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Abstract

Viruses of archaea represent one of the most enigmatic parts of the virosphere. Most of the characterized
archaeal viruses infect extremophilic hosts and display remarkable diversity of virion morphotypes, many
of which have never been observed among viruses of bacteria or eukaryotes. The uniqueness of the virion
morphologies is matched by the distinctiveness of the genomes of these viruses, with more than 70% of
genes encoding unique proteins, refractory to functional annotation based on sequence analyses. In this
review, we summarize the state-of-the-art knowledge on various aspects of archaeal virus genomics. First,
we outline how structural and functional genomics efforts provided valuable insights into the functions of
viral proteins and revealed intricate details of the archaeal virus-host interactions. We then highlight recent
metagenomics studies, which provided a glimpse at the diversity of uncultivated viruses associated with
the ubiquitous archaea in the oceans, including Thaumarchaeota, Marine Group Il Euryarchaeota, and
others. These findings, combined with the recent discovery that archaeal viruses mediate a rapid turnover
of thaumarchaea in the deep sea ecosystems, illuminate the prominent role of these viruses in the
biosphere. Finally, we discuss the origins and evolution of archaeal viruses and emphasize the
evolutionary relationships between viruses and non-viral mobile genetic elements. Further exploration of
the archaeal virus diversity as well as functional studies on diverse virus-host systems are bound to
uncover novel, unexpected facets of the archaeal virome.

Archaea and their viruses

Archaea have been recognized as a third domain of life, in addition to bacteria and eukaryotes, 40 years
ago (Woese and Fox, 1977). Although morphologically nearly indistinguishable from bacteria, at the
molecular level, archaea present a mixture of features, some of which are closely related to those of
eukaryotes, others are shared with bacteria, whereas some appear to be unique. Among the archaea-
specific features, the most notable are ether-based lipid membranes, which in some hyperthermophiles,
form monolayers rather than typical bilayers (Villanueva et al., 2014), and methanogenesis, the metabolic
production of methane (Liu et al., 2012; Valentine, 2007). The eukaryotic-like traits include the
information processing machineries responsible for DNA replication, transcription and translation
(Forterre, 2013; Makarova and Koonin, 2013; Werner and Grohmann, 2011). Furthermore, members of
the archaeal phylum Thaumarchaeota and most members of the Crenarchaeota also rely on the eukaryotic-
like cell division machinery, the ESCRT complex, whereas archaea of the phylum Euryarchaeota, similar
to bacteria, employ the FtsZ-based apparatus for cell division (Lindas and Bernander, 2013; Makarova et
al., 2010). Regardless of the type of cell division apparatus, many archaea contain certain bacterial-like
components of the cell envelope, such as appendages related to type IV pili (Makarova et al., 2016), which
could be either inherited from the common ancestor of bacteria and archaea or transferred horizontally
between the two domains. Archaea and bacteria also share many defense systems against mobile genetic
elements (MGE), such as viruses and plasmids. These include restriction-modification, abortive-infection
and toxin-antitoxin systems as well as Argonaute-based innate immunity and CRISPR-Cas adaptive
immunity (Koonin et al., 2017). Accordingly, it could be expected that bacteria and archaea would also
share the MGE pool. This is indeed the case for insertion sequence (IS)-like transposons (Filée et al.,
2007), self-synthesizing MGE named casposons (Krupovic et al., 2017), as well as a variety of
conjugative and small, cryptic plasmids (Forterre et al., 2014; Wang et al., 2015). Unexpectedly, however,
there is only a limited overlap in terms of common groups of viruses.

Archaeal viruses are currently formally classified into 17 families (with 5 families unified into 2 orders)
and 1 unassigned genus (Figure 1). In addition, several archaeal viruses have been isolated or discovered
through metagenomics approaches but not yet classified due to the lack of appreciable similarity to
classified species and thus likely represent new virus taxa. The vast majority of archaeal viruses have been
thus far isolated from either hyperthermophiles or hyperhalophiles belonging to the phyla Crenarchaeota
and Euryarchaeota, respectively; in addition, a handful of viruses have been reported to infect
euryarchaeal methanogens. However, several metagenomic studies have hinted at the unexplored diversity
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of viruses infecting organisms of the third major archaeal phylum Thaumarchaeota (Danovaro et al., 2016;
Roux et al., 2016a; Vik et al., 2017). Thaumarchaea are generally mesophilic and nearly ubiquitous in the
environment, where they play important roles in nitrogen and carbon cycling (Offre et al., 2013). It has
been demonstrated that, in the deep ocean, viruses more rapidly lyse archaea, mainly thaumarchaea, than
bacteria, with the average abatement rate of 3.2% per day versus 1.6% per day, respectively. Furthermore,
it has been estimated that virus-mediated turnover of archaea in surface deep-sea sediments accounts for
up to one-third of the total microbial biomass killed, resulting in the release of ~0.3 to 0.5 gigatons of
carbon per year globally (Danovaro et al., 2016). These recent findings greatly expand our appreciation of
the diversity of archaeal viruses and illuminate their prominent role in the Biosphere (Danovaro et al.,
2017).

Morphological diversity of archaeal viruses

Based on evolutionary relationship to bacterial and eukaryotic viruses, archaeal virosphere can be broadly
divided into two major assemblages: (i) archaea-specific viruses and (ii) cosmopolitan archaeal viruses
(Iranzo et al., 2016a). Morphological diversity of archaeal viruses has been extensively described in
several recent reviews (Dellas et al., 2014; Luk et al., 2014; Pietila et al., 2014; Prangishvili, 2013;
Prangishvili et al., 2017; Snyder et al., 2015), so we only briefly outline it below.

The archaea-specific virosphere includes viruses that are currently classified into 12 families and 1
unassigned genus (Figure 1). These viruses display a combination of morphological and genomic features
that is not observed among viruses infecting hosts in the other two cellular domains. Viruses with bottle-
shaped (family Ampullaviridae), spindle-shaped (Bicaudaviridae, Fuselloviridae and genus
Salterprovirus), coil-shaped (Spiraviridae) and droplet-shaped (Guttaviridae) virions are thus far
exclusive to the Archaea (Arnold et al., 2000; Héring et al., 2005; Krupovic et al., 2014b; Mochizuki et
al., 2012; Stedman, 2011; Stedman et al., 2015). Members of the families Rudiviridae, Lipothrixviridae,
Clavaviridae and Tristromaviridae have filamentous virions, but unlike bacterial and eukaryotic
filamentous viruses, that have single-stranded (ss) DNA and ssRNA genomes, respectively, all these
archaeal viruses possess double-stranded (ds) DNA genomes (Bautista et al., 2017; Mochizuki et al.,
2010; Prangishvili et al., 2013; Prangishvili and Krupovic, 2012; Ptchelkine et al., 2017; Rensen et al.,
2016). Furthermore, virions of lipothrixviruses and tristromaviruses are enveloped (Kasson et al., 2017;
Rensen et al., 2016), whereas all other known filamentous viruses do not contain a lipid membrane.
Similarly, spherical virions of globuloviruses contain dsDNA genomes (Ahn et al., 2006; Héring et al.,
2004), whereas eukaryotic viruses with similar morphology (e.g., paramyxoviruses) have SsSRNA
genomes. Members of the Pleolipoviridae, which have pleomorphic, membrane vesicle-like virions, are
morphologically similar to bacterial viruses of the Plasmaviridae family but do not share a single gene in
common (Pietild et al., 2016), suggesting independent origins of the two virus groups. Finally, in the
virions of portogloboviruses, the circular dSDNA genome is condensed into a nucleoprotein filament that
is wound up into a unique spherical coil and is surrounded by a lipid membrane and further encased by an
outer icosahedral protein shell (Liu et al., 2017).

