exp Med Biol 726:489 –509. https://doi.org/10.1007/978-1-4614
-0980-9_22.

208. Rao VB, Feiss M. 2008. The bacteriophage DNA packaging motor. Annu
Rev Genet 42:647–681. https://doi.org/10.1146/annurev.genet.42.110807
.091545.

209. Iyer LM, Leipe DD, Koonin EV, Aravind L. 2004. Evolutionary history and
higher order classification of AAA� ATPases. J Struct Biol 146:11–31.
https://doi.org/10.1016/j.jsb.2003.10.010.

210. Kazlauskas D, Krupovic M, Venclovas Č. 2016. The logic of DNA repli-
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