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Abstract 20 

Archaea and particularly hyperthermophilic crenarchaea are hosts to many unusual viruses with diverse 21 

virion shapes and distinct gene compositions. As is typical of viruses in general, there are no universal 22 

genes in the archaeal virosphere. Therefore, to obtain a comprehensive picture of the evolutionary 23 

relationships between viruses, network analysis methods are more productive than traditional 24 

phylogenetic approaches. Here we present a comprehensive comparative analysis of genomes and 25 

proteomes from all currently known taxonomically classified and unclassified, cultivated and uncultivated 26 

archaeal viruses. We constructed a bipartite network of archaeal viruses that includes two classes of nodes, 27 

the genomes and gene families that connect them. Dissection of this network using formal community 28 

detection methods reveals strong modularity with 10 distinct modules and 3 putative supermodules. 29 

However, compared to the previously analyzed similar networks of eukaryotic and bacterial viruses, the 30 

archaeal virus network is sparsely connected. With the exception of the tailed viruses related to the 31 

bacteriophages of the order Caudovirales and the families Turriviridae and Sphaerolipoviridae that are 32 

linked to a distinct supermodule of eukaryotic viruses, there are few connector genes shared by different 33 

archaeal virus modules. In contrast, most of these modules include, in addition to viruses, capsid-less 34 

mobile elements, emphasizing tight evolutionary connections between the two types of entities in archaea. 35 

The relative contributions of distinct evolutionary origins, in particular from non-viral elements, and 36 

insufficient sampling to the sparsity of the archaeal virus network remain to be determined by further 37 

exploration of the archaeal virosphere. 38 

 39 

Importance  40 

Viruses infecting archaea are among the most mysterious denizens of the virosphere. Many of these 41 

viruses display no genetic or even morphological relationship to viruses of bacteria and eukaryotes, raising 42 
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questions regarding their origins and position in the global virosphere. Analysis of 5740 protein sequences 43 

from 116 genomes allowed dissection of the archaeal virus network and showed that most groups of the 44 

archaeal viruses are evolutionarily connected to capsid-less mobile genetic elements, including various 45 

plasmids and transposons. This finding could reflect actual independent origins of the distinct groups of 46 

archaeal viruses from different non-viral elements, providing important insights into the emergence and 47 

evolution of the archaeal virome.   48 
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Introduction 49 

Viruses infecting archaea are among the most mysterious denizens of the virosphere. Archaeal viruses 50 

display a rich diversity of virion morphotypes and can be broadly divided into two categories: those that 51 

are structurally and genetically related to bacterial or eukaryotic viruses and those that are archaea-specific 52 

(1-4). The cosmopolitan fraction of archaeal viruses includes (i) head-tailed viruses of the order 53 

Caudovirales, with the 3 included families: Siphoviridae, Myoviridae and Podoviridae; (ii) tailless icosahedral 54 

viruses of the families Sphaerolipoviridae and Turriviridae, (iii) enveloped pleomorphic viruses of the family 55 

Pleolipoviridae. All of these viruses, except for those of the family Turriviridae, propagate in members of 56 

the archaeal phylum Euryarchaeota, whereas most of the archaea-specific virus groups infect 57 

hyperthermophilic organisms of the phylum Crenarchaeota.  58 

The order Caudovirales contains three families, Siphoviridae, Myoviridae and Podoviridae, and includes 59 

both bacterial and archaeal viruses. Members of the Caudovirales feature icosahedral capsids and helical 60 

tails attached to one of the vertices of the capsid. These viruses have been largely isolated from 61 

hyperhalophilic archaea (order Halobacteriales) although one tailed archaeal virus has been isolated from a 62 

methanogen host (order Methanobacteriales) (5-7). However, related proviruses have been characterized 63 

from a broader range of archaea which, in addition to members of the Halobacteriales and 64 

Methanobacteriales, includes euryarchaea from the orders Methanococcales and Methanosarcinales as 65 

well as the phylum Thaumarchaeota (8-10).  66 

The recently created family Sphaerolipoviridae includes viruses with tail-less icosahedral capsids and 67 

internal membranes. Members of the genera Alpha- and Betasphaerolipovirus infect halophilic archaea, 68 

whereas those of the genus Gammasphaerolipovirus propagate in bacteria of the genus Thermus (11). 69 

Aphasphaerolipoviruses possess linear dsDNA genomes (12, 13), whereas betasphaerolipoviruses and 70 

gammasphaerolipoviruses encapsidate circular genomes (14, 15). Nevertheless, virion organization and 71 
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morphogenesis are similar among viruses in all three genera; all these viruses encode two major capsid 72 

proteins (MCP) with the single jelly-roll fold and apparently encapsidate their genomes using homologous 73 

A32-like packaging ATPases (16, 17).  74 

Viruses of the Turriviridae family resemble sphaerolipoviruses in the overall virion organization but instead 75 

of the two capsid proteins employ one MCP with the double jelly-roll fold and one minor capsid protein 76 

with the single jelly-roll fold (18). Similar to sphaerolipoviruses, turriviruses encode A32-like genome 77 

packaging ATPases. Structurally similar viruses infect hosts in all three domains of life, suggesting a long 78 

evolutionary history of this supergroup of viruses (19, 20). Turriviruses are known to infect 79 

hyperthermophilic crenarchaea of the order Sulfolobales but proviruses encoding homologous MCPs and 80 

genome packaging ATPases have been described also in organisms from other orders of the Crenarchaota 81 

and the phylum Euryarchaeota (21-23). Pleomorphic viruses of the family Pleolipoviridae are unique in that 82 

genetically closely related members encapsidate either single-stranded (ss) or dsDNA genomes (24, 25). 83 

Viruses with morphologically similar virions (with both ssDNA and dsDNA genomes) have been described in 84 

bacteria (members of the family Plasmaviridae and some unclassified phages) although the exact 85 

evolutionary relationship between these bacterial and archaeal viruses remains unclear. 86 

Archaea-specific viruses are classified into 10 families (2). Arguably, the most unexpected among these are 87 

members of the family Ampullaviridae with bottle-shaped virions. The family is currently represented by a 88 

single isolate, Acidianus bottle-shaped virus (ABV) (26), but two additional complete ABV-like genomes 89 

have been recently assembled from metagenomic data (27). Ampullaviruses contain linear dsDNA genomes 90 

with terminal inverted repeats which appear to be replicated by the virus-encoded protein-primed DNA 91 

polymerases of the B family (26). Crenarchaea are infected by a range of filamentous viruses which can be 92 

flexible or rigid, long or short, contain dsDNA or ssDNA genomes. These viruses are classified into 5 93 

families: Rudiviridae, Lipothrixviridae, Tristromaviridae, Clavaviridae and Spiraviridae. Rod-shaped, non-94 

enveloped rudiviruses and flexible, enveloped lipothrixviruses share a considerable fraction of genes, 95 
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including those encoding the major capsid proteins. In recognition of this evolutionary relationship, the two 96 

families are unified within the order Ligamenvirales (28). Another family of enveloped filamentous viruses 97 

is Tristromaviridae; these viruses do not share genes with other archaeal viruses and have a virion 98 

organization which is more complex than that of lipothrixviruses (29). The family Clavaviridae includes a 99 

single virus isolate with bacilliform virions. Aeropyrum pernix bacilliform virus 1 (APBV1) contains a circular 100 

dsDNA genome of 5 kb and is among the smallest dsDNA viruses known (30). By contrast, the spiravirus 101 

Acidianus coil-shaped virus (ACV) contains by far the largest (~25 kb) genome among known ssDNA viruses. 102 

The ACV virion is organized as a coil which is prone to contraction and stiffening (31).  103 