The cosmopolitan fraction of the archaeal virosphere falls into 5 officially recognized virus families
(Figure 1). Archaeal viruses with icosahedral capsids and long contractile, non-contractile, or short, stubby
tails are classified into families Myoviridae, Siphoviridae and Podoviridae, respectively, which are further
unified into the order Caudovirales (Sencilo and Roine, 2014). Archaeal members of the order
Caudovirales are morphologically indistinguishable from tailed bacteriophages that comprise the bulk of
this order and represent the dominant virus group in Bacteria (and generally, the most abundant type of
viruses on earth). Indeed, bacterial and archaeal viruses of this group encode homologous proteins
involved in virion structure, morphogenesis and maturation as well as genome packaging (Krupovic et al.,
2010a). Notably, the key structural and morphogenetic proteins of tailed viruses of bacteria and archaea
are also shared by eukaryotic herpesviruses (Pietild et al., 2013; Prangishvili et al., 2017; Rixon and
Schmid, 2014; Yu et al., 2017). Similarly, the family Sphaerolipoviridae includes both archaeal (genera
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Alphasphaerolipovirus and Betasphaerolipovirus) and bacterial (Gammasphaerolipovirus) viruses with
tail-less icosahedral virions constructed from two paralogous single-jelly-roll (SJR) major capsid proteins
(MCP) and carrying an internal membrane layer located underneath the protein capsid (Demina et al.,
2017; Pawlowski et al., 2014). Archaeal viruses in the family Turriviridae are morphologically similar to
sphaerolipoviruses, with the key difference being that the capsid is constructed from a single MCP which
adopts a double-jelly-roll (DJR) fold (Happonen et al., 2010; Veesler et al., 2013). Viruses with DJR
MCPs are found in bacteria (Tectiviridae and Corticoviridae) and are widespread in eukaryotes (big and
giant viruses of the tentative order “Megavirales”, adenoviruses, lavidaviruses, polintoviruses) (Abrescia
et al., 2012; Krupovic and Bamford, 2008b; Krupovic and Koonin, 2015). With all these bacterial and
eukaryotic viruses, turriviruses share at least 3 homologous proteins, namely, the major and minor capsid
proteins, and the genome packaging ATPase of the FtsK/HerA superfamily. The similarities between the
virion structures and shared gene contents strongly suggest that the cosmopolitan subset of archaeal
viruses shares common ancestry with the corresponding bacterial and eukaryotic viruses.

Very recently, two new archaeal viruses were isolated, namely, Metallosphaera turreted icosahedral virus
(MTIV) (Wagner et al., 2017) and Methanosarcina spherical virus (MetSV) (Weidenbach et al., 2017).
Both viruses carry linear dsSDNA genomes with inverted terminal repeats, but their genes generally show
no similarity to those of other known viruses, with a notable exception of a DNA polymerase encoded by
MetSV. Accordingly, MTIV and MetSV are likely to found two new archaeal virus families in the next
future.

Genes of archaeal viruses

Functional annotation of archaeal virus proteins has previously shown that very few of these proteins,
especially those encoded by crenarchaeal viruses, were homologous to any sequences in the public
databases, be it proteins of other viruses or those of cellular organisms (Prangishvili et al., 2006). To
investigate whether this conclusion still held after the massive expansion of sequence databases over the
last decade, we performed a family-specific comparison of viral proteomes against the sequences available
in the non-redundant protein database at NCBI (as of November 16th, 2017; Figure 2, Table S1). With the
exception of fuselloviruses and pleolipoviruses, which are frequently found integrated within the host
genomes as proviruses (Frols et al., 2007; Pietil4 et al., 2016; Stedman et al., 2003; Wang et al., 2018) and
hence give the false impression of encoding many “cellular” proteins (71% and 61%, respectively), the
average fraction of archaeal virus proteins with no identifiable homologs at the selected E-value threshold
of <le-5 was ~74% (~84% for crenarchaeal viruses). Notably, less than 10% of proteins encoded by
members of the families Ampullaviridae, Globuloviridae, Spiraviridae and Tristromaviridae encode
proteins with homologs in other viruses or cellular life forms (Figure 2; Table S1). Even when the
detection threshold is lowered to E<le-3, the fraction of identifiable homologs does not increase
substantially (Table S1). Consequently, archaeal virus genomes remain a rich source of unknown genes,
many of which could be responsible for unique mechanisms of virus-host interactions or possess
unexpected properties of potential interest for biotechnological applications.

Genomes of archaeal viruses

All isolated archaeal viruses have DNA genomes, which can be either single-stranded or double-stranded,
linear or circular (Prangishvili et al., 2017). Although putative RNA viruses were detected using
metagenomics approaches in archaea-dominated hot springs of Yellowstone, the actual host of these
viruses, archaeal or otherwise, remains to be identified (Bolduc et al., 2012; Bolduc et al., 2015). The
genomes of archaeal viruses vary in size from 5.3 kb in clavavirus APBV1, one of the smallest known
dsDNA viruses, to 143.8 kb in myovirus HGTV-1 (Figure 1). Archaea-specific viruses typically have
smaller genomes (median size of 23.9 kb, n=69) compared to the cosmopolitan viruses (median size of
66.6 kb, n=37), in particular to the tailed viruses of the order Caudovirales (Figure 1). The reasons for this
disparity between archaea-specific and cosmopolitan archaeal viruses are not clear but might have to do
with the life styles of the corresponding viruses, the tailed viruses enjoying greater autonomy in their

4



genome replication, as well as the inherent properties of the corresponding viral particles. In particular,
virions of tailed bacteriophages are known to encapsidate genomes of up to ~500 kb with packaging
density approaching that of a crystal (500-550 mg/mL) and withstand internal pressures of ~25-60
atmospheres (Molineux and Panja, 2013; Rao and Feiss, 2015), i.e., 10- to 30-fold higher pressure than in
a champagne bottle.

The vast majority of archaeal viruses have dsDNA genomes. Only two groups of viruses, members of the
families Spiraviridae and Pleolipoviridae, have ssDNA genomes. The spiravirus ACV has the largest
genome (24.9 kb) among currently known ssDNA viruses. The genome is condensed in a unique fashion:
the circular ssDNA of the virus is covered with capsid proteins and the two halves of this circular
nucleoprotein intertwine to form a rope-like structure which is further condensed into a spring-like coil
(Mochizuki et al., 2012). Interestingly, closely related alphapleolipoviruses can have either sSDNA or
dsDNA genomes indicating that there is considerable flexibility with regard to the replicative
intermediates which are incorporated into the pleolipoviral particles (Pietild et al., 2016; Sencilo et al.,
2012). Archaeal viruses with linear genomes employ different solutions for protection and replication of
the genome ends, including covalently closed hairpins, terminal inverted repeats and covalently-attached
terminal proteins (see below).

