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Abstract
The canonical frameworks of viral evolution describe viruses as cellular predecessors, reduced forms of cells, or entities 
that escaped cellular control. The discovery of giant viruses has changed these standard paradigms. Their genetic, proteomic 
and structural complexities resemble those of cells, prompting a redefinition and reclassification of viruses. In a previous 
genome-wide analysis of the evolution of structural domains in proteomes, with domains defined at the fold superfamily 
level, we found the origins of viruses intertwined with those of ancient cells. Here, we extend these data-driven analyses to 
the study of fold families confirming the co-evolution of viruses and ancient cells and the genetic ability of viruses to foster 
molecular innovation. The results support our suggestion that viruses arose by genomic reduction from ancient cells and 
validate a co-evolutionary ‘symbiogenic’ model of viral origins.

Virology in the era of giant viruses

The ongoing COVID-19 pandemic [1] is a respiratory illness 
caused by the rapid global transmission of SARS-CoV-2 
[2], the seventh coronavirus known to infect humans. This 
ravaging disease illustrates the planetary consequences of 
recurrent episodes of zoonotic transmission from animals 
to human populations. Pandemics shape public perception. 
Viruses are seen as noxious agents of infection and death. 
Pandemics also poise philosophers and virologists to won-
der about the origins of viruses and their ability to infect all 
cellular lineages on Earth [3–7]. Disagreements on whether 

viruses are living or nonliving persist despite more than a 
hundred years of virological research and recent data-driven 
breakthroughs in the field of evolutionary genomics [8–11]. 
In 2003, the discovery of ‘giant’ viruses [12] revived the 
debate and challenged epistemological foundations [7, 13]. 
The size of their genomes rivals that of several parasitic 
organisms from all three cellular domains (superking-
doms) of life [14]. Their virions, vehicles of transmission 
that embed the genetic material of the virus with a capsid 
(protein shell) and a lipid envelope, are cell-like and large 
enough to be visualized under a light microscope [14]. 
They can produce thousands of proteins, including proteins 
involved in hijacking host metabolism [15] and translation 
[13]. These and other features (some cell-like) were previ-
ously never thought to be associated with viruses [4]. Today, 
dozens of giant viruses have been discovered inhabiting a 
wide range of environments on Earth [16, 17]. They were 
hiding in plain sight [18].

The new findings were met with equal criticism and 
enthusiasm. Some scientists, including us, proposed that 
giant viruses are ‘living’ parts of complex cellular cycles 
and together with other viruses make up an additional super-
group or a ‘fourth’ domain of life [8, 9, 11, 19–22], whereas 
others dismissed their living status altogether and attributed 
their size to massive genetic transfer from cellular genomes 
[23–25]. Despite controversy, giant viruses have redefined 
virology in several ways. Building on previous ideas [26], 
new intelligent definitions of viruses have been proposed 
(e.g., the virocell and virion-factory concepts discussed 
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below) [4, 27] that highlight the distinction between viruses 
and virions [7, 28]. In parallel, we and others have integrated 
the genomes of giant viruses into phylogenetic and phylog-
enomic studies to investigate their origin, evolution, and co-
evolution with their hosts [3, 9, 11, 14, 29–33], some fueled 
by the appreciation of the importance of protein structure 
[34, 35].

Here, we summarize our phylogenomic effort, which 
spans over a decade of investigations [3, 8–10, 29, 36]. 
Unlike traditional approaches, our strategy focuses on 
protein structural domains grouped by conserved three-
dimensional structural backbones [35]. Protein structures 
are more resistant to evolutionary change than gene and 
protein sequences [34]. Their higher evolutionary conser-
vation allows comparison of distantly related and fast-evolv-
ing genomes with a higher level of accuracy [35]. In turn, 
sequence alignments of highly divergent datasets often fail 
to preserve a sufficient and reliable evolutionary signal for 
downstream analysis. For example, a recent study showed 
that it was impossible to reliably align large blocks of RNA-
dependent RNA polymerase (RdRp) protein sequences from 
several families of RNA viruses [37]. Here, we show how 
protein structures can outperform sequences in such cases 
by highlighting our past discoveries and updating an impor-
tant study [9] by adding and analyzing newer genomes and 
structures.

Hybrid models of virus origins and evolution

One main question concerning viruses is the timing and 
mechanism of their origin. This problem has continued to 
capture the imagination of scientists and the public alike but 
has proven extremely difficult to answer. The major road-
block is the unusually high genetic and morphological diver-
sity seen in hundreds (possibly thousands) of extant viral 
lineages [38, 39]. No single feature appears conserved across 
the virosphere, the world of virus diversity. This likely sug-
gests that viruses originated multiple times in evolution, and 
possibly via more than one mechanism. The lack of unity 
also suggests that viruses are probably very ancient. Under 
these assumptions, three classical viewpoints have emerged 
in the scientific literature in various forms: (i) the virus-first 
hypothesis, which posits that viruses originated from pre-
cellular genetic elements, (ii) the reduction hypothesis, in 
which viruses originated from cells via reductive evolution, 
leading to extraordinary genomic and physical streamlin-
ing, and (iii) the escape hypothesis, in which cellular genes 
escaped from cells and transformed into (enveloped) viruses 
(Fig. 1A). None of these models satisfactorily captures or 
explains the massive diversity of the virosphere. They all 
have shortcomings [3, 4]. Consequently, hybrid models 
that combine elements from the different viewpoints have 

recently gained popularity [3, 40]. We will discuss two such 
models (Fig. 1B).

