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Abstract 36 

Upon characterization of a novel spindle-shaped virus, Tebenquiche spindle-shaped Virus 1 37 

(Tebi-SV1), isolated from Halorubrum strain TLS-6, we detected the presence of a second virus, 38 

Tebenquiche pleomorphic Virus 1 (Tebi-PV1), that coinfects host cells. Gene sharing network 39 

analysis revealed several genomes related to Tebi-SV1 in public databases, most of which also co-40 

occur with pleolipoviruses in their host genomes. Attempts to separate the two viruses remained 41 

unsuccessful, suggesting a mutualistic relationship between Tebi-SV1 and Tebi-PV1. Virus 42 

abundances seem to be regulated through a shared operator sequence allowing Tebi-PV1 to keep 43 

Tebi-SV1 copy numbers low without excluding Tebi-SV1 from the host genome. Additionally, 44 

Tebi-PV1 encodes for a type-4-pilin, which we detected by proteomics, and likely plays a role in 45 

regulating the interactions between the host and viruses. Our findings highlight the complexity of 46 

virus-virus interactions and that residential viruses are important regulators of virus-host 47 

interactions.   48 

Introduction 49 

Virus coinfections occur in various environments and play significant roles in viral evolution and 50 

ecology across all three domains of life. A recent study showed that up to 35% of infected bacterial 51 

cells in a single-cell genomic dataset and nearly 50% of microbial genomes from public archaeal and 52 

bacterial datasets contained more than one virus 1,2. Virus-virus interactions have been shown to 53 

influence viral infectivity, alter the host range and lifecycle, alter host physiology, and facilitate genetic 54 

exchange 2–8. However, only a few studies describe virus coinfections in archaea.  55 

In one study, two proviruses in Aeropyrum pernix, unclassified spindle-shaped virus, APSV1, and 56 

guttavirus, APOV1, were simultaneously induced with no apparent cell lysis under suboptimal oxic 57 

conditions 9–11. In another example, rudivirus SIRV3 and bicaudavirus SMV1 were stably maintained 58 

in Sulfolobus islandicus REY15A for nearly two weeks 12. Interestingly, in neither case the infection 59 

has detrimental effects on the host. 60 

The majority of virus-virus interactions studied in prokaryotes describe antagonistic relationships 61 

between coinfecting viruses. Viruses can exhibit mechanisms driving superinfection exclusion, where 62 

one virus prevents replication or injection of a superinfecting virus to maintain control over the host 63 

organism’s resources. This phenomenon is well studied in bacteriophages 13,14, and has also been 64 

described more recently in archaeal viruses 15–18. Archaeal viruses and other mobile genetic elements 65 

(MGEs) were shown to carry mini-CRISPR arrays as a distinct superinfection exclusion mechanism 66 
17,19. Induction of CRISPR spacer acquisition against coinfecting viruses and a plasmid was described 67 

for SMV1 20,21. Coinfection experiments with bicaudaviruses SMV1 and STSV2 triggered the CRISPR 68 

adaptation of the host against STSV2, which resulted in exclusion of STSV2 while SMV1 persisted in 69 

the host 21. 70 



Studies on cooperative coinfections - where the presence of one entity ensures the success of another - 71 

are limited, but those that explore this phenomenon mainly describe subviral agents such as satellite 72 

viruses and helper viruses 22–25. Increased infection rates have been described for bacteriophage Ф6, 73 

upon coinfection of cells infected with the same virus 26, and coinfection of different virus variants can 74 

lead to recombinant viral genomes 27. The majority of synergistic interactions have been observed 75 

between viruses and plasmids, with viruses supporting the distribution of plasmids 28–31, and plasmids 76 

supporting viral infection 32. Coinfections with different MGEs have rarely been described in Archaea, 77 

with most studies involving spindle-shaped viruses. In the hyperthermophilic archaeon Thermococcus 78 

prieurii, spindle-shaped virus TPV1 coexists with two plasmids pTP1 and pTP2, without antagonistic 79 

effects within the same host 33. A synergistic relationship has been described in a Sulfolobus islandicus 80 

strain where a small plasmid-virus hybrid, pSSVx, is packaged in a spindle-shaped virion and requires 81 

co-transfection with a helper spindle-shaped virus, SSV1 or SSV2, to proliferate successfully 28. These 82 

studies explore coinfection dynamics in temperate and hyperthermophilic environments, but the 83 

dynamics of virus-virus interactions in hypersaline environments remain largely unexplored. In 84 

halophilic archaea, only one example of coinfection has been investigated. Several studies examined 85 

the relationship between  SNJ1 (sphaerolipovirus) and SNJ2 (pleolipovirus), coinfecting Natrinema sp. 86 

J7 16,34. Most recently it was shown that SNJ2 provides the receptor for SNJ1, while SNJ1 supports the 87 

replication of SNJ2 providing evidence for a mutualistic interaction between the two viruses 35 .  88 

In this study, we use a Halorubrum strain isolated from Laguna Tebenquiche, in Salar de Atacama, 89 

Chile  36. Laguna Tebenquiche is a hypersaline lagoon at  2000 m above sea level, exposed to extreme 90 

solar radiation and enriched in volcanic-derived arsenic (up to 5 mg/L), lithium (~145–445 mg/L), and 91 

boron (~158–543 mg/L) 36–38. To date, no viruses have been isolated from Laguna Tebenquiche. 92 

Notably, a correlation between increased salinities and the prevalence of spindle-shaped viruses has 93 

been observed 39–43. Despite their abundance in hypersaline systems, only two halophilic spindle-shaped 94 

viruses, His1 and LSV-48N, have been described to date 44,45. His1 is currently the sole member of the 95 

virus family Halspiviridae, and shares little to no sequence homology to other spindle-shaped virus 96 

families 46, but the structure of the major capsid protein (MCP) is similar to that of other spindle-shaped 97 

viruses 47.  98 

Here we report the co-isolation and characterization of a novel spindle-shaped virus, Tebi-SV1, and a 99 

novel pleomorphic virus, Tebi-PV1, from the same environmental isolate Halorubrum sp. TLS-6 36. 100 

Our study reveals that Tebi-SV1 belongs to a new family of spindle-shaped viruses and seems to be 101 

mutually regulated by the coinfecting virus, Tebi-PV1.  102 



Results  103 

Discovery of virus-like particles in the supernatant of an isolated Halorubrum strain 104 

While attempting to grow a colony of strain Halorubrum sp. TLS-6 (Hrr. TLS-6) 36 in liquid media, we 105 

observed a deviation from its typical growth behavior; the culture failed to reach exponential phase and 106 

did not exceed an OD600 nm of 0.08. This indicated severe growth inhibition of the culture. Analysis of 107 

the supernatant of the culture by transmission electron microscopy (TEM) revealed the presence of 108 

spindle-shaped virus-like particles (VLPs) of approximately 120 nm in length and 60 nm in diameter 109 

(Figure 1A). We also observed VLPs with an elongated tubular morphology of approximately 200 nm 110 

in length (Figure 1B-C), which we suggest could represent particles of the same virus with the genetic 111 

material ejected, as described for the spindle-shaped virus His1 48. The concentrated culture supernatant 112 

was purified on an Iodixanol density gradient, resulting in three bands (Figure 1E). Each band was 113 

examined by TEM, and high-throughput sequencing was performed on total DNA extracted from the 114 

second band, which contained the most intact spindle-shaped VLPs. The first band contained mainly 115 

cellular debris and membranous vesicles, while the third band contained mostly elongated spindle-116 

shaped VLPs. 117 

 118 

Figure 1: Electron micrographs of Tebi-SV1 and Tebi-PV1. (A) Electron micrograph of the first virus 119 

preparation (second band of Iodixanol gradient in E) from Hrr. TLS-6 supernatant dominated by Tebi-SV1 120 

particles (B-C). Tebi-SV1 particles exhibiting pleomorphism with elongated tails and in a tubular form (size bars 121 

are 100 nm) from band 3 of Iodixanol gradient (E). (D) Electron micrographs of supernatant enriched with Tebi-122 

PV1 particles. (E) 40-25 % Iodixanol density gradient of the first preparation from Hrr. TLS-6 supernatant. 123 



Sequencing of total DNA from purified virus particles reveals two viral genomes  124 

