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SUPPLEMENTARY TEXT 
 
Description of the proposed virus families 
Clade I in the GRAViTy analysis consists of four family-level groups (Fig 1A). Among these, 
family (F) 1 is the largest, with 39 members, which can be further divided into four genus-level 
(G) subgroups (Fig 2). F1G1 (virus cluster [VC] 77) consists of 31 viruses, including 25 newly 
sequenced viruses as well as the previously reported viruses HF1, HF2, HRTV-5, HRTV-8, 
Serpecor1 and Hardycor2 (Fig 1B, S1 Table) . Using the 95% nucleotide sequence identity 
threshold as a species demarcation criterion [1], the 31 viruses were assigned to seven 
species. F1G2 (VC_80) consists of a single species, including six closely related viruses, 
namely, new viruses HRTV-2, HRTV-11, HCTV-6 and HCTV-15 as well as the previously 
reported HSTV-2 and HRTV-7. F1G3 and F1G4 each contains a single new virus, HRTV-25 
and HRTV-27, respectively, which were identified as outliers tightly linked to the other F1 virus 
genomes (Fig 2). The viruses from the four genera in F1 share the virion orphogenesis and 
genome replication modules. The morphogenetic module consists of 18 orthologous genes 
responsible for the formation of virions with myovirus morphology, whereas replication module 
includes family B DNA polymerase (PolB), archaeo-eukaryotic primase (AEP) and replicative 
minichromosome maintenance (MCM) helicase (S1A Fig). The genus-specific genes 
constitute almost half of the gene contents and are located mainly in the right arm of the 
genome, highlighting the fluidity of this region (S1A Fig).  
 
The F2 in Clade I consists of 5 members divided into two genera, consistent with the network 
analysis (Fig 1, Fig 2). F2G1 (VC_226_1) includes HVTV-2, HVTV-1 and HCTV-5, whereas 
F2G2 (VC_226_0) includes HCTV-16 and HCTV-1. Viruses in the two genera contain largely 
syntenic genomes, but differ within the ~14 kb-long tail module (S1B Fig). Notably, viruses 
from F2G1 (but not F2G2) share most of the tail genes with viruses from F11 (HCTV-2 and 
HHTV-2), despite the fact that F11 viruses have genomes only half the size of those in F2. 
Most likely, the tail module has been acquired by the ancestor of HVTV-1 through 
recombination from a F11 member following its divergence from the common ancestor with 
the HCTV-1 (S1B Fig). Consistent with this possibility, viruses from F2 and F11 infect 
Haloarcula strains. 
  
HATV-2 and HGTV-1 are singletons in F3 and F4, respectively (Fig 1). In the network analysis, 
the two genomes formed a single cluster, VC_66, albeit with a low topology confidence score 
(Fig 2, spreadsheet “Fig 2 VCs” in S2 Data). However, given the difference in genome sizes 
(HGTV-1 is more than twice larger than HATV-2; S1C Fig), different mechanisms of genome 
packaging (HATV-2 has direct terminal repeats, whereas HGTV-1 uses the headful 
mechanism (S1 Table)), we propose classifying them into separate families. The two viruses 
share 12 genes (~4% and ~10% of the HGTV-1 and HATV-2 genomes, respectively), including 
those for several structural proteins and genome replication proteins (S1C Fig).  
 
More generally, Clade I is a cohesive assemblage held together by 34 protein clusters (PCs), 
including those involved in virion morphogenesis (baseplate wedge J-like protein, tail sheath, 
prohead protease), genome replication (PolB and MCM), nucleotide metabolism/DNA repair 
(thymidylate synthase thyX, dUTPase, thymidylate kinase, DNA methyltransferase [MTase], 
ribonucleotide diphosphate reductase [RnR], dCTP tRNA splicing ligase RtcB, holiday junction 
resolvase), and several proteins of unclear functions, such as SprT-like metalloprotease, dual 
specificity protein phosphatase (DUSP), various nucleases and proteins with SPFH and 
ATPase domains (S2 Table). Thus, the four families from Clade I can be unified into a virus 
order, Thumleimavirales, within the class Caudoviricetes.  
 
Clade II consists of 10 family-level groupings, half of which consist of singletons (Fig 1A and 
1C). F5 contains three genera represented by viruses HRTV-29, HFTV1 and HRTV-4, 
respectively (Fig 1C, Fig 2). Pairwise genomic comparison showed an overall similar genomic 
organization of the three viruses, including the genes in the morphogenesis module. The 
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replication related genes, however, are distinct in these viruses: HFTV1 encodes MCM and 
PCNA, HRTV-29 has MCM only, whereas HRTV-4 has neither of the two (S1D Fig).  
 