The model of Krupovic et al. [40] combines elements 
from the virus-first and escape models, making it chimeric. 
The authors divide virus genes into two genetic modules, 
one involved in replication and the other in virion struc-
ture and assembly. The replication module originated in an 
‘ancient world’ inhabited by primordial genetic elements 
that existed prior to cells [40]. This ancestrality explains 
the massive diversity seen in the replication strategies and 
genomes of modern-day viral lineages. In turn, the struc-
tural genes responsible for virion formation and assembly 
were gradually captured from cells, once they appeared in 
evolution [40]. Indeed, the single jelly-roll fold, the most 
common capsid protein fold in RNA viruses, has structural 
homologies to several cellular proteins, mainly carbohy-
drate-binding proteins [30]. While capsids hold a central 
place in any model of virion origins, capsid-like analogs are 
rare or absent in cells [9], and some capsid protein folds are 
unique to viruses [39]. In addition, the rise of genetics prior 
to cells implies an ancient nucleic acid world (typically an 
“RNA world”), which brings all its difficulties and is incom-
patible with significant evidence [41].

In contrast, the ‘co-evolutionary’ symbiogenic model of 
Nasir and Caetano-Anollés [3] proposes that viruses reduced 
from ancient cells with segmented RNA genomes as the 
world of communal cells was originating on the planet and 
was giving rise to the ancestors of Archaea, Bacteria, and 
Eukarya [9, 10]. Phylogenetically, the model thus invokes a 
fourth sister group arising with the three ancestors of cellu-
lar domains. Unlike its other siblings, this primordial group 
devolved into viruses by selective loss while remaining 
linked to cellular hosts via cycles of cellular internalization. 
The key difference with previous models therefore lies in 
the timing of genome origins and gradual unfolding of rep-
lication novelties in cells, not prior to them. In other words, 
instead of virus-like genetic elements evolving in a pre-cel-
lular world, their genetics co-evolved alongside ancient cells. 
The symbiogenic model also proposes that RNA viruses 
originated first in evolution. Later, the retro-transcribing 
and DNA viruses either (co)evolved directly from the RNA 
viruses or evolved independently from the viral stem line of 
descent when RNA-based replication systems were gradu-
ally replaced by DNA-based replication counterparts. The 
model is compatible with one that links the cellular origin 
of giant viruses to the RNA-to-DNA evolutionary transi-
tion [27], prior to the radiation of cellular lineages [7]. The 
symbiogenic model also considers capsid proteins to have 
originated in the stem line at the onset of organismal line-
age diversification or having been coopted from co-existing 
emerging cellular lineages.

The symbiogenic model draws inferences from the strong 
reductive tendencies that have become a hallmark feature of 
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obligate parasitic and endosymbiotic organisms. It would 
be difficult to imagine that viruses, which are the ultimate 
parasites, would prefer any another route [7]. Moreover, the 
model offers no constraint for ancient viruses to propagate 
via virion synthesis or other means. The ancient cells sim-
ply produced vesicles that transported genetic cargo within 
the emergent cellular community (facilitating ‘vesiduction’ 
[42]). The vesicle-mediated transport is routinely observed 
in multicellular organisms and, interestingly, shows remark-
able resemblances to virus exit pathways [43]. Thus, ancient 
virions were likely free-floating vesicles that mimicked mod-
ern-day virus transmission via virions. More-sophisticated 
virion structures evolved much later at a time when diversi-
fied cellular lineages appeared. The rise of virions is there-
fore explained as an enhancement of viral spread, very much 
as social media has enhanced the spread of news in human 
society. All aspects of this symbiogenic model of viral evo-
lution are strongly supported by the data-driven comparative 
genomics and phylogenomic analyses we will now describe.

Comparative genomics supports cellular 
history in virus evolution

The cell-like existence of viruses in the distant past was 
strongly supported by our comparative genomic surveys, 
which compared the spread and distribution of fold super-
families (FSFs) of protein structural domains in thousands of 
proteomes [9]. FSFs, as defined by the Structural Classifica-
tion of Proteins (SCOP) gold standard [44], are groupings of 
one or several fold families (FFs). FFs include domains that 
have sequence and structural evidence of common origin. 
FFs are thus orthologous evolutionary units. In turn, FSFs 
group FFs with conserved structural cores and molecular 
functions. Thus, domains grouped into an FSF may have 
little or no sequence identity but strong structural and func-
tional similarities, which indicate evolutionary related-
ness. FSFs are thus more conserved than FFs but provide 
less resolution in exploring relatively recent evolutionary 
relationships.