High-throughput Illumina sequencing of total DNA and subsequent assembly of reads revealed two 125 

distinct circular contigs of 26.6 kbp and 15.4 kbp. The larger contig (26.6 kb) encodes for 44 open 126 

reading frames (ORFs) (Figure 2A), with an average GC content of 62.8% (GC content of host 127 

chromosome being 69.8%) and a median coverage depth of 12,000. Based on TEM observations of the 128 

band containing mainly spindle-shaped particles, we infer that this contig corresponds to the spindle-129 

shaped virus. We named the virus Tebi-SV1, Tebi for Laguna Tebenquiche (place of isolation), and SV 130 

for spindle-shaped virus. The smaller contig (15.4 kb) encodes for 26 ORFs, with a GC content of 131 

62.4% and a median coverage of 100. Both contigs were detected in the genome of the host Hrr TLS-132 

6, Tebi-SV1, as an integrated provirus with a mean coverage of ~ 550 (~420 for the entire host genome 133 

contig) and the smaller contig as a circular extrachromosomal element (mean coverage ~2730).  134 

The smaller 15.4 kbp contig displays the highest similarity (52% nucleotide sequence pairwise identity) 135 

to Halorubrum pleomorphic virus 9 (HRPV9) 49. It encodes for the conserved set of proteins 136 

characteristic of members of the Pleolipoviridae family, including the spike protein (VP12 [viral protein 137 

12]) and an internal membrane protein (VP9) (Figure 2B). VP1 encodes for an integrase, while VP4 138 

and VP21 encode for transcriptional regulators. VP4 contains an ArsR-like helix-turn-helix domain 139 

(IPR011991), which is found in metal (including arsenic) regulated repressors 50. VP16 encodes for an 140 

NTPase. Notably, VP6 encodes for an archaeal type-IV pilin-like protein (T4P), and VP19 shows 141 

significant similarity to a proteosome beta subunit-like protein. Both VP7 and VP8 show high similarity 142 

(HMM and tertiary structure) to antitoxin proteins (ParD-like and VapB-like, respectively). Gene 143 

sharing network and phylogenetic analyses reveal that it belongs to the Betapleolipovirus genus 51 144 

(Figure 3 & Supplementary Figure 1).  We concluded that this genome represents a pleolipovirus, and 145 

named it Tebi-PV1.  146 

The genome of Tebi-PV1 was found as a single contig, with a higher coverage of  ~2730 (Tebi-SV1 147 

mean coverage of ~550), in the sequencing data from the host genome 36, and with 100% identity to the 148 

genome isolated from purified supernatant. While Tebi-PV1 does encode for an integrase (VP1), it 149 

remains to be elucidated if Tebi-PV1 also can integrate into the host chromosome.   150 



 151 

Figure 2: Genomic characteristics of Tebi-SV1 and Tebi-PV1. (A) Genome map (SnapGene software 152 

(www.snapgene.com)) of Tebi-SV1 with functional annotations. Proteins detected in purified virus particles are 153 

shown in black (B). Tebi-PV1 genome comparison with closest pleolipovirus relatives. Homologous genes are 154 

shown in the same colors, with percent identity represented vertically between genes 52. 155 

The spindle-shaped virus Tebi-SV1 belongs to the newly proposed family Almyrocitroviridae 156 

The genome of Tebi-SV1 exhibited no significant similarity at the nucleotide or amino acid level to any 157 

characterized virus isolate or genome from the IMG/VR database 53. However, homologs to multiple 158 

hypothetical proteins of Tebi-SV1 were found in public databases in Halorubrum sp. LN27, a strain 159 

isolated from Dingyuan Salt Mine in China 54, suggesting a similar virus may be integrated into the 160 

genome. Further inspection revealed an average nucleotide identity (ANI) of 82% between the putative 161 

provirus in LN27 (referred to as SSV_LN27) and Tebi-SV1, which is well below the typical threshold 162 

used to delineate species in viral genomics 55. Genome-based phylogeny and classification analyses 163 

using VICTOR (Figure 3) suggest that Tebi-SV1, as well as SSV_LN27 and a proposed plasmid from 164 

the IMPGR database (IMGPR_plasmid_2904944409_000002), together with the spindle-shaped 165 



viruses described by Turgeman-Grott et al.45, belong to a new virus family, which we name 166 

Almyrocitroviridae (Almyro- for salty, and -citro for lemon).  167 

 168 

Figure 3: Genome-based phylogeny classification analyses. VICTOR tree using the predicted protein 169 

sequences of Tebi-SV1, SSV_LN27, IMGPR_plasmid_2904944409_000002, together with the spindle-shaped 170 

viruses described by Turgeman-Grott et al.45, and other previously described spindle-shaped viruses (of families 171 

Halspiviridae, Thaspiviridae, Fuselloviridae, and Bicausaviridae) using the D6 formula. 172 

Additionally, gene-sharing network analysis for these virus-like elements supported that these subsets 173 

of genomes form two separate groups of distantly related species (Supplementary Figure 1 and 174 

Supplementary Table 1), which suggests that they correspond to at least two different genera, with one 175 

comprised by the LSV-48N virus and its relatives and a second genus including Tebi-SV1 and SSV-176 

LN27. However, sparse or no connections between members of the two groups were observed 177 

(Supplementary Figures 1 and 2), and often the genes shared correspond to small ORFs of unknown 178 

function with low identity values (Supplementary Figure 2). This clustering pattern, along with the lack 179 

of recognizable syntenic genome organization (i.e., absence of similarly organized structural or 180 

replication modules), suggests limited to absent gene flow and horizontal gene transfer between the 181 

groups, consistent with a distant evolutionary relationship and likely different evolutionary trajectories. 182 



The majority of the 44 predicted gene products on the Tebi-SV1 genome are hypothetical proteins, and 183 

even when using predicted tertiary structures, only a few could be annotated. VP1 is a predicted tyrosine 184 

recombinase, and VP3 is a putative transcription initiation factor (TFIIB). VP6 and VP8 are predicted 185 

to be transcriptional regulators (helix-turn-helix), and VP7 contains a winged helix-like DNA-binding 186 

domain. VP10 is a CDC6-like protein, VP13 is a second tyrosine recombinase, and VP29 is a large IG-187 

like domain containing protein with a transmembrane and a sugar binding domain (Figure 2A).  188 

Tebi-SV1 is found integrated as a provirus in the host chromosome next to an alanine tRNA gene with 189 

the integrase (VP1) at the downstream boundary of the provirus and VP44 next to the tRNA. A 13 bp 190 

stretch that is found twice upstream and once downstream of Tebi-SV1 in the host genome, and that is 191 

only detected once in the circular virus genome, is likely used for circularization. The genome isolated 192 

from purified Tebi-SV1 particles shares 99.99% identity with the provirus. We detected two single 193 

nucleotide polymorphisms (SNP) on the virus genome from this preparation when compared to the 194 

integrated virus in the assembled host genome. A deletion of base A at position 3248 (variant frequency 195 

34%), that is missing in the assembled virus genome when compared to the integrated virus in the host 196 

genome, and the deletion of base G directly downstream (variant frequency 44%). Both SNPs 197 

potentially influence the promotor region of the downstream gene (VP8). The SNPs are not detectable 198 

in re-sequencing data from the host (mean coverage 319).  199 

Separation attempts of the two viruses remain unsuccessful 200 

The first virus preparation from growth retarded Hrr. TLS-6 cultures showed a high Tebi-SV1 to Tebi-201 

PV1 ratio of 1,200:1 (based on sequencing coverage) in the gradient band subjected to sequencing. 202 

However, such a strong growth inhibition was not reproducible in subsequent cultures, neither when 203 

grown from colonies from the same plate, when grown from the original glycerol stock, nor upon 204 

reinfection with viral particles isolated from the supernatant of lysed cultures. Genome copy number 205 

per mL ratios between Tebi-PV1 and Tebi-SV1 always averaged at about 1760:1, respectively. 206 

Attempts to induce Tebi-SV1 production revealed that Tebi-PV1 particles are particularly abundant in 207 

the supernatant of cultures grown in DBCM2+ media (high nutrient medium), and Tebi-SV1 particles 208 

are enriched by over 50-fold in CDM media (low nutrient medium) supplemented with 1 mM PO4, in 209 

comparison with DBCM2+ (p-value of 4.89E-11) (Figure 4 and Supplementary Table 2). However, 210 

none of the conditions tested resulted in virus preparation with only one of the two viruses. All single 211 

colonies (~20) isolated from Hrr. TLS-6 cultures, after incubation at 28 °C, 37 °C, and 50 °C, 212 

maintained both viruses (data not shown). Physical separation with various density gradients also failed 213 

to separate the viruses (Supplementary Figure 3, Supplementary Table 3). Both viruses were always 214 

detected in all gradient bands tested, with one exception that was not reproducible.  215 



