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ABSTRACT 44 

CRISPR-Cas systems defend prokaryotic cells from invasive DNA of viruses, plasmids, and other 45 

mobile genetic elements. Here we show using metagenomics, metatranscriptomics and single-46 

cell genomics that CRISPR systems of widespread, uncultivated archaea can also target 47 

chromosomal DNA of archaeal episymbionts of the DPANN superphylum. Using meta-omics 48 

datasets from Crystal Geyser (USA) and Horonobe Underground Research Laboratory (Japan), we 49 

find that CRISPR spacers of the hosts Candidatus Altiarchaeum crystalense and Ca. A. 50 

horonobense, respectively, match putative essential genes in their episymbionts’ genomes of the 51 

genus Ca. Huberiarchaeum, and that some of these spacers are expressed in situ. Metabolic 52 

interaction modeling also reveals complementation between host-episymbiont systems, based 53 

on which we propose that episymbionts are either parasitic or mutualistic depending on the 54 

genotype of the host. By expanding our analysis to 7,012 archaeal genomes, we suggest that 55 

CRISPR-Cas targeting of genomes associated with symbiotic archaea evolved independently in 56 

various archaeal lineages. 57 

 58 

 59 

INTRODUCTION 60 

Clustered regularly interspaced short palindromic repeats associated systems (CRISPR-Cas) 61 

facilitate adaptive prokaryotic immunity via cleavage of mobile genetic elements (MGEs), e.g., 62 

viruses and plasmids1. CRISPR loci consist of a series of direct repeat (DR) sequences interspaced 63 

by short variable fragments, i.e., spacers, flanked by cas genes. Upon exposure to novel MGEs, 64 

short DNA fragments from these invaders are incorporated into the CRISPR array as spacers. The 65 

spacers are then used as templates to form CRISPR RNAs (crRNAs) that guide effector Cas 66 

nucleases to complementary nucleic acid sequences. Spacer sequences can also be used to study 67 

infection histories in silico based on matches to protospacers, corresponding nucleic acid regions 68 

in the MGE2. 69 

CRISPR systems exhibit remarkable diversity and functional plasticity including roles in 70 

non-defensive functions (reviewed by Koonin & Makarova 20223). Six main types of CRISPR-Cas 71 

systems have been described, including different subtypes, e.g., type I-A to I-F, depending on 72 
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signature genes and their arrangements4,5. Target identification in type I and II systems is 73 

dependent on the recognition of a short protospacer-adjacent motif (PAM) in the target DNA 74 

sequence, which elicits cleavage and clearance of the MGE’s protospacer. Rather than relying on 75 

a defined PAM for target recognition, other CRISPR systems (e.g. type III) generally evaluate the 76 

extent of hybridization between the flanking portions of the crRNA (called protospacer-flanking 77 

sequence) and the target6,7. While CRISPR-Cas systems are widely distributed, they are more 78 

common in archaea (in ~85% of genomes) than in bacteria (in ~40% of genomes; reviewed by 79 

Makarova et al. 2020)5.  80 

Branching from the archaeal tree of life, the DPANN superphylum including i.e., 81 

Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota and Nanohaloarchaeota, and 82 

several other recently proposed phyla8,9, comprises a vast collection of microorganisms 83 

remarkably small in size and enigmatic due to the scarcity of cultivated representatives10,11. 84 

Insights into the physiological characteristics of DPANN archaea arise primarily from detailed 85 

analyses of co-cultivation with amenable microorganisms12,13 and/or imaging of environmental 86 

samples14. These inferences, along with the limited metabolic potential contained in their 87 

comparatively small genomes, suggest that most DPANN archaea exist as (epi-)symbionts of 88 

other archaea13,15–18 or even as intracellular symbionts19. The independent and autotrophic 89 

Candidatus Altiarchaeum sp. is host organism to another uncultivated DPANN archaeon, 90 

Candidatus Huberiarchaeum crystalense14,20.  91 

 Previous evidence suggested that certain DPANN archaea can fuse their cytoplasm with 92 

that of their hosts14,15,21–23 and even exchange enzymes21. Cytoplasm fusion could in theory 93 

facilitate transfer of metabolites from the host to the symbiont consequently rendering such a 94 

symbiosis potentially parasitic. Hence, we investigated the symbiotic nature of the uncultivated 95 