Mechanisms of genome replication

With few exceptions, the mechanisms of genome replication in archaeal viruses were inferred from the
recognizable genome replication-associated genes in the viral genomes. The rudivirus SIRV2 represents
one of the few exceptions, where the replication mechanism has been actually investigated experimentally
(Prangishvili et al., 2013). Similar to other rudiviruses, SIRV2 encodes several proteins involved in DNA
replication and repair, most of which have been experimentally characterized, including a Holiday
junction resolvase gp35 (Birkenbihl et al., 2001), a unique ssDNA-binding protein gpl7 (Guo et al.,
2015), a ssDNA annealing ATPase gp18 (Guo et al., 2015), a Cas4-like ssDNA nuclease gpl19 (Gardner et
al., 2011), a dUTPase gp23 (Prangishvili et al., 1998), and a Rep protein gpl6 (Oke et al., 2011)
homologous to the rolling-circle replication endonucleases (RCRE). Furthermore, one of the early-
expressed virus-encoded DNA-binding proteins, gpl (Peeters et al., 2017), interacts with the host-encoded
proliferating cell nuclear antigen (PCNA) homolog and presumably sequesters it for organization of a
cellular replisome on the viral DNA (Gardner et al., 2014). Indeed, PCNA is known as a “molecular
toolbelt” which interacts with multiple proteins involved in DNA replication and repair, including DNA
polymerase, DNA ligase, replication factor C, etc (Pan et al., 2011). SIRV2 does not encode a DNA
polymerase and instead relies on one of the four paralogous host DNA polymerases, namely Dpol, which
might be recruited for the SIRV2 genome replication via PCNA. A recent immuno-fluorescence study has
shown that SIRV2 DNA synthesis is confined to a focus near the periphery of the infected cell to which
PCNA and Dpol are sequestered (Martinez-Alvarez et al., 2017). The results of the 2D agarose gel and
fluorescence microscopy analyses have spurred an exceedingly complex model of SIRV2 genome
replication (Martinez-Alvarez et al., 2016). This model posits that SIRV2 employs a combination of
strand-displacement, rolling-circle and strand-coupled genome replication mechanisms, which generate
multimeric, highly branched ‘brush-like’ intermediates reaching a size of >1200 kb (~34 genome units).
However, currently, it is not clear whether all these modes of replication are actually deployed during the
course of the SIRV?2 infection cycle. Unexpectedly, the gene encoding the viral Rep (gp16), the predicted
key player of the proposed mode of replication, is one of the most poorly expressed SIRV2 genes as
shown by several methods (Kessler et al., 2004; Okutan et al., 2013; Quax et al., 2013). Thus, although the
major host- and virus-encoded components involved in SIRV2 genome replication have been elucidated,
the exact mechanism of replication and orchestration of the molecular players remain obscure.

More generally, viruses with small to moderate-sized genomes (5-50 kb) typically carry genes for strategic
components of the replication machinery, which enable them to hijack the replisome of the host. The
exceptions to this general pattern are four groups of viruses — bottle-shaped ampullaviruses, spindle-
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shaped salterprovirus Hisl, pleomorphic pleolipovirus His2 and the recently discovered spherical MetSV
— encoding protein-primed DNA polymerases (Bath et al., 2006; Peng et al., 2007; Weidenbach et al.,
2017), which could be largely sufficient for genome replication, although none of these proteins has been
studied experimentally. Global analysis of dsDNA virus genomes across all three domains of life has
shown that helicases are the most common among the virus-encoded components of the DNA replication
machinery (75% of the analyzed genomes) (Kazlauskas et al., 2016). Indeed, many viruses infecting
euryarchaea encode replicative minichromosome-maintenance (MCM) helicases (Krupovic et al., 2010a).
Phylogenetic analysis shows that the MCM helicases have been recruited by different viruses from their
respective hosts on multiple independent occasions (Krupovic et al., 2010b). Interestingly, in
methanogenic archaea of the order Methanococcales, the cellular mcm gene apparently underwent
accelerated evolution in the course of the host-to-virus-to-host transfer loop (i.e., the gene was captured by
a virus from the host, and following the accelerated evolution in the viral genome, was reintegrated into
the host genome to replace the original mcm gene). Some viruses infecting haloarchaea encode their own
PCNA proteins, as in the case of the myovirus PhiChl (Klein et al., 2002), or homologs of the archaeal
Orc1/Cdc6 replication initiators (Krupovic et al., 2010a; Liu et al., 2015; Pagaling et al., 2007). Notably,
the spindle-shaped fuselloviruses and bicaudaviruses as well as the droplet-shaped guttaviruses encode
AAA+ ATPases homologous to DnaA, the protein that triggers initiation of DNA replication in bacteria
(Iranzo et al., 2016a; Koonin, 1992). However, given the broad range of functions associated with AAA+
ATPases, the involvement of this protein in viral genome replication should not be taken for granted.
Finally, certain members of the families Pleolipoviridae and Sphaerolipoviridae encode diverse RCRE
proteins (Sencilo et al., 2012; Wang et al., 2016). In the case of sphaerolipovirus SNJ1, the RCRE protein
has been experimentally shown to be essential for viral genome replication and the corresponding gene
was successfully used to develop shuttle vectors (Wang et al., 2016).

Haloarchaeal siphoviruses and myoviruses with large genomes (>100 kb) encode nearly complete
replisomes (Sencilo et al., 2013). For instance, haloarchaeal virus HVTV-1, with a genome of 102 kb,
encodes its own DNA polymerase, DNA clamp and its loader, archaeo-eukaryotic primase, RNase HI and
a putative replicative helicase (Kazlauskas et al., 2016). Remarkably, uncultivated members of the
Caudovirales, dubbed Magroviruses and predicted to infect Marine Group Il Euryarchaeota, encode even
more complete ensembles of genome replication proteins, additionally including genes for RadA-like
ATPase, ssDNA-binding protein, and ATP-dependent DNA ligases (Philosof et al., 2017). Overall,
archaeal viruses appear to follow the general trend observed among dsDNA viruses, whereby viruses with
larger genomes approach self-sufficiency for genome replication (Kazlauskas et al., 2016). Indeed, the
tailed archaeal viruses appear to be minimally dependent on the host replication machinery. Sequence
comparisons and phylogenetic analysis generally suggest that the replication proteins encoded by archaeal
viruses share common ancestry with the archaeal counterparts but the exact routes of their evolution await
detailed investigation (Kazlauskas et al., 2016; Krupovic et al., 2010b; Philosof et al., 2017; Sendilo et al.,
2013). Interestingly, one clade of the archaeal family B DNA polymerases, namely PolB3 in halophilic
and methanogenic archaea (Makarova et al., 2014), apparently has been recruited from archaeal members
of the Caudovirales (Kazlauskas et al., 2016).

