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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 bacteriophages or viruses of eukaryotes. However, recent
environmental studies have shown that archaeal viruses are widespread also in moderate ecosystems, where
they play an important ecological role by influencing the turnover of microbial communities, with a global
impact on the carbon and nitrogen cycles. In this review, we summarize recent advances in understanding
the molecular details of virion organization and assembly of archaeal viruses. We start by briefly
introducing the 20 officially recognized families of archaeal viruses and then outline the similarities and
differences of archaeal virus assembly with the morphogenesis pathways used by bacterial and eukaryotic
viruses, and discuss the evolutionary implications of these observations. Generally, the assembly of the
icosahedral archaeal viruses closely follows the mechanisms employed by evolutionarily related bacterial
and eukaryotic viruses with the HK97 fold and double jelly-roll major capsid proteins, emphasizing the
overall conservation of these pathways over billions of years of evolution. By contrast, archaea-specific
viruses employ unique virion assembly mechanisms. We also highlight some of the molecular adaptations
underlying the stability of archaeal viruses in extreme environments. Despite considerable progress during
the past few years, the archaeal virosphere continues to represent one of the least studied parts of the global
virome, with many molecular features awaiting to be discovered and characterized.

Keywords: viral genome packaging; terminase; FtsK-HerA superfamily ATPase; major capsid protein;
HK97 fold; double jelly-roll fold; A-form DNA; extremophiles; hyperthermophilic and halophilic archaea;
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Introduction: Diversity of archaeal viruses

Extreme environments, such as hot springs, hydrothermal vents and hypersaline lakes, are dominated by
archaeal communities that are associated with a highly diverse virome (Atanasova et al., 2016; Dellas et al.,
2014; Krupovic et al., 2018; Luk et al., 2014; Munson-McGee et al., 2018; Prangishvili et al., 2017; Wang
et al., 2015). The vast majority of isolated archaeal viruses infect hyperthermophiles and hyperhalophiles of
the phyla Crenarchaeaota and Euryarcheaota, respectively. However, several viruses have been recently
isolated and described for methanogens (Pfister et al., 1998; Weidenbach et al., 2017; Wolf et al., 2019) and
ammonia-oxidizing thaumarchaea (Kim et al., 2019). In addition, putative viruses associated with
thaumarchaea (Ahlgren et al., 2019; Chow et al., 2015; Krupovic et al., 2019; Krupovic et al., 2011), marine
thermoplasmata (Vik et al., 2017) and marine group Il Euryarchaeota (Nishimura et al., 2017; Philosof et
al., 2017) were identified using metagenomics, single cell genomics and mining of the archaeal genome
sequences for proviruses, suggesting that archaeal viruses play important ecological roles in different
ecosystems. Indeed, it has been demonstrated that in the deep ocean, virus-mediated lysis of archaea is more
rapid than that of bacteria, with the average abatement rate of 3.2% per day versus 1.6% per day,
respectively. As a result, 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).

Although all archaeal viruses isolated thus far have DNA genomes, they are extremely diverse in terms of
virion morphologies and gene contents. These viruses are currently classified into 20 families (Fig. 1)
(Adriaenssens et al., 2020), whereas taxonomic classification of several additional groups remains to be
assessed (Geslin et al., 2007; Gorlas et al., 2012; Liu et al., 2019; Mochizuki et al., 2011; Munson-McGee
et al., 2020; Wagner et al., 2017; Weidenbach et al., 2017). The archaeal virome encompasses several virus
groups that are evolutionarily related to viruses of bacteria and eukaryotes, but most archaeal virus lineages
have no counterparts among viruses from the two other domains (Krupovic et al., 2020; Prangishvili et al.,
2017). Comparative genomics and bipartite gene-genome network analyses have shown that most of the
hyperthermophilic archaeal viruses are disconnected from the rest of the virosphere and likely display
distinct evolutionary origins (Iranzo et al., 2016a; Iranzo et al., 2016b).

Perhaps the most iconic virion morphotype exclusive to hyperthermophilic archaea is that of members of
the family Ampullaviridae (Prangishvili et al., 2018a) (Figure 1). Virions of ampullaviruses resemble
champagne bottles and consist of a nucleoprotein filament condensed into a cone-shaped core, which is
encased by an envelope, with the base of the 'bottle' decorated with a ring of 20 filaments (Héring et al.,
2005a). Ampullaviruses have been detected in terrestrial hot springs in Italy, Iceland and Japan (Baquero et
al., 2020; Gudbergsdottir et al., 2016; Haring et al., 2005a), but only one representative of this family has
been isolated. By contrast, spindle-shaped viruses, which are among the most widespread groups of
archaea-specific viruses (Krupovic et al., 2014), are less fastidious and many viruses of this group have
been isolated. Tailless spindle-shaped viruses have been isolated from hyperthermophilic crenarchaea
(Goodman and Stedman, 2018; Pauly et al., 2019; Redder et al., 2009; Schleper et al., 1992; Stedman, 2011;
Wiedenheft et al., 2004; Zhang et al., 2020a), hyperhalophilic euryarchaea (Bath et al., 2006; Bath and
Dyall-Smith, 1998) and ammonia-oxidizing thaumarchaea (Kim et al., 2019), and are classified into the
families Fuselloviridae, Halspiviridae and Thaspiviridae, respectively (Figure 1). Morphologically similar
viruses have been also isolated from hyperthermophilic marine euryarchaea (Geslin et al., 2003; Gorlas et
al., 2012), but remain unclassified. Larger spindle-shaped viruses that contain one or two tail-like
appendages protruding from the pointed ends of the virion are classified into the family Bicaudaviridae
(Prangishvili et al., 2018b; Prangishvili et al., 2006). Another prominent group of archaeal viruses includes
filamentous viruses with dSDNA genomes classified into the families Rudiviridae (Prangishvili et al.,
1999), Lipothrixviridae, Tristromaviridae (Prangishvili et al., 2019b) and Clavaviridae (Prangishvili et al.,
2019a) (Figure 1). Members of the three former families are evolutionarily related and are unified into a
proposed class Tokiviricetes (Wang et al., 2020c). Unlike tokiviruses, which have linear dSDNA genomes,
clavaviruses have some of the smallest known circular dSDNA genomes (5.2 kb) (Mochizuki et al., 2010).
Notably, lipothrixviruses and tristromaviruses are enveloped with a lipid membrane, a feature not observed
in filamentous viruses from other domains of life. Other unusual, archaea-specific morphologies include
coil-shaped (Spiraviridae) (Mochizuki et al., 2012), peanut-shaped (Ovaliviridae) (Wang et al., 2018),
droplet-shaped (Guttaviridae) (Arnold et al., 2000a; Prangishvili et al., 2018d), spherical (Globuloviridae)
(Héring et al., 2004; Prangishvili et al., 2018c) and pleomorphic (Pleolipoviridae) (Bamford et al., 2017)
virus particles (Figure 1).



[Insert Figure 1 here]

Similar to bacteria and eukaryotes, archaea are also infected with icosahedral viruses. Tailless icosahedral
viruses with an internal membrane layer are classified into the families Turriviridae (Rice et al., 2004),
Portogloboviridae (Liu et al., 2017b), Sphaerolipoviridae (Demina et al., 2017) and Simuloviridae (Zhang
et al., 2012). The former two families include viruses infecting hyperthermophilic crenarchaea of the genus
Sulfolobus/Saccharolobus, whereas the latter two families, until recently, constituted two genera of the
same family, Sphaerolipoviridae (Pawlowski et al., 2014), and include evolutionarily related viruses of
hyperhalophilic archaea. Finally, archaea host head-tailed viruses, which closely resemble tailed
bacteriophages of the order Caudovirales (realm Duplodnaviria). Archaeal head-tailed viruses with all three
prototypical tail morphologies have been isolated: long, contractile tails (typical of members of the
Myoviridae), short tails (Podoviridae) and long, non-contractile tails (Siphoviridae) (Pietila et al., 2014;
Sencilo and Roine, 2014). Notably, most archaeal head-tailed viruses remain unclassified, but following the
undergoing reorganization of the order Caudovirales, they are likely to be assigned to multiple new families
within the realm Duplodnaviria.