DPANN Ca. Altiarchaeum and its uncultivated DPANN episymbiont Ca. Huberiarchaeum using 96 

meta-omics and metabolic modeling in two independent subsurface ecosystems (Fig. 1A). Based 97 

on the complex interaction of Ca. Altiarchaea and viruses in deep subsurface ecosystems, we 98 

examined the encoded CRISPR systems and analyzed the targets of their respective spacer 99 

populations in two independent subsurface ecosystems (accessible through Crystal Geyser (CG), 100 

Utah, USA and Horonobe Underground Research Laboratory (HURL), Hokkaido, Japan), where we 101 
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identified both the host, and the symbiont being associated based on fluorescence in situ 102 

hybridization (FISH). Our findings demonstrate that a substantial portion of the host spacer 103 

population is targeted towards the genomes of the episymbionts having the same PAM sequence 104 

as the respectively targeted viruses in the ecosystems. In addition, the host CRISPR systems also 105 

target the host chromosome, based on which genome-centric metabolic modeling predicted a 106 

mutualistic relationship between host and episymbiont as a function of metabolic 107 

complementation. Based on our results, we suggest that CRISPR-Cas systems play an integral role 108 

in mediating archaeal host-DPANN interactions. 109 

 110 

RESULTS  111 

A CRISPR-Cas system targets archaeal episymbiont genomes 112 

Two subsurface ecosystems separated by 8,255 km (Fig. 1A) and derived from different 113 

geological formations20,24, i.e., a Wingate Sandstone-hosted aquifer of the Colorado Plateau at 114 

~ 350 m depth (the CG ecosystem)20,25–27 and a diatomaceous/siliceous mudstone-hosted aquifer 115 

of the HURL24 at ~ 250 m depth, were dominated by two species of Ca. Altiarchaea (up to 24.5% 116 

and 51.6% of the community, respectively). We show their association with cells of Ca. 117 

Huberiarchaea, their DPANN episymbiont, using species-specific FISH (Fig. 1A). The Ca. 118 

Altiarchaea genomes retrieved from CG and HURL were shown to encode a I-B CRISPR system 119 

and an abundant CRISPR array, which could not be assigned to a specific cas gene casette, as has 120 

been reported for other Ca. Altiarchaea species25,28. Confidence in assigning the CRISPR-Cas 121 

system to its correct metagenome-assembled genome (MAG; Altiarchaea genomes n=1; Table 122 

S1-S2) derives from the exceedingly high abundance of Ca. Altiarchaea genome fragments in the 123 

CG samples (Fig. S1). In addition, within 219 single-cell amplified genomes (SAGs; Altiarchaea 124 

SAGs n=7; Table S3) from CG, only Ca. Altiarchaea bore the corresponding consensus DR 125 

sequence (see Extended Data Fig. 1 for additional correlation-based evidence), which were 126 

remarkably well-conserved across ecosystems28 (Fig. 1B).  127 

Analyses of spacers from Ca. Altiarchaeum crystalense detected in 66 CG metagenomes 128 

over six years of surveillance (1.07 Tbps of sequencing data, Table S1) revealed 297,531 distinct 129 

spacer clusters (Fig. 1B), indicative of a complex CRISPR spacer repertoire system for this 130 
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organism (Figs. S2 and S3). Within these metagenomes, CRISPR type I-B spacers matched the 131 

protospacers of 64 viral DNA sequences corresponding to 14 distinct viral genus clusters (Fig. 1C, 132 

Table S6, Extended Data Fig. 2, Fig. S4-S6, details in Supplementary Results). The PAM sequence 133 

5'-TTN-3' was identified on viral targets matched by type I-B spacers (Fig. S7). However, we were 134 

unable to experimentally confirm this PAM using an established PAM assay29 or to assess GFP 135 

repression30 using the 5'-TTN-3' PAM in a cell-free transcription-translation (TXTL) system29 , likely 136 

due to the divergent settings (including temperature) of the host environment compared to 137 

those used in the established assay29. 138 

The finding that all virus-matched spacers detected in the exhaustive CG survey derived 139 

from the CRISPR I-B system and the ubiquitous nature of this system in Ca. Altiarchaea 140 

worldwide28 suggests that the I-B system serves as a primary line of defense against viruses 141 

infecting these archaea. A substantial fraction of the spacers matched microbial genomes, 142 

including those of Ca. A. crystalense, i.e., its own genome (self-targeting, up to 2.9% in sample 143 