It should be noted, however, that for many archaeal viruses (families Clavaviridae, Tristromaviridae,
Portogloboviridae, Globuloviridae, Spiraviridae, Turriviridae, Sphaerolipoviridae, Lipothrixviridae),
replication proteins could not be predicted and the mechanisms of the genome replication remain
enigmatic. For instance, linear dsDNA genomes of lipothrixviruses (Pina et al., 2014) and
alphasphaerolipoviruses (Porter and Dyall-Smith, 2008) contain covalently-attached terminal proteins, a
hallmark of genomes replicated by protein-primed family B DNA polymerases (Redrejo-Rodriguez and
Salas, 2014). However, viruses of these groups do not encode recognizable DNA polymerases, implying
that they might exercise novel mechanism(s) of genome replication. This was confirmed in the case of
lipothrixvirus AFV1, for which genome replication has been suggested to start by a D-loop formation and
proceed by strand displacement, whereas termination apparently relies on recombination through the

6



formation of terminal loop-like structures (Pina et al., 2014). However, no proteins involved in this
peculiar replication mechanism have been identified thus far. Notably, members of the same family in
some cases encode non-orthologous or even non-homologous replication proteins. This pattern is most
obvious in the family Pleolipoviridae (Figure 3), where viruses of the genus Alphapleolipovirus encode
two non-orthologous families of RCRE enzymes and presumably replicate by the rolling circle
mechanism. In members of the Betapleolipovirus genus, the RCRE is replaced by a gene showing no
resemblance to other known replication protein, whereas gammapleolipovirus His2 encodes a protein-
primed DNA polymerase, with the closest homologue in a spindle-shaped salterprovirus Hisl (Bath et al.,
2006; Pietila et al., 2016; Sencilo et al., 2012). Similarly, members of the genera Alphasphaerolipovirus
(Demina et al.,, 2017; Jaakkola et al., 2012; Porter et al., 2005; Porter et al., 2013) and
Betasphaerolipovirus (Zhang et al., 2012) have linear and circular genomes, respectively, and apparently
replicate via distinct mechanisms (Pawlowski et al., 2014; Wang et al., 2016). Such modular evolution of
viral genomes, where genome replication and virion structure modules have distinct histories, is a
common theme in virus evolution (Koonin et al., 2015; Krupovic and Bamford, 2009) and is particularly
prominent in different families of bacterial viruses (Krupovic and Bamford, 2007; Krupovic and Bamford,
2010; Weigel and Seitz, 2006).

Structural genomics of archaeal viruses

As mentioned above, most of the proteins encoded by archaeal viruses are refractory to informative
bioinformatic analysis because of the lack of significant similarity to sequences in the public databases
(Figure 2), even when most sensitive of the available sequence analysis methods are employed. Given that
tertiary protein structures typically outlast the conservation of the protein sequences (Chothia and Lesk,
1986), several groups have undertaken structural genomics projects in order to elucidate the functions of
the enigmatic proteins encoded by hyperthermophilic archaeal viruses. As of this writing (November 11,
2017), high resolution structures are available for 43 proteins (59 structures) of hyperthermophilic
archaeal viruses from the families Fuselloviridae, Bicaudaviridae, Rudiviridae, Lipothrixviridae,
Globuloviridae, Clavaviridae, Turriviridae and one unclassified spindle-shaped virus PAV1 (Table S2).
The structures were determined using X-ray crystallography, NMR spectroscopy and, more recently, cryo-
electron microscopy. More than a quarter of these proteins display unique folds with no structural
homologs in public databases, providing limited information on the putative functions of the
corresponding viral proteins (reviewed in (Dellas et al., 2014; Krupovic et al., 2012)). Many of these
proteins could modulate specific stages of virus-host interaction, in particular, inactivation of the host
defense mechanisms, such as CRISPR-Cas. Nevertheless, in some cases, structural studies were crucial for
inferring the possible function. For example, the X-ray structure of the protein ORF119 from the rudivirus
SIRV1 revealed a fold characteristic of RCRE proteins (Oke et al., 2011), which is the signature
replication protein in viruses with ssDNA genomes (Krupovic, 2013). The predicted nicking activity of
this protein has been subsequently demonstrated in vitro (Oke et al., 2011), despite the fact that expression
of a close homolog in SIRV2 (gpl16) could not be detected in vivo (see above). Other notable examples
when high resolution structures provided functional clues include the putative glycosyltransferase of
turrivirus STIV (Larson et al., 2006) as well as the PD-(D/E)XK family nuclease of fusellovirus SSV-RH
(Menon et al., 2010) and a novel-fold nuclease of lipothrixvirus AFV1 (Goulet et al., 2010a). In all these
cases sequence-based analyses were not effective for functional protein annotation.

One of the research directions which particularly benefitted from structural genomics efforts is the study
of transcription regulation by archaeal viruses. Archaeal viruses frequently encode transcription factors
with diverse DNA-binding motifs, including ribbon-helix-helix (RHH), winged helix-turn-helix (WHTH)
and zinc-fingers (Peeters et al., 2013; Prangishvili et al., 2006), which due to their generally small size are
amenable to crystallization and NMR. Structures of 10 such putative transcription factors have been
determined thus far and some of them have been experimentally characterized revealing intricate patterns
of transcriptional control during infection (Fusco et al., 2015b; Guilliere et al., 2009; Peixeiro et al., 2013;
Selb et al., 2017). These studies have validated the conclusions initially reached by protein sequence
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analysis (Prangishvili et al., 2006), namely, that whereas the basal transcription machinery of archaea, in
terms of the structure of promoters and subunit composition of the RNA polymerase, closely resembles
the eukaryotic counterparts (Peeters et al., 2013; Werner and Grohmann, 2011), many of the transcription
factors encoded by archaea and their viruses are bacterial-like.

Furthermore, structural studies have provided valuable insights into the evolution of archaeal viruses.
High resolution structures of the major capsid protein (MCP) and the penton protein of STIV have shown
that these proteins are homologous to the corresponding proteins of icosahedral viruses infecting bacteria
and eukaryotes (Veesler et al., 2013). Thus, it has been proposed that STIV belongs to an ancient viral
lineage that could predate the divergence of cellular organisms into the three contemporary domains,
Archaea, Bacteria and Eukarya (Krupovic and Bamford, 2011). By contrast, the MCP of rudiviruses
displays a unique structural fold, which is only found in members of another archaeal virus family, the
Lipothrixviridae (DiMaio et al., 2015; Goulet et al., 2009; Kasson et al., 2017; Szymczyna et al., 2009).
The latter finding combined with the shared genomic content led to the unification of rudiviruses and
lipothrixviruses into a new order of archaeal viruses, the Ligamenvirales (Prangishvili and Krupovic,
2012). Structures of two virion proteins were also resolved for the bicaudavirus ATV (Felisberto-
Rodrigues et al., 2012; Goulet et al., 2010b); both proteins display unique folds not observed either in
archaeal viruses from other families or elsewhere in the viropshere (Krupovic and Koonin, 2017).
Interestingly, a paralog of the major structural protein of ATV, ORF145, has been recently identified as a
global transcriptional repressor of ATV genes. The protein does not bear canonical DNA-binding motifs;
instead, it adopts a unique helical-bundle fold (Goulet et al., 2010b). The ORF145 protein forms a high-
affinity complex with the host RNA polymerase by inserting into the DNA-binding channel, thereby
counteracting the formation of transcription pre-initiation complexes and repressing transcription initiation
as well as elongation (Sheppard et al., 2016).