Recent structural studies on archaeal viruses from different families have provided valuable insights into the
assembly and organization of their virions as well as on the adaptations to extreme environments in which
these viruses thrive. This information, which we summarize in the following sections, has uncovered some
unsuspected evolutionary relationships between different families of archaeal viruses and clarified their
place in the global virosphere. We note that for many archaeal virus families the information on virion
morphogenesis is still lacking.

Assembly of head-tailed archaeal viruses

Similar to their bacterial relatives, virions of archaeal head-tailed viruses comprise an icosahedral capsid
(head) and a helical tail containing tail fibers, which play a role in cell recognition. All head-tailed viruses
encapsidate linear dSDNA genomes, which in archaeal viruses can vary in length from 26 kb to 144 kb.
Archaeal head-tailed viruses have been isolated from extreme halophiles (Atanasova et al., 2016) as well as
from mesophilic (Pfister et al., 1998; Wolf et al., 2019) and marine hyperthermophilic (Thiroux et al., 2020)
methanogens. However, related proviruses have been detected in a wide range of archaea belonging to
different phyla, suggesting that the last common archaeal ancestor was already infected with head-tailed
viruses (Krupovic et al., 2020).

Comparative genomics analyses have shown that head-tailed archaeal and bacterial viruses as well as
eukaryotic herpesviruses share virion morphogenesis modules, including genes encoding proteins involved
in capsid assembly, maturation and structure and genome packaging (Dyall-Smith et al., 2020; Krupovic et
al., 2010; Sencilo et al., 2013). The structural and computational studies further revealed that these viruses
infecting hosts from the three domains of life share homologous major capsid protein (MCPs) with the
characteristic HK97-like structural fold, which is not found outside of this virus assemblage (Duda and
Teschke, 2019; Krupovic et al., 2010; Krupovic and Koonin, 2017; Pietild et al., 2013a; Pietila et al.,
2013Db). Based on the shared principles of virion assembly and maturation as well as the conserved structure
of the capsid proteins, it was hypothesized that head-tailed prokaryotic viruses and eukaryotic herpesviruses
have evolved from a common ancestor, which likely preyed on the last universal cellular ancestor (LUCA)
(Bamford et al., 2005a; Krupovic et al., 2020; Prangishvili et al., 2017). Recently, all these viruses have
been unified by the International Committee on Taxonomy of Viruses (ICTV) within the realm
Duplodnaviria (Koonin et al., 2020).

Virion morphogenesis has not been specifically investigated for any of the head-tailed archaeal viruses.
However, given that all major components involved in virion morphogenesis are conserved between
bacterial and archaeal head-tailed viruses (Fig. 2A), it is likely that the general principles of virion assembly
in both virus groups are also the same (Fig. 2B). Below we outline what is known about the assembly of
tailed bacteriophages and relate this information to archaeal viruses based on the conservation of the
corresponding components and available experimental data.

[Insert Figure 2 here]



Procapsid assembly

Similar to tailed bacteriophages and herpesviruses, capsid assembly of head-tailed archaeal viruses is also
likely to commence with the formation of an empty procapsid (Fig. 2B). Such empty procapsids have been
observed inside the cells infected with Haloarcula vallismortis tailed virus 1 (HVTV-1) (Pietila et al.,
2013a). The procapsid assembly requires the presence of a portal, scaffolding and capsid proteins. The
portal protein forms a dodecameric ring, which nucleates the capsid assembly and is located at one of the 12
five-fold vertices of the icosahedral capsid. The portal, as the name implies, also serves as a conduit through
which the viral DNA is packaged into and released from the capsid during virus entry (Dedeo et al., 2019;
Newcomb et al., 2005; Tavares, 2018). Correct and efficient capsid assembly typically requires the presence
of a scaffolding protein, which can be encoded as a standalone protein or as a fusion with the maturation
protease or the MCP; the scaffolding protein/domain is subsequently cleaved by the maturation protease
and the fragments are removed from the capsid (Dokland, 1999). In archaeal viruses Haloarcula sinaiiensis
tailed virus 1 (HSTV-1) and HVTV-1, the N-terminal region of around 100 residues of the MCP have been
shown to be proteolytically cleaved in the mature virions (Pietila et al., 2013a; Pietila et al., 2013b),
resembling the scaffolding domains found in some bacterial viruses, such as HK97 and T5, where the
scaffolding domains are fused to the N-terminus of the MCP and undergo proteolysis during capsid
maturation (Hendrix, 2005; Huet et al., 2010). By contrast, in Haloferax tailed virus 1 (HFTVL), the
scaffolding domain is likely to be fused to the C-terminal region of the prohead protease (Fig. 2A) (Mizuno
et al., 2019), resembling the arrangement found in the gpO protein of bacteriophage P2 (Chang et al., 2009).

Capsid maturation

The scaffolding proteins are proteolytically cleaved by the virus-encoded protease during or prior to
genome packaging in both tailed bacteriophages and herpesviruses. This process involves a large structural
rearrangement of the procapsid and results in an angular and more stable mature capsid (Dokland, 1999;
Steven et al., 2005). The prohead protease was identified in all head-tailed archaeal viruses, indicating a
similar capsid maturation process. The cryo-electron microscopy (cryo-EM) 3D reconstruction of the
HSTV-1 mature virions has revealed that the capsid is built on the T=7 lattice, with the MCPs arranged into
flat hexamers and angular pentamers, similar to the canonical virion architecture of bacteriophage HK97
(Pietila et al., 2013b; Wikoff et al., 2000). Reconstruction of the HSTV-2 capsid revealed an additional
trimeric stabilizing protein inserted directly within the capsid lattice between the hexamers as well as
between hexamers and pentamers (Pietild et al., 2013a). The stabilizing proteins in HSTV-2 occupy the
same positions as the trimers of the decoration protein gpD of phage lambda, which provides mechanical
stability to the mature capsids (Lander et al., 2008; Pietila et al., 2013a). Notably, a homolog of the gpD, the
triplex protein, also has been identified in the herpesvirus capsids, where, similar to HSTV-2, the protein is
inserted into the capsid lattice (Dai and Zhou, 2018). Among structurally characterized head-tailed viruses
with T=7 capsids, HSTV-2 has the largest genome, thus it was proposed that the virus likely enlarges the
capsid (and internal volume) by incorporating an additional protein into the lattice (Pietild et al., 2013a).
The same function for the triplex protein has been proposed in herpesviruses (Dai and Zhou, 2018). In
contrast, HVTV-1 assembles the capsomers on the T=13 lattice (Pietild et al., 2013a), similar to
bacteriophage T5 (Huet et al., 2019). A small trimeric decoration protein was found in the center of the
hexameric capsomers in HVTV-1 (Pietila et al., 2013a), a position similar to that of protein gpl2 in
bacteriophage SPP1, which has been shown to stabilize the capsid (White et al., 2012), suggesting a similar
role for the decoration protein of HVTV1.

Genome packaging

In tailed bacteriophages and herpesviruses, packaging of the viral dsDNA genomes into preformed
procapsids is invariably mediated by the terminase complex, which consists of the large (TerL) and small
(TerS) subunits. TerS is a small DNA-binding protein responsible for specific recognition of viral DNA,
initiation of the packaging and modulation of the TerL activity (Oliveira et al., 2013; Rao and Feiss, 2015).
The TerL subunit consists of two domains and functions as a packaging ATPase that translocates the viral
DNA through the portal into the capsid, and as a nuclease that cuts the concatameric viral genome into
discrete units (Rao and Feiss, 2015). The terL gene is conserved in all head-tailed archaeal viruses, whereas
terS with significant similarity to phage homologs could be identified only in some viruses (e.g., HFTV1,
BJ1, phiCh1, phiH1, ChaoS9 and psiM2), likely due to the generally low sequence conservation of the TerS
proteins. However, in almost all archaeal viruses that seemingly lack terS, a gene encoding a protein with
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the helix-turn-helix domain that is typical of TerS, could be identified upstream of the terL (unpublished
data), suggesting that the complete terminase complex is conserved in all archaeal head-tailed viruses.