CG16) and of its episymbiont Ca. Huberiarchaeum crystalense (up to 2.8% in sample CG08; Fig. 144 

1C-1D, Fig. 2A-D). The relative proportion of spacers matching the episymbiont was greater than 145 

that matching the host genome (Fig. 1C-D), indicative of biased acquisition, negative selection of 146 

self-targeting spacers or a positive selection for spacers from the episymbiont genome. The 147 

positions of these spacers in the CRISPR I-B array encoded in an altiarchaeal SAG suggest that 148 

these spacers prevailed in the system for extended periods (Fig. 2D). While 17% of the 149 

protospacers self-targeted through the I-B system showed a significant decrease in metagenomic 150 

coverage compared to untargeted scaffold regions (bootstrapped Wilcoxon paired signed rank 151 

test, target sites = 196, FDR-corrected p-value < 0.05), 30% of the I-B protospacers in Ca. H. 152 

crystalense genomes showed a significant drop in coverage, suggesting in situ targeting of the 153 

episymbiont in CG (bootstrapped Wilcoxon signed rank test, target sites = 73, FDR-corrected p-154 

value < 0.05; Supplementary Results, Extended Data Fig. 3). The coverage of the significantly 155 

different targeted regions, compared to the average coverage of the scaffold decreases in Ca. A. 156 

crystalense and Ca. H. crystalense by 10.74% (median) and 36.99% (median), respectively 157 

(bootstrapped Wilcoxon signed rank test, n=990, FDR-corrected p-value < 0.05; details in 158 

Supplementary Results, Table S5). Supporting this difference, the PAM sequence detected next 159 
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to the protospacers in Ca. H. crystalense was identical to that of the virus-targeting PAM 160 

sequence (Fig. S7). Coverage drops as observed herein could also arise from misassemblies, 161 

regions excised in subpopulations, or elevated SNPs resulting in low recruitment of reads. 162 

In contrast to the conserved PAM in the episymbiont and the viruses, the self-targeted 163 

protospacer regions were not associated with the 5'-TTN-3' PAM (Fig. S7). As shown for other 164 

microbial communities, self-targeting can result in cell suicide (reviewed in Heussler and O’Toole, 165 

2016)31 or transcriptional regulation32 of genes influencing the fitness of the microbial population 166 

and can thus reduce the strain variation within an ecosystem33. However, the lack of the PAM, 167 

the essential motif for successful targeting of DNA by CRISPR system type I (reviewed in Bhaya et 168 

al. 2011)34 in the population genomes of Ca. Altiarchaea, might on the one hand prevent 169 

subpopulations of Ca. Altiarchaea from cell death by autoimmunity. On the other hand, the 170 

correct PAM could still lead to cell death in subpopulations, given that the PAM has not been 171 

silenced by mutations. Based on the overall results from metagenomics and metatranscriptomics 172 

we suggest that CRISPR-Cas systems may function similarly against viral DNA and chromosomal 173 

DNA of episymbionts. 174 

Previous investigations, which were based on either species-specific FISH or electron 175 

microscopy, indicate that many DPANN archaea (including Ca. A. crystalense and its episymbiont) 176 

fuse their cytoplasms14,15,21–23. This direct interaction of the host’s and the symbiont’s 177 

cytoplasms, and a potentially predatory nature of the symbiont14,20, likely underlie the evolution 178 

of a direct assault on the episymbiont’s genome by the Altiarchaea CRISPR system (Fig. 1A). To 179 

this end, we annotated genes of Ca. H. crystalense targeted by Ca. A. crystalense’s CRISPR type 180 

I-B system and identified several hypothetical proteins, proteins lacking annotation, and non-181 

coding genomic regions (these categories sum up to 98.25%). Targeted genes included a CTP 182 

synthase and a DNA methyltransferase N-4/N-6 domain protein (Fig. 2C, Table S5). 183 