Fig. 1  Models of viral evolu-
tion. (A) Classic frameworks 
of viral evolution associate 
virus origins to the origin of 
the virion or its components. 
The virus-first hypothesis 
postulates ancient origins of 
viruses that preceded cellular 
life. The reduction hypothesis 
suggests that the origin of cells 
preceded that of viruses, with 
DNA viruses evolving via 
reduction in their genomes. 
The escape hypothesis deems 
viruses as selfish genetic ele-
ments that escaped control 
of cellular machinery and 
‘pickpocketed’ genes via HGT. 
(B) Hybrid models of viral 
evolution support statements 
with comparative genomics and 
phylogenomic information. The 
hybrid ‘chimeric’ model put 
forth by Krupovic and cowork-
ers [40] suggests an ancient 
origin of virus genomes and late 
recruitment of cellular proteins 
for capsid proteins to ‘escape’ 
from cells. The ‘symbiogenic’ 
model proposed by Nasir and 
Caetano-Anollés [3] hypothe-
sizes that ancient cells coexisted 
with ancient virocells and that 
modern-day viruses evolved by 
genomic reduction
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We discovered that roughly one-fourth of total FSFs 
were shared between cells and viruses (the ABEV group) 
[9]. Several of these FSFs included ancient domains 
involved in metabolic functions and were components of 
cell membranes [9]. These findings endorsed the idea of 
a shared cellular history of viruses. Since the publica-
tion of this most recent study, an even greater sampling 
of proteomes and a focus on FFs rather than FSFs con-
firmed the overall comparative genomic patterns. Fig. 2 
illustrates the distribution of 3,892 FF domains in 8,127 
reference-quality proteomes. Two FFs embedded in the 
RdRp and spike complex of SARS-CoV-2, the betacoro-
navirus responsible for the COVID-19 pandemic, exem-
plify the structural entities of the proteomic census. In 
these studies, 139 archaeal, 1,734 bacterial, 210 eukar-
yal, and 6,044 viral proteomes were selected from the 
RefSeq database [45]. Again, the ABEV group included 
a significant fraction of the FF domain repertoire (979 
out of 3,892, 25%). The next-largest group was the ABE 
group (899 out of 3,892, 23%), which supports a stem 
line of descent embodying universal ‘cellular’ ancestors. 
Note also how the Venn diagram is complete (there are 
no zeroes) and holds several supergroup-specific FFs in 
viruses, Archaea, Bacteria, and Eukarya. Remarkably, the 
virus supergroup had Venn distributions comparable to 
those of the three cellular domains.

Viruses complete the evolutionary picture

In absence of retrodiction (the use of phylogenetic meth-
ods to travel back in time), the Venn group distributions of 
either FSFs or FFs can help infer how the cellular domains 
diversified from the last universal common ancestor (LUCA) 
of life. This is another highly charged and controversial 
problem that divides evolutionary biologists. All kinds of 
phylogenetic trees have been published supporting distinct 
topologies of the ‘tree of life’. The canonical view of a three-
domain (3D) cellular world endorsed by the school of Carl 
R. Woese and supported by rRNA sequence analysis roots 
the tree of life in the branch leading to Bacteria and produces 
a sister-group relationship between Archaea and Eukarya 
[46]. The 3D view is backed by several ribosomal proteins 
that are conserved in Archaea and Eukarya but absent in 
Bacteria [47], although this may be due in part to incom-
plete sampling of the bacterial superkingdom, especially 
the surveys of CPR proteomes (e.g. [48]). The 3D tree was 
challenged by the discovery and subsequent phylogenetic 
analysis of the proteins encoded by the Åsgard superphy-
lum of Archaea [49]. The Åsgard encode several eukaryote-
specific proteins, including proteins involved in cytoskeleton 
formation and cell rearrangement, which brought to fame the 
old ‘eocyte’ tree hypothesis championed by James Lake and 
colleagues in the 1980s [50]. The eocyte tree is effectively 

Fig. 2  Fold families (FFs) in proteomes. (A) Venn diagram describ-
ing the sharing of 3,892 FFs among 8,127 proteomes from cells and 
viruses. (B) Two FFs of the structural survey illustrate domain struc-
tures present in the human SARS-CoV-2 betacoronavirus. On the left, 
the enzyme that replicates the genome of the virus inside the lung tis-
sue of the human host (PDB entry 6NUS) has two domains, a nidovi-
rus-unique N-terminal extension with nucleotidyltransferase activ-
ity (NiRAN) and a polymerase domain holding the RNA-dependent 

RNA polymerase FF (e.8.1.4) [63], with a fold of very ancient origin. 
On the right, a structural model illustrates the three subunits of the 
spike complex of SARS-CoV-2 (PDB entry 6VSB), which makes the 
outer surface ‘corona’ that is responsible for recognizing crucial mol-
ecules of the lung and causing the COVID-19 disease [64]. Subunits 
are colored with different shades of blue and purple. They are made 
of a virus-specific protein FF (d.318.1.1), the evolutionarily recent 
SARS receptor-binding domain-like fold
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a two-domain (2D) world scenario, which supports two pri-
mary domains, Archaea and Bacteria, with the merger of the 
two leading to the origin of Eukarya. The 2D tree is widely 
popular but has been challenged by a number of concep-
tual and methodological difficulties related to phylogenetic 
reconstruction [51–53]. The 2D tree has multiple forms that 
vary with regard to the nature of the prokaryotic host cell 
and the timing of a putative primordial ‘phagocytosis’ event 
[54]. Similarly, the 3D tree has two significant variations. 
In one model, the tree is rooted in the branch leading to 
Eukarya [55, 56]. In the other, the ‘Archaea-first’ model, 
the tree is rooted in branches leading to Archaea [57–59]. 
Rooted trees built from structural domains in proteomes 
defined with different classifications and classification levels 
[59–61] and from Gene Ontology (GO) terms in genomes 
[62], and inter-proteome and ribosomal protein similari-
ties consistent with vertical transmission [63], support the 
Archaea-first model. In contrast, the ‘Eukarya-first’ 3D view 
was challenged on methodological and conceptual grounds 
related to phylogenetic rooting and the model of biological 
change [64, 65]. Despite the constant evolutionary presence 
of viruses across domains of life, all of these models and 
most studies exclude viruses. This yields an incomplete pic-
ture that fosters controversy.

