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Summary

Viruses are obligate intracellular parasites. Despite their dependence on host cells,
viruses are evolutionarily autonomous, with their own genomes and evolutionary
trajectories locked in arms races with the hosts. Here, we discuss a simple functional logic
to explain virus macroevolution that appears to define the course of virus evolution. A
small core of virus hallmark genes that are responsible for genome replication apparently
descended from primordial replicators, whereas most virus genes, starting with those
encoding capsid proteins, were subsequently acquired from hosts. The oldest of these
acquisitions antedate the last universal cellular ancestor (LUCA). Host gene capture
followed two major routes: convergent recruitment of genes with functions that directly
benefit virus reproduction and exaptation when host proteins are repurposed for unique
virus functions. These forms of host protein recruitment by viruses result in different levels
of similarity between virus and host homologs, with the exapted ones often changing
beyond easy recognition.
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Introduction

Theoretical argument and empirical evidence converge to suggest that all cellular life
forms, with the possible exception of some intracellular parasites, host multiple viruses
(Koonin et al., 2020a; Forterre and Prangishvili, 2009). Viruses display enormous diversity
that exceeds the diversity of their cellular hosts in at least two dimensions. First, whereas
cellular life forms employ a uniform scheme of genetic information storage and
expression, with double-stranded (ds) DNA genome transcribed into various RNAs,
including mRNAs, that are translated into proteins, viruses effectively make use of all
information transmission schemes that are possible with the two types of nucleic acids
(Koonin et al., 2021b; Baltimore, 1971). Second, virus genes typically evolve much faster
than their cellular homologs (Domingo et al., 2021; Aiewsakun and Katzourakis, 2016),
enabling virus gene sequences to span comparatively larger regions of the sequence
space. Indeed, sequence diversity of a single family of viruses can exceed the diversity
of entire domains of cellular life (Mihara et al., 2018), rendering the recognition of deep
evolutionary relationships and ancestry of virus genes particularly challenging.

The range of virus genome sizes spans about 3 orders of magnitude, from less than 2
kilobases (kb) in the smallest single-stranded (ss) RNA and DNA viruses to more than 2
megabases (Mb) in the giant pandoraviruses (Legendre et al.,, 2018). Thus, the
virosphere encompasses both the simplest of the known protein-coding replicators and
the giant viruses, which surpass some prokaryotes and unicellular eukaryotes in genome
size and complexity.

The standard concept in virus evolution is that viruses are locked with cellular hosts in a
perennial arms race (Koonin et al., 2020b). During this race, hosts evolve and diversify
antivirus defense mechanisms, whereas viruses respond with evolving counter-defense
systems that suppress the host defenses. Complementary to the arms race and
intertwined with it is the extensive gene flow between viruses and their hosts. Viruses
frequently acquire host genes and employ them for roles in virus reproduction and virus-
host interaction, and conversely, hosts capture virus genes and repurpose them for
defense and other cellular functions (Koonin et al., 2020b). Compared to horizontal gene
transfer between organisms, the gene flow between viruses and hosts is facilitated by the
key feature of virus reproduction, namely, that it occurs strictly within cells, putting
replicating virus genomes in close contact with the genome and mRNAs of the host.

In this Perspective, we examine the capture of host genes by viruses and how this
process shaped virus genomes through the nearly 4 billion years of virus-host
coevolution. We provide support for the idea that gene gain, which produced the
astonishing diversity of virus genomes, is governed by simple logic of adaptation of
cellular proteins for functions that are essential or beneficial for virus reproduction. Such
adaptation involves either direct aquisition of a cellular function or exaptation, whereby
the function of the acquired protein changes, often accompanied by elimination of the
original activity, although the protein structure is largely preserved. This logic of
repurposing cellular proteins determines the trajectories of virus macroevolution including
the emergence of new groups of viruses, in an interplay with the arms race.



Virus Hallmark Proteins (VHPs) and their Origins

Comparative analysis of virus proteomes led to the delineation of a small set of Virus
Hallmark Proteins (VHP). These proteins are widely distributed among diverse viruses
and play key roles in the replication of virus genomes (‘replication-associated VHPSs’) and
formation of virions, including genome packaging into capsids (‘structural VHPS’) (Koonin
et al.,, 2020a). The observations on the provenance of these two functional classes of
VHPs, those involved in virus genome replication and in virion formation, strongly suggest
different routes of evolution and translate into a parsimonious scenario for the origin of
viruses (Krupovic et al., 2019).

The replication VHPs, particularly, RNA-dependent RNA polymerase (RdRP) and reverse
transcriptase (RT), but also, protein-primed DNA polymerase, rolling-circle replication
endonuclease (RCRE) and superfamily 3 helicase (S3H), have only distant homologs
among cellular proteins, suggestive of ancient origins, most likely, antedating the Last
Universal Cellular Ancestor (LUCA) (Krupovic et al., 2019). Many evolutionary
reconstructions performed using widely different computational approaches indicate that
the LUCA was a population of organisms comparable in complexity with the extant
prokaryotes (Krupovic et al., 2020a). In particular, multiple polymerases and helicases
were apparently already represented in the LUCA. Furthermore, RdRP and RT are the
types of replicative enzymes that are likely to have evolved during the transitions from the
hypothetical primordial RNA world to the RNA-protein stage, and then, to the DNA-RNA-
protein life that spawned LUCA and the subsequent evolution of cellular organisms.

Underneath all the diversity of the virus replication enzymes, there is striking unity: the
structural core of all these proteins is the RNA Recognition Motif (RRM) domain which
binds nucleic acids in a great variety of proteins (Krupovic et al., 2019). In addition to
RNA-binding, this domain evolved the catalytic sites for nucleotide polymerization as well
as nuclease activity in the virus and some cellular replication enzymes. The relative
simplicity, ubiquity and enormous versatility of the RRM domain implies that this might
have been one of the earliest protein domains to evolve, possibly, serving as a cofactor
to ribozyme polymerases in the late RNA world. The diversification of the RRM domain,
yielding RARP, RT and other virus as well as cellular replicative proteins, probably
occurred within a primordial pool of replicators that inhabited protocells, prior to the
establishment of the modern-type replication of DNA genomes and, accordingly,
prokaryote-like cells.