Methyltransferases protect DNA against cleavage by restriction enzymes35. Inactivation of such 184 

a methyltransferase might increase vulnerability of the episymbiont towards enzymatic cleavage 185 

by the host. 186 

 187 

 188 
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CRISPR targeting in two independent host-episymbiont systems  189 

Targeting of episymbiont’s genomes by altiarchaeal CRISPR spacers was also observed in the 190 

HURL ecosystem. In contrast to Ca. A. crystalense’s CRISPR-Cas I-B dependent targeting of Ca. H. 191 

crystalense genomes in the CG environment, Ca. Altiarchaeum horonobense found within the 192 

HURL ecosystem appeared to employ CRISPR spacers of an unassigned array (i.e., no cas genes 193 

in direct vicinity could be detected due to genome fragmentation but the DR sequence is identical 194 

to type III CRISPR-Cas systems of other Altiarchaea28) to potentially ward off Ca. Huberiarchaeum 195 

julieae episymbionts and viral invaders (Fig. 1D). While spacers of this unassigned array targeting 196 

the Ca. H. julieae’s genome exhibited greater diversity compared to the self-targeting 197 

counterparts of Ca. A. horonobense’s (Fig. 1D), their relative abundance in the metagenome was 198 

nearly two-fold lower (Fig. 1E). The ecosystem-specific involvement of CRISPR-Cas I-B along with 199 

the unassigned array targeting of the episymbiont genomes in two distinct subsurface 200 

ecosystems seemingly indicates an independent evolution of defense against intruding DNA, 201 

which aligns with previous investigations that demonstrated a strict biogeography of Ca. 202 

Altiarchaea core genomes and site-specific evolution36. Given the site-specific evolution of Ca. 203 

Altiarchaea an alternative explanation for the acquisition of spacers against foreign chromosomal 204 

DNA might be avoidance of spoilage of the host chromosome by intruding genes (horizontal gene 205 

transfer). In Haloarchaea, such a mechanism has been shown to indirectly control for unwanted 206 

horizontal gene transfer between strains of the same genus37. 207 

Spacers of the unassigned CRISPR array were detected in much greater diversity than 208 

those of CRISPR I-B systems at the HURL site (Fig. 1D-E). While spacers of the unassigned array of 209 

CG-derived Ca. A. crystalense self-target chromosomal gene sequences, the spacers of the 210 

unassigned array of Ca. A. horonobense’s self-target intergenic regions (Fig. 1C, Table S7). 211 

Notably, it has been demonstrated in haloarchaea that self-targeting does not necessarily lead 212 

to cell suicide38. Assuming that the CRISPR-Cas interference is associated with a defense against 213 

the symbiont, a plethora of spacers present at CG might effectively repress the symbiont 214 

(host:symbiont = 11:1 based on metagenomic read mapping), while a lower abundance of 215 

spacers targeting Ca. H. julieae at HURL was associated with a higher presence of episymbionts 216 

(host:symbiont = 6:1).  217 
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Episymbionts metabolically complement self-targeted hosts 218 

We applied genome-scale metabolic modeling to examine the different symbiotic interactions of 219 

Ca. Altiarchaea and Ca. Huberiarchaea implicated by variations in the CRISPR systems and host-220 

symbiont ratios of the two ecosystems analyzed. MAGs (ten genomes of Ca. A. crystalense, ten 221 

of Ca. H. crystalense, one of Ca. A. horonobense, one of Ca. H. julieae), SAGs (seven of Ca. A. 222 

crystalense and one of Ca. H. crystalense) and transcriptomic data (extracted spacers of samples 223 

CG05, CG08 and CG16 from 2015) from CG and HURL ecosystems were used to render genome-224 

scale metabolic reconstructions. Although we applied thorough manual data curation20,27, the 225 

genomes were fairly fragmented (average N50host/CG = 8067.24, average N50symbtiont/CG = 226 