Without any formal phylogenetic analysis, the Venn 
group distributions already help us rule out some of the 
above-mentioned scenarios. For example, a 2D tree implies 
a very strong genetic affiliation between Archaea and 
Eukarya or a lesser affiliation between Archaea and Bac-
teria. Fig. 2 shows that this is clearly not the case. Archaea 
and Eukarya share only 49 unique FFs (the AE group), 
while Archaea and Bacteria share 168 FFs (the AB group). 

In contrast, Bacteria and Eukarya share 485 FFs (the BE 
group). In absence of horizontal genetic exchange, their 
stronger genetic affiliation falsifies the expectation of a 2D 
scenario. A focus on viral proteomes provides an alterna-
tive perspective (Fig. 3A). Venn diagrams group viral FFs 
according to the cellular domain of the virus hosts. For 
example, abe indicates FFs conserved in archaeoviruses, 
bacterioviruses, and eukaryoviruses. Quite remarkably, the 
abe group shares a biologically and numerically signifi-
cant core of 112 FFs. This is additional evidence that the 
virus mode of life likely evolved prior to the diversification 
of modern cells. Again, there is very little or no overlap 
between the prokaryotic viruses (Venn group ab, 56 FFs) 
or between the archaeoviruses and eukaryoviruses (ae, 
6), when compared to FFs shared by bacterioviruses and 
eukaryoviruses (be, 352). If eukaryotes either descended 
from or are sister to Archaea, we should expect to see 
higher genetic similarity in either the two domains or their 
viruses. However, FF evidence is not consistent with such 
a view. The strongest similarities are observed between 
Bacteria and Eukarya and their viruses, which supports the 
Archaea-first 3D tree. We would, however, like to clarify 
that Venn group numbers can be affected by microbial 
proteomes that have not been sequenced [52, 66]. So far, 
however, the patterns of distribution we report here have 
remained robust over a decade of investigations.

Fig. 3  FFs in the proteomes of viruses infecting different hosts. (A) 
Venn diagram describing the distribution of 1,526 FFs in archaeovi-
ruses, bacterioviruses, and eukaryoviruses. FFs in the abe group do 
not indicate that these were present in a virus able to infect members 
of all three superkingdoms. They merely refer to the count of FFs 
shared among archaeoviruses, bacterioviruses, and eukaryoviruses. 
(B) Mean f values for FFs representing the seven Venn groups defined 
in panel A in archaeal, bacterial, and eukaryal proteomes. Text above 
bars indicates how many different viral subgroups possess those FFs. 

(C) The abundance of each viral replicon type by host superkingdom 
and major taxonomic groups in Eukarya. Hosts were grouped into 
Archaea, Bacteria, Protista (animal-like protists), Fungi, plants (all 
plants, blue-green algae, and diatoms), invertebrates and plants (IP), 
and Metazoa (vertebrates, invertebrates, and humans). Host informa-
tion was available for 6,029 out of a total of 6,044 viruses in our data-
set, and replicon information was available for 5,959 viruses. Num-
bers on bars represent the total virus count in each host group
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Protein fold families recapitulate 
evolutionary history

The Venn diagrams are merely descriptive and can only help 
approximate the most parsimonious evolutionary scenario. 
While the molecular census can be biased by unequal sam-
plings and/or uneven performance of bioinformatics pro-
grams on different genomic datasets [19, 51], comparative 
genomic approaches are necessarily limited by the effect of 
horizontal genetic exchange, which complicates any evo-
lutionary inference derived from extant data that considers 
only vertical descent. These limitations prompt the use of 
data-driven phylogenomic methods that are capable of recon-
structing the past from a census of structural domains in pro-
teomes [9]. Using the extended genomic dataset described 
above, we now dissect different evolutionary phases in the 
history of cells and viruses by a method that traces the origin 
of the FFs or FSFs of each Venn group [60, 67]. In these 
experiments, phylogenomic trees are reconstructed that 
describe the evolution of structural domains. These trees dif-
fer from the more traditional trees that describe the evolution 
of the proteomes of cellular organisms and/or viruses. The 
leaves (taxa) of the trees are domains instead of proteomes. 
To calculate the relative age of each domain in a Venn group, 
a ‘node distance’ (nd) from the base of the tree to each leaf 
allows us to build evolutionary timelines of appearance of 
structural domains in proteomes, with nd = 0 representing 
the origin of protein domains and nd = 1 representing the 
present [9, 59, 68]. Ages can be calibrated with a molecular 
clock of folds that coverts the relative timeline into geologi-
cal timescales by correlating domain ancestry with domain 

structures linked to markers of the geological record [69]. 
Six major evolutionary phases are evident in the timelines 
of FFs (Fig. 4A and B).

 i. The communal world (nd = 0–0.043). This initial 
phase is the birth period of the 20 most ancient FF 
domains. These FFs are encoded by both viruses and 
cellular organisms (i.e., they are part of the ABEV 
group, Fig. 2) and participate in generic functions, 
involving small-molecule binding. The “ABC trans-
porter ATPase domain-like” FF (c.37.1.12) was the 
first FF to appear during this time period, which 
makes it the most ancient FF domain. Overall, this 
period resembles a communal world inhabited by pri-
mordial cells containing a limited number of mem-
brane-associated proteins.