Among the most widespread archaeal viruses are those with spindle-shaped virions. Such viruses are thus 104 

far exclusive to archaea and have been detected in diverse habitats, including deep sea hydrothermal 105 

vents, hypersaline environments, anoxic freshwaters, cold Antarctic lakes, terrestrial hot springs, and acidic 106 

mines (32). There are two lineages of spindle-shaped viruses which appear to be evolutionarily unrelated. 107 

The first group includes crenarchaeal viruses of the family Fuselloviridae, exemplified by the Sulfolobus 108 

spindle-shaped virus 1 (SSV1), as well as several unclassified viruses infecting crenarchaeal and 109 

euryarchaeal hosts (33-38). All these viruses contain relatively small dsDNA genomes (<20 kb) and share 110 

specific MCPs. Thus, it has been suggested that crenarchaeal and euryarchaeal spindle-shaped viruses 111 

could be unified into one family (32). The other group includes considerably larger spindle-shaped viruses 112 

which, unlike the SSV1-like viruses, are decorated with one or two long, tail-like appendages. The latter can 113 

develop either intracellularly or in the extracellular medium. These viruses possess the largest dsDNA 114 

genomes among crenarchaeal viruses (up to 76 kb). Acidianus two-tailed virus (ATV) is currently the only 115 

classified representative of this virus group and the type species of the family Bicaudaviridae (39). Many 116 

morphologically similar viruses have been isolated and related genomes have been assembled from 117 

metagenomic data (27, 40-44). Unlike ATV, these viruses typically contain one tail and are often referred to 118 

as “monocaudaviruses”; however, such a taxon currently has no official standing, and accordingly, these 119 
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viruses remain unclassified. Finally, two additional families, Guttaviridae and Globuloviridae, include viruses 120 

with dsDNA genomes and droplet-shaped or spherical virions, respectively (2).   121 

The vast majority of archaeal viruses contain dsDNA genomes, whereas viruses with ssDNA genomes are 122 

rare and those with RNA genomes have not been isolated although tentative indications of the possible 123 

existence of RNA viruses infecting hyperthermophilic crenarchaea have been obtained from metagenomic 124 

data (45). Archaeal viruses typically contain a large fraction of genes of unknown function. This is especially 125 

true for creanarchaeal viruses. A global comparative genomic analysis of archaeal viruses, performed a 126 

decade ago, has revealed a small pool of genes shared by overlapping subsets of archaeal viruses as well as 127 

several genes with prokaryotic homologs (3). Furthermore, a growing body of data indicates that archaeal 128 

viruses often share genes with non-viral selfish replicons, such as plasmids and transposons. During the 129 

past few years, a number of new archaeal viruses were isolated and several complete new genomes of 130 

uncultivated archaeal viruses were obtained. This prompted us to systematically reevaluate the 131 

relationships between all known groups of archaeal viruses using bipartite network analysis. The results of 132 

this analysis substantially extend the understanding of the evolution of the archaeal virosphere and 133 

emphasize the important contribution of non-viral elements in this process.  134 

 135 

 136 

Methods 137 

Sequences 138 

Protein sequences were collected from the NCBI Genome database for all available genomes of archaeal 139 

viruses. Specifically, we collected genomes of viruses belonging to the families Ampullaviridae, 140 

Bicaudaviridae, Clavaviridae, Fuselloviridae, Globuloviridae, Guttaviridae, Lipothrixviridae, Pleolipoviridae, 141 
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Rudiviridae, Sphaerolipoviridae (note that viruses from genera Alfa- and Betasphaerolipovirus infect 142 

archaea, whereas those from the genus Gammasphaerolipovirus infect bacteria), Spiraviridae, 143 

Tristromaviridae and Turriviridae, as well as members of the order Caudovirales (families Siphoviridae, 144 

Podoviridae and Myoviridae) that infect Archaea. This data set was complemented with sequences of 145 

unclassified archaeal viruses, including those assembled from metagenomic data, as well as previously 146 

described proviruses (8, 9, 21, 46), plasmids and casposons known to share genes with archaeal viruses. In 147 

total, the initial data set contained 5740 protein sequences from 116 genomes.  148 

Classification of genes into homologous families 149 

Following the same methodology described in (47), all protein sequences were initially clustered at 90% 150 

identity and 70% coverage using CD-HIT (48) to generate a non-redundant data set. For each sequence in 151 

this set, a BLASTp search (49) with composition-based statistics (50) and filtering of low complexity regions 152 

was carried out against all other sequences. An e-value cutoff equal to 0.01 (database size fixed to 2e7) was 153 

used to determine valid hits. The scores for those hits were subsequently collected from a BLASTp search 154 

with neither composition-based statistics nor low complexity filter. The set of scored BLAST hits defined a 155 

weighted sequence similarity network, that we partitioned with Infomap (51) (100 trials, 2-level hierarchy) 156 

in order to generate preliminary groups of homologous genes. In the next step, we applied profile analysis 157 

to find and merge groups of related sequences. To that purpose, sequences in each group were aligned 158 

with Muscle (52) (default parameters) and the alignments were used to predict secondary structure and 159 

build profiles with the tools ‘addss’ and ‘hhmake’ available within the HH-suite package (53). The collection 160 

of profiles was enriched with those generated in (47) for a large number of (non-archaeal) dsDNA viruses. 161 

Profile-profile comparisons were carried out using HHsearch (54). To accept or reject hits, we applied the 162 

same heuristics as in (47): hits with probability greater than 0.90 were accepted if they covered at least 163 

50% of the length of the profile; additionally, hits with coverage 20% or greater were also accepted if their 164 

probability was greater than 0.99 and their length greater than 100 aa. This pipeline rendered a total of 165 
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2931 clusters of homologous sequences of which 938 comprised multiple sequences and 1993 were 166 

singletons (ORFans). 167 

Some groups of homologous sequences were manually curated to account for cases of remote homology 168 

that, despite being well supported by previous research, remained undetected by our automatic analysis. 169 

Such highly diverged but well supported homology occurs, for example, in capsid proteins of different 170 

groups of viruses. The main groups that had to be manually merged included capsid proteins with the 171 

HK97-like fold, caudoviral prohead maturation proteases of the U9/U35 family, capsid proteins of 172 

fuselloviruses, capsid proteins of Ligamenvirales, and integral membrane protein of pleolipoviruses. 173 

Henceforth, we use the term gene family to refer to the manually curated groups of homologous 174 

sequences. 175 

Identification of core genes 176 

We defined core genes as those genes that tend to be maintained in the genomes of closely related 177 

lineages in the course of evolution. According to such definition, core genes were identified by calculating 178 

the evolutionary loss rates of every gene and selecting the genes with loss rates below a given threshold. In 179 

the absence of reliable species trees, the loss rate of a gene was estimated by assuming a pure-loss 180 

evolutionary scenario, in which genomes that diverge from a common ancestor lose genes at a constant, 181 

gene-specific rate. Under this scenario, maximum likelihood estimates for the gene loss rates can be easily 182 

computed provided that (i) there is a collection of pairs of genomes, with the gene of interest present in at 183 

least one member of each pair, and (ii) the times elapsed since the last common ancestors of each pair are 184 

known. For the former, we used all possible pairs of genomes under study, excluding those pairs in which 185 

the gene of interest was absent or whose members are markedly unrelated (see below). As a proxy for the 186 

latter, and consistently with the assumption of a pure-loss evolutionary model, we computed the distance 187 

between every pair of genomes as =  −ln ( / ), where Sij is the number of families shared by 188 
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both genomes and Ni, Nj are the number of families in each genome (47). Relative to this distance, the time 189 

from the last common ancestor can be simply expressed as = /2. Then, we used the pure-loss 190 

evolutionary model to estimate the loss rate of every gene family. According to this model, the probability 191 

that a gene family that was present in the common ancestor is still present in a single genome after a time 192 

 is =  , where r is the loss rate of the family relative to the average divergence rate of genomes. In 193 

the case of a pair of genomes, the probability that both members of the pair maintain the gene family 194 

conditioned on its presence in the last common ancestor is =  / . Similarly, the probability for 195 

the family being maintained in one genome of the pair and lost in the other is = 2 /  (1 −196 