 216 

Figure 4: Determination of virus ratios under different growth conditions by qPCR. (A) Viral genome copy 217 

number of Tebi-SV1 and Tebi-PV1 per ml supernatant was quantified from supernatant of Hrr. TLS-6 in 218 

differently treated cultures. (B) Intracellular viral genome copy number ratios (Tebi-PV1:Tebi-SV1) for A. (C) 219 

Average virus genome copy number per ng of DNA from cells treated with different temperatures (intracellular). 220 

Mitomycin C and Pravastatin treatment was done in DBCM2+ medium. UV treatment and supplementation with 221 

PO4 was done in CDM medium. Error bars represent the standard deviation of n=3 biological replicates (A-C). 222 

Statistical analysis is summarized in Supplementary Table 2. 223 

Finally, neither protease nor chloroform treatment resulted in the removal of Tebi-SV1 or Tebi-PV1. 224 

Protease treatment did not destroy Tebi-SV1 particles, but reduced infectivity in Hrr. lacusprofundi 225 

significantly by ~1.8 fold. Tebi-PV1 showed to be less sensitive to protease treatment with a ~1-fold 226 

reduction of intracellular genome copy numbers (Figure 5). Tebi-SV1 virions were sensitive to 227 

chloroform treatment with a >2-fold reduction, indicating the presence of lipids; however, Tebi-PV1 228 

was not sensitive to chloroform (Figure 5).  229 



 230 

Figure 5: Proteinase K and chloroform treatment of virus preparations. Proteinase K (7.5 mg/ml) and 231 

chloroform (1:4 chloroform to sample ratio) treated virus preparations from TLS-6 supernatant and TLS-6 cell 232 

lysate were used to infect Hrr. lacusprofundi. Virus activity was compared by determining intracellular viral 233 

genome copy numbers by qPCR. Intracellular genome copy number of Tebi-SV1 (A) and Tebi-PV1 (B) per 1.5 234 

mL culture infected with chloroform treated and untreated (control) viral preparations. Intracellular genome copy 235 

number of Tebi-SV1 (C) and Tebi-PV1 (D) per 1.5 mL culture infected with proteinase K treated and untreated 236 

(control) viral preparations. Error bars represent the standard deviation of n=3 biological replicates, and statistical 237 

significance is indicated with the following significance codes: ‘*’ for p-value ≤ 0.05, ‘**’ for p-value < 0.01, and 238 

‘***’ for p-value < 0.001. Lysate – virus particles isolated from disrupted cells. SN – virus particles isolated from 239 

culture supernatants. All experiments were carried out in biological triplicates. (E, G) Electron micrograph of 240 

untreated viral preparation. (F) Electron micrograph of the chloroform treated viral preparation with black arrows 241 

denoting Tebi-PV1 virions. (H) Electron micrograph of the protease treated viral preparation with white arrows 242 

denoting Tebi-SV1 virions. Scale bars are 200 nm.   243 

Host range determination indicates attachment and initial virus replication in a broad range of host 244 

organisms   245 

To find a virus free host and further attempt to separate Tebi-SV1 and Tebi-PV1, we infected seven 246 

different haloarchaeal strains with a total virus genome number to host cell ratio of approximately 2.5 247 

(Tebi-PV1:Tebi-SV1 ratio ~28:1). After allowing initial adsorption in a small volume without shaking 248 

(see methods), we detected the genomes of both Tebi-SV1 and Tebi-PV1 by qPCR intracellularly in all 249 



strains (Hrr. lacusprofundi, Haloferax mediterranei and Haloferax volcanii at 17 hpi; Halobacterium 250 

salinarum and Haloarcula japonica, at 16 hpi; Haloquadratum walsbyi and Haloterrigena turkmenica 251 

at 8 hpi) (Figure 6 D-I, Supplementary Figure 5). The cells were transferred into fresh media (50 mL 252 

cultures) to follow the growth behavior (Figure 6 A-C, Supplementary Figure 4). Only minor or no 253 

effects of the infection on growth were detected for all tested strains. A slight growth inhibition was 254 

observed initially in Hbt. salinarum and later in Hrr. lacusprofundi, and a slight increase in growth was 255 

observed initially in Hfx. volcanii, Hq. walsbyi, and Ht. turkmenica (Figure 6 A-C, Supplementary 256 

Figure 4). While most strains had significantly higher intracellular genome copy numbers of Tebi-PV1 257 

(Supplementary Figure 5), none of the strains tested showed detection of only one of the two viruses 258 

after the initial adsorption time. The ratios of Tebi-PV1 to Tebi-SV1 genomes varied across the different 259 

strains, from ~5 in Hbt. salinarium to ~210 in Hqt. walsbyi (Supplementary Figure 5), indicating 260 

different efficiencies of infection for the two viruses across the different strains. Once the cultures 261 

reached late exponential phase, we tested for the genomes of both Tebi-SV1 and Tebi-PV1 by qPCR in 262 

the supernatant and detected both viruses in the supernatant of all tested strains (Figure 6 A-C, 263 

Supplementary Figure 4), indicative of virus particle production. Additionally, total virus genome copy 264 

numbers (sum of intracellular and extracellular genome copy numbers) of Tebi-SV1 were higher than 265 

the total number of virus genomes added for infection in Hfx. volcanii, Hfx. mediteranei and H. 266 

japonica. Total numbers of Tebi-PV1 increased in Hfx. mediteranei and H. japonica.  267 

Cultures of five organisms were diluted into fresh media to OD600nm of ~0.05 and allowed to continue 268 

again to the late exponential phase (Figure 6 A-C, Supplementary Figure 4). In all strains, the 269 

intracellular virus number decreased over the 209h monitoring timeframe. Only in Hfx. volcanii, 270 

intracellular genome copies of Tebi-SV1 became undetectable (209 hpi), however, Tebi-SV1 was still 271 

detectable in culture supernatants (1.09E+05/1.5 ml at 209 hpi).  272 

Intracellular virus genome-to-host genome ratios were determined for three of the strains (Figure 6 D-273 

I). In all tested strains, the viral genome copy number remained below the host chromosome copy 274 

number and decreased over time, indicating that not all cells were infected, though haloarchaea can 275 

contain several copies of their chromosome per cell 56,57. It also remains to be determined whether there 276 

is a small number of infected cells with a high virus-to-host ratio, or a higher number of infected cells 277 

with low virus-to-host ratios in these populations.  278 



 279 

Figure 6: Determination of the host range: (A-C) Growth curves of infected (broken line) and uninfected (solid 280 

line) of three tested host organisms. After reaching stationary phase, cultures were diluted to a starting OD600nm of 281 

0.05 and allowed to regrow without additional virus added. Error bars represent the standard deviation of 282 

biological triplicates in all curves. Grey bars represent the number of Tebi-SV1 genomes per 1.5 mL culture, and 283 

black bars represent Tebi-PV1 genomes per 1.5 mL culture detected in the supernatant at 117 and 209 hpi. Error 284 

bars represent the standard deviation of biological triplicates. (D-I) Intracellular virus-to-host genome copy 285 

number was detected at different time points during the growth curves presented in A-C. The number of Tebi-286 

SV1 genomes, Tebi-PV1 genomes, and host chromosome copy numbers were determined by qPCR in cells of 1.5 287 

mL culture in biological triplicates. The ratio was determined by dividing the average of Tebi-SV1/Tebi-PV1 288 

genome copy numbers by the average of the host chromosome numbers. Any value is >1, indicates that the number 289 

of Tebi-SV1 or Tebi-PV1 genome copy numbers are higher than the host chromosome copy numbers. Grey bars 290 

represent Tebi-SV1 and black bars represent Tebi-PV1.  291 



Co-occurrence of Tebi-SV-like relatives and Pleolipoviruses in other haloarchaea and a shared 292 

genomic sequence hint towards an interdependency  293 

When searching for Tebi-SV1-like relatives in public databases, we found that several Tebi-SV1-like 294 

elements co-occurred with pleolipovirus-like proviruses in the same host genomes (Supplementary 295 

Table 4). In five out of seven organisms containing genomes of Tebi-SV1 relatives, we could identify 296 

a complete pleolipovirus genome in the same host genome. However, these pleolipovirus genomes vary 297 

in length, and do not all share a particular taxonomic affiliation at the genus level (Supplementary table 298 

4).  299 

To identify a potential genomic interdependency between Tebi-SV1 and Tebi-PV1 we searched for 300 

similarities between the two genomes. Similarities between Tebi-PV1 and Tebi-SV1 covered mostly 301 

small proteins with unknown function, and the integrases (VP1 in both genomes) (Supplementary 302 