Tailed bacteriophages employ a variety of genome packaging mechanisms, which are reflected by the
diversity of the genomic termini, including cohesive ends, circularly permuted direct terminal repeats, short
or long exact direct terminal repeats, terminal host DNA sequences, or covalently bound terminal proteins
(Casjens and Gilcrease, 2009; Garneau et al., 2017). Analysis of the genomic termini has shown that in
some archaeal viruses (e.g., HF1, HSTV-2, HVTV-1, etc.), the packaging machinery cleaves the viral
genomes at fixed positions, thereby generating direct terminal repeats (Sencilo et al., 2013; Tang et al.,
2004), as in the case of bacteriophage T7 (Casjens and Gilcrease, 2009). By contrast other archaeal viruses
(e.g., HSTV-1, HFTV1, psiM2, etc.) employ bacteriophage P1-like headful packaging mechanism, whereby
the terminase initiates packaging at a specific packaging (pac) site but subsequently cuts the genome at
variable positions as soon as the head is full, producing circularly permuted genomes (Mizuno et al., 2019;
Pfister et al., 1998; Sencilo et al., 2013).

Tail assembly

In tailed bacteriophages, upon completion of the genome packaging, the terminase complex is replaced with
the neck protein (head-tail connector) (Orlova et al., 2003), followed by the attachment of the preassembled
helical tail. The details of tail assembly in archaeal viruses remain enigmatic. Nevertheless, the conserved
organizations of the tail morphogenesis modules shared between archaeal and bacterial viruses suggests a
common principle of tail assembly. The conservation is especially prominent for archaeal myoviruses, for
most of which a nearly complete set of tail morphogenesis genes could be identified. As shown in Figure
2A for the example of myovirus HSTV-2 (revised unpublished annotation), the tail module encompasses
the tail terminator, tail sheath, tail tube (major tail protein), two tail assembly proteins, tape measure protein
as well as baseplate components, including the hub-like protein, central spike proteins, wedge protein, J-like
protein and tail fiber proteins. Archaeal and bacterial siphoviruses also share the tail module, although
fewer tail proteins could be confidently matched between bacterial and archaeal viruses (Figure 2A).
Notably, the tail assembly proteins of head-tailed archaeal viruses (homologs of HK97 proteins gpG and
gpGT), encoded by two overlapping genes, are likely to be produced through a programmed translational
frameshifting at a “slippery sequence”, as in tailed bacteriophages (Fig. 2A) (Xu et al., 2004; Xu et al.,
2013). For archaeal myoviruses and siphoviruses, the dominant morphotypes among the isolated archaeal
head-tailed viruses (Atanasova et al., 2015), the tail assembly is expected to be independent of the head
assembly, with the preassembled tail being attached to the packaged mature capsid via the neck protein, as
has been described in bacterial viruses (Chaban et al., 2015) (Fig. 2B).

Assembly of tailless icosahedral viruses

Overall virion organization is the same for viruses from all four families of tailless archaeal viruses: the
icosahedral protein capsid covers an internal membrane layer, which encloses the dSDNA genome (Figure
1). However, structural studies have revealed that the structures of the protein capsids are very different in
viruses from different families. Based on this feature, the four families can be assigned to one of three
groups: (i) viruses with double-jelly roll (DJR) MCPs (Turriviridae); (ii) viruses with two single jelly-roll
(SJR) MCPs (Sphaerolipoviridae and Simuloviridae) and (iii) viruses with a single SJR MCP
(Portogloboviridae). The same three groups can be recapitulated based on gene content analysis of the
corresponding viruses.

Turriviridae family

The icosahedral shell of the prototype virus of the family Turriviridae, Sulfolobus turreted icosahedral virus
(STIV), is built on a pseudo T=31 lattice (Khayat et al., 2005; Rice et al., 2004) (Fig. 3A-B). The MCP of
STIV, B345, has the DJR fold (Fig. 3C) and forms trimers with a pseudo-hexagonal symmetry, where each
subunit has two vertically oriented jelly-rolls (Fig. 3D) (Veesler et al., 2013). The five-fold vertices of the
capsid are occupied by a pentamer of the minor capsid (penton) protein A233, which has the SJR fold
(Veesler et al., 2013). Very similar virion organization with DJR MCP and SJR pentons is conserved in a
wide range of bacterial (e.g., Tectiviridae, Corticoviridae and Finnlakeviridae) and eukaryotic viruses (e.g.,
Adenoviridae, Lavidaviridae, Phycodnaviridae, Mimiviridae, Asfarviridae, etc.) (Krupovic and Koonin,



2017). In recognition of the common ancestry, all viruses encoding DJR MCPs, including Turriviridae,
were recently unified by the ICTV into the kingdom Bamfordvirae (Koonin et al., 2020).

[Insert Figure 3 here]

In STIV, each penton base is further decorated by a turret-like appendage that protrudes above the capsid
surface (Khayat et al., 2005). Notably, the turrets are also built from a succession of fused SJR motifs with
common topologies and similar folds, suggesting that the entire vertex complex has evolved from a simple
SJR ancestor through duplication and sequence diversification (Veesler et al., 2013). The turret complex
participates in host recognition through binding to pili-like appendages on the host cell surface (Hartman et
al., 2019). Notably, each MCP subunit interacts with the inner viral membrane via a C-terminal a-helix
exhibiting a positive electrostatic potential, which presumably favors interactions with the negatively
charged lipid groups of the internal membrane. This interaction is reminiscent of that reported for the N-
terminal a-helix of the bacterial tectivirus PRD1 MCP (Cockburn et al., 2004; Veesler et al., 2013). STIV
morphogenesis shares several other similarities with the assembly pathway of PRD1, reinforcing the
evolutionary connection between Turriviridae and other viruses in the kingdom Bamfordvirae. In particular,
virion assembly of STIV proceeds through an intermediate stage, whereby prior to genome-packaging, the
external icosahedral capsid shell and the inner membrane are tightly coupled, forming empty procapsids, as
seen in the case of PRD1 (Fig. 3E) (Fu et al., 2010; Strémsten et al., 2005). It has been suggested that the
vertex complexes play a key role in mediating the interactions between the external protein capsid and the
membrane. According to this model, the association between the membrane proteins (STIV A55) and the
penton base protein (STIV A223) lead to the growth of the capsid shell by the gradual addition of
monomeric MCP units in parallel with the formation of the internal membrane (Veesler et al., 2013).