/ )/ , where Z = P10 + P11 is a normalization factor. Pairs of genomes that lack any representative of 197 

the family of interest were discarded because there is no guarantee that such family was present in their 198 

common ancestor. Moreover, only those gene families with three or more appearances were considered. 199 

We used the expressions for the probabilities P10, P11 and Dij to calculate a maximum likelihood estimate of 200 

the family-specific loss rate r. The presence of one or a few shared families in otherwise unrelated genomes 201 

due to HGT could bias loss rate estimates, thus we only considered those pairs of genomes with distances 202 

Dij < 1. Genes with loss rate r < 1 were assigned to the ‘core’.  In this way we obtained a list of 2560 core 203 

gene families, of which 180 were not classified as core in a previous analysis of the dsDNA virus world (47). 204 

Such increase in the number of detected core genes is a consequence of the deeper sampling of archaeal 205 

viral genomes, which enhances the sensitivity of the core detection algorithm. The list was completed with 206 

12 additional core genes from the dsDNA virus world with significant presence in archaeal viruses. 207 

Supplementary Table S2 contains the list of core genes and their abundances. 208 

Gene family abundances were computed based on genome-weighted contributions as previously described 209 

(55) and normalized so that an abundance equal to one implies that the family is present in all genomes of 210 

the dataset. We used the term prevalence to refer to the relative abundance of a gene family in a group of 211 

genomes; in computing prevalences, similarity-based genome weights were also taken into account. 212 
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Construction and analysis of the bipartite network of viruses 213 

A bipartite network was built by connecting genome nodes to gene family nodes whenever a genome 214 

contained at least one representative of a given family. To avoid redundancy, genomes that share more 215 

than 90% of their gene content (inlcuding ORFans) were treated as a single pangenome. For practical 216 

purposes, we restricted our analysis to a reduced subset of the whole network that contained core gene 217 

families only. Moreover, three minor disconnected components encompassing, respectively, the only 218 

available genome from a member of the Clavaviridae (Aeropyrum pernix bacilliform virus 1), both 219 

representatives of Tristromaviridae (Pyrobaculum filamentous virus 1 and Thermoproteus tenax virus 1), 220 

and the globulovirus Thermoproteus tenax spherical virus 1 were excluded from further analysis. 221 

Sets, or modules, of related genomes and gene families stand out by displaying a dense web of connections 222 

with members of the same module but much fewer links to genomes and gene families that do not belong 223 

to the respective module. Modularity in bipartite networks is customarily quantified by Barber’s bipartite 224 

modularity index (56) which, for a given partition of the network nodes into modules, compares the 225 

observed connectivity patterns to those expected in a randomly connected network. Therefore, the 226 

modular structure of a network can be obtained by finding the partition of the network that maximizes 227 

Barber’s modularity. The program Modular with default parameters (57) was used to find such optimal 228 

partition in the bipartite network consisting of genomes and core genes. Due to the stochastic nature of 229 

the module optimization algorithm, repeated runs of the algorithm on the same network typically yield 230 

different partitions with similar values of Barber’s modularity. To account for this stochasticity, we ran 100 231 

replicas of the algorithm and kept the partition with the highest modularity as the optimal partition. To 232 

evaluate the robustness of each module, we took pairs of nodes (genomes or gene families) belonging to 233 

the same module in the optimal partition and calculated the average fraction of the other 99 alternative 234 

partitions in which both nodes were grouped together. Additionally, the statistical significance of the whole 235 

partition was assessed by running 100 replicas of a null model consisting of randomly generated bipartite 236 
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networks with the same size and the same gene- and genome-degree distributions as the original network 237 

(“null model 2” provided by Modular) (58). 238 

Provided the modular structure of the virus network, we say that a gene family is a connector between two 239 

modules if its prevalence in both modules is greater than exp(-1) (prevalence thresholds from 0.3 to 0.5 240 

yield qualitatively similar results). Connector gene families were used to generate a second-order bipartite 241 

network consisting of modules and connector genes, as well as non-connector genes whose abundance 242 

exceeded the threshold in a single module. We detected supemodules by applying the module detection 243 

algorithm described above to this second-order network. As with primary modules, 100 independent 244 

replicas were carried out in order to assess the robustness of the supermodules. 245 

The relationship between archaeal viruses belonging to the order Caudovirales and tailed bacteriophages 246 

was explored by connecting the archaeal virus network to the Caudovirales network studied in (47). To that 247 

end, we complemented the list of core genes from archaeal viruses with core genes from other dsDNA 248 

viruses, built the corresponding bipartite network of Caudovirales genomes and core genes, and applied 249 

the module detection algorithm to the resulting network. 250 

Hallmark and signature genes 251 

Hallmark genes were defined on the basis of connector genes and network supermodules. Specifically, a 252 

gene was classified as hallmark if it fulfilled two conditions: (i) to be a connector gene and (ii) to have a 253 

prevalence greater than a given threshold in at least one of the supermodules. Any prevalence threshold 254 

between 0.35 and 0.5 results in the same list of hallmark genes; thus we arbitrarily chose exp(-1) to keep 255 

consistency with the threshold used to define connector genes. 256 

Signature genes were defined on the basis of their normalized mutual information (MI) with respect to 257 

their best and second best matching modules (47). Specifically, we required that a signature gene has 258 

MI>0.6 for the best match and MI<0.02 for the second best match. 259 
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 260 

 261 

Results 262 

The archaeal virosphere as a bipartite network of genomes and genes 263 

Predicted proteins encoded in all available genomes of archaeal viruses were classified into families of 264 

homologs by sequence similarity (see Methods). The patterns of gene sharing were used to generate a 265 

network of the archaeal virosphere. The network consists of two types of entities (nodes): genomes and 266 

gene families. Edges connect every genome with the gene families that it contains. The result is a bipartite 267 

network in which genomes are connected only through genes, and conversely, different gene families are 268 

connected through genomes in which they are jointly represented. By incorporating both genes and 269 

genomes, the bipartite network representation provides for a comprehensive dissection of the genomic 270 

relationships among different groups of viruses. 271 

To enrich the representation of certain archaeal virus families and to further investigate the evolutionary 272 

connections between viruses and non-viral mobile genetic elements (MGE), we included 16 previously 273 

described archaeal proviruses (related to viruses of the order Caudovirales and the families Fuselloviridae, 274 

Turriviridae and Pleolipoviridae), 11 archaeal plasmids and 3 casposons (self-synthesizing transposons). The 275 

only member of the family Clavaviridae (Aeropyrum pernix bacilliform virus 1) does not share genes with 276 

the rest of the archaeal viruses and therefore remains separated from the network. After combining highly 277 

similar genomes, the bipartite network of archaeal viruses consisted of 111 genomes and 2883 gene 278 

families. 279 

For efficient analysis of a complex network, it is desirable to minimize the effect of noisy connections that 280 

reduce the power of most network analysis tools. In the case of a bipartite gene-genome network, such 281 
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noisy connections are generated by rare genes, low quality gene families (those containing a significant 282 

fraction of potential false hits, for example, due to short repetitive motifs) and highly mobile genes with a 283 

patchy distribution. Accordingly, we focused our analysis on a reduced version of the bipartite network that 284 

only includes “core genes”, i.e. genes that tend to be retained by groups of related viruses during 285 

evolution. Throughout the rest of this work, we discuss the bipartite network composed of archaeal viral 286 

genomes and their core genes.  287 

The bipartite network of archaeal viruses (Figure 1) includes a giant connected component that contains 288 