Structural VHPs: ancient exaptation

Virus capsid proteins (CP) are remarkably diverse (Krupovic and Koonin, 2017). Because
the amino acid sequences of CPs typically evolve much faster than those of replication-
associated VHPs, the principal approach employed to establish evolutionary relationship
among CPs of different groups of viruses and infer their origins is protein structure



comparison. Altogether, about 20 major CP groups with distinct structures are currently
known (Krupovic and Koonin, 2017). Importantly, however, the abundances of different
capsid shapes and distinct capsid proteins differ widely, so that there are a few common
forms and a number of rare and odd ones. The majority of virus capsids are icosahedral
and a substantial minority are helical. Both icosahedral and helical capsids are
thermodynamically favored during protein aggregation and these forms can be achieved
using multiple, unrelated proteins. In particular, at least 10 unrelated protein folds were
identified among the major CPs of icosahedral capsids (Krupovic and Koonin, 2017). Of
these, only 3 protein families are spread widely enough among viruses to qualify as
structural VHPs.

The single B barrel “jelly-roll” (SJR) structure is commonly found in virus CPs. The SJR
CP is the major component of the icosahedral capsids of a great variety of positive-sense
RNA viruses of the kingdom Orthornavira (realm Riboviria) and ssDNA viruses in the
realm Monodnaviria (Figure 1). Distinct varieties of the SJR CP are also present among
dsDNA viruses including the kingdom Helvetiavirae within the realm Varidnaviria and the
families Papillomaviridae, Polyomaviridae within Monodnaviria (Krupovic and Koonin,
2017; Krupovic et al., 2022).

The SJR domain is also found in a broad variety of cellular proteins, most of which bind
carbohydrates and some are carbohydrate-active enzymes (Krupovic and Koonin, 2017).
Many of the cellular SJR proteins, in particular those of the tumor necrosis factor (TNF)
family, form aggregates resembling capsid-like particles (Zhukovsky et al., 2004), and
thus appear to be facile material for recruitment as virus CPs. The SJR CPs of eukaryotic
RNA and ssDNA viruses and those of prokaryotic microviruses (Monodnaviria) and
helvetiaviruses (Varidnaviria) show the closest structural similarity to different groups of
cellular SJR proteins (Krupovic and Koonin, 2017). Together this suggests that SIR CPs
have been recruited by viruses from cellular ancestral proteins on at least two, and likely
more, independent occasions. To function as CPs, the recruited SJR proteins must
acquire the ability to interact with the virus nucleic acid. Typically, this is achieved via
positively charged terminal extensions of the CPs, which are missing in their cellular
ancestors (Figure 2A; Requiao et al., 2020).

The CPs of the diverse dsDNA viruses in the kingdom Bamfordvirae of the realm
Varidnaviria consist of two “jelly-roll” domains and thus are known as double jelly-roll
(DJR) CPs (Figure 1; Krupovic et al., 2022). A search for possible cellular ancestors of
the DJR-CP identified several families of such proteins, with DUF2961-family glycoside
hydrolases showing the closest structural similarity to the DJR CPs of Bamfordvirae
(Figure 1; Krupovic et al., 2022).

All of the numerous tailed icosahedral viruses of the realm Duplodnaviria, possess
homologous CPs with the HK97 fold (after the phage for which the capsid structure was
solved first) (Duda and Teschke, 2019). No cellular homologs of the HK97 CPs that could
be their direct ancestors have yet been identified (apart from encapsulins that were likely
derived from phage CPs), but a more complex relationship with two families of cellular
proteins has been discovered (Holm, 2020). Apparently, the HK97 CP evolved from



bacterial proteins known as dodecins, via insertion of an uncharacterized domain (Figure
1). Dodecins are involved in flavin storage in bacteria and form dodecameric spherical
structures that can be considered (mini)capsid-like (Grininger et al., 2006).

Recent protein structure comparisons of these 3 most abundant viral CPs highlight one
of the major avenues of virus evolution, namely, exaptation. As originally formulated by
Gould and Vrba, exaptation involves repurposing of biological entities, such as animal
organs, for functions distinct form the original function (Gould and Vrba, 1982; Gould,
1997). At the molecular level, the concept of exaptation readily applies to evolutionary
repurposing (refunctionalization) of proteins and RNA molecules. In the case of virus CPs,
“pre-adapted” cellular proteins, i.e., endowed with the propensity for aggregation into
ordered, symmetrical multimeric structures, and in some cases, carbohydrate affinity,
were repurposed for unique virus functions. Such aggregation is a widespread feature of
proteins as demonstrated by experiments on construction of artificial virus-like capsids
from different enzymes (Bale et al., 2016; Tetter et al., 2021). The changes during
exaptation of CPs are substantial and could even include distortions to the protein fold.
This results in only moderate structural similarities between viral CPs and their apparent
cellular ancestors and usually prevents recognition of ancestral relationships at the
sequence level.

Thus, the ancestry of the structural VHPs appears to differ from the likely origins of the
key replicative enzymes in protocellular systems. For each of the three widespread CPs
that form icosahedral capsids discussed above, specific cellular ancestors could be
identified. The respective families of cellular proteins that were refunctionalized by viruses
for structural and morphogenetic roles are present and highly diversified in all three
domains of life, suggesting that they had already emerged by the time of the LUCA
(Krupovic et al., 2020a). Therefore, these types of VHPs, most likely, evolved from cellular
ancestors early in the evolution of life, but after the advent of modern-type cells. For other
structural components of virions, later origins from cellular ancestors can be inferred as
discussed below.