Two newly sequenced viruses, HATV-3 and HRTV-28, as well as the previously described 
HSTV-1 are singletons in the F6, F7 and F10, respectively, and are connected to members of 
the F5 as outliers in the network (Fig 2). The three viruses share only a handful of genes with 
each other as well as with HFTV1 from F5 (S1E Fig). These include genes involved in virion 
morphogenesis (TerS, portal, MCP and baseplate hub), genome replication (PCNA and 
MCM), and other functions (Rad52, HNH and GIY-YIG endonucleases etc.) (S1E Fig,  S2 
Table).  
 
The F8 consists of two viruses, BJ1 and CGphi46, and they are sufficiently distinct to be 
classified into separate genera. Although the two viruses formed a single cluster (VC_255) in 
the network analysis (Fig 2), comparative genomics revealed that more than half of the genes 
in the two viruses are unrelated (S1F Fig). In the two viruses, all genes in the structural module 
are conserved, except for terL, while genes involved in their genome replication are distinct, 
with Orc1/Cdc6 and MCM encoded by BJ1, whereas a primase-helicase and PCNA are 
encoded by CGphi46 (S1F Fig).  
 
The F9 contains two genera, with phiCh1 and phiH1 forming one genus, and ChaoS9 forming 
the other one. Although the three viruses formed a single cluster in the network analysis (Fig 
2), the genome alignments showed that ChaoS9 shares with the other two viruses only the 
tail morphogenesis module (~1/3 of the genome; S1G Fig). Therefore, we propose extracting 
ChaoS9 from the previously proposed genus Myohalovirus [2] and assigning it into a separate 
genus. 
 
The F11 contains two single-species genera, represented by viruses HCTV-2 and HHTV-2, 
respectively. In the vContact analysis the two viruses are classified into a single cluster 
(VC_249), but due to low fraction of shared genes (Fig 3B, S2 Fig), they were classified into 
separate genera. As mentioned above, HCTV-2 and HHTV-2 are connected to viruses in 
F2G1 in the network analysis due to the shared tail proteins (Fig 2, Fig 1C). F12 contains a 
previously described virus HHTV-1, which was identified as a singleton in the network 
analysis, although it shares several proteins (e.g., TerS, MCP, tail tape measure protein 
[TMP], PCNA, etc.) with other archaeal tailed viruses from distinct families (S2 Table). 
 
F13 and F14 include tailed viruses infecting methanogenic archaea. F13 includes virus psiM2, 
which is related to the previously reported defective provirus psiM100 (VC_287) (Fig 2), but 
shows no appreciable sequence similarity to haloarchaeal tailed viruses. F14 also includes a 
single representative, virus Drs3. The two viruses of methanogens share TerL, portal, prohead 
protease and MCP (S1H Fig). Although identified as the singleton in the network analysis, 
Drs3 shares several proteins with the haloarchaeal relatives, including the prohead protease, 
Mu gpF-like protein, DNA methyltransferase (MTase) and ERCC4 nuclease (S2 Table). 
 
Defense and counterdefense factors  

Restriction-modification (RM) systems and their stand-alone components represent the most 
common potential mechanisms of defense and counterdefense employed by archaeal tailed 
viruses. Forty-eight out of 63 viruses from 10 families encode MTases, presumably to 
methylate the viral genome to escape restriction by the host RM systems. One viral genome 
can encode up to four MTases, which can methylate N6-adenine, N4-cytosine and C5-cytosine 
(S4 Table, S3 Fig). The N6-adenine Dam MTase encoded by phiCh1 has been shown to 
methylate viral genome at Gm6ATC and related sequences [3]. The homologs of phiCh1 MTase 
are encoded in three other viruses, namely, phiH1, HRTV-27 and HRTV-28. Notably, the 
MTase recognition motif, GATC, shows high frequency (6.47-11.04/kb) in these genomes. In 
contrast, the same motif is absent from genomes of viruses of the Hafunaviridae (except 
HRTV-27), Druskaviridae, Soleiviridae, Halomagnusviridae and Saparoviridae, none of which 
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encodes Dam MTases. HRTV-27 is the only member of the Hafunaviridae which encodes a 
Dam MTase and, accordingly, contains the GATC tetramer. This indicates that archaeal tailed 
viruses have likely evolved to escape host RM system either by self-methylation by different 
virus-encoded MTases or by purging the recognition motifs from their genomes.  
 
In addition to stand-alone MTases, some archaeal viruses encode accompanying restriction 
endonucleases (REases), forming apparently functional RM systems or stand-alone 
nucleases. Four viruses, HRTV-17, phiH1, HCTV-2 and HHTV-2, encode micrococcal 
nucleases (S3 Table), which hydrolyze single- or double- stranded DNA and RNA [4]. The 
latter are likely to be functional, given that the Ca2+-binding and catalytic sites are conserved 
(S4 Fig). HJTV-2 and HGTV-1 encode type II REases Eco29KI and EcoRV, which recognize 
“CCGCGG” and “GATATC” sequences, respectively (S3 Table). Notably, although at least 
HJTV-2 encodes the cognate MTase, both “CCGCGG” and “GATATC” motifs are absent from 
the corresponding virus genomes. Analysis of the phyletic distribution of the two REases 
suggests that both genes (along with the cognate MTases) have been horizontally introduced 
into the haloarchaeal virus genomes from bacteria. These observations suggest that, similar 
to tailed bacteriophages, haloarchaeal tailed viruses encode REases/RM systems for 
degradation of the host chromosomes or genomes of competing mobile genetic elements. 
 