107 (pro)viral genomes and 274 core gene families. Apart from that giant component and in addition to the 289 

aforementioned ‘orphan’ clavavirus genome, there are three genomes for which no core genes were 290 

identified, namely the two representatives of the family Tristromaviridae (Pyrobaculum filamentous virus 1 291 

and Thermoproteus tenax virus 1) and the globulovirus Thermoproteus tenax spherical virus 1 (TTSV). 292 

Accordingly, these genomes remain isolated from the network. The two tristromaviruses as well as TTSV 293 

and the other globulovirus, Pyrobaculum spherical virus, share genes with each other. However, because 294 

the core detection algorithm requires that a gene be present in at least three genomes, none of those 295 

shared genes could be classified as core. Figure 1 shows that the archaeal members of the order 296 

Caudovirales and of the family Sphaerolipoviridae belong to a dense web of gene sharing with the 297 

corresponding groups of bacteriophages, whereas the other groups of archaeal viruses form well-defined 298 

clusters (modules) interconnected by a small number of connector genes. We discuss such modules and 299 

connector genes in the following sections. 300 

 301 

Modular structure of the archaeal virus network 302 

We applied a stochastic module detection algorithm to the archaeal virus bipartite gene-genome network. 303 

Specifically, the algorithm was run 100 times (each run was considered a replica), and the robustness of a 304 
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module was defined as the number of runs in which its members clustered together. A pronounced 305 

modular organization of the network was detected (p<0.01 when compared to a random network). 306 

The network consists of 10 robust modules (Table 1 and Supplementary Table S1) most of which 307 

encompass viruses from one, or in some cases, two families (Figure 2). The size of a module in terms of the 308 

number of genomes can markedly differ from its size in terms of the number of genes. To characterize 309 

individual modules, we examined their composition with respect to both genomes and genes. In particular, 310 

signature genes were defined as those that are characteristic of a module, based on information theory 311 

measures (see Methods and Supplementary Table S2). Informally, signature genes are nearly exclusive to a 312 

particular module within the given network, and their relative abundance (prevalence) in such a module is 313 

close to unity. Some modules harbor numerous signature genes but others have few or none (Figure 1). We 314 

defined connector genes as those genes which are highly prevalent in two or more modules, effectively 315 

connecting them. The complete list of the connector genes of archaeal viruses can be found in Table 2. The 316 

modules and connector genes form a second-order bipartite network (Figure 3). 317 

 318 

Modules 1, 2 and 3: archaeal members of the order Caudovirales 319 

Archaeal members of the order Caudovirales form three distinct modules. Module 1 contains haloviruses 320 

HVTV-1, HCTV-1 and HCTV-5, all belonging to the family Siphoviridae and characterized by large genomes 321 

of ~103 kb (5). Module 2 is entirely composed of haloviruses of the family Myoviridae. Module 3, the 322 

largest of the Caudovirales modules, contains 20 viruses, most of these proviruses and members of the 323 

family Siphoviridae. The two exceptions are the myovirus PhiCh1 and the only known archaeal podovirus 324 

HSTV-1.  325 

Modules 1 and 2 each possess many signature genes (58 and 34, respectively) which results from their 326 

large genomes and relatively close relatedness. Most of these genes are poorly characterized; exceptions 327 
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include a RadA recombinase, a signature of the haloviruses in module 1 and two baseplate proteins 328 

(baseplate protein J and spike protein), signatures of the myoviruses in module 2. No signature genes were 329 

found for the large and relatively diverse module 3. Instead, module 3 is kept together by a diffuse network 330 

of gene sharing and, more importantly, by the set of four essential genes (HK97-like MCP, large subunit of 331 

the terminase, portal protein, and capsid maturation protease) which are hallmarks of viruses in the order 332 

Caudovirales and are shared with viruses from the other two modules as well as tailed bacteriophages (and 333 

accordingly do not qualify as signatures of module 3).  334 

The three Caudovirales modules encompass most of the genes that are involved in interconnections in the 335 

second-order, supermodule network (Figure 3). From that perspective, they are more closely related to 336 

each other than any other group of modules in the network. As mentioned above, all three modules are 337 

connected by the hallmark genes that make up the morphogenetic toolkit of Caudovirales. Additionally, 338 

modules 1 and 2 share 7 other genes, including a primase, a nuclease of the Cas4 superfamily and a RNA-339 

primed DNA polymerase of the B family. Modules 2 and 3 are also connected by a tyrosine recombinase 340 

which is present, although less commonly, in some plasmids and proviruses outside of the Caudovirales.   341 

 342 

Module 4: Ligamenvirales 343 

All members of the order Ligamenvirales (families Rudiviridae and Lipothrixviridae) are grouped in module 344 

4. Three signature genes were detected for this module: the unique, four-helix bundle MCP, a SAM-345 

dependent methyltransferase and a glycosyltransferase. The distinct glycosyltransferase connects this 346 

module to the ampullaviruses of module 5 and to the only known member of the family Spiraviridae (see 347 

below). Members of this module also harbor ribbon-helix-helix (RHH) DNA-binding domain proteins 348 

(assigned to module 8) which are extensively shared by many archaeal viruses (3). 349 

 350 
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Module 5: Ampullaviridae 351 

Module 5 encompasses ampullaviruses and family 1 casposons, a recently discovered class of self-352 

synthesizing DNA transposons which employ the Cas1 endonuclease for integration (59-61). The 353 

ampullaviruses and the casposons, respectively, comprise two distinct submodules within this module; the 354 

two submodules cluster together in 55% of replicas (Figure 2a). The submodules are kept together by the 355 

protein-primed DNA PolB which in the context of archaeal viruses is exclusive to this module as well as 356 

halophilic viruses His1 and His2 (62). The ampullavirus submodule contains 26 shared genes most of which 357 

are refractory to functional annotation. As mentioned above, a glycosyltransferase connects 358 

ampullaviruses with members of the Ligamenvirales. In addition, a detailed analysis of the sequence of the 359 

functionally uncharacterized core proteins led to the identification of two DNA-binding proteins, one 360 

containing a winged helix-turn-helix (wHTH) DNA-binding domain and the other an RHH domain (see 361 

Supplementary Table S2). The latter protein provides connections to other archaeal virus modules (Figure 362 

3). 363 

 364 

Module 6: Turriviridae and Sphaerolipoviridae 365 

A close analysis of this module reveals a substructure with three submodules that cluster together in 70-366 

90% of replicates. Those submodules consist of (i) Sphaerolipoviridae, (ii) Turriviridae and related 367 

plasmids/proviruses, and (iii) two plasmids related to betasphaerolipovirus SNJ1 (Halorubrum 368 

saccharovorum plasmid pZMX101 and Methanosarcina acetivorans plasmid pC2A). With the exception of 369 

the latter submodule, all other genomes in module 6 contain the A32-like packaging ATPase, which is a 370 

signature gene of this module within the context of archaeal viruses. Instead, pZMX101 and pC2A join the 371 

module by their connection to the Natrinema sphaerolipovirus SNJ1 through the rolling-circle replication 372 

initiation protein RepA (63). Other remarkable genes from this module are the respective MCPs of 373 
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sphaerolipoviruses and turriviruses, which will be discussed below because of their similarity with the 374 

capsid proteins of some bacterial and eukaryotic viruses. 375 

 376 

Modules 7 and 8: Fuselloviridae and related spindle-shaped viruses 377 

Our analysis provides further clarity on the relationships within the highly divergent group of SSV1-like 378 

spindle-shaped viruses. These viruses are split into modules 7 and 8. Module 7 includes Methanococcus 379 

voltae A3 provirus A3-VLP, Pyrococcus abyssi virus 1 (PAV1) and three Thermococcus plasmids related to 380 