 ii. The rise of viruses (nd = 0.043–0.137). This phase 
begins with the loss of two FFs, the “Acetyl-CoA 
synthetase-like” (e.23.1.1) and “Thiolase-related” 
(c.95.1.1) protein domains in viruses. These domains 
were either lost in viruses or, less likely, were gained 
by the stem line of descent that eventually produced 
Archaea, Bacteria, and Eukarya. The phase therefore 
marks the onset of reductive evolution in the cellu-
lar ancestors of viruses, which led to a first split of 
the primordial cellular stem line. The majority of FFs 
emerging in this phase participate in core metabolic 
processes.

 iii. The birth of Archaea (nd = 0.137–0.318). This phase 
begins with the first loss of a FF in Archaea, the 
“Sigma2 domain of RNA polymerase sigma factors” 
(a.177.1.1). This checkpoint therefore marks the split 
of archaeal ancestors and the beginning of reductive 
evolution in Archaea. A total of 323 FFs originated in 
this phase, mostly involved in metabolic functions.

 iv. Diversification of Bacteria (nd = 0.318–0.464). Bac-
teria-specific FFs started to appear during this phase, 
some of which confer pathogenicity to bacteria. This 
middle period therefore marks the first diversification 
of an ancient lineage into modern organisms. Thus, 
while the archaeal lineage splits off earlier, it was the 
bacterial lineage that diversified first. This important 
and consistent finding reconciles both the canonical 
Woesian 3D view and the Archaea-first 3D scenario. 
A β-propeller FF structure of the ABEV group, the 
‘YVTN repeat’ (b.69.2.3), also appeared in this period 
(nd = 0.347). This FF and a universal late-appearing 
immunoglobin-like β-sandwich structure (b.1.3.1; 
nd = 0.863) form the surface layer (S-layer) proteins 
typical of bacterial and archaeal ‘protective coats’ that 
wrap up and sieve the cell envelopes with their lat-
tices [70]. Since their FFs are present in 35-48% of 
cellular organisms but only as single FF domains in 

Fig. 4  The evolutionary history of structural domains of the pro-
teomes of cells and viruses. (A) Phylogenomic tree of structural 
domains reconstructing the evolutionary history of 3,892 FF domains 
(taxa) in 8,127 proteomes (characters). (B) Six phases in the evo-
lutionary timeline of FFs, with time progressing from the origin of 
domains (nd = 0) to the present (nd = 1), showing age (nd) ranges for 
FFs in the Venn groups of Figure 2. Numbers in parentheses indicate 
the total number of FFs appearing in each phase. Numbers above the 
horizontal bars represent FFs appearing in a phase for the particular 
Venn group. (C) Cumulative frequency distribution of FFs along the 
evolutionary timeline. (D) Boxenplots show the distributions of FFs 
for each Venn group. Boxenplots are an alternative form of boxplots 
that plot quantiles beyond the quartile values to better represent large 
nonparametric datasets with fat-tailed distributions. Blue denotes cel-
lular FFs, while red represents FFs that are either shared with or are 
exclusive to viruses. (E) Model of diversification of protein domains 
in proteomes derived from phylogenomic data. The network dia-
grams implemented with the NeighborNet algorithm in the SplitsTree 
package confirm the early evolutionary rise of viruses, followed by 
Archaea and then Bacteria and Eukarya. The last universal common 
ancestor (LUCA) and the last universal cellular ancestor (LUCELLA) 
are indicated at their first appearance in the networks. The delta score 
evaluates the amount of vertical phylogenetic signal present in the 
data (a score of 0 implies a fully bifurcating tree, and a score of 1 
implies a full network)

◂
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a few dsDNA viral lineages (a total of 20, including 
four giant pithoviruses) (Table S7), these wrapping 
structures may represent cellular ancestors of viral 
capsids. They are probably almost absent in viruses 
because they have been superseded through reductive 
evolution by the late appearance of viral capsids.

 v. Diversification of Archaea, Eukarya, and Viruses 
(nd = 0.464–0.77). The lineages leading to viruses, 
Archaea, and Eukarya also diversified with the inno-
vation of group-specific FFs. Remarkably, the gains 
by the viral supergroup included FFs that confer cap-
sids and virulence to viral proteomes and were part 
of the virus-specific V group, which appeared early 
during this phase. Interestingly, the AV, BV, and EV 
groups soon followed the appearances of A, B, and 
E groups. These observations therefore suggest that 
viral pathogenesis started soon after the diversification 
of the host. A GO [71] enrichment analysis of FFs in 
AV, BV, and EV confirms that these protein domains 
enable viruses to infect hosts and ensure their survival 
(Table S8). The findings were expected; pathogenic-
ity implies the ability to recognize and distinguish 
between different hosts, which is only possible if the 
hosts represent diversified lineages.

 vi. Growth in Eukarya (nd = 0.77–1.00). A large num-
ber of FFs appearing in the final phase were specific 
to eukaryotic lineages, contributing to the late devel-
opment of eukaryal proteomes as well as acquisition 
of advanced functionalities such as those involved in 
regulation, signaling and intracellular processes [60].