14983.73, average N50host/HURL = 3604, average N50symbtiont/HURL = 4115), and missing information 227 

due to fragmentation or binning errors cannot be excluded. 228 

A consensus model was created for each ecosystem to cogently summarize and compare 229 

the metabolic capacities of Ca. Altiarchaeum and Ca. Huberiarchaeum, and constraint-based 230 

modeling of these metabolic networks facilitated an assessment of host-symbiont metabolic 231 

complementarity (Fig. 2E-F, Fig. S8). Models of the CG and HURL environment both revealed a 232 

significant reliance of Ca. Huberiarchaea upon its host’s metabolism yet little to no dependency 233 

of the host upon the metabolism of Ca. Huberiarchaea. For example, glucose, amino acids, 234 

vitamins, and energy carrying compounds like adenosine triphosphate (ATP) were transferred 235 

from Ca. Altiarchaeum to Ca. Huberiarchaeum in both models (Table S8-S11; details in 236 

Supplementary Results), supporting the notion that Ca. Altiarchaeum is a primary producer, while 237 

Ca. Huberiarchaeum relies on its host for carbon and energy sources14. 238 

Analyses of CG and HURL host-symbiont relationships also revealed highly variable 239 

metabolic collaborations between episymbionts and their hosts. In the CG ecosystem, a 240 

deoxycytidylate monophosphate (dCMP) deaminase was absent in Ca. A. crystalense but present 241 

in Ca. H. crystalense. This gene is essential to reach a non-zero biomass for Ca. A. crystalense in 242 

the model (see Supplementary Results), suggesting a collaborative effort of synthesizing 243 

pyrimidine (Fig. S8C). Similarly, HURL-borne Ca. A. horonobense genomes lacked deoxythymidine 244 

monophosphate (dTMP) synthase genes, while these genes were present in the genomes of Ca. 245 

H. julieae – once again implicating collaboration, namely in folate biosynthesis (Fig. S8C; Fig. 3). 246 
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At HURL, the self-targeting of genes in Ca. Altiarchaea did not impact the host’s dependency on 247 

the symbiont’s metabolism within both CRISPR systems (Fig. S8, Supplementary Results). At CG, 248 

however, eliminating the functions of genes self-targeted by the I-B system in metabolic models 249 

exposed additional modes of complementing Ca. A. crystalense’s metabolic demands by Ca. 250 

Huberarchaea via lysyl-tRNA synthetases and phenylalanyl-tRNA synthetases (Fig. 2D-E, Fig. 3, 251 

and Fig. S8A, and C-F). The respective protein sequences were not horizontally transferred 252 

between Ca. Altiarchaea and Ca. Huberiarchaea based on phylogenetic analyses; instead, the 253 

phenylalanyl-tRNA synthetase of Ca. Huberiarchaeum can be traced back with strong confidence 254 

to Ca. Woesarcheaota and Ca. Pacearchaeota (Supplementary Data). 255 

While the protospacers of Ca. Altiarchaea viruses and Ca. H. crystalense harbored a 256 

definitive PAM (5'-TTN-3'associated with other I-B systems39), no such clear motif was detected 257 

in the host protospacers. Here, the second base of the putative PAM region, exhibited a four-fold 258 

greater than the average single nucleotide polymorphism (SNP) rate of genes (Fig. S9; details in 259 

Supplementary Results). Mutations in the PAM region diverging from the 5'-TTN-3' motif would 260 

prevent self-targeting at least for parts of the altiarchaeal population40 and thus protect the host 261 

chromosome from CRISPR-Cas-mediated cleavage. In our model, removal of self-targeting would 262 

lessen the metabolic dependence on the symbiont and enable subpopulations of Ca. Altiarchaea 263 

to flourish more independently. The missing PAM sequence for self-targeting spacers and the 264 

increased SNP-rate in such regions compared to those targeting the episymbiont suggest that the 265 

population of Ca. Altiarchaea is adapting to escape the dependency of the symbiont. Considering 266 

that acquisition of self-targeting spacers is a stochastic process41, escape mutations or deletions 267 

within the essential targeted genes could have detrimental effects on the cell viability due to the 268 

deficits in the corresponding metabolic activities resulting in cell suicide (reviewed in Heussler 269 

and O’Toole, 2016)31. Episymbionts could provide a temporary relief to the host cell by 270 

complementing the metabolic deficiency, becoming a bona fide symbiont, at least until the 271 

metabolic autonomy of the host is reestablished. We thus hypothesize that interactions between 272 

hosts and episymbiont depend on the genotype of the host and can consequently be either 273 

mutualistic or parasitic. However, cultivation of the host-symbiont system along with establishing 274 

a genetic system to modify the host genome are necessary to test this hypothesis. 275 
 276 
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Inter-phylum interactions in other symbiotic archaea 277 