The apparent temporal separation of the origins of the virus replication machinery and the
structural proteins implies that, in the early evolution of life, bona fide viruses were
preceded by capsid-less, virus-like, selfish genetic elements. Notably, such primordial
elements seem to be recapitulated by extant “capsid-less viruses”, in particular,
narnaviruses and mitoviruses, which represent simple replicators that only encode the
RdRP (Koonin and Dolja, 2014; Koonin et al., 2021a).

Pervasive exaptation of host proteins by viruses

The recruitment of the three hallmark CPs set the stage for continued exaptation of
cellular proteins for virus functions as exemplified by the ancient exaptation of the virus
genome packaging ATPases (see below). The subsequent, more than 3 billion years long
evolution of viruses was replete with additional, diverse cases of exaptation. In general,
two modes of exaptation can be distinguished: i) the exapted protein performs a virus-
specific function without direct precedent among cellular proteins, and ii) the function of



the exapted protein is adapted to the requirements of virus reproduction, but the
biochemical activity persists — in this case, exaptation is manifest at the biological but not
at the biochemical level.

Exaptation accompanied by radical functional change

The first route of exaptation that typically involves a major structural change to the protein,
beyond straightforward recognition in some cases, is particularly characteristic of virion
components, the functions of which are unique to viruses. In addition to the three
structural VHPs discussed above, a notable case is presented by the giant
pandoraviruses that lost the ancestral DJR CP of Nucleocytovirecetes (and with it, the
icosahedral capsid itself). Instead, pandoraviruses recruited an inactivated cellular GH16-
family glycoside hydrolase unrelated to the DJR CP as one of their two major virion
proteins forming asymmetrical, pitcher-like shells and thus recapitulating the ancient route
of exaptation (Krupovic et al., 2020b; Legendre et al., 2018). In molliviruses, the closest
relatives of pandoraviruses that retain the DJR CP, the ortholog of the inactivated
glycoside hydrolase is a minor component of the virion (Krupovic et al., 2020b; Legendre
etal., 2015). This case seems to reflect a general trend whereby cellular genes are initially
captured and fixed in a virus due to the immediate fitness benefits they provide for certain
aspects of the infection cycle, followed by stepwise refunctionalization, first as minor and
subsequently as major virion components.

Yet another, more complicated twist in the exaptation of proteins for the function of CP is
the recruitment of a chymotrypsin-like protease to replace the ancestral SJR CP in
alphaviruses, a genus within Togaviridae, a family of animal positive-sense RNA viruses
in the phylum Kitrinoviricota. The sequence and structure of the alphavirus CP is most
similar to that of the protease from another positive-sense RNA virus family, Flaviviridae,
in which this protein is not a virion component, but rather, performs a function typical of
virus proteases, namely, polyprotein processing (see below) (Wahaab et al., 2021). The
alphavirus CP performs a single cleavage liberating the CP from the structural
polyprotein, followed by inactivation of the protease (Aggarwal et al., 2014). Convergent
with the case of the SJR CPs, recruitment of the protease as the alphavirus CP involved
acquisition of a positively charged, non-structured N-terminal region (Lulla et al., 2013)
(Figure 2A).

A similar evolutionary scenario applies to the origin of the proteins that form the tail tubes
of bacterial and archaeal viruses of the class Caudoviricetes and are homologous to a
virus serine protease with a unique fold (Fokine and Rossmann, 2016). In this case, the
directionality of exaptation is unclear, and it cannot be ruled out that the protease evolved
from the major tail tube protein. Homologous, enzymatically active proteases of this fold
are also encoded by most of the viruses in Herviviricetes (second class of the realm
Duplodnaviria) (Cheng et al.,, 2004). These proteases, known as assemblins in
herpesviruses, catalyze the proteolytic maturation of the major capsid protein or cleavage
of the scaffolding protein (Fokine and Rossmann, 2016).

Another remarkable case of exaptation occurred in the evolution of mimiviruses, where
two closely related GMC (glucose-methanol-choline)-type oxidoreductases were



repurposed for structural roles, forming the external glycosylated fibrils decorating the
icosahedral capsid and the helical nucleocapsid fibers that condense the 1.2 Mb virus
genome (Villalta et al., 2022). Although oxidoreductase activity could not be
demonstrated, all active site residues are conserved and FAD cofactor essential for
activity is stably bound by the virus protein (Klose et al.,, 2015). The GMC-type
oxidoreductases are not conserved in other members of the Nucleocytoviricota and likely
were captured by the ancestor of mimiviruses from bacteria.

Many more cases of emergence of virion proteins via exaptation of host and virus proteins
have been documented (Figure 2B). One notable example is the matrix protein of
retroviruses, which is a derivative of the DNA-binding helix-turn-helix domain of
integrases (Krupovic and Koonin, 2017). Another case in point are the matrix proteins of
the viruses in the order Mononegavirales in the phylum Negarnaviricota that appear to
have been derived from cyclophilins, molecular chaperones with peptidyl-prolyl-
isomerase activity (Krupovic and Koonin, 2017). By contrast, the matrix protein of
arenaviruses from the order Bunyavirales within the Negarnaviricota was exapted from a
RING domain of E3 ubiquitin ligases (Krupovic and Koonin, 2017). Together with the
alphavirus CP discussed above, exaptation of a cyclophilin illustrates a notable trend in
the evolution of virus proteins, namely, recruitment of enzymes for structural roles
accompanied by loss of the enzymatic activity.