Figure 6). However, both viruses share two short stretches of sequence (27bp and 41 bp, interspaced by 303 

32bp in TebiSV1 and 46bp in Tebi-PV1) starting 125bp (Tebi-PV1) and 182bp upstream (Tebi-SV1) 304 

of genes that encode putative transcriptional regulators (Tebi-SV1 VP8 and Tebi-PV1 VP4, 33% aa 305 

sequence identity). Tebi-SV1 VP8 shows similarities with a MarR family transcriptional regulator 306 

(HMM comparison, E-value 0.000159) or a PhiH1 repressor-like protein (HMM comparison, E-value 307 

0.00014), and Tebi-PV1 VP4 shows similarities with a PhiH1 repressor-like protein (HMM 308 

comparison, E-value 0.0000077), containing an ArsR-like domain.  309 

The only significant sequence similarity we detected in all of the other virus pairs was between the 310 

integrases (LSV-48N, BNX82) and a winged helix-turn-helix domain-containing protein (SSV_LN27) 311 

(Supplementary Figure 6).  312 

Protein composition of virus particles  313 

Protein analysis via SDS-PAGE of Tebi-SV1 enriched virus preparations appear very distinct from 314 

Tebi-PV1 enriched preparations (Supplementary Figure 7). Mass spectrometry (MS) was performed on 315 

both samples to determine the protein composition of the two virus particles (Supplementary table 5). 316 

Six proteins were detected for Tebi-SV1: VP17, VP19, VP24, VP27, VP30, and VP35. VP17 and VP24, 317 

both hypothetical proteins, contain predicted transmembrane domains. VP19 shows structural 318 

similarities to HEPN toxins (RNase). VP27 had the highest relative abundance of the six proteins 319 

detected (Supplementary table 5), but does not show similarity to other annotated proteins, and no 320 

confident structural model could be retrieved. VP30 was the second most abundant of the six viral 321 

proteins detected in the proteome. The N-terminal region of VP30 (Alphafold 3 model 58 aligns with 322 

carbohydrate binding domains of various proteins, suggesting that VP30 could interact with 323 

carbohydrates. VP35, 151 amino acids in length, has no homologs on NCBI, but is the only protein 324 

detected that shares a similar hydrophobicity profile with capsid proteins of other spindle-shaped 325 

viruses (Supplementary Figure 8). The MCPs of all so far identified spindle-shaped viruses share 326 



structural similarity and are smaller than 200 amino acids in length 47,59. To further investigate the 327 

putative structural role of VP35 as the potential major capsid protein of Tebi-SV1 we used the predicted 328 

tertiary structure for comparisons. It was shown that the MCP of spindle-shaped virus SMV1 is 329 

processed at the N-terminus 47. Therefore, we gradually removed the N-terminal amino acids of VP34 330 

and modeled the structure using Alphafold 3, with the removal of 43 aa resulting in the structure with 331 

the best score (pTM=0.64). Structural alignment using DALI, revealed minor similarities with the MCP 332 

of APBV1, SMV1 and SSV19 (Z-scores 2.3, 3.7 and 3.1, respectively). A PDB search of the structure 333 

of the full-length protein (Alphafold 3, pTM=0.49) with DALI revealed similarities with membrane 334 

associated proteins. Best hit (Z-score 5.1) was VIPP1 (Vesicle-inducing protein in plastids 1), a protein 335 

that is involved in membrane binding and remodeling 60. However, VP35 is a small protein and the 336 

modeled structure is very simple, leading to a number of nonspecific hits. Therefore, additional 337 

experiments are needed to verify whether it could be the MCP of Tebi-SV1.  338 

For Tebi-PV1, four proteins were detected with MS (Supplementary Table 5). The spike protein VP12 339 

was present in multiple bands of the SDS-PAGE. It was particularly enriched in the 95 kDa (3A) and 340 

130-150 kDa (2A) bands (representing 28% and 33.8% of the total protein abundance, respectively).  341 

Additionally, an archaeal Type IV pilin-like protein (VP6), a putative NTPase (VP16), and a 342 

hypothetical protein (VP15) were detected (Supplementary Table 5). All detected proteins have 343 

homologs in other pleolipoviruses (Figure 1B), and were detected in pleolipovirus particles previously 344 
49,61, except VP6, the archaeal T4P-like protein.  345 

We also detected a number of host proteins in the samples, many of which were hypothetical proteins 346 

(Supplementary table 5). Annotated proteins detected included a significant number of membrane-347 

associated proteins, such as components of ABC transporters, and other proteins previously detected in 348 

EVs of haloarchaea 62,63. We suggest these host proteins derive from EVs and cellular appendages that 349 

co-purify with the virus particles, as also observed by TEM. 350 

Infectious virus particles can be isolated from lysed cells  351 

Due to the low detection of Tebi-SV1 in culture supernatants by TEM, despite various induction efforts, 352 

we assumed that Tebi-SV1 virus particles possibly accumulate within the cell, or at the cell surface 45,64, 353 

without being released. Therefore, we manually lysed the host cells and indeed retrieved Tebi-SV1 354 

particles from the cellular lysate, as observed by TEM and qPCR (Supplementary Figure 9). Analysis 355 

of the genome copy numbers by qPCR revealed that both Tebi-SV1 and Tebi-PV1 genomes are present 356 

in these preparations, even after DNase treatment, indicating that both genomes are enclosed in particles 357 

or associated with structures protecting them from degradation. Additionally, using virus particles 358 

obtained from the lysate preparations resulted in infections of Hrr. lacusprofundi (Figure 5), 359 

demonstrating that the particles are infectious. Notably, the Tebi-PV1:Tebi-SV1 ratio was significantly 360 



different in these preparations, with an average of 1:10 (in contrast to 1: 4.07E+04 ) and we subsequently 361 

used these preparations as ‘Tebi-SV1 enriched’ preparations. 362 

To test whether infectious particles are bound to the S-layer on the cell surface of Hrr. TLS-6 cells, we 363 

first removed the S-layer from the cells by depleting the cells of MgCl2 65, before lysing the cells by 364 

sonication. Approximately 50% of Tebi-SV1 protected genomes were detected in the S-layer 365 

preparations, and nearly equivalent amounts were also detected in the lysate preparations. While some 366 

virions were indeed detected in the lysate preparation, significantly (p-value of 0.0000021) higher titers 367 

of Tebi-PV1 were detected from the isolated S-layer preparation (Figure 7). Upon examining the 368 

preparations with TEM, we observed numerous free spindle-shaped virus particles in the S-layer and 369 

lysate preparations, while Tebi-PV1 virions were continuously observed attached to cellular pili-like 370 

structures (Figure 7). The manually lysed preparations treated with protease showed no significant 371 

change in infectivity for Tebi-PV1 particles, but showed a significant reduction in infectivity of Tebi-372 

SV1 particles, as detected for particles isolated from the supernatant (Figure 5).  373 

 374 

Figure 7: Isolation of virus particles from cellular lysates. Viral genome copy number per ng of DNA is shown 375 

from the S-layer fraction and cellular lysate fraction for Tebi-SV1 (A) and Tebi-PV1 (B). Bars represent the 376 

average across biological triplicates, error bars represent the standard deviation of n=3 biological replicates, and 377 

statistical significance is indicated with the following significance codes: ‘*’ for p-value ≤ 0.05, ‘**’ for p-value 378 

< 0.01, and ‘***’ for p-value < 0.001. Negatively stained electron micrographs of the S-layer fraction (C-D) with 379 

spindle-shaped virus particles indicated with red arrows and pleomorphic virus particles indicated with black 380 

arrows (scale bar 200 nm). (E) Electron micrograph of cellular lysate preparation with spindle-shaped virus 381 

particles indicated with red arrows EVs indicated by white arrows (scale bar 100 nm).     382 



Discussion 383 

Here we describe the discovery of two active viruses hidden in a haloarchaeal strain, Halorubrum TLS-384 

6, isolated from a hypersaline lagoon in the Chilean central Andes 36. When growing this strain from a 385 

single colony, we observed strong growth retardation and detected a spindle-shaped virus in the culture 386 

supernatant. Sequencing analyses revealed a second virus, a pleolipovirus. We propose the names Tebi-387 

SV1 (Tebenquiche spindle-shaped virus 1) and Tebi-PV1 (Tebenquiche pleolipovirus 1).  388 