PAV1 (see below). Module 8 includes all classified members of the family Fuselloviridae as well as two 381 

unclassified spindle-shaped viruses, Aeropyrum pernix spindle-shaped virus 1 and Thermococcus prieurii 382 

virus 1 (34, 64). Unexpectedly, the only known representative of the family Guttaviridae, Aeropyrum pernix 383 

ovoid virus 1 (APOV1) (64), is also confidently assigned to this module. The only spindle-shaped virus that is 384 

not included in either module 7 or module 8 is salterprovirus His1 (62) which is ambiguously assigned to 385 

module 5. Two signature genes are associated with module 7, a putative primase-polymerase and a coiled-386 

coil domain protein. Only the plasmids related to PAV1 contain both signature genes; PAV1 lacks the 387 

primase-polymerase whereas A3-VLP lacks the coiled-coil domain protein. The main fusellovirus module 8 388 

contains no signature genes but encompasses genes that connect it to the spindle-shaped viruses from 389 

module 7 (the fusellovirus MCP and a Zn finger protein that is present in some PAV1-related plasmids) and 390 

to the bicaudaviruses from module 9 (DnaA-like AAA+ ATPase and RHH domain protein). The only member 391 

of the family Guttaviridae, APOV1, is assigned to module 8 through the DnaA-like AAA+ ATPase and an 392 

integrase typical of fuselloviruses but it lacks a detectable homologue of the fusellovirus MCP. 393 

 394 

Module 9: Bicaudaviridae and related single-tailed viruses 395 
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Module 9 encompasses crenarchaeal viruses with large spindle-shaped virions that are decorated with one 396 

or two long, tail-like appendages protruding from the pointed virion ends. The module includes Acidianus 397 

two-tailed virus, the only classified member of the family Bicaudaviridae, as well as 6 unclassified viruses 398 

and three viral genomes assembled from metagenomic data (Sulfolobales virus YNP1, Sulfolobales virus 399 

YNP2, and Hyperthermophilic Archaeal Virus 2; Table S1) (27, 40-44). There are four signature genes in this 400 

module including a putative integrase and the bicaudavirus MCP (not detected in metagenomic assemblies) 401 

which is unrelated to the capsid protein of the smaller spindle-shaped viruses from modules 7 and 8 (32). 402 

Apart from the connections with fuselloviruses (see above), some members of this module share a MoxR-403 

like ATPase with the haloviruses from module 1. Metagenomic assemblies, Sulfolobales virus YNP1 and 404 

Sulfolobales virus YNP2, harbor two of the signature genes of this module (the putative integrase and a 405 

protein with the conserved domain PHA02732, exemplified by the ORF52 of STSV2), as well as the RHH 406 

domain protein, the DnaA-like AAA+ ATPase and two uncharacterized proteins present in some other 407 

members of the module. Hyperthermophilic Archaeal Virus 2 (40) is assigned to this module based on a 408 

single uncharacterized gene (exemplified by the ORF38 of STSV2), which is a signature of bicaudaviruses.  409 

 410 

Module 10: Pleolipoviridae 411 

Viruses of the family Pleolipoviridae have either ssDNA or dsDNA genomes (24) and cluster together in 412 

module 10 which encompasses four signature genes. These encode both major structural proteins of 413 

pleolipoviruses (the spike protein exemplified by protein VP4 of Halorubrum pleomorphic virus 1 [HRPV-1], 414 

and the highly divergent integral membrane protein exemplified by VP3 of HRPV-1), an AAA+ ATPase that 415 

has been identified as a virion component in HRPV-1 (but not in other pleolipoviruses), and an 416 

uncharacterized protein (GI:226596535). The His2 virus, the sole member of the genus 417 
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Gammapleolipovirus, encodes a pPolB which connects it to module 5 but is nevertheless unambiguously 418 

assigned to the pleolipovirus module on the basis of the rest of its core genes. 419 

 420 

Orphan genomes and ambiguous assignations  421 

In addition to the aforementioned families Clavaviridae and Tristromaviridae, several viral genomes, 422 

despite being connected to the network, cannot be reliably classified into any of the modules. That is, for 423 

instance, the case of the only member of the family Spiraviridae which is ambiguously assigned to modules 424 

3 and 4 although it lacks any of the signature genes of these modules. The spiravirus has only two core 425 

genes: an integrase of the tyrosine recombinase superfamily, assigned to the Caudovirales module but also 426 

widespread in other groups of viruses, and a glycosyltransferase which is shared Ligamenvirales and 427 

Ampullaviridae. Apparently, this genome represents a distinct viral group that does not fit any of the 428 

network modules. Indeed, the spiravirus occupies a unique position in the archaeal virosphere in that it is 429 

the only known hyperthermophilic virus with an ssDNA genome which is far the largest among all known 430 

ssDNA virus genomes (31).  431 

A similar situation occurs with the globulovirus Pyrobaculum spherical virus (PSV) which only shares an RHH 432 

domain with the rest of the network. As mentioned above, PSV shares multiple genes with TTSV, and 433 

addition of such genes to the list of core genes would have resulted in a differentiated Globulovirus 434 

module. A third example involves Hyperthermophilic archaeal virus 1 (assembled from metagenomic 435 

sequences) which has a single core gene, a glycosyltransferase shared with Ampullaviridae and 436 

Ligamenvirales. In general, highly divergent groups of viruses with only a single or a few available genomes 437 

are susceptible to unreliable module assignment, either because they fail to connect with the rest of the 438 

network or because they are  spuriously assigned a module based on a single, poorly informative gene. 439 
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The case of His1 virus is somewhat different because it is ambiguously assigned to the ampullavirus and 440 

fusellovirus modules by virtue of two relevant genes, pPolB and the fusellovirus MCP, respectively. 441 

Although among the archaeal viruses pPolB is a signature of ampullaviruses, the broader presence of this 442 

gene in other bacterial and eukaryotic viruses, which contrasts the exclusivity of the fusellovirus MCP, 443 

suggests that His1 virus should be assigned to the fusellovirus module. In addition to those genes, His1 444 

shares the DnaA-like AAA+ ATPase with fuselloviruses and bicaudaviruses, and a glycosyltransferease of the 445 

GT-B superfamily with ampullaviruses and members of the Ligamenvirales. 446 

 447 

The supermodular structure of the network 448 

To explore the existence of hierarchical structure of the archaeal virus network, we applied the module 449 

detection algorithm to the second-order bipartite network composed of modules and connector genes. As 450 

a result, 5 supermodules were identified (Fig 2 B,C): (i) the Caudovirales supermodule that encompasses 451 

modules 1, 2 and 3 appears in 68% of the replicas; (ii) modules 4 (Ligamenvirales) and 5 (Ampullaviridae) 452 

form a supermodule in 86% of the replicas; and (iii) modules 7, 8 and 9, which include fuselloviruses and 453 

bicaudaviruses, merge in 79% of the replicas. As mentioned above, the Caudovirales supermodule is held 454 

together by the set of hallmark genes responsible for virion morphogenesis. The Ligamenvirales and 455 