Most of the time, discovery of the ancestry of virus proteins that evolve via exaptation of
cellular proteins for functions that are unrelated to the original ones comes as a surprise
and often requires application of the most sensitive methods for protein sequence and/or
structure comparison. A relevant example is the poxvirus protein F12, which is involved
in virus egress from infected cells (Carpentier et al., 2017), that was shown to be a
derived, inactivated DNA polymerase (Yutin et al., 2014). Another poxvirus protein with
yet unknown functions, F16, is an inactivated serine recombinase (Senkevich et al.,
2011). Similar to the case of F12, the herpesvirus protein UL8 is an inactivated family B
DNA polymerase, which was recruited to function as a non-enzymatic, yet essential
component of the helicase-primase complex that is involved in multiple protein-protein
interactions (Kazlauskas and Venclovas, 2014). A remarkable case of enzyme exaptation
for a structural role in viruses are the major proteins of the nucleus-like shell formed by
certain jumbo phages for protection of the virus DNA from cellular defense systems, such
as restriction endonucleases and CRISPR-Cas (Guan and Bondy-Denomy, 2020).
Structural comparisons showed that the major shell protein, chimallin, comprises two
domains, the N-terminal domain with an a+@ fold similar to that of an uncharacterized
bacterial protein, and the C-terminal domain that is derived from a GCNb5-related N-
acetyltransferase most similar to E. coli AtaT and homologous to tRNA-acetylating toxins
(Laughlin et al., 2022). Notably, as in many other cellular enzymes exapted by viruses,
the acetyltransferase active site residues of chimallin are mutated, apparently abrogating
the enzymatic activity.

It appears likely that the extent of radical exaptation in virus evolution is substantially
underappreciated because of major changes of the involved protein sequences and even
structures. Many more such cases can be expected to be uncovered through



comprehensive prediction of virus protein structures using the new, powerful methods,
such as AlphaFold2 (Jumper et al., 2021; Mirdita et al., 2022) and RoseTTAFold (Baek
et al., 2021). Thus, exaptation of preexisting cellular and virus proteins, including various
enzymes, appears to be a major if not the main route of evolution of virus structural
proteins.

Exaptation retaining biochemical activity

Numerous cases of exaptation of host proteins for roles in virus reproduction involve less
dramatic changes than those observed in structural proteins, whereby the biochemical
activity of the proteins is retained although the specific functional context changes. A
notable case of such conservative exaptation are the ATPases that function as motors
for energy-dependent packaging of virus genomes into capsids. These ATPases are
(nearly) universal among the dsDNA viruses of the realms Varidnaviria and Duplodnaviria
and apparently represent ancient acquisitions by viruses that occurred independently,
shortly after these viruses emerged as the result of the CP exaptation. Virus genome
packaging ATPases show a flavor of exaptation distinct from that of the virion proteins
discussed above, and therefore, the ancestry of these virus proteins is more readily
traceable. DNA packaging into virions as such is a unique virus function without direct
counterparts in cellular life forms. Nevertheless, the packaging ATPases retain significant
sequence similarity to their likely cellular ancestors with not only the structural fold but
also the specific motifs involved in ATP binding and hydrolysis including the canonical
Walker A and B sites being conserved (Gorbalenya and Koonin, 1989). The packaging
ATPase of the viruses in the realm Varidnaviria belongs to the FtsK superfamily of
ATPases (lyer et al.,, 2004) that pump bacterial and plasmid DNA into daughter cells
during cell division (Guo et al., 2016). Filamentous ssDNA bacteriophages of the kingdom
Loebvirae (realm Monodnaviria) also encode FtsK-like ATPases which, however, instead
of packaging the virus dsDNA into icosahedral capsids, pump the virus ssDNA through
the cytoplasmic membrane of the host during virion extrusion (Roux et al., 2019).
Arguably, the exaptation of this ATPase was facilitated by the mechanistic similarity
between the two DNA pumping processes.

In the realm Duplodnaviria, the dsDNA-packaging ATPase known as the large terminase
subunit, is distantly related to superfamily 2 helicases and contains an additional RNase
H fold nuclease domain (Feiss and Rao, 2012). In this case, exaptation involved a more
substantial modification of the exapted protein, including fusion of the ATPase and
nuclease domains. Nevertheless, the ancestral relationship is readily recognizable
through the conservation of the sequence maotifs in the ATPase domain.

Most RNA viruses do not encode genome packaging enzymes, and nucleic acids co-
assemble with major structural proteins to form virions. The dsRNA bacteriophages of the
family Cystoviridae (ream Riboviria) are the only currently known exception to this trend
and encode packaging enzymes related to the superfamily 4 helicases (El Omari et al.,
2013).



Superfamily 3 helicase of parvoviruses presents a special case of recent exaptation.
Unlike in other eukaryotic ssDNA viruses of the realm Monodnaviria, in which S3H is
primarily involved in genome replication (Tarasova et al., 2021), in parvoviruses, it is
additionally responsible for virus genome packaging into preformed empty capsids (King
et al., 2001). Conversely, the poxvirus S3H that is fused to a primase and is essential for
genome replication is additionally implicated in the ATP-dependent uncoating of the virus
genome upon infection (Kilcher et al., 2014).

Similarly to numerous helicases and other NTPases, all virus packaging ATPases form
pentameric or hexameric ring-shaped assemblies with a central channel through which
the virus DNA or RNA genome is translocated (Hong et al., 2014). Thus, recruitment of
these enzymes for the function in virion assembly capitalizes on the utility of the ternary
structures of the ancestral cellular enzymes for this virus function.

Notably, virus helicases were exapted for more than just genome packaging and
uncoating. For instance, in alphaviruses, an SF1 helicase nsP2, in addition to genome
unwinding, also catalyzes the first step of the capping reaction, namely,
dephosphorylation of the triphosphorylated RNA 5 end, which is performed by a
dedicated RNA 5'-triphosphatase in most other viruses and cellular organisms (Ahola et
al., 2021).