The FF timeline is consistent with our previous results 
[3]. It indicates that the viral supergroup had cellular origins 
and diversified from a stem line of descent very early in 
evolution. This primordial viral stem line then continued to 
evolve via reductive evolution. We have termed these cell-
like entities ‘proto-virocells’ because they combined the 
modern autonomous replication of modern virus genomes 
inside a host (virocell) [28] with the ability to spread genetic 
(and cellular) wealth to other cells through ancient vesicle-
like structures. Remarkably, the reductive tendencies were 
later also observed in the archaeal lineage and are common 
in modern day endosymbionts and obligate parasites [72]. 
To illustrate, Fig. 5 reveals an overlap of FF use and reuse 
values between bacterial parasites and giant viruses. The 
reduction model of virus evolution is also supported by the 
distribution of FFs in different virus replicon types of the 
Baltimore virus classification (Fig. 6). Very few, if any, FFs 
are conserved between the different virus subgroups. The 
dsDNA viruses harbor the maximum number of FFs. Out 
of the 1,526 FFs, ~92% (1,409) were unique to each viral 
subgroup, while only 8% (117) were shared by more than 
one subgroup. There were no FFs common to all subgroups. 
However, the “Reverse transcriptase” (e.8.1.2) FF was the 
most shared domain, present in five of the seven viral sub-
groups (Table S4). The data therefore show a very patchy 
distribution of FFs within the virosphere, which falsifies a 
monophyletic origin but can be reconciled with reductive 
evolution of viruses. 

Interestingly, the patterns of emergence and loss of FF 
domains are also remarkably similar to the host preferences 
of viral lineages. Archaea and Bacteria encode smaller FF 
repertoires and also exhibit lower diversity in the number 

Fig. 5  Use (A) and reuse (B) of FFs in proteomes in each viral 
subgroup and in the three superkingdoms (N = 8,042 out of total 
8,127 proteomes; 85 viruses with no replicon assignment have been 

excluded in this analysis). Y-axis values are provided in the logarith-
mic scale. Important outliers are labeled
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of virus interactions [73]. Eukaryotes encode the richest FF 
repertoires and also the maximum diversity in the number 
and types of virus interactions. For example, eukaryotes, 
especially animals, are infected by a wide range of RNA 
and retro-transcribing viruses that are completely absent in 
Archaea, or are rarely detected or absent in Bacteria, respec-
tively [73, 74]. These biases also manifest in other domains. 
If the earliest cells contained segmented RNA genomes, as 
we propose [3, 9], the absence of RNA viruses in Archaea 
can be explained by the loss of ancient RNA viruses. Per-
haps, RNA viruses triggered the early ‘archaeal split’ [73, 
75]. These insights align with interpretations from the Venn 
group data (Fig. 2).

Virus‑specific genes and virus‑to‑cell gene 
transfer

The number of virus particles in the universe probably 
exceeds the number of progeny of cellular organisms [76]. 
Despite their small genome sizes, collectively, the virus 
genetic pool likely exceeds that of cells by several-fold. 
The genes of this genetic pool could make their way to cel-
lular genomes via virus-to-cell gene transfer through virus 
infection, outnumbering transfers of cellular genes into viral 
genomes. Such lateral transfers could occur at rates match-
ing Avogadro’s number, ~ 1024 viral infections per second in 
the oceans [77]. These concepts have been nicely illustrated 
before. Virus genes without any detectable cellular homolog 
or ORFans, virus-specific genes, constitute >90% of the 
genes in the proposed family “Pandoraviridae” [78], whose 

members possess the largest virus genomes ever discovered 
[14]. A very recent study identified an amoeba virus (Yara-
virus) with a nearly complete ‘ORFan genome’ [79]. These 
virus-specific genes are starkly different even among mem-
bers of the same virus family [14, 32]. These observations 
suggest these genes partake in highly dynamic processes 
of change and likely originate continuously in the virus 
genomes. Our global analyses also revealed similar patterns. 
On average, ~80% of proteins of prokaryotic viruses and 
~60% of eukaryoviral proteins lacked domain assignments 
(Fig. 7A). These results indicate that ORFans are a feature 
of viruses infecting all three domains of cellular life. Thus, 
virus genomes are better characterized by the presence of 
ORFan genes rather than the relatively smaller subgroup 
of proteins shared between viruses and their host pro-
teomes (Fig. 3A). Members of this second class of proteins, 
which accounts for 18-38%, do match structural domains 
detected in host proteomes. Their origin could be due to 
shared history, virus-to-cell gene transfer, or cell-to-virus 
gene transfer. A third class of proteins are the virus-specific 
proteins (VSFs) that match domains defined in the struc-
ture databases, but those domains have not been detected 
hitherto in any cellular proteome. The proteomic compo-
sition of the bulky proteomes belonging to the proposed 
order “Megavirales” also conformed to the same patterns 
(Fig. 7B). Together, the ORFans and virus-specific proteins 
overwhelmingly characterize viruses as gene creators rather 
than ‘robbers’ or hosts of genetic escapees from cells [78].