To facilitate the overlay of our findings on other potential archaeal host-DPANN episymbiont 278 

relationships, we analyzed CRISPR spacer matches between all archaeal genomes publicly 279 

available in NCBI’s GenBank (7,012 genomes: state May, 2021, Table S4). After having extracted 280 

106,641 spacer sequences, 39,875 distinct spacer-to-protospacer matches across all genomes 281 

were detected. Few contigs carrying CRISPR arrays (e.g., for Ca. Micrarchaeum) also contained 282 

taxonomic hallmark genes, such as those coding for DNA-directed RNA polymerase subunit or 283 

ribosomal proteins, which provided additional confidence for the correct assignment of spacers 284 

to the fragmented public MAGs. The spacer hits accounted for both self-targeting and 285 

interspecies spacer interactions (Extended Data Fig. 4). Network analyses showed the genomes 286 

of the DPANN Ca. Aenigmarchaeota and Ca. Altiarchaeota (Fig. 4), as well as Sulfolobus, 287 

Methanosarcina, Haloferax, and Halobacterium spp. forming large clusters resulting from a 288 

wealth of interspecies hits and/or self-targeting (Extended Data Fig. 4), which was also previously 289 

shown for other archaea37,42. Well-established DPANN-host co-cultures, e.g. Ignicoccus hospitalis 290 

and Nanoarchaeum equitans43, did not exhibit CRISPR-Cas-derived targeting to either of the 291 

symbionts in our archaeal genome dataset. 292 

 Particularly for the hydrothermal system of Guaymas Basin, Gulf of California44, our 293 

approach enabled the a priori prediction of DPANN-host interactions based on CRISPR-Cas 294 

genome targeting (Fig. 4). Analyses of the spacer-protospacer matches from the read data of 295 

Guaymas Basin revealed frequent targeting (160 spacer-protospacer matches) of Ca. 296 

Aenigmarchaeota by Ca. Bathyarchaeota. Genes targeted by these spacer-protospacer matches, 297 

e.g., encode for the LamGL domain-containing protein, which is inter alia responsible for the 298 

binding of sulfated glycolipids45,46, and the ribonucleoside triphosphate reductase, amenable for 299 

catalysis of the conversion of ribonucleotides into deoxyribonucleotides47.  300 

Another host-DPANN interaction unveiled by these analyses involves Ca. Micrarchaeota 301 

spacers matching a Thermoprotei archaeon, with both of these genomes arising from the same 302 

ecosystem but a few centimeters apart in depth44. Comparing those targeted gene-encoding 303 

regions to the targeted genetic regions in Ca. Huberiarchaeum by spacers of Ca. Altiarchaeum 304 

(CTP synthase and DNA methylase, see above), no acquisition pattern of spacers directed against 305 
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genomic regions that encode specific functions could be detected. Overall, these findings suggest 306 

spacer-protospacer matches are a useful tool for identifying in-silico host-symbiont interactions 307 

of uncultivated archaea based on metagenomic analyses.  308 

 309 

DISCUSSION 310 

 The findings discussed here demonstrate that archaeal CRISPR-Cas systems acquire 311 

resistance not only to genomes of foreign MGEs1 and closely related species32 but also to archaea 312 

of other phyla, particularly episymbionts belonging to the DPANN superphylum. Our results 313 

suggest that CRISPR-Cas-mediated adaptive immunity might lead to complex interactions 314 

between the host and symbiont at the population level, possibly drawing the host into 315 

maintaining a collaborative relationship with the symbiont due to balancing the self-targeting 316 

nature of the host’s CRISPR system and the potential defense against the episymbiont. Based on 317 

our results from single-cell genomic data, metagenomes, and metatranscriptomes, we suggest 318 

that a double-edged sword drives the evolution of microbial populations, i.e., CRISPR-Cas-319 

mediated defenses likely render a major fraction of the DPANN episymbiont population truly 320 

parasitic, while the remainder seem to support the host in a mutualistic fashion. 321 