Functional genomics of archaeal viruses

Studies on bacterial and eukaryotic viruses have benefited from the availability of well-established genetic
tools developed for the respective hosts and, more generally, from the broad knowledge base on the host
biology. This, unfortunately, has not been the case for most of the archaeal virus-host systems, although
new genetic tools are being developed for an increasing number of archaea and their viruses (Iverson and
Stedman, 2012; Iverson et al., 2017; Jaubert et al., 2013; Selb et al., 2017; Wang et al., 2016; Wirth et al.,
2011). However, during the past few years, high-throughput functional genomics approaches have been
adapted to study archaeal viruses, yielding valuable information on their biology. Below we summarize
recent advances in the field obtained using various high-throughput “omics” methods, including DNA
microarrays, whole-transcriptome sequencing (RNA-seq) and large-scale proteomic analyses. Most of this
work has focused on four groups of Sulfolobus-infecting viruses, namely, rudiviruses (SIRV2),
fuselloviruses (SSV1 and SSV2), turriviruses (STIV) and bicaudaviruses (STSV2).

Transcriptomics. Although structural genomics efforts shed some light on the functional potential and
evolution of archaeal viruses, the details on virus-host interplay remained obscure. The first molecular
insights into the course of events within the host cell during archaeal virus infection were provided by
whole-genome transcriptomic analyses employing DNA microarray (Frols et al., 2007; Fusco et al.,
2015a; Okutan et al., 2013; Ortmann et al., 2008; Ren et al., 2013) and RNA-seq (Leon-Sobrino et al.,
2016; Quax et al., 2013) technologies. For all studied viruses, i.e., STIV, SSV1, SSV2, STSV2 and
SIRV2, a temporal control of viral gene expression has been observed, albeit the extent of this temporality
was highly variable for different viruses. For example, upon UV induction, SSV1 lysogens show tight
temporal transcriptional regulation of viral genes, resembling the regulation strategy employed by many
bacterial and eukaryotic viruses (Frols et al., 2007). Temporally regulated gene expression was also
observed during the infection (rather than UV induction) of Sulfolobus cells with SSV2 (Ren et al., 2013).
Notably, the transcriptional control during infection substantially differed from that observed during UV
induction, with transcripts of the major structural genes being expressed early during infection but late in
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the case of UV induction (Fréls et al., 2007; Ren et al., 2013). By contrast, lytic viruses SIRV2 and STIV
appeared to show little temporal regulation (Ortmann et al., 2008; Quax et al., 2013). The RNA-seq
analysis of SIRV2 has shown that the expression of the majority of viral genes starts immediately after
infection and subsequently steadily increases throughout the infection cycle (Quax et al., 2013).

Analysis of the host gene expression during virus infection provided valuable insights into virus-host
interactions in archaea. Interestingly, the host response to infection varied greatly among the archaeal
viruses, both in terms of the number of differentially expressed genes and the direction of regulation (i.e.,
up- versus downregulation). Only a handful of host genes were found to be differentially expressed during
the induction of SSV1 lysogens (Frols et al., 2007), whereas SSV2 induced strong host response,
including transcriptional activation of the CRISPR loci and cas genes (Fusco et al., 2015a). Similarly, in
the case of SIRV2 infection, 30% to 50% of the cellular genes showed changes in the expression level,
including significant upregulation of transposases and antiviral defense genes, such as CRISPR-Cas and
toxin-antitoxin systems (Quax et al., 2013). The type | CRISPR-Cas and various toxin-antitoxin systems
were also upregulated during STSV2 infection (Leon-Sobrino et al., 2016). These findings indicate that,
although most studied viruses induce an antiviral response, some, such as SSV1, are largely invisible to
the host defense. Notably, the same genes that tend to be down-regulated in the case of UV induction of
SSV1 appear to be up-regulated during STIV infection (Fréls et al., 2007; Ortmann et al., 2008),
suggesting that propagation of different archaeal viruses requires distinct — even if partially overlapping —
subsets of host functions. For example, crenarchaeal cell division (cdv) genes that encode homologs of the
eukaryotic ESCRT machinery (Moriscot et al., 2011; Samson et al., 2008) are downregulated during
SIRV2 and STSV2 infections (Leon-Sobrino et al., 2016; Quax et al., 2013) but are upregulated in the
case of STIV infection (Ortmann et al., 2008), suggesting an important role of the Cdv proteins in the
infection cycle of the latter virus (see below).

Transcriptomics also provided clues as to which host proteins are likely to be involved in genome
replication of SSV1, SSV2, STSV2 and STIV. In the case of both fuselloviruses and STIV, Orc1/Cdc6
and reverse gyrase genes were upregulated, whereas SSV2 additionally boosted expression of replicative
MCM helicase, Dpol, PCNA and topoisomerase VI (Fréls et al., 2007; Ortmann et al., 2008; Ren et al.,
2013). By contrast, STSV2 infection leads to increased transcription of a replication initiation protein,
WhiP (Winged-Helix Initiator Protein) (Leon-Sobrino et al., 2016), which is unrelated to the Orc/Cdc6
and is specifically associated with one of the three ori sites of Sulfolobus (Robinson and Bell, 2007).
Furthermore, STSV2-infected cells showed increased transcription of Holliday junction resolvase, DNA
topoisomerase | and several DNA repair enzymes, whereas expression of reverse gyrase, unlike for other
viruses, was downregulated (Leon-Sobrino et al., 2016). Similarly, infection with different viruses resulted
in distinct patterns of differential regulation of genes encoding proteins involved in transcription (Leon-
Sobrino et al., 2016; Ortmann et al., 2008; Ren et al., 2013). Generally, transcriptomics studies have
shown that each virus has a unique effect on the host gene expression although in many cases, it is
impossible to distinguish whether the changes in expression levels are mediated by the virus as part of the
host take-over strategy or by the host, in response to viral infection.

Proteomics. Large-scale proteomic analysis of infected cells using one- and two-dimensional differential
gel electrophoresis (DIGE) coupled with protein identification by mass spectrometry and activity-based
protein profiling represents another powerful approach that can provide important insights into virus-host
interactions. Thus far, this methodology has been only employed to study the STIV infection in two S.
solfataricus strains, P2 and P2-2-12, that substantially differ with respect to susceptibility to STIV (Maaty
et al., 2012a; Maaty et al., 2012b). In the highly susceptible P2-2-12 strain, only 10 host proteins changed
in abundance. By contrast, 71 host proteins representing 33 different cellular pathways were affected
during the infection of the poorly susceptible strain P2 (Maaty et al., 2012a; Maaty et al., 2012b),
shedding light on the basis of different susceptibility to infection of closely related Sulfolobus strains.
Most notably, among the highly upregulated proteins were components of the CRISPR-Cas system as well
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as Cdv proteins involved in cell division, again suggesting that the latter proteins play an important role in
the infection cycle of STIV. The critical role of the archaeal ESCRT machinery during the assembly of
STIV virions, in particular acquisition of the virion membrane located underneath the protein capsid, has
bene recently confirmed in direct experiments (Snyder et al., 2013). Notably, several high-throughput top-
down and bottom-up proteomics studies have recently focused on the post-translational modifications
(PTM) in Sulfolobus strains, revealing massive protein methylation and N-terminal acetylation as well as
glycosylation of cellular surface proteins (Chu et al., 2016; Palmieri et al., 2013; Vorontsov et al., 2016);
studies on the PTM changes in the course of infection with various Sulfolobus viruses might uncover new
facets of archaeal virus biology.