Once the empty procapsids are formed, the dsDNA genome of the virus has to be packaged. Similar to most
other members of the Bamfordvirae, STIV encodes the ATPase, B204, of the FtsK-HerA superfamily,
homologous to the experimentally characterized genome packaging ATPase of bacterial tectiviruses, but
unrelated to the terminases of head-tailed viruses and herpesviruses. In a close relative of STIV, STIV2
(Happonen et al., 2010), the DNA-binding protein B72, an ortholog of the STIV protein A78 (Ortmann et
al., 2008) and homologous to the DNA-binding protein VP2 of fuselloviruses (Reiter et al., 1987), has been
suggested to serve a critical role in the recruitment of the viral genome to a unique portal complex anchored
in the inner membrane of the procapsid (Fig. 3E) (Happonen et al., 2014; Happonen et al., 2013). The portal
complex includes the functional ATPase that forms a hexameric ring and uses the hydrolysis of ATP to
power the translocation of the viral DNA (Fig. 3E). Biochemical analysis together with the presence of
B204 in purified mature virions, reinforce the fundamental role of this protein in viral DNA packaging and
virion assembly (Dellas et al., 2015; Happonen et al., 2013). Notably, B204 assembles at a unigue genome-
packaging vertex suggesting that the genome packaging occurs specifically at one of the 12 five-fold
vertices (Fu et al., 2010; Happonen et al., 2014), as in the case of PRD1 (Hong et al., 2014; Stromsten et al.,
2003). Notably, however, unlike in PRD1, the genome of turriviruses is circular, raising questions regarding
the mechanism of its packaging. Thus, it has been proposed that STIV genome is packaged as a linear
molecule and is only subsequently circularized within the capsid through a so far unknown mechanism (Fig.
3E) (Happonen et al., 2014; Happonen et al., 2013).

Small viral membrane proteins have been suggested to form a pore in the internal membrane of the virion at
the unique vertex to allow the translocation of the viral genome (Khayat et al., 2010). Upon genome
packaging, the capsid does not undergo large conformational changes as described for tailed
bacteriophages. Rather, the virion is likely stabilized by the interactions between the inner membrane and
the viral genome (Happonen et al., 2013). The mechanism underlying the incorporation of the inner
membrane into the virion remains enigmatic. Because partially assembled particles were not detected
budding from the cytoplasmatic membrane and based on the fact that viral and cellular membranes have
different lipid compositions (Maaty et al., 2006), it has been proposed that the inner viral membrane is
formed de novo (Dellas et al., 2015; Fu and Johnson, 2012; Fu et al., 2010). Notably, this process might be
facilitated by the cellular Endosomal Sorting Complex Required for Transport (ESCRT) machinery,
because perturbation of normal ESCRT function abrogates viral replication (Snyder et al., 2013). Finally,
once the mature STIV virions are assembled, they are organized in quasi-crystalline arrays in the host
cytoplasm until their release through a lytic mechanism mediated by virus-associated pyramids (Brumfield
etal., 2009; Fu et al., 2010).



STIV and STIV2, both infecting acidophilic hyperthermophiles of the genus Sulfolobus/Saccharolobus, are
the only isolated members of the Turriviridae family. However, proviruses encoding MCPs and genome
packaging ATPases homologous to those of turriviruses have been identified in a wide range of archaea,
including neutrophilic marine and terrestrial hyperthermophiles (Gaudin et al., 2014; Krupovic and
Bamford, 2008a; Rensen et al., 2015), methanogens (Krupovic and Bamford, 2008a) and thaumarchaea
(Krupovic et al., 2019) as well as several phyla of uncultivated archaea, including Asgard archaea
(Krupovic et al., 2020; Yutin et al., 2018). Accordingly, it has been suggested that, as in the case of head-
tailed viruses, the ancestor of viruses with DJR MCP already existed at the time of LUCA and its
descendants were associated with Archaea, ever since their diversification from the common ancestor with
Bacteria (Krupovic et al., 2020).

Sphaerolipoviridae family

Until  recently, family Spaherolipoviridae included three genera, Alphasphaerolipovirus,
Betasphaerolipovirus and Gammasphaerolipovirus (Pawlowski et al., 2014). Members of the
Alphasphaerolipovirus and Betasphaerolipovirus genera infect halophilic archaea and have linear and
circular dsDNA genomes, respectively. By contrast, gammasphaerolipoviruses infect thermophilic bacteria
(genus Thermus) and encapsidate circular dSDNA genomes (Jaatinen et al., 2008). Viruses from the three
genera share overall architecture of the capsid, built using two SJR MCPs, which are oriented vertically
with respect to the capsid surface, closely resembling the DJR MCPs of viruses in the Bamfordvirae (Gil-
Carton et al., 2015; Rissanen et al., 2013; Zhang et al., 2012). However, in terms of gene content and
sequence similarity, viruses from the three genera share very little (Aiewsakun et al., 2018). Accordingly, it
was recently proposed to move genera Betasphaerolipovirus and Gammasphaerolipovirus into separate
families, Simuloviridae and Matsushitaviridae, respectively.

Sphaerolipoviridae currently includes four members, three of which, Haloarcula californiae icosahedral
virus 1, Haloarcula hispanica icosahedral virus 2 and Haloarcula virus SH1, have been structurally
characterized by cryo-EM (De Colibus et al., 2019; Gil-Carton et al., 2015; Santos-Pérez et al., 2019). The
icosahedral capsids of these viruses have a T=28 lattice and are built from two MCPs, VP4 and VVP7, and a
penton protein (VP9), which also has the SJR fold and is located at the five-fold vertices (Fig. 4A-C). VP4
is topped by a further small B-barrel, which forms a ‘tower’ protruding away from the capsid surface
(Santos-Pérez et al., 2019). The asymmetric unit is composed of one copy of the penton protein, 12 copies
of VP4 and 15 copies of VP7 arranged into pseudo-hexagonal three-tower and two-tower capsomers (Fig.
4D). The three-tower capsomers are composed of three alternating VP7-VP4 heterodimers, whereas the
two-tower capsomers consist of two VP7-VP4 heterodimers separated by two VP7 monomers (Santos-
Pérez et al., 2019) (Fig. 4D). The five-fold vertices are decorated by impressive horn-like (in Haloarcula
virus SH1 and Haloarcula californiae icosahedral virus 1) or propeller-like (in Haloarcula hispanica
icosahedral virus 2) spikes. The former are assembled from repeated globular domains attached to a central
spine and, presumably, facilitate multimeric attachment to the unidentified cell receptor (De Colibus et al.,
2019; Santos-Pérez et al., 2019).

[Insert Figure 4 here]

The near-atomic resolution structures of sphaerolipoviruses have provided valuable insights into the
assembly of their complex capsids. It has been suggested that the building of the capsid lattice primarily
relies on proteins located underneath the capsomers, which drive the positioning of the MCP heterodimers
and the pentons. In particular, the homopentamers of transmembrane protein VP13, which form a left-
handed coiled-coil, were suggested to act as docking points for the penton complexes, which themselves
interact with the membrane through the N-terminal a-helices. The pentons, in turn, would nucleate the
attachment of VP7—\VVP4 heterodimers, but the major role in the assembly of VP7-VVP4 heterodimers into
the two distinct three-tower and two-tower capsomers is attributed to the two membrane-proximal Global-
Positioning-System (GPS) proteins, GPS-Il and GPS-111. These proteins are located underneath the three-
tower and two-tower capsomer bases, suggesting that the localization, fold and oligomerization state of the
GPS proteins guides the formation and positioning of the pseudo-hexagonal capsomers on the inner
membrane of the virion (Santos-Pérez et al., 2019). In addition, protrusions of VP4 bearing a hydrophobic
tip extend from the perimeter of the hetero-hexamers, where they fit into a corresponding pocket formed
between the subunits of the adjacent hetero-hexamers, stabilizing the whole assembly. These specific
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hydrophobic contacts were also proposed to play an important role in dictating correct capsid assembly (De
Colibus et al., 2019).

Similar to turriviruses, assembly of the sphaerolipovirus virions is thought to proceed through an empty
procapsid intermediate. Indeed, empty procapsids have been observed by cryo-EM in virus preparations
(Santos-Pérez et al., 2019) as well as inside of the infected cells (Porter et al., 2005). Notably, the internal
membrane in procapsids was unexpanded and had a 15% smaller diameter compared to that in mature
virions, similar to what has been previously reported for tectivirus PRD1 (San Martin et al., 2002; Santos-
Pérez et al., 2019). Consistently, sphaerolipoviruses encode putative genome packaging ATPase of the
FtsK-HerA superfamily, which is homologous to those encoded by turriviruses and most other viruses with
DJR MCPs (Stromsten et al., 2005). Given that sphaerolipoviruses have linear dSDNA genomes with
terminal inverted repeats and covalently attached terminal proteins (Porter and Dyall-Smith, 2008), like
tectiviruses, it has been proposed that genome packaging occurs by a mechanism similar to that in PRD1
(Bamford et al., 2005b).