Tebi-SV1 belongs to a new virus family and likely evolved by recombination with another virus-like 389 

element   390 

Tebi-SV1 lacks sequence similarity with the previously isolated spindle-shaped virus His1 from a 391 

hypersaline environment, or with any other characterized viruses or published virus genomes, 392 

highlighting that only its isolation allowed identifation of this genetic element as a virus. Genome-based 393 

phylogeny classification analyses place Tebi-SV1 into a new virus family, Almyrocitroviridae, together 394 

with a predicted provirus in Halorubrum strain LN27 (SSV-LN27), a proposed plasmid 395 

(IMGPR_plasmid_2904944409_000002) 53, which likely represents a virus, and a group of spindle-396 

shaped viruses recently discovered 45. However, only SSV-LN27 exhibits significant sequence 397 

similarities, classifying it into the same genus as Tebi-SV1. 398 

The genome of Tebi-SV1 contains two integrases, VP1 and VP13, both belonging to the family of 399 

tyrosine recombinases. Integrases of this family have been described for both pleolipoviruses 66 and 400 

fuselloviruses (a family of spindle-shaped viruses) 67,68. Tebi-SV1 also encodes for a Cdc6-like protein 401 

(VP10) and three predicted helix-turn-helix transcriptional regulators (VP6, VP7 and VP8). A recent 402 

study determined that an Orc1/Cdc6, along with a hypothetical protein and a winged helix-turn-helix 403 

DNA binding protein, control the lysogeny-induction switch of pleolipovirus, SNJ2 69, and possibly the 404 

tailed virus MSTV1 70. We suggest that a similar mechanism may control the life cycle of Tebi-SV1.  405 

Proteomics analysis revealed that six Tebi-SV1 proteins were present in virus particle preparations. 406 

Four of the proteins (VP17, VP24, VP27, and VP30) contain predicted transmembrane domains, 407 

indicative of a lipid layer within the virus particle. VP19, detected in the viral preparations, shows 408 

similarities to HEPN toxin proteins, which are RNases targeting tRNAs and thereby inhibiting 409 

translation 71. The HEPN toxin is inactivated by MNT (minimal nucleotidyltransferase) through 410 

covalent di-AMPylation. An MNT antitoxin could not be identified on the Tebi-SV1 genome; however, 411 

VP18 (not detected in virus particles) contains a P-loop NTPase fold, indicative of NTP binding. We 412 

suggest that VP18 could be the antitoxin, but may inactivate VP19 in a different manner than MNT 413 

antitoxins. VP19 and VP18 might function as an addiction module responsible for the maintenance of 414 

Tebi-SV1 in Hrr. TLS-6. The packaging of VP19 into the virus particle could ensure the timely 415 

transcription of the virus genome after injection into a new host cell. Alternatively, HEPN-domain 416 



containing proteins have been shown to be involved in phage defense in bacteria 72, and VP19 could be 417 

involved in superinfection exclusion.  418 

Based on the predicted structural characteristics of protein VP35, which was also detected in viral 419 

preparations, and the similarities it shares with the major capsid proteins (MCPs) of other spindle-420 

shaped viruses, we suggest that this could be the MCP of Tebi-SV1. It was detected in several size 421 

fractions larger than its predicted size (~17.5 kDa), suggesting post-translational modification (lipid 422 

modification) or the formation of strong multimers. Post-translational modifications may hinder the 423 

detection by MS 47, which could be the reason why it was not the most abundant protein in virus 424 

preparations.   425 

Considering that all structural proteins of Tebi-SV1 were detected only downstream of the second 426 

integrase (VP13), we assume that this region (VP13-VP44) is the core region of Tebi-SV1 and suggest 427 

that the upstream region containing another integrase might derive from another mobile genetic 428 

element. The Cdc6-based lysis-lysogeny mechanism has only been described for other viruses; 429 

therefore, we hypothesize that VP1 through VP12 may have been acquired from another virus rather 430 

than a plasmid. Horizontal gene transfer and recombination events have been described for other 431 

spindle-shaped viruses, such as PAV1 and Sulfolobus spindle-shaped viruses 73,74. The integrases, one 432 

transcriptional regulator, and the Cdc6 protein are shared between Tebi-SV1 and some of its relatives 433 
45. This indicates that the proposed recombination event, of a Tebi-SV1-like virus with another MGE, 434 

may have occurred early in the evolution of these spindle-shaped viruses. 435 

The pleolipovirus Tebi-PV1 dominates virus preparation from Hrr. TLS-6 and modifies host pili  436 

Tebi-PV1 exhibits the characteristic core genes shared by all members of the Pleolipoviridae family, as 437 

well as the commonly shared genes among the Betapleolipovirus genus 49. MS analysis of virus 438 

preparations detected the spike protein along with other structural proteins that were detected in 439 

pleolipovirus particles previously 49,61. Interestingly, VP6, a T4P-like protein, was also detected in virus 440 

preparations. Host pilin and archaellum proteins were detected in the same virus preparation, suggesting 441 

that cell appendages co-purify with the viruses and VP6 could be involved in forming pilin structures 442 

at the host cell surface, as recently described for the pleolipovirus SNJ2 35. Additionally, the knockout 443 

of proviruses (including two pleolipoviruses) in Hfx. volcanii, led to an increased expression of motility 444 

related genes, including pili genes, and a significant increase in motility 6. Therefore, we conclude that 445 

pleolipoviruses target host pilin formation, both by changing the composition of the pili and by 446 

downregulating pili formation. These mechanisms likely evolved to prevent infection with the same 447 

virus and/or with other viruses; however, T4P modification by a pleolipovirus has also been shown to 448 

promote infection with a co-infecting virus 35. Virions of Tebi-PV1 were often observed in interaction 449 

with host cell appendages (Supplementary Figure 10). This may indicate that some pleolipoviruses use 450 

pili for host cell attachment, as it has been reported for several other archaeal viruses 18,75–77.  451 



Virus preparations from TLS-6 were usually highly dominated by Tebi-PV1 (average genome copy 452 

number ratio 1760 Tebi-PV1:1 Tebi-SV1). Changing of growth conditions and attempts to induce Tebi-453 

SV1, caused only minor changes to this ratio, except in CDM media supplemented with phosphate, 454 

where the difference is significant (average ratio ~80:1) (Supplementary table 2). Tebi-PV1 was 455 

detected as a circular extrachromosomal element in assemblies from host sequencing data 36, exhibiting 456 

a significantly higher coverage (~7-fold) than the main chromosome, while Tebi-SV1 was detected as 457 

an integrated element with slightly higher coverage (~1.4-fold). Therefore, we assume that Tebi-PV1 458 

is constantly replicating, while Tebi-SV1 is only induced under specific conditions, leading to an 459 

overrepresentation of Tebi-PV1 in virus preparations.  460 

Host range assessment suggests a receptor for both viruses that is available amongst a broad range 461 

of haloarchaea  462 

With the aim of finding a host strain that allows the propagation of only one of the two viruses, and a 463 

virus free host for both viruses, we tested seven different species of haloarchaea (representing six 464 

different genera) for their susceptibility to Tebi-SV1 and Tebi-PV1 infection. While none of the infected 465 

strains showed any significant growth defects, we could detect both viruses intracellularly and in culture 466 

supernatants across all tested haloarchaea by qPCR. Varying Tebi-PV1:Tebi-SV1 genome ratios in the 467 

different strains indicated different infection efficiencies of each virus in the different species. Tebi-468 

SV1 showed the highest infection efficiency in Hbt. salinarium (ratio added was 30:1 and ratio detected 469 

17 hpi was 5:1), while Tebi-PV1 was more successful in all other tested strains. Virus-to-host genome 470 

ratios were often far below 1 for the strains tested, which is likely due to the low virus-to-host genome 471 

ratios used for infection, and long-term cultures revealed the gradual decrease of both Tebi-SV1 and 472 

Tebi-PV1 genomes. Therefore, we conclude that both viruses can infect a wide range of haloarchaea 473 

(across genus level), can replicate within and egress from those host organisms initially. However, Tebi-474 

PV1 and Tebi-SV1 only infected a small portion of the cells, and Tebi-SV1 was excluded from Hfx. 475 

volcanii during the second growth cycle (Figure 6), and also excluded during subsequent transfers from 476 

the other strains (data not shown). While Hrr. TLS-6 exhibits only restriction-modification systems 477 

(RM-systems) as potential virus defense systems; the majority of the other tested species contain either 478 

CRISPR systems or BREX systems, which could be responsible for defense against Tebi-PV1 and Tebi-479 