Another common case of conservative exaptation are proteases that have been captured
by diverse viruses and are involved in proteolytic processing of virus protein precursors.
In many families of positive-sense RNA viruses in the phyla Kitrinoviricota and
Pisuviricota, either the entire genomic RNA or its large portion encoding non-structural
proteins are expressed as a polyprotein that contains one or more protease domains
(Koonin et al., 2015). These viruses encode proteases of two expansive families with
unrelated folds, papain-like and chymotrypsin-like (MEROPS clans CA and PA,
respectively), and some viruses encode both types of proteases. The reverse-transcribing
RNA viruses of the kingdom Pararnaviria also produce polyproteins that are cleaved by
a virus-encoded aspartate protease (MEROPS clan AA) unrelated to other virus
proteases (Dunn et al., 2002).

For some of the RNA virus proteases, the origin from specific families of cellular proteases
is traceable. In particular, the chymotrypsin-like proteases in the order Picornavirales
were apparently derived from the HtrA family of bacterial proteases (Koonin et al., 2008).
The aspartate protease of the reverse-transcribing viruses seems to originate from the
Ddil protease, a highly conserved component of the eukaryotic ubiquitin signaling
network (Krylov and Koonin, 2001; Sirkis et al., 2006). Given that the ancestral cellular
enzymes are not involved in polyprotein processing or capsid protein maturation, which
is a quintessential virus function, the numerous cases of protease recruitment by viruses
clearly represent exaptation. However, their biochemical activity is retained, which
explains the readily detectable sequence conservation.
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However difficult staging of major evolutionary events might be in general, in this case,
the logic of evolution seems to dictate a specific scenario for the temporal order of the
origin of virus proteases and polyproteins. Given that the single, 5’-terminal translation
initiation site is an ancestral eukaryotic feature (Hinnebusch and Lorsch, 2012), it appears
most likely that virus polyproteins evolved first and were initially processed by a host
protease, such as a deubiquitinating enzyme, which was recruited by a virus in trans. The
protease genes were subsequently captured by viruses, thus providing the capability of
efficient polyprotein processing in cis.

Although viruses with DNA genomes typically do not encode polyproteins, most of the
viruses of eukaryotes in the realm Varidnaviria encode a cysteine protease (MEROPS
clan CE) that is required for the proteolytic maturation of capsid proteins (Moyer et al.,
2016). This protease is specifically related to the eukaryotic deubiquitinating enzyme Ulp1
that probably was recruited by varidnaviruses at an early stage of their evolution in
eukaryotes (Koonin and Yutin, 2019). As mentioned above, duplodnaviruses encode
assemblin-like serine proteases (MEROPS clan SH) with a unique fold that could have
originated in virus genomes (Zuhlsdorf and Hinrichs, 2017). However, in some tailed
bacteriophages of the class Caudoviricetes, this ancestral protease was replaced on
multiple occasions by bacterial ClpP-like proteases (MEROPS clan SK) (Liu and
Mushegian, 2004).

Extramural versus intramural exaptation

Viruses have ample opportunities to sample the genes from their host genome, which is
typically considerably larger than the virus genome. Such capture of genes ‘from the
outside’ can be dubbed ‘extramural exaptation’. However, not only host genes are
exapted during virus evolution. Indeed, several well documented cases involve exaptation
of virus genes, an evolutionary phenomenon we refer to as ‘intramural exaptation’,
whereby an ancestral virus gene is refunctionalized, often after a duplication, followed by
neofunctionalization of one of the copies or subfunctionalization of both (Lynch and Katju,
2004; Lynch et al., 2001), or by evolving an additional function of the same protein. The
major tail protein and assemblin of duplodnaviruses as well as a major structural protein
of pandoraviruses exapted from an inactivated GH16 glycoside hydrolase discussed
above all fall into this category. Another notable example is the exaptation of E1B-55K, a
multifunctional non-structural oncoprotein of mastadenoviruses (realm Varidnaviria), from
a duplicated gene encoding the LH3-like minor capsid protein (Marabini et al., 2021).

In closteroviruses, which are among the viruses with the largest, most complex of the
known ssRNA genomes (Dolja et al., 2006), the major CP forming the helical virus body
was triplicated and two of the paralogs were exapted for virus cell-to-cell movement
(Napuli et al., 2003). Furthermore, in several closteroviruses, the papain-like leader
protease was duplicated, with one paralog involved in genome replication and the other
one facilitating virus long-distance transport within plants (Liu et al., 2009). From a
mechanistic point of view, intramural exaptation involving duplication of preexisting virus
genes is likely to be more efficient compared to illegitimate recombination with the host
genome, especially for RNA viruses. Experimental evolution studies have shown that at
least some gene duplications are deleterious in RNA viruses (Willemsen et al., 2016),
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suggesting that there is a substantial selection pressure for neofunctionalization or loss
of one of the duplicates. In dsDNA viruses, gene duplications readily occur and can be
followed by equally rapid homologous recombination-driven loss of extra gene copies via
the evolutionary process dubbed “genomic accordion” (Elde et al., 2012; Filée, 2013).

The other route of intramural exaptation involves recruitment of essential virus proteins
involved in genome replication and virion formation for additional roles, a phenomenon
known as moonlighting or gene sharing (Copley, 2014; Piatigorsky and Wistow, 1989).
The prime examples are virus helicases that, without compromising their roles in genome
replication, are adopted for additional ATP-dependent processes, such as genome
packaging or uncoating, or capping reactions (see above).

The special case of exaptation of host genes for virus counter-defense

All viruses, without exception, face multiple lines of host defense and launch their own
counter-defense programs. The RNA and ssDNA viruses in the realms Riboviria and
Monodnaviria that have small genomes often do not encode dedicated counter-defense
proteins, relying instead on moonlighting by essential virus proteins. However,
notwithstanding the genome compactness, other viruses of these realms encode
dedicated counter-defense proteins, such as RNA interference (RNAI) suppressors in
many plant, fungal and animal viruses. These suppressors encompass a variety of
functional modes and unrelated protein structures attesting to their convergent evolution
in multiple virus taxa (Jin et al., 2022). A substantial fraction of RNAi suppressors contain
the dsRNA binding domain (dsRBD), a widespread RNA-binding domain in most cellular
life forms (Tian and Mathews, 2003). There is little doubt that the dsRBD-containing RNAI
suppressors originated via conservative exaptation, but the exact source is difficult to
identify due to the small size of dsRBD and rapid evolution of virus genes.