As mentioned above, the VP7-VP4 dimer closely corresponds to the DJR MCP structure (De Colibus et al.,
2019; Gil-Carton et al., 2015; Santos-Pérez et al., 2019). Thus, it was suggested that viruses with the two
SJR MCPs are ancestral to the DJR MCP-encoding viruses, reflecting the state preceding the fusion of two
SJR domains into a single DJR MCP (De Colibus et al., 2019; Gil-Carton et al., 2015; Krupovic and
Bamford, 2008b). Consequently, viruses with DJR MCPs and two SJR MCPs are unified by the ICTV
within the realm Varidnaviria (Koonin et al., 2020).

Portogloboviridae family

The Portogloboviridae family currently includes two closely related viruses, Sulfolobus polyhedral virus 1
(SPV1) and SPV2 (Liu et al., 2019), although only SPV1 has been isolated as a pure strain (Liu et al.,
2017b). SPV1 is unique among bacterial and archaeal icosahedral viruses in that instead of encapsidating a
naked dsDNA molecule, its circular genome is condensed and packed in the form a unique spherical
nucleoprotein coil. The latter is surrounded by an internal lipid membrane and an outer icosahedral protein
shell (Fig. 5A-B) (Wang et al., 2019b). A near-atomic resolution structure of SPV1 virion showed that,
unlike in turriviruses and sphaerolipoviruses, the icosahedral capsid is built from a single SIR MCP, VP4
(Fig. 5C), which forms hexameric capsomers (Fig. 5D). The five-fold vertices are occupied by the penton
protein VP10, which also has the SJR fold and forms pentamers. Together, VP4 hexamers and VP10
pentamers assemble into an icosahedral shell with a T=43 lattice, not previously described in other viruses
(Wang et al., 2019b). Spike complex, presumably involved in host recognition (Fig. 5B), further tops the
pentons at the five-fold vertices, with a-helices extending from the spike complex plugging the central
cavity of the VP10 pentamer. This interaction suggests a possible role of the penton base as a platform for
the spikes, as is the case of turriviruses and sphaerolipoviruses (see above). Interestingly, the MCP of SPV1
is homologous to the MCP of the unclassified Metallosphaera turreted icosahedral virus (MTIV) (Wagner et
al., 2017). The two MCPs share ~27% sequence identity and VP4 of SPV1 is retrieved as the closest
homolog of the MTIV MCP in profile-profile comparisons with the probability of 95.9% (unpublished
observation). This finding suggests that the two viruses have evolved from a common ancestor. However,
MTIV genome is half the length of SPV1 (9.8 kb versus 20 kb) and is linear with terminal inverted repeats,
rather than circular, further highlighting that genomic organizations and replication mechanisms are often
disconnected from the capsid architectures in evolutionarily related viruses.

[Insert Figure 5 here]

Analysis of the composition of the internal membrane of SPV1 showed that lipids are selectively acquired
from the host cell (Wang et al., 2019b), as is the case for members of the Lipothrixviridae, Turriviridae and
Fuselloviridae families (Kasson et al., 2017; Liu et al., 2017b; Maaty et al., 2006; Quemin et al., 2015),
indicating that this strategy could be a common mechanism among crenarchaeal viruses. The internal
membrane of SPV1 displays an icosahedral shape, presumably due to the presence of an intricate array of
subcapsomer proteins that spans the space between the membrane and the external icosahedral shell (Wang
et al., 2019b), as seen in bacterial tectiviruses (Cockburn et al., 2004; Laurinméki et al., 2005). Virion
proteins VP3, VP5, VP6, and VP7 have transmembrane helices and are the presumed constituents of this
array. Notably, the array is symmetrically organized around the five-fold vertices and makes contacts with
each VP4 hexamer, likely playing a key role in correct positioning of the hexamers during capsid assembly.
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By contrast, unlike in turriviruses and sphaerolipoviruses, the penton base does not appear to be connected
to the membrane.

Perhaps the most intriguing part of the SPV1 reconstruction is the unique nucleoprotein core (Wang et al.,
2019b). Dissociation experiments have implicated the a-helical protein VP1 as the main constituent of the
nucleoprotein filament (Liu et al., 2017b). Consistently, in vitro assays have confirmed the DNA binding
activity of VP1. The reconstruction of the nucleoprotein core revealed that VP1 dimers cover the circular
dsDNA genome of the virus. Interestingly, the reconstructed model for the nucleoprotein filament suggested
that SPV1 DNA is stored in A-form conformation, with 11 bp/turn and a rise of 2.6 A/bp, similar to what
has been described for hyperthermophilic archaeal viruses of the class Tokiviricetes (see below). Partial
dissociation of the nucleoprotein core revealed the presence of four types of filaments: naked dsDNA,
single nucleoprotein filaments, supercoiling bundles of nucleoprotein filaments and rafts in which the
filaments are connected to each other by loops (Wang et al., 2019b). These observations prompted a model
for the packaging of the SPV1 genome, whereby the circular nucleoprotein (dsDNA-VP1) is first folded as
a long double filament, which is then folded into a raft and spooled into a ‘ball” (Fig. 5E). How the
spherical nucleoprotein core is enveloped with a lipid membrane and subsequently covered with an
icosahedral capsid remains unknown.

A visually similar organization of the nucleoprotein core has been described for Sulfolobus ellipsoid virus 1
(SEV1), the sole member of the Ovaliviridae family (Wang et al., 2018). However, unlike SPV1, SEV1
does not contain an external icosahedral capsid. Instead, the virions are ellipsoid, with the nucleoprotein
coil being surrounded by a lipid membrane (Wang et al., 2018). SEV1 virions display helical striations
aligned perpendicularly to the longitudinal axis of the particle, resembling those observed for SPV1 (Liu et
al., 2017b; Wang et al., 2019b). This observation, along with the three-dimensional electron tomography of
the virion, prompted a model for the organization of the SEV1 nucleocapsid, whereby the viral DNA wraps
around the longitudinal axis of the virion to form stacks of flat disk-like structures with a central cavity
(Wang et al., 2018). Accordingly, sixteen disk-like structures, which are evenly distributed in the virion,
stack together to form a spool-like capsid that is covered by a lipid envelope decorated with protruding
spikes (Wang et al., 2018). Given its high abundance in the virion, it has been suggested that protein VP4 is
involved in the formation of the nucleoprotein filament, whereas transmembrane domains-containing
proteins VP1 and VP2 are associated with the viral envelope. Notably, nucleoproteins of SPV1 and SEV1
do not display any appreciable sequence similarity. Interestingly, electron micrographs of infected cells
showed enveloped viral capsids in the cytoplasm of the host cell, indicating that the virus acquires the lipid
membrane intracellularly by an unknown mechanism (Wang et al., 2018).

Assembly of filamentous viruses

Filamentous archaeal viruses for which structures have been elucidated at near-atomic resolution belong to
the Clavaviridae, Rudiviridae, Lipothrixviridae and Tristromaviridae families, all infecting
hyperthermophilic hosts of the phylum Crenarchaeota. Cryo-EM reconstructions have revealed unexpected
similarities in the structural organization of viruses from the latter three families, despite the lack of
significant sequence similarity among the corresponding viral genomes. By contrast, clavaviruses display a
unique virion organization, not observed in any other characterized virus.