The mechanistic details of virus gene creation abili-
ties are nicely illustrated by the virocell concept [28]. In 
brief, a virus, upon infection, transforms the ‘ribocells’ of 

Fig. 6  Sharing of FFs among viruses. (A) A seven-set Venn diagram shows sharing patterns among the viral subgroups. (B) Total number of FFs 
that were either shared or exclusively occur in each viral subgroup
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a ribosome-encoding cellular organism into a virocell that 
produces virions rather than dividing by binary fission. The 
virocell is metabolically active and has lost its identity. Dur-
ing this stage, the virus can produce a virus-factory-like sys-
tem that controls the cellular machinery and can create and 
replicate genes using the same mechanisms used previously 
by ribocells [27]. Interestingly, the modern virocell may be 
the closest visualization of the ancient cellular ancestors of 
viruses, which we have termed ‘proto-virocells’.

The sheer number of VSFs would create ample oppor-
tunities for several virus genes to be endogenized and 
domesticated by their cellular hosts. There are several such 
examples, such as the abundance of endogenized virus-like 
elements in mammalian genomes and other proteins that per-
form useful functions. Endogenous viral elements, specifi-
cally mammalian endogenous retroviruses, appear to boost 
antiviral immunity in their hosts [80]. Syncytins and Gag 
proteins derived from ancient retrotransposons are involved 
in placentation in mammals [80]. Gag proteins have also 
been found to participate in the evolution of the mammalian 
brain [80]. To formally test this idea, we identified FFs that 
were shared by XV Venn groups but with sparse occurrence 
in X proteomes, X being a proteome of Archaea, Bacteria, or 
Eukarya. We found an additional 64 putative VSFs using this 
approach. With the exception of five VSFs and three putative 

VSFs (Table S1), most VSFs were associated with a single 
viral subgroup. This matches the analysis of FSF domains 
and the proposal that each viral replicon type has evolved 
different VSFs for its survival, function and reproduction 
[9]. The list of new putative VSFs included several proteins 
responsible for viral core and structural components as well 
as cellular and nucleic acid binding (Table S5). All four EV 
FFs from this list (Table S1) represent viral structural pro-
teins with low spread in eukaryotes (Table S5), indicating 
that these domains may have been acquired by eukaryotes 
via horizontal gene transfer or (less likely) could be a result 
of inaccurate hidden Markov model (HMM) assignment. 
Similarly, several of the BV domains identified as puta-
tive VSFs constitute viral proteins and encompass 65.63% 
of the putative VSFs (42 out of 64), indicating that most 
BV domains are derived from viruses. This observation is 
consistent with previous findings [9, 10], given that bacte-
rioviruses are known to facilitate genetic transfers among 
organisms and thus drive evolution in bacteria.

The virus-to-cell direction of gene transfer is further sup-
ported by the comparison of two different FF distributions: 
(i) FFs that are only shared among cells and (ii) FFs that 
are shared between cells and viruses. We find that the lat-
ter group was more widely distributed in proteomes when 
spread was measured with an f index (Fig. 8), a finding that 

Fig. 7  Proteomic composition of viruses of hosts in the three superk-
ingdoms (A) and in the proposed order “Megavirales” (B). Numbers 
in parentheses represent the total number of proteomes in each cate-

gory. Numbers above bars show the protein count in each of the three 
groups of proteins
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confirms a similar analysis with domains defined at the FSF 
level [9]. The index ranges from 0 (absence) to 1 (presence in 
all genomes). The median f value for FFs in Archaea shared 
only with cells was 0.223, compared to the f value of 0.288 
(29.1% increase) for FFs shared with viruses. Likewise, the 
sharing of FFs with viruses increased f values by 50.5% 
(from 0.218 to 0.328) in Bacteria and up to 57.1% (from 
0.429 to 0.674) in Eukarya. Irrespective of the magnitude 
of the median increase among superkingdoms, FFs shared 
with viruses were always significantly more widespread than 
those only shared with cells. The presence of these viral 
FFs in an assortment of cellular proteomes, from microor-
ganisms to large eukaryotes, suggests that viruses are very 
ancient and already transferred genes to the last common 
ancestor of each superkingdom [9]. Inspection of archaeal 
FFs shared with viral replicons showed an enrichment of 
all viral subgroups, including the presence of RNA viruses. 
RNA viruses are unable to successfully infect Archaea. It is 
therefore likely that RNA viruses infecting members of dif-
ferent superkingdoms exchanged FFs that were conserved in 
evolution from ancient cells [9]. Similarly, FFs shared with 
eukaryotes by each viral subgroup were greatly widespread, 
as revealed by high median f values (Fig. 8B), which is con-
sistent with eukaryotic proteomes hosting a large number of 
viruses from each subgroup (Fig. 3C).

The negligible presence of capsid/coat proteins in cells 
uncovered by our analysis supports the role of virus-to-
cell horizontal gene transfer events that mediate molecular 

innovation. Capsid/coat-related proteins are hallmark virus 
proteins that point to genetic innovation in viruses [29]. The 
cellular distribution of 37 FFs related to capsid/coat FSFs 
(identified using data from Nasir and Caetano-Anollés [9]) 
attests to this innovation. Only the “Major capsid protein 
gp5” FF (d.183.1.1) was present in roughly 29% of cellular 
proteomes (Table S3). Most of the capsid/coat FFs (27 out of 
37) were completely absent or had a negligible presence in 
cellular proteomes. Their functions and design were devel-
oped in viruses and are still in the process of being recruited 
by cellular makeup [39].