Ampullaviridae modules are linked through a single gene which encodes a glycosyltransferase. The two 456 

fusellovirus modules connect through the fusellovirus MCP and a Zn finger protein whereas the largest of 457 

these modules connects to the bicaudavirus module 9 through the DnaA-like AAA+ ATPase and RHH 458 

domain proteins (also shared with other archaeal viruses, especially those in module 4). Although some 459 

turriviruses and pleolipoviruses possess RHH domain proteins, modules 6 and 10 as a whole lack significant 460 

connections with the rest of the network and remain unmerged.  461 
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The network supermodules were used to formalize the intuitive notion of hallmark genes as those genes 462 

that are central to a supermodule. Specifically, hallmark genes must be connector genes and appear with 463 

high prevalence in at least one supermodule (see Methods). According to these criteria, the archaeal virus 464 

network contains 10 hallmark genes: RHH domain protein, large subunit of the terminase, HK97-like MCP, 465 

caudoviral prohead protease (U9/U35), portal protein, tyrosine recombinase, DnaA-like AAA+ ATPase, 466 

glycosyltransferase, phage Mu protein F and fusellovirus MCP. Note that the MCPs of the Caudovirales and 467 

of the fuselloviruses are the only capsid proteins that made the list of hallmark genes because those are 468 

the only high-level virus taxa that split between more than one primary module. 469 

There is one important caveat with regard to the relevance of the supermodules: despite the fact that the 470 

supermodules seem to be well supported by their robustness, the supermodular structure of the module-471 

connector gene bipartite network as a whole is not significantly different from the structure of a random 472 

network (p = 0.285 when comparing the value of Barber’s modularity with 200 random networks with the 473 

same degree distribution). This lack of statistical significance of the supermodular structure is probably due 474 

to the small number of connector, in particular hallmark, genes which makes it difficult to evaluate using 475 

topological criteria only whether the modules in the archaeal virus network are actually arranged in 476 

supermodules. Instead, the relevance of these supermodules has to be assessed based on biological 477 

criteria. More specifically, for each pair of modules, it is important to evaluate the legitimacy of merging 478 

based on the particular connector genes they share. For example, there is a substantial body of structural, 479 

biochemical and comparative genomic data suggesting that all members of the Caudovirales have emerged 480 

from a common ancestor (5, 8, 65, 66), supporting the consolidation of modules 1, 2 and 3 into a single 481 

supermodule. By contrast, members of the Ligamenvirales and Ampullaviridae share neither architectural 482 

similarity nor clear commonalities in the mode of genome replication. The only gene that brings the two 483 

modules together encodes for the glycosyltransferase which likely mediates certain aspects of virus-host 484 

interactions and, as is often the case with genes in this functional category, could be independently 485 
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acquired from the host by the respective ancestors of the two virus groups or else transferred horizontally 486 

between viruses of the two groups. Indeed, besides rudiviruses, lipothrixviruses and ampullaviruses, 487 

divergent glycosyltransferases are also encoded by turriviruses, the spiravirus, tristromaviruses and 488 

salterprovirus His1. Notably, with the exception of His1, all of these viruses infect hyperthermophilic hosts. 489 

Thus, glycosyltransferases might confer advantage to viruses in hot environments. Accordingly, this 490 

supermodule appears to reflect common functional features of the constituent viruses. In the third 491 

supermodule, the unification of the two groups of fuselloviruses seems to be strongly justified by common 492 

structure, genome architecture and gene composition. However, the inclusion of bicaudoviruses could be 493 

more on the spurious side, being supported by the promiscuous ATPase and RHH protein genes.  494 

 495 

Connections between archaeal viruses and other dsDNA viruses 496 

To gain further insight into the relationship between archaeal and bacterial viruses, we constructed and 497 

analyzed a network that contains all available genomes from viruses belonging to the order Caudovirales, 498 

regardless of the bacterial or archaeal host. In the joint Caudavirales network, genomes from the former 499 

archaeal modules 1 and 2 again cluster in separate modules, whereas the archaeal viruses from the former 500 

module 3 form a larger module together with Phi31-like bacteriophages and numerous unclassified 501 

Siphoviridae. The latter group of genomes (denoted as 9c in (47)) is itself part of a massive community 502 

(module 9 in (47)) that includes lambdoid phages. This community is characterized by intensive gene 503 

exchange and a temperate life style. As it occurred with the archaeal module 3, this larger community lacks 504 

signature genes and encompasses, instead, the hallmark genes involved in virion morphogenesis as well as 505 

the integrase. In accordance with their taxonomy, archaeal viruses from module 2 share several baseplate 506 

proteins with bacteriophages of the family Myoviridae. Notably, such Myoviridae-specific genes appear as 507 
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signatures of the archaeal module 2 in the archaeal-only network, but they become connector genes in the 508 

complete Caudovirales network as the Myoviridae split in more than one distinct module. 509 

In a less prominent manner, the archaeal virus network also has connections to eukaryotic viruses and 510 

bacteriophages that encode double jelly-roll MCPs. Specifically, the protein-primed PolB found in 511 

ampullaviruses also appears in bacterial viruses of the Tectiviridae, eukaryotic Adenoviridae, virophage 512 

Mavirus of the family Lavidaviridae and putative viruses-transposons of the Polinton/Maverick 513 

(polintovirus) superfamily (20). Moreover, sphaerolipoviruses and turriviruses (module 6) share the A32-514 

like genome packaging ATPase with members of the Corticoviridae, Tectiviridae, Adenoviridae, 515 

Lavidaviridae, Polintons and the “Megavirales”; the same group of bacterial and eukaryotic viruses shares 516 

with turriviruses the double jelly-roll fold MCP and the single jelly-roll minor capsid protein (Figure 3). 517 

 518 

Connections between archaeal viruses and non-viral MGE  519 

Our dataset included 14 non-viral MGE: 11 plasmids and 3 casposons. The automatic module detection 520 

approach used here placed these elements into modules together with bona fide viruses, recapitulating 521 

previous observations based on conventional comparative genomics analyses. The non-viral MGE were 522 

ascribed to 5 of the 10 defined modules and were connected to the constituent viral genomes primarily via 523 

genes encoding the major genome replication proteins. Family 1 casposons integrated in the genomes of 524 

Thaumarchaeota encode pPolB (67) and are included into module 5 together with ampullaviruses and 525 

salterprovirus His1. Module 6 includes two small plasmids, Halorubrum saccharovorum plasmid pZMX101 526 

and Methanosarcina acetivorans plasmid pC2A, which share a distinct rolling circle replication initiation 527 

endonuclease (RCRE), and by inference, the replication mechanism, with betasphaerolipovirus SNJ1 (63). 528 

This module also includes two larger plasmids from Pyrobaculum oguniense TE7 and Thermococcus nautili 529 

(plasmid pTN3); however, given that both of these plasmids encode the DJR MCP and A32-like genome 530 
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packaging ATPase, two viral hallmark proteins, as well as some additional viral proteins (22, 23), it appears 531 

more likely that these genomes belong to (possibly, defective) proviruses rather than plasmids.  532 

Module 7 includes 3 thermococcal plasmids which collectively share 6 genes with PAV1 including those for 533 

several DNA-binding proteins and an AAA+ ATPase (33, 68). It has been hypothesized that more than half of 534 

the PAV1 genome has been acquired from plasmids, whereas the remaining portion of the genome has 535 

been inherited from spindle-shaped viruses infecting members of the archaeal order Thermococcales (68).  536 

Module 8 includes 2 pRN1-related plasmids, pSSVi and pSSVx. The two plasmids are satellites of 537 

fuselloviruses and are involved in a peculiar relationship with the latter (38). Although the plasmids do not 538 

encode any structural proteins, upon coinfection with fuselloviruses SSV1 or SSV2, both are encapsidated 539 

into spindle-shaped particles which are smaller than the native virions (69, 70). As a result, the plasmids 540 

can spread in the host population in a virus-like fashion. Interestingly, pSSVi and pSSVx plasmids each share 541 

with fuselloviruses two different genes. pSSVi is included into the module via genes encoding the SSV1-like 542 

integrase and an RHH-domain protein, whereas pSSVx encodes  the fuselloviral DnaA-like ATPase and an 543 

uncharacterized coiled-coil protein conserved in fuselloviruses and exemplified by the A153 protein of 544 