SV1 (Supplementary Table 6). With exceptions, it is typical for pleolipoviruses of the family 480 

Pleolipoviridae and spindle-shaped viruses of families Thaspiviridae, Fuselloviridae, and 481 

Halspiviridae to exhibit a narrow host range 44,64,78. We show that together, Tebi-SV1 and Tebi-PV1 482 

exhibit a broad host range and can infect across six haloarchaeal genera. This broad host range suggests 483 

that both viruses use a receptor that is highly conserved across genera. Whether both viruses use the 484 

same receptor needs to be determined.  485 

 486 



Chronic or lytic? – the life cycle of Tebi-SV1 remains obscure 487 

Nearly all spindle-shaped viruses described so far exclusively carry out chronic infections, where cell 488 

lysis does not occur 33,64,79–82. One exception is the Acidianus two-tailed virus (ATV) which is described 489 

as causing cell lysis 83. Highest titres of Tebi-SV1 were obtained from a culture, grown from a single 490 

colony, that showed a very strong growth inhibition. Subsequent cultivations of different colonies of 491 

the same strain or the original stock showed growth behaviour similar to other Halorubrum strains 492 

(reaching OD600 of  ~1.8), while producing only a small amount of spindle-shaped virus particles. With 493 

the lack of a virus-free strain, we were unable to judge the growth differences between an uninfected 494 

culture and a culture producing low amounts of Tebi-SV1. However, considering that only low titers of 495 

Tebi-SV1 are produced, the influence on the growth behavior of the entire host population might be 496 

minor. Chronic virus infections rarely cause such significant growth deficiencies observed for the first 497 

culture producing high amounts of Tebi-SV1 61,84. Therefore, we suggest that Tebi-SV1 may cause a 498 

lytic infection as described for ATV 83. Supporting this, we were able to recover infectious Tebi-SV1 499 

particles from the cellular lysate following mechanical lysis of the host cells. Approximately half of 500 

Tebi-SV1 virions recovered from lysates were detected in S-layer preparations, suggesting that many 501 

particles accumulate on the cell surface or may be trapped between the S-layer and the cell membrane, 502 

an observation consistent with previous reports 45,64. The remaining virions were isolated by spheroplast 503 

lysis, indicating that Tebi-SV1 virions can accumulate intracellularly. The isolation of infectious Tebi-504 

PV1 particles from lysed spheroplasts was puzzling, though the Tebi-PV1:Tebi SV1 ratio was 505 

significantly lower than in virus preparations from culture supernatants. Considering that 506 

pleolipoviruses are presumably released by budding through the host cell membrane, we did not expect 507 

to isolate active virus particles by cell lysis. We assume that Tebi-PV1 particles may have been attached 508 

to pili (Supplementary Figure 10), which are not affected by S-layer removal but disrupted during cell 509 

lysis, or that Tebi-PV1 particles might have been bound to a fraction of the S-layer that is membrane 510 

anchored and not removed by MgCl2 depletion 65. Alternatively, Tebi-PV1 genomes could be enclosed 511 

in spontaneously formed membrane vesicles upon cell lysis, which subsequently fuse with a host cell. 512 

Transformation of naked pleolipovirus genomic DNA was shown to be sufficient for successful 513 

infection 15.       514 

Several proteins detected in virions of Tebi-SV1 contain predicted transmembrane domains, and virus 515 

particles isolated from both the culture supernatant and the cell lysate were sensitive to chloroform 516 

treatment. We hypothesize that Tebi-SV1 particles contain lipids, as reported for other spindle-shaped 517 

viruses 47,80–82,85,86. However, the presence of lipids still does not allow us to conclude the life cycle of 518 

Tebi-SV1, because lipids can be acquired both intracellular 87–89 or by budding through the host cell 519 

membrane 90. In summary, there is strong evidence that Tebi-SV1 release has a notable effect on host 520 

growth. However, we cannot infer whether this growth inhibition is caused by cell lysis. Strong growth 521 



retardation has also been described for some chronic viruses 84, or could be caused by virus induced cell 522 

death or dormancy 79,91. 523 

Interactions between Tebi-SV1 and Tebi-PV1 suggest a mutual regulation through a shared operator 524 
sequence 525 

While virus preparations from Hrr. TLS-6 always contained both Tebi-SV1 and Tebi-PV1 particles; 526 

there was a clear tendency that the abundance of one virus changed with the abundance of the other 527 

virus. The first virus preparation from Hrr. TLS-6 had a ratio of 1200 Tebi-SV1 genomes per Tebi-PV1 528 

genome, while in any following preparations this ratio was inverted, with 1760 Tebi-PV1 per Tebi-SV1 529 

genome. When attempting to induce a higher production of Tebi-SV1 particles, an increase in Tebi-530 

SV1 abundance also correlated with a decrease in Tebi-PV1 abundance (e.g., CDM medium versus 531 

CDM+PO4 and DBCM2 media versus CDM media, Figure 4). We concluded that the activity of the 532 

viruses is at least partially regulated by virus-virus interactions.  533 

While we could not identify growth conditions that would reproduce the high titers of Tebi-SV1 534 

particles obtained in the first virus preparation of Hrr. TLS-6, we were able to identify a genomic 535 

variation of Tebi-SV1 particles produced from this culture. Sequencing of the virus genome from the 536 

first culture revealed two SNPs in the Tebi-SV1 genome, which we could not identify on the integrated 537 

Tebi-SV1 genome when re-sequencing the host genome in subsequent cultures. The SNPs are located 538 

in the intergenic region upstream of VP8, a transcriptional regulator. Interestingly, this region partially 539 

shares 100% sequence identity with the intergenic region upstream of VP4 on the Tebi-PV1 genome. 540 

Both ORFs VP4 (Tebi-PV1) and VP8 (Tebi-SV1) show similarities to PhiH-like repressors, and we 541 

suggest that the shared region represents the operators. Considering that a mutation in the putative 542 

operator of VP8 led to a significantly increased activity of Tebi-SV1 with low Tebi-PV1 titers, we 543 

propose that the viruses co-regulate each other through this shared operator sequence. Tebi-SV1 is 544 

integrated into the host genome and usually represented in significantly lower numbers than Tebi-PV1, 545 

suggesting that Tebi-PV1 VP8 helps maintain Tebi-SV1 in its lysogenic state. Similar virus-virus 546 

regulatory mechanisms have been observed in other archaeal systems. In Hfx. volcanii, for example, the 547 

provirus Halfvol3 and virus HFPV-1 were both shown to influence each other’s transcription and 548 

replication. HFPV-1 massively downregulated the integrase and a transcriptional regulator (similar to 549 

PhiH-like repressors) in the Halfvol3 provirus region upon infection, and in a Halfvol3-free mutant, 550 

HFPV-1 replicated significantly more 15. In Halobacterium halobium cells, a homolog to PhiH1 551 

repressor protein gives the cells immunity to PhiH1 virus 92,93.  552 

The proposed regulation between Tebi-SV1 and Tebi-PV1 does not seem to represent a strict 553 

superinfection exclusion mechanism as previously described for virus-virus coinfections of archaea, 554 

where one virus completely prevents infection of the other 21,34,94. Instead, the data suggests a more 555 

subtle form of mutual regulation, allowing both viruses to co-exist while modulating each other’s 556 



activity. Similar to the recent discovery of the mutual interaction between SNJ1 and SNJ2 35, Tebi-SV1 557 

and Tebi-PV1 may be dependent on each other. Infection of other haloarchaea with the mixture of the 558 

two viruses always led to a coinfection with both viruses, suggesting that a coinfection could be crucial 559 

for both viruses to enter new host cells and replicate.  560 

Further supporting a functional link, we found that four out of six host genomes containing Tebi-SV1-561 

like viruses also harbored pleolipovirus-related sequences. This raises the possibility that the successful 562 

maintenance and replication of certain spindle-shaped viruses may depend on coinfection with a 563 

compatible pleolipovirus.  564 

Conclusion  565 

In this study, we isolated and characterized a new spindle-shaped virus (Tebi-SV1) that co-exists with 566 

a pleolipovirus in the same host strain. We were only able to identify the spindle-shaped virus (Tebi-567 