Early origins of RNA viruses

RNA viruses are thought to have been the first to evolve 
among viruses, with origins rooted in ancient cells [7, 27, 
81]. Our phylogenomic reconstructions using FSFs [9] and 
FFs, which we report here, support this hypothesis. Two dif-
ferent approaches give further credence to the ancient origin 
of viruses. First, surveying the age distribution of FFs in the 
ancient ABEV group allowed us to establish the relative 
age of each viral subgroup (Fig. S2A). With the exception 
of dsDNA-RT viruses, the nd medians were fairly low and 
distributions had long right, which that are expected when 
the effects of horizontal gene transfer are recent. The most 
ancient ABEV FFs belonged to plus-ssRNA and ssDNA, 
suggesting that they emerged prior to the very common 

Fig. 8  Spread of viral FFs in cellular proteomes to study the direction 
of gene transfer (either virus-to-cell or cell-to-virus). Fractional (f) 
values measure the spread of each FF with values from 0 (absence in 
all proteomes analyzed) to 1 (presence in all proteomes). FFs belong-
ing to A, B, and E Venn groups are excluded in this analysis, as they 
reflect superkingdom-specific gains. (A) Comparison of spread (f 

value) of FFs shared or not shared with viruses in archaeal, bacte-
rial, and eukaryal proteomes (Wilcoxon rank sum test, two-tailed, P 
< 0.01). (B) Comparison of spread (f value) of FFs shared with each 
viral subgroup in archaeal, bacterial, and eukaryal proteomes. Num-
bers at the top represent the total number of FFs included in each 
comparison
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dsDNA viruses. Second, evolutionary principal coordinate 
(evoPCO) analysis, an multidimensional scaling strategy 
that determines the relative evolutionary ancestry of pro-
teomes [9], revealed the ancient origins of RNA viruses. 
Domains become part of each proteome at different evo-
lutionary timepoints. Their relative ages can measure the 
evolutionary makeup and give a general indication of the age 
of a proteome. The evoPCO methodology uses a data matrix 
of ages to generate a temporal view of proteome evolution. 
This view can become more powerful than the standard 
‘tree of life’ visualization because it minimizes problems of 
independence of phylogenetic characters known to plague 
sequence analysis [19, 64]. Fig. 9 shows an evoPCO plot 
of FF data reflecting the 8,127 reference-quality proteomes 
of cellular organisms and viruses that we recently ana-
lyzed. The first three coordinates, which account for ~72% 
of total variance, revealed four distinct temporal clouds of 
proteomes dissecting viruses and each of the three superk-
ingdoms (Fig. 9). The evolutionary direction of the clouds 
of data points uncovered a temporal flow from viruses to 
cellular organisms that unfolded along the PCO1 axis. The 
cloud of RNA viral proteomes at the back of the evoPCO 
plot was temporally the most basal. Two RNA (plus-ssRNA) 
viruses, Lasius neglectus virus 1 and Lygus lineolaris virus 
1, belonging to the order Picornavirales, occupied the most 
basal position in the plot. The group of giant viruses was 
clearly dissected from the main viral cloud and was tem-
porally closer to cellular proteomes, confirming results that 
suggest their late appearance in viral evolution [13, 31] and 
supporting the coexistence of ancient viruses with cells [8, 
27]. All results reinforce the notion of an ancient origin of 
RNA viruses.

Conclusions

The 21st century is the century of data science. The con-
tinuous flood of data and information that flows from mul-
tiple data streams can vastly improve life on our planet, 
from predictions that impact weather and climate change 
to understanding the structure and behavior of artificial and 
natural biological systems that generate, process, store, use 
and communicate information. Evolutionary biologists are 
also blessed by the depth and breadth of expanding biologi-
cal databases, from genome, metagenome, and microbiome 
repositories to gold standards of protein classification. These 
datasets provide unique opportunities to address age-old and 
puzzling mysteries. Here, we review our data-mining efforts 
to uncover the origins and evolution of viruses. Comparative 
genomic and phylogenomic approaches that take advantage 
of the three-dimensional atomic structure of proteins sup-
port the origin of viruses from cells predating the ancestors 
of cellular domains. These ancient cells gradually devolved 
into modern-day viruses via reductive evolution, matching 
well-known processes that operate in Archaea and endosym-
biotic organisms. Contrary to popular belief, the genomes 
of viruses harbor an abundance of well-characterized virus-
specific genes and encode numerous protein structures that 
carry significantly deep evolutionary information about a 
pervasive virus-to-cell genetic transfer of cellular innova-
tions. Thus, viruses should be considered drivers of cellular 
evolution rather than minimalistic genetic parasites. They 
have played and continue to play major roles in the evolution 
of the living world. Following the breakthrough discovery of 
giant viruses, we should expect that the discovery of other 

Fig. 9  Evolutionary principal 
coordinate (evoPCO) analysis 
describing the evolution of the 
proteomes of cellular organ-
isms and viruses. The 3-dimen-
sional scatter plot describes 
the temporal relationships of 
139 archaeal, 1,740 bacterial, 
210 eukaryal and 6,044 viral 
proteomes, making up a total 
of 8,127 reference-quality 
proteomes and involving the 
ages of 3,892 FFs. The multi-
dimensional scaling analysis 
highlights in its first three most 
significant axes a temporal 
flow from viruses to cellular 
organisms
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viruses inhabiting diverse hosts and habitats will help revise 
the way we think about viruses and the roles they play on 
our planet.
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