 Future studies should be set out with the aim of cultivating of the host-symbiont system 322 

to validate the herein proposed CRISPR-Cas interference. However, cultivation attempts might 323 

selectively enrich for systems with mutualistic relationship, and in silico screening of currently 324 

existing host-DPANN co-cultures for spacer targeting of the episymbiont’s genome were devoid 325 

of such an interaction, including the well-known archaeal system Ignicoccus hospitalis and 326 

Nanoarchaeum equitans13. Consequently, genetic engineering of the host and the symbiont will 327 

be necessary to eventually clarify the relationship between hosts and DPANN symbionts – may it 328 

be mutualistic, parasitic, or a mixed population model as suggested by our findings. 329 

 330 

METHODS 331 

RNA extraction and metatranscriptomic sequencing. Samples for transcriptomics were collected 332 

along with DNA samples as previously published20. For the samples CG05, CG08 and CG16 we 333 

filtered approx. 189, 151, and 151 L of geyser-erupted water, respectively. The MoBio PowerMax 334 
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Soil DNA kit, now re-branded as the Qiagen DNeasy PowerMax Soil kit (Qiagen, Germantown, 335 

MD), was used to perform all metagenomic RNA extractions. Filters were aseptically cut into 336 

pieces, and 20 mL of lysis buffer from the kit was added for removal of cells from the filters. The 337 

manufacturer’s alternative protocol, entitled “Alternative PowerMax Protocol for 338 

Isolation of RNA and DNA from Low Biomass Soil with Low Humics” was adjusted as follows: 339 

briefly, 10 mL of Bead Solution was added to the thawed filter and vortexed at maximum speed 340 

for 5 minutes to remove cells. The cell solution was transferred to a bead tube, and 5 ml of 341 

phenol:chloroform:isoamyl alcohol (25:24:1), pH 6.6, was added and homogenized by vortexing 342 

for 10 minutes. The manufacturer’s protocol was followed thereafter. The metagenomic RNA 343 

extracts underwent DNase treatment using the Qiagen DNase Max kit (Qiagen), following 344 

manufacturer’s standard protocol. Quality control and quantification of all RNA extracts were 345 

performed using the Agilent Bioanalyzer RNA 6000 Nano kit (Agilent, Santa Clara, CA). 346 

Sequencing libraries were created using the Illumina TruSeq Stranded mRNA Library Prep Kit, 347 

following manufacturer’s protocol (Illumina, San Diego, CA). Libraries were sequenced on the 348 

Illumina HiSeq 2500 platform (Illumina).  349 

Sample preparation for FISH. Groundwater for FISH analysis was sampled to visualize the 350 

Altiarchaea-Huberarchaea relationship within the CG and HURL ecosystem. Water from CG was 351 

sampled onto a 0.2 µm filter with a syringe filter holder until the filter started clogging and 352 

afterwards fixed by slowly pressing 3% formaldehyde (Thermo Fisher Scientific, MA, USA) 353 

through the filter to exchange the sample water with fixative. Fixation was performed for one 354 

hour in the dark. Within the filter holder, a washing step with 3x 20 mL Phosphate Buffered Saline 355 

(PBS) (conc. 1 v/v%) was done, followed by alternating washing and incubation with ethanol with 356 

50, 70 and 100% (v/v)% for 10 minutes at room temperature. The filter holder was opened in a 357 

sterile environment, and the filter was stored in a petri dish with the biofilm facing upwards and 358 

then air dried for 10 minutes. Filter samples for FISH from CG of the sampling campaign in 2021 359 

were covered and stored in RNAlaterTM (Invitrogen by Thermo Fisher Scientific; Ref: AM7021). 360 

Imaging of FISH samples. FISH was performed according to Schwank et al.14 with the following 361 

modifications. DAPI (4′,6-Diamidino-2-Phenylindole) was used at concentrations of 4 µg per mL 362 

without dilution in the washing buffer. Visualization was performed with an Axio Imager M2m 363 
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epifluorescence microscope (X-Cite XYLIS Broad Spectrum LED Illumination System, Excelitas) 364 

equipped with an Axio Cam MRm and a Zen 3.4 Pro software (version 3.4.91.00000) (Carl Zeiss 365 

Microscopy GmbH, Jena, Germany). Imaging was carried out by using the 110x/1.3 oil objective 366 