Clavaviridae family

The sole known member of the Clavaviridae family, Aeropyrum pernix bacilliform virus 1 (APBV1), forms
non-enveloped, rigid, bacilliform virions with two terminal cap structures at either end — one pointed and
the other rounded (Mochizuki et al., 2010). The virions are built from a single, highly glycosylated MCP
and three minor structural proteins. The MCP has one of the simplest known structural folds consisting of
two long kinked a-helices connected by a B-hairpin, while all three minor capsid proteins have likely
evolved through duplication and sequence diversification of the APBV1 MCP (Ptchelkine et al., 2017). The
MCP forms the helical tube, while the minor capsid proteins are believed to participate in the assembly of
the cap structure. Most amino acid side-chains in both a-helices of the MCP are hydrophobic, with only the
inner and outer ends of the subunits containing polar and charged residues. Each MCP subunit makes
extensive hydrophobic contacts to six other neighboring MCP subunits, eventually assembling a tubular
structure with a hydrophobic core inside the wall of the capsid. By contrast, the inner surface of the tube is
positively charged, which presumably allows interactions with the viral genome and its packaging as a left-
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handed superhelix. A model for the assembly of APBV1 has been proposed in which the virion assembly
starts when one of the two cap structures recognizes and binds to the viral genome at three specific sites,
forming three long loops. These gradually intertwine under the guidance of the concomitant capsid
assembly to form a left-handed superhelix. Finally, once the DNA is fully covered with the MCP, the open
end of the virion is sealed by the second cap structure (Ptchelkine et al., 2017).

Rudiviridae family

Members of the Rudiviridae have non-enveloped rod-shaped virions formed by condensation of the linear
dsDNA by multiple copies of a homodimer of the MCP (Fig. 6A-D) (DiMaio et al., 2015). Both ends of the
virion are decorated with terminal fibers (Fig. 6A), which play a crucial role in the host recognition and
binding via highly glycosylated type 4 pili (Quemin et al., 2013; Rowland et al., 2020; Wang et al., 2020b;
Wang et al., 2019a). Nuclear magnetic resonance analysis has shown that in solution, the C-terminal half of
the MCP folds into a compact four-helix bundle, while the N-terminal half is unstructured (Szymczyna et
al., 2009). However, in the virion, upon binding to the DNA genome, the N-terminal unstructured region
folds into a single extended helix that tightly wraps around the DNA. Cryo-EM reconstructions of
Sulfolobus rod-shaped virus 2 and Saccharolobus solfataricus rod-shaped virus 1 revealed that MCP
homodimers make extensive electrostatic interactions with the phosphate backbone of the dsDNA (DiMaio
et al., 2015; Wang et al., 2020a), effectively dehydrating it and transforming the physiologically common
B-form DNA into A-form conformation (Fig. 6C-D). The hydrophobic protein-protein interactions across
the helical turns form a solvent-inaccessible surface that surrounds the DNA and protects it from the acidic
environment in which these viruses reside (DiMaio et al., 2015).

[Insert Figure 6 here]

Lipothrixviridae family

Members of the Lipothrixviridae family infect hyperthermophilic acidophiles of the order Sulfolobales and
have filamentous virions that are decorated at each end with diverse terminal structures that can resemble
claws (Acidianus filamentous virus 1 [AFV1]), brushes (AFV2) or mops (Sulfolobus islandicus
filamentous virus [SIFV]) and are likely to be involved in the virus attachment to the host cell (Arnold et
al., 2000b; Bettstetter et al., 2003; Héring et al., 2005b) (Fig. 6D). High-resolution structures are available
for three members of the Lipothrixviridae, namely, AFV1 (Kasson et al., 2017), Sulfolobus filamentous
virus 1 (SFV1) (Liu et al., 2018) and SIFV (Wang et al., 2020a). Lipothrixviruses share extensive gene
content with rudiviruses and, accordingly, the two families were grouped into the order Ligamenvirales
(Prangishvili and Krupovic, 2012). However, unlike rudiviruses, lipothrixviruses are enveloped with a lipid
membrane, whereas the nucleocapsid is built from heterodimers of two homologous MCPs (Fig. 6E-F) that
closely resemble the symmetrical homodimer of rudiviruses (Fig. 6C). Importantly, as in rudiviruses, the
lipothrixvirus genomes are also stored in the virions as A-form DNA. The mechanism of lipothrixvirus
nucleocapsid assembly is thus likely to be very similar to the assembly of rudivirus capsids (Fig. 6M), with
multiple copies of the MCP heterodimer binding to the linear dsSDNA and transforming it into A-form (Fig.
6H). Notably, lipothrixviruses display considerable variation in the properties of the superhelical
nucleocapsid, including the diameter, flexibility and surface electrostatic potential. Furthermore, one of the
two MCPs of SFV1 and SIFV, but not AFV1, contain C-terminal hook-like extensions that make contacts
across the helical groove of the nucleocapsid, stapling the nucleocapsid and thereby probably stabilizing it
(Liu et al., 2018; Wang et al., 2020a).

A remarkable feature of lipothrixvirus virions is their membranes, which are half as thin as the cytoplasmic
membrane of the host (Kasson et al., 2017; Liu et al., 2018; Wang et al., 2020a). Lipid analysis has shown
that AFV1 specifically selects for a flexible glycerol dibiphytanyl glycerol tetraether lipid lacking
cyclopentane rings (GDGT-0), which can be bent into a U-shaped ‘horseshoe’ conformation. Molecular
dynamics simulation has shown that such thin lipid envelope containing horseshoe GDGT-O0 lipids would be
stable and have the necessary curvature to surround the nucleocapsid (Kasson et al., 2017). The horseshoe
lipid conformation has been observed in vitro at the air-water interface, but never before in a biological
system (Kohler et al., 2006). By contrast, the thin SFV1 membrane is strongly enriched in archaeol (~80%
of all lipids), a short lipid molecule that is half as long as GDGT tetraethers and present at ~1% in the host
membrane. Thus, the thickness of the SFV1 membrane is consistent with the monolayer composed of
archaeol (Liu et al., 2018). Consequently, lipothrixviruses have evolved different routes to converge on thin
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lipid membranes. However, the function of the viral envelope as well as the actual mechanism of
envelopment and lipid selection remain to be studied in detail.

Tristromaviridae family

Viruses belonging to the Tristromaviridae family infect neutrophilic hyperthermophiles of the order
Thermoproteales and have slightly flexible filamentous virions with terminal filaments attached to one or
both ends (Baquero et al., 2020; Rensen et al., 2016; Wang et al., 2020c) and responsible for host
recognition by binding to type 4 pili (Wang et al., 2020b). Although initially thought to be evolutionarily
unrelated to other known viruses due to lack of any identifiable sequence similarity (Rensen et al., 2016),
the cryo-EM structure of the Pyrobaculum filamentous virus 2 has uncovered an unexpected relationship
with rudiviruses and lipothrixviruses (Wang et al., 2020c). The nucleocapsid core of tristromaviruses turns
out to be built using the same general principle as in lipothrixviruses, from heterodimers with the same -
helical fold (Fig. 61-K). The linear dsDNA genome is also condensed and maintained in an A-form
conformation (Fig. 6J-L) (Wang et al., 2020c). The fact that A-form DNA is found in two evolutionarily
unrelated lineages of hyperthermophilic viruses (i.e., with filamentous and icosahedral virions) infecting
both neutrophilic (Thermoproteales) and acidophilic (Sulfolobales) hosts suggests that A-form DNA is a
general adaptation of crenarchaeal viruses to extreme temperatures rather than low pH (Wang et al., 2020c).
Notably, unlike in lipothrixviruses, the envelope of tristromaviruses has the same thickness and lipid
composition as the host membrane (Rensen et al., 2016), emphasizing the variety of mechanisms employed
by filamentous enveloped viruses for lipid selection.