Metagenomics of archaeal viruses

The advent of high-throughput sequencing and advanced bioinformatics has ushered archaeal virology
into a new era of discoveries. Metagenomics has enabled researchers not only to probe the extent of
genetic diversity of known archaeal virus groups from terrestrial hot springs (Bolduc et al., 2015;
Gudbergsdottir et al., 2016) and hypersaline environments (Adriaenssens et al., 2016; Emerson et al.,
2013) but also provided a glimpse at unknown viruses, particularly those infecting oceanic archaea that
are recalcitrant to cultivation (Danovaro et al., 2016; Nigro et al., 2017; Nishimura et al., 2017; Paul et al.,
2015; Philosof et al., 2017; Roux et al., 2016a).

Although many of the virus genomes assembled from hot spring samples represented the established
families Rudiviridae (Erdmann et al., 2014; Gudbergsdéttir et al., 2016; Servin-Garciduenas et al., 2013b),
Fuselloviridae (Servin-Garciduenas et al., 2013a), Lipothrixviridae (Gudbergsdéttir et al., 2016),
Bicaudaviridae (Gudbergsdottir et al., 2016; Hochstein et al., 2016) and Ampullaviridae (Gudbergsdottir
et al., 2016), several viruses could not be assigned to existing families (Garrett et al., 2010; Gudbergsdottir
et al., 2016), indicating that our knowledge of the viral diversity in extreme geothermal environments
remains incomplete. Indeed, metagenomic analysis of a single hot spring in the Yellowstone National Park
revealed 110 viral groups, among which only 7 (6.3%) represented known archaeal viruses from acidic hot
spring environments (Bolduc et al., 2015).

In hypersaline environments, the vast majority of complete or near-complete genome sequences were
obtained for archaeal viruses of the order Caudovirales (Garcia-Heredia et al., 2012; Santos et al., 2007),
although 3 potentially complete genomes were also assembled for novel members of the genus
Salterprovirus (Adriaenssens et al., 2016). Around 50 complete genomes of head-tailed haloviruses have
been obtained through sequencing of fosmid libraries into which DNA extracted from the viral
assemblages was cloned (Garcia-Heredia et al., 2012; Martinez-Garcia et al., 2014; Santos et al., 2007).
This approach has provided the first genomic insights into viruses of Haloquadratum walsbyi, a square-
shaped archaeon that dominates hypersaline environments (Dyall-Smith et al.,, 2011), and
nanohaloarchaea, a fast-evolving lineage of nano-sized halophilic archaea (Narasingarao et al., 2012).
Further insights into functional genomics of these uncultivated haloviruses have been obtained using the
metatranscriptomics approach, which revealed dynamic virus-host interactions in hypersaline settings
(Santos et al., 2011). Comparison of all available hypersaline viromes has demonstrated worldwide
distribution of the haloarchaeal members of the Caudovirales, with groups of related viruses detected in
salt ponds on different continents (Roux et al., 2016b). The same conclusion has been also reached using
large-scale virus isolation and cross-infection trials, which suggested that hypersaline environments
worldwide effectively comprise a single habitat (Atanasova et al., 2012). By contrast, comparative
genomic and phylogenomic analyses of Sulfolobus islandicus-infecting rudiviruses revealed a pronounced
biogeographical signal, both at a global and local scale, with more closely related strains sharing more of
their variable gene content (Bautista et al., 2017). A similar biogeographic pattern has been also observed
in S. islandicus populations around the globe (Reno et al., 2009) as well as with Sulfolobus-infecting
spindle-shaped fuselloviruses (Held and Whitaker, 2009). These studies suggest that gene flow is limited
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among spatially partitioned hyperthermophilic archaeal viruses, but not among archaeal viruses thriving in
spatially open habitats.

Arguably, so far, the major contribution of metagenomics to the study of archaeal viruses was the
characterization of the viral diversity associated with ubiquitous, environmentally important groups of
archaea, many of which remain uncultivated. One of these is Marine Group Il Euryarchaeota, which are
particularly abundant in the oceanic surface waters (Karner et al., 2001). Over 50 complete and near-
complete genomes (~90 kb in size; Figure 1) have been assembled for viruses, dubbed Magroviruses,
associated with these archaea (Nishimura et al., 2017; Philosof et al., 2017). Remarkably, magrovirus
genomes are globally widespread in the marine environment, third only to the SAR11 phages and
cyanophages, suggesting a prominent role for magroviruses in controlling the turnover of their hosts in
global ocean (Philosof et al., 2017). Thaumarchaeota is another group of archaea that is ubiquitous in
aquatic and terrestrial environments (Offre et al., 2013), but for which viruses have not been identified,
except for a single provirus in the genome of a soil thaumarchaeon Nitrososphaera viennensis (Krupovic
et al., 2011). Single-cell genomics and fosmid sequencing yielded the first two putative thaumarchaeal
virus genomes from marine environments (Chow et al., 2015; Labonte et al., 2015). Uncultured viruses
have been also described for nano-sized archaea known as ARMAN (Burstein et al., 2017; Paul et al.,
2015). More recently, a dedicated bioinformatics tool, MArvVD (for Metagenomic Archaeal Virus
Detector), has been developed for mining the metagenomic datasets for archaeal virus genomes (Vik et al.,
2017). Application of this tool to 10 viromes from the Eastern Tropical North Pacific oxygen minimum
zone revealed 43 new putative archaeal virus genomes and large genome fragments (10-31 kb), which
were suggested to represent 6 novel candidate archaeal virus genera. Co-occurrence analysis has
suggested that these viruses are associated with archaea of the class Thermoplasmata (Belmar et al.,
2011), another archaeal group for which viruses have not been isolated thus far.

Interestingly, all of the uncultivated viruses from mesophilic environments mentioned above are
undisputable members of the order Caudovirales, as indicated by the conservation of signature genes,
such as large terminase subunit, portal protein and HK97-like MCP. Whether any of these ecologically
important, oceanic archaea are infected by archaea-specific viruses, remains unknown. Notably, however,
electron microscopy studies have shown that ARMAN members are hosts to spindle-shaped and rod-
shaped viruses, although the genomes have not yet been sequenced (Comolli et al., 2009). Furthermore,
both morphotypes (as well as Caudovirales) have been recently reported in fluid samples recovered from
boreholes 117 to 292 m deep into the ocean basement, where the archaeal fraction was represented by
members of the Archaeoglobi, Thermococci, Bathyarchaeota and the marine benthic group E (Nigro et al.,
2017).