SSV1.  545 

Finally, Module 10 includes two small rolling-circle plasmids, Archaeoglobus profundus plasmid pGS5 (71) 546 

and Thermococcus prieurii plasmid pTP2 (72), which connect to members of the genus Alphapleolipovirus 547 

(Halorubrum pleomorphic viruses 1, 2, and 6) through an RCRE. The latter protein is also shared with the 548 

putative provirus MVV which is related to Turriviridae from module 6 as well as the monocaudavirus SMV2 549 

from module 9. Notably, the RCRE of SMV2 (YP_009219263) appears to be inactivated: (i) the conserved 550 

Motif 2 (HUH, where U = hydrophobic) is changed to YLH; (ii) all homologs of SMV2 RCRE contain two 551 

catalytic Tyr residues in Motif 3 (YxxxY, x = any amino acid), a signature of superfamily 1 enzymes (73), 552 

whereas SMV2 contains only one of the two tyrosines (YVTKN); (iii) the gene is not conserved in any of the 553 
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other bicauda-/monocaudaviruses. Furthermore, the RCRE gene is embedded within genomic 554 

neighborhood including several genes encoding proteins annotated as "conjugative plasmid proteins". 555 

Thus, it appears that RCRE has been inactivated following its introduction into the SMV2 genome by 556 

horizontal gene transfer from a plasmid. The examples presented above clearly demonstrate that the 557 

unique archaeal virosphere, at least partially, was shaped by recombination between various selfish 558 

replicons, including viruses, plasmids and transposons. 559 

 560 

 561 

Discussion 562 

Different from their cellular hosts, viruses and related mobile elements lack universal genes (74, 75). As a 563 

result, it is often challenging to accurately demonstrate evolutionary connections between distantly related 564 

groups of viruses. Indeed, as of now, the highest rank in virus classification is that of order, whereas higher 565 

ranks, such as classes or phyla, are not defined due to the absence of obvious marker genes suitable for 566 

traditional phylogenetic approaches (76). Although for some large groups of viruses such markers 567 

eventually could be defined through further analysis of sequences and structures, network analysis 568 

approaches, such as the one described herein, might provide a complementary and perhaps more 569 

comprehensive account of the deep evolutionary connections within the viral world and can be useful for 570 

guiding the higher-level virus taxonomy.  571 

Bipartite network analysis of the archaeal virosphere revealed 10 distinct modules which generally coincide 572 

with the established virus taxonomy and cover 12 different virus families, whereas four additional families 573 

remained disconnected from the rest of the virus network. Several unclassified viruses found home within 574 

modules containing previously classified viruses, specifically members of the families Fuselloviridae and 575 

Bicaudaviridae, providing a framework for their future classification. The 10 modules display substantial 576 
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heterogeneity in terms of genomic relatedness and propensity to gene exchange among different groups of 577 

viruses. Some modules harbor numerous signature genes, whereas others have few or none. The latter are 578 

typically held together by a dense network of shared genes with patchy distribution within the module 579 

and/or by highly prevalent core genes shared with other modules. Most of the modules are linked via 580 

connector genes encoding a small set of widespread proteins, most notably the RHH-domain containing 581 

transcription factors and glycosyltransferases, neither of which is a hallmark viral gene. It appears more 582 

likely that the two genes have been independently acquired from the hosts by viruses within each module 583 

or spread between viruses horizontally. Such lack of strong connectivity among the modules, with the 584 

exception of Caudovirales (modules 1-3) and to a lesser extent spindle-shaped viruses (modules 7 and 8), 585 

indicates that most of the viral groups within the archaeal virosphere are evolutionarily distinct. In a stark 586 

contrast, 5 of the 10 modules include capsidless MGE, suggesting that gene flow between the bona fide 587 

viruses and such elements played a key role in molding the archaeal virosphere. In this respect, origin and 588 

evolution of archaeal viruses mirror that of the eukaryotic virosphere where connections between viruses 589 

and various capsid-less elements involve all major groups of viruses and encompass multiple transitions 590 

from capsid-less elements to bona fide viruses and vice versa (74, 77, 78). Importantly, apart from the 591 

modules including Caudovirales and Turriviridae/Sphaerolipoviridae, archaeal viruses do not display robust 592 

evolutionary connections to eukaryotic or bacterial viruses. This is particularly true for viruses infecting 593 

hyperthermophilic crenarchaea which continue to occupy a unique position within the global virosphere 594 

(47).   595 

The observation that non-viral MGE and archaeal viruses are primarily connected through replication 596 

proteins could be of particular significance for understanding the origins of the archaeal virosphere. All viral 597 

genomes encompass two major components, namely, determinants for virion formation and those for 598 

genome replication. In this context, genome replication modules of some archaeal viruses could be derived 599 

from different groups of plasmids and, in the case of protein-primed family B DNA polymerases, from self-600 
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synthesizing transposons, the Family 1 casposons. By contrast, replication protein genes in other groups of 601 

archaeal viruses have been clearly acquired from the host. It has been shown previously that archaeal 602 

viruses (and plasmids) from different families and infecting taxonomically distant hosts have acquired the 603 

genes for replicative MCM helicases from their respective hosts on multiple independent occasions (79). 604 

Interestingly, archaeal members of the Caudovirales from module 1 encode nearly complete archaea-605 

specific suites of genome replication proteins. For example, HVTV-1 encodes a DNA polymerase, DNA 606 

clamp and its loader, AEP primase and RNase HI (80). Notably, however, some crenarchaeal viruses do not 607 

encode any identifiable replication proteins and might therefore employ unique genome replication 608 

strategies or encode specific proteins for hijacking the host replication machinery. The origin of the other 609 

major component of the viral genomes, namely determinants for virion structure, is more difficult to trace. 610 

By definition, structural proteins encoded by archaea-specific viruses have no homologs among bacterial 611 

and eukaryotic viruses. Nevertheless, we have recently described a case where one of the major 612 

nucleocapsid proteins of tristromavirus TTV1 has been exapted from the inactivated Cas4-like nuclease 613 

(81). Thus, the replication module in many archaeal viruses can be traced to non-viral MGE or the archaeal 614 

hosts, whereas structural proteins of archaeal viruses (and viruses in general) can occasionally evolve from 615 

cellular proteins that have no a priori role in virion formation.   616 

The results of the network analysis of archaeal viruses differ from those previously reported for viruses of 617 

bacteria and eukaryotes (47) in that the modules of the archaeal network, with the exception of the 618 

Caudovirales, are quite sparsely connected; so much so that although supermodules were identified, their 619 

reality could not be supported statistically. Overall, only 9% of the connections in the archaeal network 620 

involve members of different modules (excluding the Caudovirales), whereas such intermodule 621 

connections constitute 25% of the bacterial Caudovirales network. The explanation of this sharp distinction 622 

is likely to be twofold. First, the current sampling of archaeal viruses is likely to be much less representative 623 

of their true diversity than the sampling of viruses of bacteria and eukaryotes. Nearly all hyperthermophilic 624 
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archaea possess CRISPR-Cas adaptive immunity loci, often multiple ones (82), which is indicative of the 625 

perennial coevolution of these archaea with diverse viromes. Yet, viruses of archaeal hyperthermophiles 626 

outside Crenarchaeota remain virtually unknown. Second, the paucity of connections in the archaeal 627 

network could reflect actual different origins of the distinct groups of archaeal viruses, in particular from 628 

different non-viral MGE. Further, increasingly extensive exploration of the archaeal virosphere should 629 

elucidate the relative contributions of these two factors to the architecture of the viral network.  630 
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Figure legends 844 