Many bacteriophages and some hyperthermophilic archaeal viruses encode diverse anti-
CRISPR (Acr) proteins, which block the CRISPR response by different mechanisms [5]. Most 
Acr proteins are virus-specific, but several protein families are broadly distributed in bacterial 
and archaeal viruses. Virus-encoded homologs of the Cas4 nuclease represent one of such 
potential Acr protein families widespread in viral genomes [6-8]. Viruses of the families 
Hafunaviridae and Druskaviridae encode putative Cas4-like nucleases containing the 
conserved residues involved in the coordination of the Fe-S cluster as well as the conserved 
RecB-like exonuclease domain [9]. It is possible that these Cas4 nucleases function in 
counterdefense against the haloarchaeal CRISPR-Cas systems. Furthermore, there are many 
candidates for potential Acr proteins among the haloarchaeal virus genes lacking functional 
annotation, but experimental studies are necessary to reveal their function.  
 

Tail fiber proteins of haloarchaeal head-tail viruses 

Multiple sequence alignment of the glycine-rich proteins encoded by hafunaviruses revealed 
six to seven hypervariable segments (HVSs) interspersed by glycine-rich motifs (GRMs) (S8A 
Fig), a feature common with adhesins located at the distal tip of the tail fibers of diverse T-
even phages [10, 11]. The HVSs in phage adhesins have been shown to determine the host 
specificity [12]. Indeed, one of the two mutations identified in HRTV-19 and HRTV-23 results 
in a single substitution (A217V) within HVS4 (S9 Fig). The adhesins encoded by hafunaviruses 
form four distinct phylogenetic groups, with proteins in Groups 1, 2 and 4 having short HVSs 
and those in Group 3 containing long HVSs (S9 Fig). Comparison of the host ranges of viruses 
from each adhesin group showed that viruses encoding Group 1 adhesins with short HVSs , 
the extent of sequence divergence between adhesins corresponds to the differences in the 
host ranges, i.e., the more similar a pair of adhesins is, the more similar are the host ranges 
of the corresponding viruses. By contrast, viruses encoding Group 3 adhesins with long HVSs 
displayed more variable host ranges that did not always match the divergence of the 
corresponding adhesins. With only two viruses tested in the study that encode Group 2 and 
Group 4 adhesins, respectively, the features of their adhesin−host range relationship are not 
clear (S9 Fig).  
 
Analysis of the gene content and organization of the tail morphogenesis modules suggests 
that the VP1-like minor structural protein, encoded between the adhesin and the P2 gpI-like 
baseplate protein genes (S1A Fig, S7 Fig) is likely the main component of the tail fiber that 
bridges the adhesin to the baseplate. Notably, phylogenetic analysis of VP1-like proteins 
shows that these proteins do not (necessarily) co-evolve with the adhesins (S10 Fig), 
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suggesting that the genes encoding the two components of the tail fiber are exchanged by 
recombination between haloarchaeal tailed viruses. Thus, our analysis suggests that the 
broad host range of hafunaviruses is an additive effect of the fast evolution and existence of 
several groups of adhesins, combined with their frequent recombination with VP1-like genes . 
The ability to rapidly explore the host specificity landscape appears to be critical in hypersaline 
environments, where virus-to-cell ratios exceed those in many other environments [13, 14].  
 

Structural comparison of the arTV major capsid proteins 

To gain further insight into the divergence of the arTV MCPs, we performed structural modeling 
using AlphaFold2 [15] and RoseTTAFold [16] for representatives of all 14 arTV families as well 
as selected uncultured arTVs (Fig 7A). The structural models were then compared to each 
other in all-against-all analysis (Fig 7B) and a cladogram was derived from pairwise structural 
similarity (Z) scores (Fig 7A). This analysis confirmed that all identified arTV MCPs have the 
canonical HK97 structural fold, shared with tailed bacteriophages and eukaryotic 
herpesviruses, and revealed the same nine MCP clades obtained using sequence-based 
phylogenetic analysis (Fig 6, Fig 7). Besides the subtle structural differences among different 
arTVs, the more pronounced variation was observed in the N-termini of certain MCPs. In 
particular, HATV-3, HCTV-2, HFTV1, HRTV-28, HSTV-1 and HVTV-1 contained N-terminal 
100-120 aa extensions (not shown in Fig. 7A), equivalent to the scaffolding Δ-domain of the 
HK97 MCP, which is essential for capsid assembly and is cleaved from the mature MCP [17]. 
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