Exploration of the diversity of uncultured archaeal viruses, especially those from mesophilic
environments, is only commencing. Nevertheless, the obtained results have already significantly advanced
our appreciation of the archaeal virosphere, revealing several interesting features of these viruses,
including nearly complete genome replication machineries and diversity of chaperonins in magroviruses
(Marine et al., 2017; Nishimura et al., 2017; Philosof et al., 2017); a diversity-generating retroelement,
which uses mutagenic reverse transcription and retro-homing with a potential to generate up to 10
variants of the tail fiber ligand-binding domain in ANMV-1 (Paul et al., 2015); and CRISPR arrays, albeit
without associated cas genes, in certain uncultivated haloarchaeal viruses (Garcia-Heredia et al., 2012) as
well as in Acidianus tailed spindle virus, which has been discovered by culture-independent methods and
subsequently propagated in pure culture in the laboratory settings (Hochstein et al., 2016). Development
of further bioinformatics resources, such as MArVD (Vik et al., 2017), and establishment of a general
framework for classification of ‘metagenomic’ viruses (Simmonds et al., 2017) will undoubtedly stimulate
rapid progress in the field, which in combination with the culture-dependent efforts, will provide a more
complete picture on the global impact of archaeal viruses in the Biosphere.
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Evolutionary genomics of archaeal viruses

Due to rampant horizontal gene transfer and high mutation rates in viral genomes as well as the lack of
universal virus genes, standard phylogenetic methods have limited utility for studying deep evolutionary
connections between distantly related virus groups. Indeed, evolution of viruses is more faithfully
represented as a network rather than a tree (Iranzo et al., 2017). Thus, a bipartite network analysis, in
which viral genomes are connected through shared gene families, has been recently applied to investigate
the evolutionary relationships of different archaeal virus groups to each other as well as to viruses of
bacteria and eukaryotes.

Place of archaeal viruses in the global virosphere. Global analysis of the dsDNA virus genomes under the
framework of bipartite networks has uncovered a robust hierarchical modularity in the dsDNA virosphere
(Iranzo et al., 2016b). This hierarchical organization rests on 3 classes of conserved genes: i) hallmark
genes, which encode key proteins involved in genome replication and virion formation, and are shared by
overlapping sets of diverse viruses, providing the broad connectivity in the virus world; ii) connector
genes that are shared by multiple subgroups within a group, and iii) signature genes that are highly
specific to sets of related viruses within a module. The network of dsDNA viruses included 19 modules
that could be further grouped into 5 major supermodules (Iranzo et al., 2016b). The cosmopolitan subset
of archaeal viruses was distributed between 2 supermodules containing bacterial and eukaryotic viruses
(Figure 4A). Specifically, the archaeal members of the Caudovirales were placed into a supermodule
together with the tailed bacteriophages and eukaryotic herpesviruses, whereas turriviruses and
sphaerolipoviruses were included into a supermodule containing bacterial viruses of the families
Tectiviridae and Corticoviridae as well as eukaryotic viruses of the unofficial order “Megavirales”,
adenoviruses, virophages (Lavidaviridae), and various elements related to Polintons (Iranzo et al., 2016b),
fully recapitulating the previous results of more focused comparative genomic analyses and structural
studies on the corresponding viruses (Abrescia et al., 2012; Gil-Carton et al., 2015; Koonin and Krupovic,
2017; Krupovic et al., 2010a; Pawlowski et al., 2014; Pietild et al., 2013; Rixon and Schmid, 2014;
Stromsten et al., 2005; Veesler et al., 2013; Yu et al., 2017). By contrast, all archaea-specific virus groups
formed a distinct supermodule, which was largely disconnected from the rest of the virosphere (Figure
4A), suggesting independent origins of these viruses and the existence of stronger barriers to horizontal
gene transfer between viruses of archaea and bacteria/eukaryotes.

Relationships among archaeal viruses. A detailed dissection of the archaeal virus network has revealed
strong modularity (Iranzo et al., 2016a), with 11 distinct modules, whereas members of the families
Tristromaviridae (Rensen et al., 2016) and Clavaviridae (Mochizuki et al., 2010), which do not share
genes with other archaeal viruses, remained disconnected (Figure 4B). Members of the Caudovirales,
including the uncultivated Magroviruses, represent 4 modules, which are densely interconnected by
several connector genes and four hallmark genes encoding the morphogenetic toolkit of these viruses, i.e.
the HK97-like MCP, the large termnase subunit, portal protein, and capsid maturation protease. By
contrast, the archaea-specific virosphere split into 6 modules, which were remarkably sparsely connected,
sharing only a few hallmark genes, most of which were not implicated in the central virus functions, such
as genome replication and virion assembly. Among the most widely distributed hallmark genes are those
encoding RHH domain-containing transcription factors and glycosyltransferases of the GT-B family
(Figure 4B), both of which are at the interface of virus-host interaction and could be independently
acquired from the respective hosts by viruses within each module or spread between viruses horizontally.
Consistent with this possibility, the RHH protein is the only connection between the cosmopolitan
turriviruses and the archaea-specific viruses (Figure 4B). Given that genome replication proteins — most of
which are unidentifiable (see above) — and major virion proteins of archaea-specific viruses are mostly
specific to particular modules, it has been suggested that most of the archaea-specific viral groups are
evolutionarily distinct, i.e., do not share common viral ancestors (Iranzo et al., 2016a).
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Links to non-viral mobile genetic elements. Although there was little connectivity between different
modules of archaea-specific viruses, 5 of the 11 modules displayed strong links to various non-viral MGE.
Notably, the MGE were primarily included into corresponding modules through shared genes encoding
major genome replication proteins. In particular, bottle-shaped ampullaviruses are connected to casposons
via pPolB (Krupovic et al., 2014a); betasphaerolipovirus SNJ1 shares the RCRE gene with euryarchaeal
plasmids pZMX101 and pC2A (Wang et al., 2016); fuselloviruses are connected to small Sulfolobus
plasmids via several genes, including the one for the DnaA-like ATPase (Wang et al., 2007); certain
alphapleolipoviruses, such as HRPV-1 (Figure3), encode RCRE closely related to those encoded by
several euryarchaeal plasmids (Gorlas et al., 2013). The most extensive gene sharing is observed between
the spindle-shaped virus PAV1 (Geslin et al., 2007; Geslin et al., 2003) and several plasmids of
Thermococcales (Figure 5): nearly half of the PAV1 genome, carrying genes for several DNA-binding
proteins and ABC ATPase, has been apparently recruited from plasmids (Krupovic et al., 2013), whereas
the other half encoding major virion proteins has been inherited from spindle-shaped viruses of
Thermococcales, such as TPV1 (Gorlas et al., 2012).