SV1) because we visualized the culture supernatant with TEM. Relying solely on genome analysis 568 

would not have allowed for the identification of this MGE as an actual virus, due to the unique structure 569 

and sequence of the virus genome. This nicely demonstrates that isolation is often still a crucial method 570 

for identifying viruses, especially when working with archaeal viruses. We uncovered that the 571 

coinfecting pleolipovirus, Tebi-PV1, likely regulates the activity of Tebi-SV1 through a predicted 572 

repressor protein, without excluding Tebi-SV1 from the host. Additionally, Tebi-PV1 encodes for T4P 573 

which we detected by proteomics and may also play an important role in both virus-host and virus-virus 574 

interactions. Finally, coinfection with both viruses appeared to be crucial to allow the infection of other 575 

haloarchaea. Considering other recent findings on the interactions of pleolipoviruses with coinfecting 576 

viruses and their prevalence in haloarchaea genomes, we propose that pleolipoviruses play a particularly 577 

important role in virus-host and virus-virus interactions in haloarchaea. This example of mutual 578 

regulation portrays the importance of understanding such complex virus-virus interactions that may 579 

occur across all domains of life.  580 

Experimental Procedures  581 

Strains and cultivation conditions 582 

All haloarchaeal strains used in this study are summarized in Supplementary Table 7. Halorubrum sp. 583 

strain TLS-6 (TLS-6) was isolated from a microbial mat from Laguna Tebenquiche, Chile 36. TLS-6 584 

was cultivated either in nutrient rich media, modified DBCM2 95, or alternatively, nutrient deficient 585 

media, modified CDM 96 supplemented with 1 mM phosphate (K2HPO4). All Halorubrum strains were 586 

cultured aerobically with constant agitation of 120 rpm at 28 °C unless otherwise stated. All strains 587 

were inoculated from glycerol stocks (in media with 15% glycerol stored at -80°C) and grown in 588 

approximately 5 mL of the corresponding media and temperatures (Supplementary Table 7) until an 589 

optical density at 600 nm (OD600) of ~0.5. The cultures were diluted to OD600 = 0.05 in fresh media and 590 



regrown to an OD600 of approximately 1. Dilution to OD600 = 0.05 was repeated once more in fresh 591 

media and cultures were grown to exponential growth phase before used for all experimental procedures 592 

described. Conditions tested to enrich either Tebi-PV1 or Tebi-SV1 included UV treatment, antibiotics, 593 

and PO4 supplementation (1mM K2HPO4). UV treatment was performed in early exponential growth 594 

phase using a UV crosslinker from Biometra™ at 0.05 J of UV radiation for 30 seconds. Antibiotics 595 

Mitomycin C (15 µg/mL) and Pravastatin (1 µg/mL) were added in early exponential phase.  596 

Isolation and purification of viruses 597 

Hrr. TLS-6 was initially cultivated from a single colony (CDM agar) in 50 mL CDM 96 supplemented 598 

with 1 mM K2HPO4 and with and without 11 µM arsenic (As (V)). The cultures did not reach 599 

exponential phase, but were, regardless, diluted into 500 mL and grown for ~30 days. Cells were 600 

removed by filtration with 0.45 µm pore size followed by 0.22 µm pore size filters. Subsequently, the 601 

flow through was ultra-centrifuged (41,000 rpm for 2 h, 4 °C, fixed angle 70.1 Ti rotor, Beckman & 602 

Coulter). The resulting pellets were re-suspended in DBCM2 salt solution (180 g/L NaCl, 25 g/L MgCl2, 603 

29 g/L MgSO4·7 H2O, 5.8 g/L KCl). For genomic DNA extraction, the preparation was syringe filtered 604 

(0.22 µm pore size) and treated with 50 µg/mL RNase A (16 units, ThermoFisher™) and 50 µg/mL 605 

DNase I (16 units, NEB) at 37 °C for 2 hours. The virus preparation was then loaded onto an Iodixanol 606 

(25 % - 40 % OptiPrep) gradient that was pre-layered and allowed to linearize overnight (38,000 rpm 607 

for 20 h, 4 °C, SW41 Ti Swinging-Bucket rotor, Beckman & Coulter). Three resulting bands were 608 

extracted with a syringe, and virus-like particles (VLPs) were observed under the TEM. DNA was 609 

extracted from all bands (see Preparation and analysis of viral genomes), and DNA from the second 610 

band was used for genome sequencing.  611 

For Tebi-SV1 enriched preparations, TLS-6 was grown in 1 L of modified CDM supplemented with 1 612 

mM phosphate. Cells were collected via centrifugation (4500 x g, 45 min) and resuspended in 6 mL of 613 

DBCM2 salt solution. Cells were harvested via centrifugation (10,000 x g, 10 min) and washed once 614 

more with fresh buffer to remove any free virus particles. After centrifugation (10,000 x g, 10 min), the 615 

cells were resuspended and incubated in spheroplasting solution (1 M NaCl, 27 mM KCl, 50 mM Tris-616 

HCl, 15% sucrose) and 0.5 M EDTA, pH 8, at room temperature (RT) for 10 min. Samples were 617 

sonicated in an ice water bath (Bandelin Sonorex TK52) for 25 min. Cell debris was removed by 618 

centrifugation (15,800 x g, 30 min at 4 °C) and filtration with 0.45 µm pore size followed by 0.22 µm 619 

pore size filters. The lysate was collected by ultracentrifugation (41,000 rpm for 2 h, 4 °C in Beckman 620 

70.1 Ti rotor), the pellet was dissolved in 1 mL DBCM2 salt solution, and then sterile filtered once 621 

more with 0.22 µm pore size. For Tebi-PV enriched preparations, TLS-6 was grown in nutrient rich 622 

media (DBCM2). Cultures were harvested in stationary phase by centrifugation (4,500 x g, 45 min, 4 623 

°C) to pellet the cells. The supernatant was filtered (0.22 µm pore size), and virus particles were 624 

collected by ultracentrifugation (as above). The re-suspended (1 ml DBCM2 salt solution) pellets were 625 



filtered once more (0.22 µm pore size) to a final volume of 1 mL. DNA extraction was performed on 626 

20 µL of DNase I treated concentrated supernatant and screened for both viruses by PCR or qPCR (see 627 

Virus quantification by qPCR). Virus preparations were tested for host contamination both by PCR and 628 

by incubation in medium for several days before further use.  629 

Genome sequencing and genome analysis 630 

DNA was extracted using a genomic DNA extraction kit (ISOLATE II PCR & Gel Kit, Bioline®). 631 

Library preparation (FS DNA Library, NEBNext® Ultra™) and sequencing Illumina HiSeq3000, 2 x 632 

150 bp, 1 Gigabase were performed at the Max Planck-Genome-Centre (Cologne, Germany). The reads 633 

were quality trimmed using Cutadapt 97 minimum quality of 30, and a minimum length of 50 (-q 30, -634 

m 50). Assembler metaplasmidSPAdes 98 was used to perform assembly of high-quality trimmed reads. 635 

Sequence similarity was assessed using BLASTn 99,  e-value < 10-5, word size 28, and compared to 636 

public databases NCBI, Nucleotide Selection, and RefSeqProteins 100. Open reading frames were 637 

predicted using Prodigal 101. InterProScan 102 was used to detect putative conserved domains and other 638 

protein signatures. Manual annotations of the two resulting contigs were compared and refined by 639 

IMG/VR 103 NCBI BLASTx, InterProScan, HHblits 99,102,104, Uniclust 105, and Glimmer 106 results. The 640 

Mauve alignment algorithm and EasyFig BLAST tool were used to identify similar viral and host 641 

genomes for whole-genome alignments 107. Accession numbers for the genomes of Tebi-SV1 and Tebi-642 

PV1 are PX315771 and PX315772, respectively. The Halorubrum TLS-6 genome sequencing reads 643 

(SRR12122876, SRA) were assembled with SPAdes v.3.11.0 (default parameters) into 48 contigs (~1.6 644 

Mbp, ~1.2 Mbp, ~101kbp, 15.2kbp, 2.2 kbp, 1.8kbp,1.5kbp and 41 contigs below 1kbp) 108. 645 

Resequencing of the TLS-6 genome was performed as described above. To identify mutations in the 646 

Tebi-SV1 and Tebi-PV1 genomes, the reads (available under BioProject accession number 647 

PRJNA1322139) were trimmed and mapped to the assembled genome of TLS-6 using Geneious mapper 648 

(Geneious Prime® 2025.0.3, low sensitivity, default parameters), and the ‘find variations’ feature 649 

(default settings).   650 

Phylogenic analysis and identification of relatives  651 

Network analyses were performed using vConTACT2 109 with the Viral RefSeq-archaea database 652 

(version 211) and the IMGPR database 110. The analysis utilized BLASTP as the relationship mode (—653 

rel-mode BLASTP) with an e-value threshold of 10⁻³ to determine significant sequence similarities. 654 