In contrast, viruses with large dsDNA genomes in the realms Varidnaviria and
Duplodnaviria encompass numerous dedicated counter-defense genes, the nature of
which is dictated by host biology. Counter-defense systems have been studied in great
detail in chordopoxviruses, in which about 100 of the approximately 200 encoded proteins
target host defense (Bratke et al., 2013; Senkevich et al., 2021). Multiple chordopoxvirus
proteins block different innate immunity pathways, in particular, the interferon-mediated
virus resistance, the ubiquitin-proteasome system, and apoptosis, often acting as
dominant negative inhibitors (Bratke et al., 2013). For example, vaccinia virus (VACV)
protein E3 contains a dsRBD and functions as a dominant negative inhibitor of the PKR
kinase through the formation of unproductive complexes with dsRNA thereby preventing
PKR activation (Marq et al., 2009). An unrelated protein, K3, is a structural mimic of the
translation initiation factor elF2a and inhibits PKR via an unrelated mechanism, by directly
binding the kinase (Elde et al., 2009). Notably, chordopoxviruses encode four families of
defense proteins, each including several paralogs. Proteins in two of these families
contain repetitive structures, namely, Kelch and TPR repeats, and the other two families
contain Bcl-2 domains inhibiting different stages of apoptosis and PIE (Poxvirus Immune
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Evasion) domains, respectively (Senkevich et al., 2021). The Bcl-2 proteins are a typical
case of recruitment of host proteins as dominant negative inhibitors of the host defense
pathways, in this case, apoptosis (Kvansakul et al., 2017). Phylogenetic analysis shows
that these protein families evolved by serial gene duplication during poxvirus evolution,
following the initial capture by an ancestral chordopoxvirus (Senkevich et al., 2021).
Additionally, some chordopoxviruses encode proteins containing DEATH domain that
also function as dominant negative apoptosis inhibitors (Bratke et al., 2013).

The origins of most of the chordopoxviruses counter-defense proteins can be generically
traced to animal ancestors, but canot be pinned down to the level of specific genes
(Senkevich et al., 2021). Taken together, these observations indicate that typically virus
counter-defense proteins are substantially altered upon recruitment by viruses, including
core fold rearrangements in some cases. However, there are some exceptions to this
trend, when an apparently recently acquired protein retains high sequence similarity to
an obvious ancestor in the host, e.g., serpins, inhibitors of caspases that prevent
apoptosis (Bratke et al., 2013). The repertoire of poxvirus counter-defense proteins
depends on the host biology. Indeed, fish poxviruses, the deepest branch among
chordopoxviruses, lack all the characteristic counter-defense proteins present in the rest
of the group and instead encode a roughly equivalent number of proteins without
detectable similarity in the current databases (Gjessing et al., 2015). By implication, these
proteins can be suspected to function in counter-defense, but no specific indications can
be gleaned from the analysis of their sequences.

The suite of poxvirus counter-defense genes illustrates a key trend of virus-host
coevolution, namely, exaptation of host defense systems or their components for virus
functions, primarily counter-defense. Among bacterial and archaeal viruses, more cases
of this strategy, dubbed “guns for hire” (Koonin et al., 2020b), have been identified
including recruitment of CRISPR systems targeting host defense systems and of mini-
CRISPR arrays that hijack host Cas proteins for inter-virus competition (Faure et al.,
2019; Medvedeva et al., 2019).

Direct recruitment of host enzymes

Apart from the clear cases of exaptation discussed above that involve either a radical or
a more conservative change in function, sequence and structure of the respective
proteins, many host proteins were recruited without much functionally relevant
modification. Such cases do not seem to qualify as exaptation because, although the
recruited proteins function in the context of virus reproduction, their activities are (almost)
fully preserved. Not unexpectedly, such direct recruitment of host proteins commonly
involves proteins, often with enzyamatic activity, that function in virus genome replication
and expression, such as DNA helicases, DNA polymerases (DNAP), primases, DNA
ligases, ssDNA binding proteins and more (Kazlauskas et al., 2016). Enzymes of
nucleotide biosynthesis, such as nucleoside and nucleotide kinases, thymidylate
synthases and ribonucleoitde reductases, belong to the same category of proteins that

13



perform essentially the same roles in hosts and viruses, and accordingly, in most cases,
retain significant sequence similarity (Liu et al., 2021).

In the case of each of these enzymatic activities, different viruses convergently captured
distantly related or even non-homologous host genes (Kazlauskas et al., 2016). For
example, different members of Nucleocytoviricota encode either an NAD-dependent or a
distantly related ATP-dependent ligase (or no ligase at all), the former apparently being
the ancestral form that was displaced by the ATP-dependent ligase several times during
the evolution of these large viruses (Yutin and Koonin, 2009). Similarly, different tailed
phages in the class Caudovirecetes encode either a B family DNAP or the distantly related
family A DNAP, or the unrelated family C DNAP, or no DNAP at all (Kazlauskas et al.,
2016; Yutin et al., 2021). The dsDNA viruses in the realms Varidnaviria and Duplodnaviria
also encode either bacterial-type DnaG-like primase or an AEP, and DNA helicases of
each of the 4 superfamilies (Kazlauskas et al., 2016).