The paucity of connections in the archaeal virus network, the lack of connectivity with the global
virosphere and the multiple, independent links between archaeal viruses and non-viral elements (Figure 4)
suggest that at least some of the archaea-specific virus groups could have evolved from non-viral MGE
through acquisition of genetic determinants for virion formation from various sources. The latter
hypothesis appears to be supported by the recent discovery of a haloarchaeal plasmid pR1SE which is
transferred between cells within regularly-shaped membrane vesicles containing several plasmid-encoded
proteins (Erdmann et al., 2017). Remarkably, akin to virus infection, the released vesicles are capable of
‘infecting’ plasmid-free haloarchaeal strains which then gain the ability to produce plasmid-containing
vesicles. Although the actual origins of the morphogenetic modules remain unknown for most archaeal
viruses, it has been recently shown that one of the major nucleocapsid proteins of a tristromavirus TTV1
has been exapted (i.e., refunctionalized) from a Cas4-like nuclease (Krupovic et al., 2015). A similar route
of refunctionalization of ancestral cellular proteins might have played an important role in the evolution of
the entire archaeal virosphere. This route of evolution seems all the more plausible because recruitment of
bona fide cellular proteins to function as major structural components of virions is not unique to archaea
but has been shown to recurrently occur throughout the history of the virosphere (Krupovic and Koonin,
2017). It is also of note that many of the structural proteins encoded by archaeal viruses have simple, often
a-helical folds (DiMaio et al., 2015; Hochstein et al., 2015; Kasson et al., 2017; Krupovic et al., 2014b;
Ptchelkine et al., 2017), which could have originated de novo at different stages of evolution. Thus, the
history of the archaeal virosphere appears to combine descent from the ancient virosphere, in particular for
the cosmopolitan viruses, and more recent emergence of novel virus groups from non-viral MGE.
However, it cannot be ruled out that some of the archaea-specific virus groups date back to the last
common cellular ancestor or even beyond but have been lost in the other cellular domains (Prangishvili,
2015). Furthermore, evolution of MGE is hardly a one-way street; thus, it is also likely that some of the
non-viral MGE have evolved from archaeal viruses by losing the encapsidation capacity and succumbing
to vertical propagation within the host population. This might be the case with the TKV4-like proviruses
and pTN3-like integrative plasmids of Thermococcus, which do not seem to produce viral particles despite
encoding the homologs of the DJR MCP (Gaudin et al., 2014; Krupovic and Bamford, 2008a). Notably,
similar to pR1SE, pTN3 has been shown to be specifically incorporated into and transferred between
Thermococcus cells within membrane vesicles, although the latter do not contain detectable plasmid-
encoded proteins (Gaudin et al., 2014). Further exploration of the archaeal virus diversity, especially from
understudied environments and hosts, should provide crucial insights into the origins and evolution of this
remarkable part of the global virosphere.
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Figure legends

Figure 1. Genome size distribution and morphotypes of archaeal viruses. In the box plot, each box
represents the middle 50th percentile of the data set and is derived using the lower and upper quartile
values. The median value is displayed by a horizontal line inside the box. Whiskers represent the
maximum and minimum values. The number of genomes used for construction of the box plot is indicated
for each group of archaeal viruses. The information on the genome sizes was collected from the GenBank
records as well as from the published literature (for genomes assembled from metagenomic data).
Archaea-specific and cosmopolitan fractions of the archaeal virosphere are indicated with different
background colors.

Figure 2. Fraction of archaeal virus proteins with hits to proteins encoded by other viruses or cellular
organisms. BLASTP searches were performed using two inclusion thresholds, E<le-05 and E<l1e-03
(Table S1). The plot shown in the figure is created using the former E value cut-off. Self-hits were
eliminated for the calculations.Hits to the Sulfolobus acidocaldarius genome, which contains a provirus
closely related to turriviruses STIV and STIV2 (Anderson et al., 2017), were excluded as well.

Figure 3. Genome comparison of pleolipoviruses and salterproviruses. The genome schematics are drawn
roughly to scale (shown at the bottom of the figure). The genes are shown by block arrows indicating the
direction of transcription. The genes encoding for genome replication-associated proteins and virion
proteins color coded: structural proteins of pleolipoviruses and salterproviruses are shown in light and
dark green, respectively; two families of rolling circle replication initiation endonucleases (RCREL1 and
RCRE2) are colored red and magenta, respectively; uncharacterized Rep is shown in orange; protein-
primed family B DNA polymerase (pPolB), light blue. Genes shared between viruses are indicated by
yellow shading. Morphologies of the corresponding viruses are shown on the right of the figure. MCP,
major capsid protein. Genome accession numbers: HRPV-1, FJ685651; HHPV-1, GU321093; HRPV-3,
JN882265; His2, AF191797; Hisl, AF191796; Hisl-like contig 5357, LFUF01004316 (BioProject
PRINA287316).

Figure 4. Comparative genomics of archaeal viruses, represented as a network of genomes and shared
genes.

A. The gene sharing network of the entire dsSDNA virosphere highlights the distinct nature of the archaeal-
specific viruses. Each viral genome is represented as a circle (colored circles correspond to archaeal
viruses). Straight lines (edges) connect each virus with the gene families present in its genome.
Consequently, edge junctions denote the presence of a gene family shared by multiple viruses. In this
bipartite representation, closely related genomes are connected indirectly through a large number of
shared gene families. The network has been projected onto a plane to show groups of similar genomes
close to each other. Different shades of grey represent the four supermodules of the dsDNA virosphere,
from lighter to darker: (i) the double-jelly roll fold MCP supermodule (including "Megavirales",
Adenoviridae and polintons, among others), (ii) the HKO97-like MCP supermodule (including
Caudovirales and Herpesvirales), (iii) Papillomaviruses and Polyomaviruses, and (iv) Baculo-like viruses.
The color scheme for archaeal genomes follows the classification in modules shown in panel B. The high
density of edges in the main body of the network results from the widespread gene sharing among most
bacterial and eukaryotic viral groups, as well as the subset of archaeal viruses that are related to tailed
bacteriophages (Caudovirales). In contrast, the archaeal-specific portion of the network is characterized
by the presence of largely isolated clusters of similar genomes (modules) that correspond to distinct taxa.
The figure is modified from (Iranzo et al., 2016b).

B. Modular structure and gene sharing patterns among archaeal viruses. Groups of closely related
genomes (modules) are highlighted with different colors. Black edges indicate the connections that
involve broadly shared gene families (connector genes). Within each module, colored edges indicate the
presence of "signature” genes, i.e. genes that are diagnostic of the members of the given module. The
network also includes some capsid-less mobile genetic elements related to archaeal viruses and discussed
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in the text, such as casposons, which are represented as triangles. GT, glycosyltransferase of the GT-B
superfamily; RHH, ribbon-helix-helix domain-containing protein; pPolB, protein-primed DNA
polymerase B; MCP, major capsid protein; HAV1, Hyperthermophilic archaeal virus 1. The figure is
updated from (lranzo et al., 2016a). The original data set was supplemented with 26 genomes of
Magroviruses (Philosof et al., 2017), 3 genomes of uncultivated Hisl-like viruses (Adriaenssens et al.,
2016), 1 genome of an uncultivated member of the Caudovirales from the Oceanic basement (Nigro et al.,
2017), and 1 representative genome of the family Portogloboviridae (Liu et al., 2017).

Figure 5. Relationship between thermococcal plasmids and viruses. Homologous genes are colored
similarly. PAV1 ORF528, which has homologues in haloarchaeal plasmids, is shaded grey. Note that
viruses PAV1 and TPV1 share only genes encoding structural proteins (dark green arrows).
Abbreviations, MCP, major capsid protein; SF1, superfamily 1; wHTH, winged helix-turn-helix; RHH,
ribbon-helix-helix; HIR, Holliday junction resolvase; prim-pol, primase-polymerase.
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