Figure 1: The bipartite network of archaeal viruses. Archaeal genomes are represented as colored circles, 845 

genes are denoted by the intersections of edges. The color of a genome node accords with its module 846 

assignation. To provide a wider context to the archaeal virus network, tailed bacteriophages of the order 847 

Caudovirales are shown in gray, whereas the two bacterial sphaerolipoviruses are shown in white. Nonviral 848 

mobile genetic elements, including plasmid and casposons, which are connected to different viral modules 849 

are represented as triangles. Edges involving connector genes are colored in black, whereas those involving 850 

signature genes are in the same colors are their respective modules. The genomes of Tristromaviridae and 851 

Clavaviridae do not harbor any core genes, and therefore they appear disconnected from the rest of the 852 

network. GT: glyclosyltransferase of the GT-B superfamily, RHH: ribbon-helix-helix domain-containing 853 

protein, pPolB: protein-primed DNA polymerase B, MCP: major capsid protein, HAV1: Hyperthermophilic 854 

Archaeal Virus 1.  855 

 856 

Figure 2: Robustness and cross-similarities of modules (A, B) and supermodules (C, D) in the archaeal 857 

virus bipartite network. The module detection algorithm was run in 100 replicas of the original network, 858 

yielding 100 alternative partitions of the network. Of those partitions, the one with the highest value of the 859 

Barber’s modularity index was selected as the optimal partition; the other 99 were used to assess the 860 

robustness of the modules in the optimal partition. A,C: the heat map represents the average fraction of 861 

replicas in which a pair of genomes was grouped in the same module. Genomes are sorted in both axes 862 

based on the module they belong to in the optimal partition. B, D: Same for gene families. Dark blocks 863 

correspond to robust modules, with size proportional to the number of genomes or gene families in the 864 

module. Lighter shading within a block suggests the existence of internal structure, while shaded regions 865 

between blocks are indicative of supermodular structure. The asterisk in A denotes the ambiguous 866 
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assignation of His1 virus to modules 5 and 8. See main text and Table 1 for a description of the contents of 867 

each module.   868 

 869 

Figure 3: Second-order structure of the archaeal virus network. Large circles represent modules, with their 870 

size proportional to the number of genomes they encompass. Black dots represent connector genes, i.e. 871 

genes whose prevalence in two modules is greater than exp(-1). Light gray edges have been used to 872 

indicate the occasional presence of a connector gene in an otherwise disconnected module. MCP: major 873 

capsid protein, DJR MCP: double jelly-roll fold major capsid protein, RHH: ribbon-helix-helix domain-874 

containing protein, pPolB: protein-primed DNA polymerase B. 875 
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Table 1: Modules in the archaeal virus network. The robustness of a module is the average fraction of replicas in which pairs of members of that 878 
module are grouped together. The distinctiveness of a module is the average fraction of replicas in which members of that module are only 879 
grouped with members of the same module. A low value of distinctiveness for a module is indicative of its belonging to a larger supermodule. 880 
MCP: major capsid protein. The density is the fraction of connections relative to all possible gene-genome pairs in a module. Low density 881 
indicates module heterogeneity, which may be intrinsic to the module (e.g. in module 3) due to the existence of submodules (e.g. in modules 4, 882 
5 and 6). 883 

Norg 
Robust. 

Org 
Distinct. 

Org Nfam 
Robust. 

Fam 
Distinct. 

Fam 

Density

Composition (genomes) Composition (gene families) 
1 3 1.00 1.00 63 1.00 0.99 1.00 Haloviruses HVTV-1, HCTV-1, 

HCTV-5 
RadA recombinase

2 7 0.96 0.44 43 0.98 0.84 0.86 Myoviridae Baseplate protein J, baseplate spike
3 20 0.92 0.84 15 0.86 0.57 0.42 Other members of the 

Caudovirales 
Large subunit of the terminase, 
HK97-like MCP, protease (U9/U35), 
integrase, portal protein 

4 14 0.99 0.97 39 0.98 0.99 0.45 Lipothrixviridae, Rudiviridae MCP from viruses of the order 
Ligamenvirales, glycosyltransferase, 
SAM-dependent methyltransferase 

5 7 0.72 0.70 31 0.88 0.96 0.45 Ampullaviridae, family 1 
casposons 

Protein-primed DNA PolB

6 14 0.83 0.81 30 0.95 0.95 0.26 Sphaerolipoviridae, Turriviridae
(and related)  

A32-like packaging ATPase 
(FtsK/HerA), DJR MCP (only 
Turriviridae and related proviruses) 

7 5 1.00 0.62 6 0.89 0.54 0.67 Pyrococcus abyssi virus 1, 
Methanococcus voltae A3 
provirus A3-VLP and related 
Thermococcus plasmids 

Putative primase-polymerase, coiled-
coil domain protein 

8 18 1.00 0.95 14 1.00 0.96 0.69 Most Fuselloviridae, 
Guttaviridae 

RHH domain protein, DnaA-like AAA+ 
ATPase, MCP from fuselloviruses 
(only Fuselloviridae) 

9 10 1.00 1.00 27 1.00 0.98 0.47 Bicaudaviridae MoxR-like ATPase, putative 
integrase, MCP from Bicaudaviridae 

10 11 0.98 0.88 5 0.98 0.72 0.68 Pleolipoviridae AAA+ ATPase, major spike protein,
integral membrane protein (except 
for His2), uncharacterized protein 
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Table 2: Connector genes 885 

Fam. Nr 
Representative 
seq. (GIs) Annotation 

Modules with 
high prevalence 

30578 448260172 RHH domain 4, 8, 9 
24 506497871 Integrase, tyrosine recombinase superfamily 2, 3 
5 33323612 Terminase, large subunit 1, 2, 3 
16 340545227 Portal protein 1, 2, 3 
13 90110596 Major capsid protein, HK97-like 1, 2, 3 
11 738838588 DNA PolB * 1, 2, 5 
30596 448260216 DnaA-like AAA+ ATPase (PHA00729) 8, 9 
111 9634157 Protease (herpesvirus S21, phage U9/U35) 1, 2, 3 
30580 146411830 Glycosyltransferase, GT-B superfamily 4, 5 
26 294663759 Phage Mu protein F 1, 3 
30576 472438248 Major capsid protein from fuselloviruses 7, 8 
27 310831525 HNHc endonuclease 1, 2 
60 45686344 Metallophosphatase, MPP superfamily 1, 2 
551 22091125 HTH domain 1, 2 
30601 270281838 Zinc finger protein 7, 8 
305 353228106 MoxR-like ATPase 1, 9 
69 294338118 PDDEXK nuclease, Cas4 superfamily 1, 2 
6697 156564162 Archaeo-eukaryotic primase 1, 2 
19 9628153 Ribonucleotide reductase, large subunit 1, 2 
    
* Protein-primed in module 5, RNA-primed in modules 1 and 2.  886 

 887 
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Caudovirales 

archaeal 

Myoviridae 

HCTV-1 

HVTV-1 

HCTV-5 

other archaeal 

Caudovirales Turriviridae 

Sphaerolipoviridae 

Pleolipoviridae 

Ligamenvirales 

Ampullaviridae 

Bicaudaviridae 

Fuselloviridae 

A3-VLP 

PAV1 

pPolB 

Tectiviridae 

Adenoviridae 

Polintons 

Mavirus (Lavidaviridae) 

DJR MCP 

A32-like  

packaging ATPase 

DnaA-like 

AAA+ ATPase 

Megavirales  

Corticoviridae 

Sputnikvirus (Lavidaviridae) 

RHH 

MCP 

Zn finger 

protein 

MoxR-like 

ATPase 

integrase 

protease (U9/U35) 

portal protein 
terminase 

HK97-like MCP 

glycosyl- 

transferase 
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