In most cases, inferring direct ancestors of enzymes recruited by viruses is difficult, but
there are notable exceptions. For instance, in archaea, phylogenetic analysis has shown
that viruses of different groups have recruited replicative MCM helicases from their
respective hosts on several independent occasions (Krupovic et al., 2010). These
examples should suffice to show that convergent, independent acquisition of distinct, non-
homologous or distantly related enzymes with the same activities is the dominant trend
in the evolution of the replication machineries of large dsDNA viruses. Notably, however,
none of these enzymes is universal across Varidnaviria or Duplodnaviria, emphasizing
the interchangeability of the respective functionalities between virus-encoded and host
proteins, especially, in viruses of prokaryotes that have facile access to the host
replication apparatus. Members of Nucleocytoviricota that replicate inside virus factories
within the cytosol of eukaryotic host cells present a different case; these viruses recruited
and retained most if not all proteins required for their replication (Koonin and Yutin, 2019).

Although, as discussed above, a major theme in virus-host coevolution is exaptation of
host genes for escaping host defenses, direct recruitment of host enzymes to complement
cellular processes is common as well. As in the case of exaptation, the repertoire of
recruited genes is determined by host biology. Two iconic cases are the recruitment of
photosystem components by cyanophages (Fridman et al., 2017; Sullivan et al., 2006)
and the capture of translation system components by members of Nucleocytoviricota,
some of which encode the full complement of proteins required for translation except for
ribosomal proteins (Abrah&o et al., 2018; Koonin and Yutin, 2019). In each of these cases,
the recruited enzymes do not seem to perform any virus-specific functions, but rather
support the functions of the respective host systems, presumably, to avoid their shutdown
during virus infection. While ribosome components are conspicuously missing in
Nucleocytoviricota, some of the large dsDNA bacteriophages did capture genes encoding
host ribosomal proteins (Mizuno et al., 2019). In this case, however, it remains unclear
whether replacement of host ribosomal proteins by phage-specific ones helps the phage
to outcompete cellular translation or complement it.

Dark matter of virus proteomes
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Rapid evolution that often obscures ancestry is a salient feature of virus genes, which is
further enhanced by exaptation. As a result, evolutionary constraints on protein sequence
and structure are substantially relaxed. Thus, virus genomes also contain “dark matter”,
genes whose provenance is obscure (Yin and Fischer, 2008). Even the small genomes
of many viruses in the realms Riboviria and Monodnaviria encode some dark matter
proteins, often small ones, without any detectable homologs, such as RNAIi suppressors
discussed above. In large dsDNA genomes of viruses within Duplodnaviria and especially
Varidnaviria, dark matter accounts for a substantial fraction of the genes, up to 90% in
the giant pandoraviruses (Legendre et al., 2018).

At least two substantially different routes of evolution are likely to account for the dark
matter of virus genomes. The first is radical exaptation of host genes that so far remains
undetected. The history of virus genome analysis shows that detection of ancestral
relationships for virus proteins critically depends on the sensitivity of the methods used
for sequence and structure analysis. Comprehensive application of the recently
developed powerful methods for protein structure prediction to virus proteins will uncover
numerous unsuspected cases of radical exaptation.

The second scenario for the origin of the dark matter of virus genomes is de novo
emergence of protein-coding genes. The smoking guns for this route of evolution are
proteins that emerge via a process termed “overprinting”. Overprinting refers to a process
where nucleotide substitutions occur within preexisting virus genes and subsequent
translation from such alternative reading frame induces expression of a novel protein with
gain of function and evolutionary fixation (Pavesi, 2021). Overprinting is typical of viruses
with small genomes. The epitome of overprinting are the proteins of leviviruses involved
in bacterial cell wall lysis during virus egress from infected cells. These small hydrophobic
proteins evolved on multiple, independent occasions within different levivirus genes
(Chamakura and Young, 2020). Similar cases of overprinting are typical of many other
RNA and ssDNA viruses (Pavesi, 2021). In viruses with large dsDNA genomes,
overprinting has not been extensively studied. However, many if not most of these viruses
encode numerous small proteins with no detectable homologs. Some of these proteins
have been shown to counteract host defense systems. For instance, anti-CRISPR
proteins that are encoded by many bacterial and archaeal viruses often form large
cassettes in the virus genomes (Pawluk et al., 2018). De novo origin of at least some of
such genes appears likely even if difficult to demonstrate unequivocally.

Generally, given the characteristic arms race-driven rapid evolution of genes involved in
defense and counter-defense, it seems likely that much of the dark matter in virus
genomes may be involved in counter-defense.

The method in this madness

With all the enormous diversity of viruses and their genes, we believe that the many routes
of evolution described here can be accommodated by a simple and logical conceptual
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framework. Evolution of viruses seems to have been seeded by a small core set of
essential proteins involved in genome replication that appear to be traceable to the pre-
cellular stage of evolution. Apart from these apparent primordial proteins, evolution of
viruses can be described as a history of gene capture from the hosts as well as other
mobile genetic elements for various roles in virus reproduction, often followed by
horizontal spread of the exapted genes among viruses. The genes captured from the
hosts follow two distinct evolutionary paths: direct recruitment, when proteins perform the
same functions in virus reproduction that their ancestors perform in cells, and exaptation,
when host genes are repurposed for virus-specific functions (Figure 3). Exaptation can
be further subdivided into conservative, whereby the biochemical activity of the exapted
protein is retained, even though its biological function is unique to viruses, and radical,
when the virus function seems unrelated to cellular one.

Both direct recruitment and exaptation of host genes for virus functions display pervasive
convergence whereby unrelated or distantly related genes are independently acquired by
widely different viruses. This high prevalence of convergence appears to be determined
by the relatively narrow range of functions involved in viral replication and expression.
Functional diversity is substantially greater among genes involved in virus-host
interactions, but even in these cases, convergent recruitment of inhibitors of key defense
systems, often components of these systems themselves (guns for hire), is common
(Koonin et al., 2020b). Complemented by de novo emergence of virus genes, the few
evolutionary trends described here seem to account for the entire observed diversity of
viruses, their genomes and genes (Figure 3).