Assembly of spindle-shaped viruses

Spindle-shaped viruses are widespread in archaea-dominated environments and represent a prominent
component of the archaeal virosphere (Krupovic et al., 2014). However, due to intrinsic flexibility and
heterogeneity of the spindle-shaped virions, structural studies on these viruses remain highly challenging
(Hong et al., 2015; Stedman et al., 2015). Nevertheless, dual-axis electron tomography analysis has shed
light on the morphogenesis and release of the prototypical fusellovirus Sulfolobus spindle-shaped virus 1
(SSV1) (Quemin et al., 2016).

Fuselloviridae family

Members of the Fuselloviridae family have small lemon-shaped virions decorated with terminal fibers at
one of the two pointed ends (Contursi et al., 2014; Stedman et al., 2015). The virions of SSV1 consist of
four virus-encoded structural proteins, VP1-VP4 (Quemin et al., 2015), with the circular dsSDNA genome
being packaged within the virion as a nucleoprotein complex. Mass spectrometry analysis has also revealed
the presence of the major host chromatin protein of the Sul7d family in the highly purified SSV1 virions,
suggesting its involvement in condensation of the viral DNA (Quemin et al., 2015). In vitro studies have
demonstrated that Sul7d proteins bind dsDNA nonspecifically and induce negative supercoiling and
compaction of relaxed and positively supercoiled DNA (L6pez-Garcia et al., 1998; Zhang et al., 2020b).
Notably, the DNA isolated from SSV1 virions was found to be positively supercoiled by reverse gyrase
(Nadal et al., 1986) and can thus be efficiently condensed by the Sul7d proteins. In addition, some
fuselloviruses (e.g., SSV1) encode their own DNA-binding protein, VP2, which has also been suggested to
participate in the condensation of the viral genome (Reiter et al., 1987). However, deletion of vp2 gene from
the SSV1 genome had no effect on the infectivity (Iverson and Stedman, 2012), suggesting that VP2 does
not play a major role in genome packing.

The assembly of SSV1 virions is concomitant with its egress at the cellular cytoplasmic membrane by a
mechanism that resembles the budding of enveloped eukaryotic viruses (Quemin et al., 2016). Electron
tomography analysis has shown that viral nucleoprotein complexes are extruded through the cytoplasmic
membrane as rod-shaped intermediate structures that possess an envelope continuous with the host
membrane (Fig. 7A). Terminal fibers presumably consisting of the heavily glycosylated protein VP4 and
involved in host recognition (Quemin et al., 2015), were found at the tip of the budding virus particles
(Quemin et al., 2016), suggesting that VP4 nucleates the virion assembly at the host membrane, which is
believed to contain the hydrophobic major and minor glycoproteins, VP1 and VP3, respectively. Notably,
prior to virion assembly, VP1 is proteolytically processed by an unidentified protease at a conserved
glutamate residue, removing the N-terminal region (Quemin et al., 2015; Reiter et al., 1987). However, the
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gene fragment encoding this region could not be deleted (Iverson et al., 2017b), suggesting that it is
important for correct subcellular protein localization and/or virion morphogenesis. Subsequently, the neck
of the budding virus particle is constricted at the base, sealing the host membrane and releasing the virion
(Fig. 7B). Following the virion detachment from the membrane, further maturation of the elongated
particles into the typical spindle-shaped morphology takes place in proximity of the cell surface (Fig. 7C).
Notably, SSV1 deletion mutant lacking the vp3 gene had elongated virions, even though the infectivity was
not lost, suggesting that VP3 participates in the transition from elongated to spindle-shaped particles
(lverson et al., 2017a). Upon budding, SSV1 virions locally disorganize the S-layer to gain access to the
environment (Quemin et al., 2016). Similarly, the morphogenesis and egress of non-lytic viruses, such as
globuloviruses and pleolipoviruses, have been suggested to be concomitant and occur at the cellular
cytoplasmic membrane through a budding mechanism (Baquero et al., 2020; Demina and Oksanen, 2020).

[Insert Figure 7 here]

Bicaudaviridae family

Representatives of the Bicaudaviridae family have tails of different lengths at one or both pointed ends of
the lemon-shaped body (Krupovic et al., 2014; Prangishvili et al., 2006). The morphogenesis of
Bicaudaviridae virions is also likely to occur at the cell surface and the ESCRT machinery has been
proposed to be required for Sulfolobus tengchongensis spindle-shaped virus 2 budding (Liu et al., 2017a).
Remarkably, the prototypical virus of the family, Acidianus two-tailed virus (ATV), undergoes a
morphological transformation outside and independent of the host cell. ATV virions are released from the
host cell as tailless fusiform particles, after which they develop extracellularly long tails at both ends of the
spindle-shaped virion at temperatures of the natural habitat, i.e., 85°C (Prangishvili et al., 2006). The
putative family member Sulfolobus monocaudavirus 1 was also reported to develop tails in extracellular
environments, whereas Sulfolobus tengchongensis spindle-shaped viruses 1 and 2 apparently lack this
property and have a single tail (Erdmann et al., 2014; Uldahl et al., 2016; Xiang et al., 2005).

A combination of cryo-EM and X-ray crystallography shed light on the structural organization of the
Acidianus tailed spindle virus (Hochstein et al., 2018; Hochstein et al., 2016). Bicaudavirus MCP has a
unique four-helix bundle fold (Goulet et al., 2010; Hochstein et al., 2015), not found in other viruses or
cellular organisms (Krupovic and Koonin, 2017). Based on the packing of the MCP subunits in the crystal,
it has been proposed that the capsid of Acidianus tailed spindle virus is formed through a metastable four-
start helical assembly with variable radius that extends through the lemon-shaped body into the tail
(Hochstein et al., 2018). Notably, a smooth transition from the spindle-shaped capsid into a tubular tail with
no visible boundaries was observed, indicating that the virion structure is continuous throughout the length
of the particle. This observation is seemingly supported by the extracellular tail development of ATV,
whereby the tail growth is related with the diminution of the volume in the body, suggesting movement of
the capsid proteins from the spindle-shaped body to the growing tail (Hochstein et al., 2018; Prangishvili et
al., 2006).

Conclusions

Recent progress in cryo-EM and electron tomography has boosted the studies on the mechanisms of virion
assembly and structure of archaeal viruses. These studies have revealed that assembly and genome
packaging in filamentous hyperthermophilic viruses occur in a coordinated fashion, whereas the strategy
employed by certain head-tailed and tailless icosahedral viruses relies on the formation of empty capsids
which are subsequently filled with the DNA genomes in an ATP-dependent manner. Generally, the
assembly of the icosahedral archaeal viruses closely follows the mechanisms employed by evolutionarily
related bacterial and eukaryotic viruses, emphasizing the overall conservation of these pathways over
billions of years of evolution, which have passed since the divergence of the cellular lineages corresponding
to the three domains of life. Despite the considerable progress made in understanding the general principles
underlying the morphogenesis of head-tailed, tailless icosahedral, filamentous and spindle-shaped virions,
the exact molecular details and, especially, the dynamics of these processes are still lacking. At the same
time, the remarkable diversity of archaeal viruses should prompt the structural characterization of new
model systems to broaden our comprehension of the diversity of molecular solutions evolved by these
viruses for survival in extreme environmental conditions.
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Figure 1. Representation of virion morphotypes of archaeal viruses infecting members of the phyla Euryarchaeota,