The analysis revealed the close relationship of proposed plasmid 655 

IMGPR_plasmid_2904944409_000002 with Tebi-SV1. The resulting network structures were 656 

visualized using the R packages ggplot2 and Network 111,112, allowing for the graphical representation 657 

of gene-sharing patterns. Phylogenetic analysis and whole-genome comparisons were conducted using 658 

VICTOR 113, considering D0, D4, and D6 formulas of predicted gene sequences for clustering and 659 

taxonomic assignment. Clustering results were reconciled with Victor analysis to indicate the 660 



acceptable thresholds of gene-sharing at the approximate genus level. The average nucleotide identity 661 

(ANI) threshold (95%) used to delineate species in viral genomics was taken from 55.  662 

Protein content analyses of virus particles 663 

Purified virus preparations were supplemented with 1X sample buffer (0.2 g SDS, 1 mg Bromphenol 664 

Blue, 0.78 mL glycerol, 0.2 mL 0.5 M Tris pH 6.8, and 0.155 g DTT per 10 mL) and Urea (3.3M). The 665 

protein mixture was heat denatured for ~10 min at 95 °C. Viral proteins were separated by Tris-Glycine 666 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) gel electrophoresis (12% 667 

acrylamide in resolving gel). Gels were stained with fast Coomassie staining (50% ethanol, 10% acetic 668 

acid, 0.5% wt/vol Coomassie Blue). In-gel digestion of excised bands or lanes was performed as 669 

described in 114. Protein content analyses of gel separated samples was performed using mass 670 

spectrometry (MS) as described in 115. For protein identification, we generated a custom database by 671 

predicting open reading frames from the host genome (Prodigal 101) and manually curating the viral 672 

genome as described in Viral genome sequencing and genome analysis. Additionally, we included 673 

protein sequences predicted the cRAP protein sequence database (http://www.thegpm.org/crap) of 674 

common laboratory contaminants. Searches of the MS/MS spectra against this database were performed 675 

with the Sequest HT node in Proteome Discoverer vs. 2.5 (Thermo Fisher Scientific). False discovery 676 

rates (FDRs) for peptide spectral matches (PSMs) were calculated and filtered using the Percolator 677 

Node in Proteome Discoverer. The percolator was run with a maximum delta Cn 0.05, a strict target 678 

FDR of 0.01, and a relaxed target FDR of 0.05, and validation based on q-value. The Protein FDR 679 

Validator Node in Proteome Discoverer was used to calculate q-values for inferred proteins based on 680 

the results from a search against a target-decoy database. Proteins with a q-value of <0.01 were 681 

categorized as high-confidence identifications and proteins with a q-value of <0.01 were categorized as 682 

medium-confidence identifications. 683 

Chloroform and Protease treatment of viral preparations   684 

Triplicates of cell lysate preparation or supernatant virus preparation from TLS-6 cultured in CDM + 1 685 

mM K2HPO4 (see Isolation and purification of viruses) were diluted with 2 parts of water to preserve 686 

the activity of Proteinase K. A final concentration of 7.5 µg/ml of Proteinase K, or the equivalent 687 

volume of H2O were added and samples were incubated for 4 h at 37 °C with occasional inversion to 688 

mix. The proteinase K was inactivated with PMSF (2 mM final concentration). Unprotected DNA was 689 

digested with DNase I after adding 1x final concentration DNase buffer for 2 h at 37 °C (New England 690 

Biolabs). The salinity was adjusted with DBCM2 salt solution, and the entire sample was used to infect 691 

Hrr. lacusprofundi cells (~5E+05 cells). Fresh media was added to reach a final volume of 1.5 mL, and 692 

samples were left to adsorb for ~16 h at room temperature. Cells were then harvested at 4,500 x g for 693 

45 min. and the cell pellets were washed twice with DBCM2 salt solution (10,000 x g for 10 min). DNA 694 

was extracted from cell pellets, and internalized virus genomes were detected via qPCR. 695 



Triplicates of cell lysate preparation or supernatant virus preparation from TLS-6 cultured in CDM + 1 696 

mM K2HPO4 (see Isolation and purification of viruses) were exposed to chloroform (manufacturer) in 697 

a 1:4 (solvent to virus) volume ratio and incubated with constant agitation for 20 min at RT. The samples 698 

were centrifuged (13,500 x g, 3 min) and the watery upper layer was collected in a fresh tube. For 699 

untreated controls, the same volume of the same virus preparation was used; however, no chloroform 700 

was added. Unprotected DNA was digested with DNase I after adding 1x final concentration DNase 701 

buffer (2 h at 37 °C). An equal volume of fresh DBCM2+ media was added to the sample (final volume 702 

~1.5 mL). Hrr. lacusprofundi cells were infected (as above) with chloroform treated and control virus 703 

preparations. Infected cells were harvested, washed, and screened for internalized virus genomes with 704 

qPCR (as above). 705 

Infectivity and host range assessment   706 

Seven different haloarchaeal hosts were tested in biological triplicates (Figure 6 & Supplementary 707 

Figure 4). All strains were grown in 2 sequential cultures as described above, and infected in the 708 

exponential phase with a total MOI of approximately 2.5 (0.09 for Tebi-SV1 and 2.5 for Tebi-PV1, 709 

total virus genome copy number added per culture: 1.44E+08 Tebi-SV1 and 4.18E+9 Tebi-PV1). Host 710 

cell number was calculated with 1.65E+9 in 50ml at OD600 0.05, using cell numbers determined for 711 

Hrr. lacusprofundi 27. Notably, these numbers can differ slightly for the other organisms. After 712 

incubation overnight at RT (17 hours for Hrr. lacusprofundi, Haloferax mediterranei and Haloferax 713 

volcanii; 16 hours for Halobacterium salinarum and Haloarcula japonica; 8 hours for Haloquadratum 714 

walsbyi and Haloterrigena turkmenica) for optimal adsorption, cells were pelleted and washed twice to 715 

remove any unbound virus remaining in the supernatant (10,000 x g, 10 min and re-suspended in 500 716 

µL medium). Cells were transferred into 7 ml fresh medium and incubated as described. Optical density 717 

at 600 nm (OD600nm) was used to monitor growth kinetics (Figure 6 and Supplementary Figure 4). 718 

Samples (1.5 mL) were taken at different time points post infection (indicated in the figures) where 719 

hours post-infection (hpi) specify the time after the virus was mixed with host cells for adsorption. Cells 720 

from 1.5 ml of culture were harvested by centrifugation (10,000 x g, 10 min), washed twice with fresh 721 

media (to remove any free viruses), and screened for infection with Tebi-SV1 and Tebi-PV1 with 722 

specific qPCR probes (Supplementary table 8). The supernatant was filtered twice with 0.22 µm syringe 723 

filters, and virus particles were harvested by ultracentrifugation (41,000 rpm for 2 h, 4 °C, fixed angle 724 

70.1 Ti rotor, Beckman & Coulter). The pellets were resuspended in 100 µL of DBCM2 salt solution 725 

and treated with DNase I before DNA extraction and quantification by qPCR.  726 

Virus quantification by qPCR 727 

DNA extractions were performed with an Isolate II Genomic DNA Kit (Bioline, London. UK) 728 

according to the manufacturer’s instructions. Virus genome copy numbers were determined in technical 729 

triplicate for each biological replicate as described previously 27,116. The primer sequences, annealing 730 



temperatures, and concentrations of all primers used are listed in Supplementary Table 8. Host and virus 731 

genome copy numbers in all samples were quantified as previously described 116. The means from the 732 

various conditions in Figure 4 were compared with two-sided, Student’s t-test (Supplementary Table 733 

2).  734 

Negative-stain Transmission electron microscopy 735 

Five µL of a viral preparation was adsorbed onto a carbon-coated copper grid for 3 minutes. The sample 736 

was dipped into a 5 µL droplet of ddH2O before negative staining with 2% uranyl acetate for 45 seconds. 737 

Imaging was performed at 200 kV using a JEOL JEM-2100 Plus electron microscope. 738 

Data Availability 739 

The genomes of Tebi-SV1 and Tebi-PV1 are available under accession numbers PX315771 and 740 

PX315772, respectively. Raw reads for the re-sequencing of the TLS-6 genome are available under 741 

BioProject accession number PRJNA1322139. Mass spectrometry data are under submission to PRIDE, 742 

they are currently available for review under this link https://nextcloud.mpi-743 

bremen.de/index.php/s/m2wx8JLQCB595eS (Password: TQ6Kpvu7a2). 744 
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