Generally, the larger the virus genome the more auxiliary functions it encodes. Virus
genomes grow as a result of acquisition of various auxiliary genes, which increase virus
fithess or operational autonomy even though they are largely redundant with functions
available from the host cells. The logic behind such apparent functional redundancy in
viruses is likely to involve the ability to overcome host-imposed restriction of access to
these functions within the framework of antiviral defense. Additionally, such redundant
functions can boost the metabolic potential of the host to sustain active virus reproduction
and ensure the localization of the respective proteins optimal for virus reproduction via
dedicated subcelluar targeting signals.

RNA and DNA viruses have substantially different opportunities for genome expansion.
The genome size of RNA viruses appears to be limited to ~40 kb (Saberi et al., 2018),
conceivably, due to the intrinsically lower chemical stability of RNA molecules as well as
biological and evolutionary factors, such as trade-offs between replication rate and
fidelity, and activity of RNA-sensing host defense systems (Ferron et al., 2021). These
size limitations dictate the functional repertoire of genes that can be accommodated in
RNA virus genomes, so that only the essential functions are afforded. By contrast, the
size and functional complexity of dsDNA virus genomes rivals those of cellular genomes.
Indeed, viruses with the largest genomes encode nearly complete metabolic pathways,
such as glycolysis and the TCA cycle (Moniruzzaman et al., 2020), protein glycosylation
machineries (Notaro et al., 2021), key proteins involved in intracellular trafficking including
actin (Da Cunha et al., 2022), kinesin (Subramaniam et al., 2020), and myosin (Kijima et
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al., 2021), translation system (see above), and much more. In the case of dsDNA viruses,
guantification of the fitness in relation to various virus traits suggests that evolution of
larger genomes is dictated by benefits of increased infection efficiency, broader host
range, potentially increased attachment success and decreased decay rate — traits
particularly important in resource-limited, low host population density environments
(Edwards et al., 2021).

Overall, the logic of virus evolution is defined by the key biological feature of viruses,
namely their obligate intracellular parasitism. This lifestyle affords viruses with ample
opportunities for direct appropriation as well as exaptation of a vast repertoire of host
activities, but also dictates the necessity of overcoming the vast array of host defense
systems. Conversely, viral genes were captured by hosts on many occasions, and some
of the protein functionalities that have evolved in the virus genome context are exapted
by the hosts, attesting to the extensive two-way transfer of genes and functions between
viruses and cells (Filée and Forterre, 2005; Koonin and Krupovic, 2018). Detailed
understanding of the logic of virus evolution should help probing virus-host coevolution
and development of antivirus therapeutics.
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Figure 1. Origin of the three major types of viral capsid proteins from cellular
ancestors. The three sections of the figure depict the three structural folds, namely,
single jelly-roll (SJR), double jelly-roll (DJR) and HK97 fold, which each form icosahedral
virus capsids. The likely cellular ancestors are depicted within a grey area, whereas the
corresponding capsid proteins are shown on the periphery. For each fold, representatives
from viruses infecting hosts from different domains of life are shown, when available. Only
the floor domain of the herpesvirus capsid protein is shown. Archaeal HK97 capsid protein
(Hafunaviridae) is represented by an AlphaFold2 structural model (Liu et al., 2021). The
structures are colored according to the secondary structure: a-helices, red; B-strands,
blue; random caoils, grey. CBM, carbohydrate-binding module; DUF, domain of unknown
function.
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Figure 2. Examples of structure conservation and variation in exapted virion
proteins. (A) Convergent acquisition of positively charged, unstructured regions (R-arms)
by unrelated capsid proteins (CPs) of RNA viruses. Left: single jelly-roll (SJR) CP; right,
chymotrypsin protease (Chy-PRO)-like CP. (B) Diversity of exapted virion proteins. The
schematic of a virion shows the locations of the major virion proteins; not all of these
proteins are necessarily present in virions of different viruses. In each box, the cellular
ancestor and the corresponding exapted virion protein are shown side by side. Asterisks
denote CPs shown in Figure 1. The direction of exaptation is indicated by arrows. In the
case of class Il fusogens, the directionality of evolution is unclear. The corresponding
PDB accession numbers are indicated under each structure. All structures are colored
using the rainbow scheme: from blue N-terminus to red C-terminus. For the Lassa virus
(LASV) nucleocapsid (NC) protein, only the exonuclease domain is shown using rainbow
the scheme for more convenient comparison, whereas the rest of the protein is shown in
red. Abbreviations: EBOV, Ebola virus; MMTV, mouse mammary tumor virus; HIV-1,
human immunodeficiency virus 1; IBV, infectious bronchitis virus; Bo-CoV, bovine
coronavirus; RVFV, Rift Valley fever virus; SINV, Sindbis virus; NA, neuraminidase; HE,
hemagglutinin esterase; M/MA/Z, matrix protein.
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Figure 3. Routes of virus gene evolution: primordial core, exaptation and direct
recruitment of host proteins. Gradual acquisition of genes from different sources
coincides with the genome and capsid size expansion, especially in DNA viruses.
Evolution of viruses starts with the recruitment of replication proteins from the pool of pre-
cellular replicators, followed by exaptation of proteins from proto-cells for capsid
formation, likely, at the pre-LUCA stage of evolution. Virus genome complexification
involves recruitment of various cellular helicases and proteases. In parallel and
subsequent to that, throughout the evolution of viruses, additional genes are acquired,
including those responsible for counter-defense, and those further promoting viral
genome replication and metabolism. Abbreviations: RdRP, RNA-directed RNA
polymerase; cbp, carbohydrate binding protein; CP, capsid protein; pro, proteases; hel,
helicases; def, defense proteins; met, metabolism proteins; rep, genome replication
functions.
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