Crenarchaeota and Thaumarchaeota. Names of viral families are indicated below the schematic virus particles.
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Figure 2. Assembly of head-tailed viruses. A. Comparison of the capsid and tail morphogenesis modules of head-
tailed viruses infecting archaea and bacteria. The morphogenesis modules of archaeal viruses Halorubrum sodomense
tailed virus 2 (HSTV-2) and Haloferax tailed virus 1 (HFTV1) are presented at the top and compared to those of
bacteriophages Mu and HK97. The open reading fragments (ORFs) are represented with rectangles. The functional
annotations of the predicted ORFs are color-coded and depicted above the corresponding ORFs (TerS and TerL, small
and large terminase subunits, respectively; PR, prohead protease; HDP, head decoration protein; MCP, major capsid
protein; SP, scaffolding protein/domain; HTCP, head-tail connector protein; TrP, tail termination protein; TAC, tail
assembly chaperone; TMP, tape measure protein; PR-SP, prohead protease-scaffolding protein fusion; HMP, head
morphogenesis protein; VMP, virion morphogenesis protein; TFAP, tail fiber assembly protein; HTA, head-tail
adaptor; TAP, tail assembly protein). Genes encoding tail tip and tail fiber proteins are shown in blue sapphire.
Translational frameshifts are indicated with a black triangle under the corresponding ORFs. Each region is depicted
proportional to the size of the gene. B. Schematic representation of head-tailed virus assembly. The process starts with
the formation of an empty procapsid when multiple copies of the capsid/scaffold complex bind to the portal protein.
During or before DNA packaging, the scaffolding protein is proteolytically cleaved by the viral maturation/prohead
protease. Once the procapsid is assembled, the viral genome is translocated into the capsid by the action of the
packaging complex, which uses ATP hydrolysis. After packaging, the decoration proteins bind to the capsid and the
tail, which is assembled separately, is attached to the capsid to produce a mature infectious virus.
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Figure 3. Cryo-EM reconstruction of the icosahedral virion of Sulfolobus turreted icosahedral virus (STI1V) and the
mechanism of its assembly. A. Overall view of the cryo-EM density map of STIV rendered to show the capsid shell.
MCP is depicted in grey, turrets are colored in light blue and pentons in lime green. B. Cross-section of the cryo-EM
density map revealing the internal structure of the STIV virions. T, turrets; P, pentons; C, capsid; M, membrane and G,
genome. EMDB accession number for the STIV cryo-EM reconstruction: EMD-5584. C. Ribbon representation of the
STIV major capsid protein B345 (PDB entry: 3j31). D. Ribbon representation of the STIV MCP trimer. Each subunit
is depicted with a different color. The images were generated using UCSF Chimera (Pettersen et al., 2004). E.
Schematic model of STIV virion assembly and genome packaging. STIV assembly initiates with the formation of an
empty procapsid composed of the major capsid protein (B345), turret protein (C381), penton base protein (A223) and
an internal membrane with predicted proteins attached to it (A55). In addition, the presence of a transmembrane pore
formed in the viral membrane has been suggested for the genome translocation at the packaging vertex.
Simultaneously with the formation of the procapsid, the genome recognition protein A78 (B72 in STIV2) binds to the
genome and recruits it to a unique motor complex formed by the DNA packaging ATPase B204. The STIV genome is
translocated into the procapsid with the help of the ATP hydrolysis and mature virions are formed. The STIV genome
is presumably circularized inside of the capsid by an unknown mechanism.
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Figure 4. Cryo-EM reconstruction of the icosahedral virion of Haloarcula hispanica icosahedral virus 2 (HHIV-2). A.
Overall view of the cryo-EM density map of HHIV-2 rendered to show the capsid shell. The capsid is depicted in blue
whereas the spike complex is in purple. EMDB accession number for the HHIV-2 full map: EMD-0172 B. Schematic
cross-section of the sphaerolipovirus particle, revealing its internal organization. C. Ribbon representation of the
HHIV-2 major capsid proteins VP4 and VP7 (PDB entry: 6H82). The images were generated using Chimera (Pettersen
et al., 2004). D. Schematic of the icosahedral asymmetric unit of HHIV-2. VP4 and VP7 MCPs are shown as green
and orange circles, respectively, whereas additional p-barrel in VP4, which forms the tower, is represented by a black
circle. The two MCPs form pseudo-hexagonal three-tower and two-tower capsomers. The three-tower capsomers are
composed of three alternating VP7—VP4 heterodimers, whereas the two-tower capsomers consist of two VP7-VP4
heterodimers separated by two VP7 monomers. The icosahedral symmetry axes are depicted as follows: black triangle,
three-fold; black pentagon, five-fold; ellipsoid, two-fold.
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Figure 5. Cryo-EM reconstruction of the icosahedral virion of Sulfolobus polyhedral virus 1 (SPV1). A. Overall view
of the cryo-EM density map of SPV1 rendered to show the capsid shell. The capsid is depicted in mint green whereas
the vertex complex is in light yellow. EMDB accession number for the SPV1 full map: EMD-20083. B. Schematic
cross-section of a SPV1 particle, revealing its internal organization. C. Ribbon representation of the SPV1 MCP VP4
(PDB entry: 60j0). D. Ribbon representation of the SPV1 MCP homohexamer. Each subunit is depicted with a
different color. E. Schematic model for the STIV DNA packing. Bars, 50 nm.

28



%  nucleoprotein
core
— dsDNA
MCP

terminal
fibers

— dsDNA

core

%—claws

membrane

membrane

—dsDNA

core

___terminal
filaments

terminal ___
fibers

lipid
membrane |

dsDNA

O _’
Lo 00
00000
00 °o°°°
S 0% 3

homo- or heterodimers

Assembly

intermediate Immature

(nucleo)capsid Non-enveloped Enveloped
virion virion

Figure 6. Cryo-EM reconstruction of the filamentous virions of Sulfolobus islandicus rod-shaped virus 2 (SIRV2,
Rudiviridae), Acidianus filamentous virus 1 (AFV1, Lipothrixviridae) and Pyrobaculum filamentous virus 2 (PFV2,
Tristromaviridae) and their mechanisms of assembly. A. Schematic representation of the SIRV2 particle, revealing its
internal structure. The MCP homodimers are depicted in green and red, whereas the linear dsSDNA is shown as a black
line. B. A side view of a SIRV2 virion with a ribbon model for the MCP. The asymmetric unit is composed of a
protein homodimer depicted in green and red. The DNA is shown in yellow. C. Ribbon representation of the SIRV2
MCP dimer. D. Ribbon representation of three dimers wrapping (N-terminal helices) around the viral DNA (PDB
entry: 3J9X). E. Schematic representation of the AFV1 virion. The MCPs heterodimers are depicted in purple and
magenta, the membrane is shown in orange and the linear dsDNA is represented as a black line. F. A side view of the
AFV1 virion with a ribbon model for the MCPs. The asymmetric unit is composed of a protein heterodimer depicted
in purple and magenta. The DNA is shown in yellow. G. Ribbon representation of the AFV1 MCPs dimer. H. Ribbon
representation of three heterodimers wrapping (N-terminal helices) around the viral DNA (PDB entry: 5SWTG). |I.
Schematic representation of the PFV2 particle. The MCP heterodimers are depicted in blue and orange, the membrane
is shown in deep pink and the linear dsDNA is represented as a black line. J. A side view of the PFV2 virion with a
ribbon model for the MCP. The asymmetric unit is composed of a protein heterodimer depicted in blue and orange.
The DNA is shown in yellow. K. Ribbon representation of the PFV2 MCP dimers. L. Ribbon representation of three
heterodimers wrapping (N-terminal helices) around the viral DNA (PDB entry: 6VTB). M. Schematic model for the
assembly of filamentous archaeal viruses.
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Figure 7. Budding of the Sulfolobus spindle-shaped virus 1 (SSV1). Slices through tomograms (top) and volume
segmentations (bottom) show concomitant assembly and release of SSV1 virions. A. SSV1 virions are attached to the
host cell surface, with the viral membrane being continuous with the cell membrane. B. Constricted budding neck at
the trailing end of the SSV1 virion bud. C. SSV1 virion separated from the cell membrane. Scale bars, 50 nm. Image
modified from (Quemin et al., 2016) [Quemin, E.R., Chlanda, P., Sachse, M., Forterre, P., Prangishvili, D., and
Krupovic, M. (2016). Eukaryotic-Like Virus Budding in Archaea. mBio 7, e01439-16].
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