EC-Plan NEOFLUAR (Carl Zeiss Microscopy GmbH) and three different filter sets (Carl Zeiss): 49 367 

DAPI for imaging Ca. A. crystalense/horonobense cells and Ca. H. crystalense/julieae cells, 43 Cy3 368 

for the detection of Ca. Huberiarchaea signals, and 09 for achieving 16S rRNA signals of Ca. 369 

Altiarchaea. The FISH images are shared within a Figshare folder 370 

(10.6084/m9.figshare.22739849).  371 

Metagenome assembly and genome reconstruction. Omic datasets generated from sampling 372 

campaigns for CG20,27 (Utah, USA) and HURL24 (Japan) were downloaded from the NCBI Sequence 373 

Read Archive (SRA) in April 2019. Please refer to Table S1 (metagenomic and metatranscriptomic 374 

datasets), Table S2 (genome accessions of Ca. Aliarchaeum and Ca. Huberiarchaeum), and Table 375 

S3 (single cell genomic dataset) for all accession numbers of publicly available datasets and 376 

generated genomes used in this study. For all metagenomic datasets of CG and HURL, quality 377 

filtering and trimming of reads was done using BBduk 378 

(https://github.com/BioInfoTools/BBMap/blob/master/sh/bbduk.sh, version 37.09) and Sickle48 379 

(version 1.33). The MetaSPAdes49 (version 3.10) and Bowtie250 utilities (--sensitive, version 380 

2.3.5.1) were applied to assemble reads and estimate coverage, respectively. Scaffolds < 1 kbp 381 

were excluded from further analysis. The interactive uBin51 software (version 0.9.14) was used 382 

to segregate the genomes of Ca. Altiarchaeum horonobense and Ca. Huberiarchaeum julieae 383 

based on %GC content, taxonomy, and coverage information. To determine genome 384 

completeness and contamination we used checkM52 (v1.2.2) (Table S2). Previously published Ca. 385 

Huberiarchaeum genomes generated from each of the CG and HURL ecosystems were used as 386 

probes to identify respective scaffolds at the protein level (≥80% similarity). 387 

Phylogeny of Altiarchaeum and Huberiarchaeum. A reference dataset spanning the diversity of 388 

176 archaeal genomes was used to place Ca. Huberiarchaea and Ca. Altiarchaea phylogenetically. 389 

The accession numbers of all genomes within the reference datasets can be found in the 390 

Supplementary Data within the phylogenetic tree (with the suffix “GCA_”). To avoid redundancy, 391 

all genomes annotated as Ca. Altiarchaea on NCBI (June 2019), previously published Ca. 392 
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Altiarchaea genomes36, and one representative genome from Ca. Altiarchaeum and Ca. 393 

Huberiarchaeum were consolidated for this work. Individual homology searches were executed 394 

across these datasets, using HMMER 3.2.153 with the Phylosift54 marker HMM profiles and an e-395 

value cutoff of 1 x 10-5. All DNA sequences were aligned with MUSCLE v3.8.3155 (default 396 

parameters) and manually curated to fuse fragmented genes and remove distant homologs and 397 

paralogous copies. One Ca. Altiarchaea genome (GCA_003663105) was likely contaminated and 398 

thus removed from the final alignments. Sequence sets resulting from each of the four datasets 399 

were fused together (36 single-gene datasets; one of the 37 Phylosift marker genes 400 

(DNGNGWU00035) was omitted due to many missing taxa), realigned as before, trimmed with 401 

BMGE (BLOSUM30)56, and concatenated into one supermatrix (200 taxa; 5,974 amino acid 402 

positions). Phylogenies were reconstructed with IQ-TREE 257 (v2.0.5), first using ModelFinder58, 403 

then using that phylogeny as a guide, with the PMSF model59 (LG+C60+F+G). Branch supports 404 

were calculated using 1,000 ultrafast bootstrap60 and 1,000 SH-aLRT61 replicates and the aBayes62 405 

test and trees were visualized in iTOL63 (version 5).  406 

Naming of archaeal genomes. Except for Ca. Huberiarchaeum crystalense, all host and 407 

episymbiont species were previously only classified at the genus level or – in case of the 408 

episymbiont from the HURL ecosystem – not classified at all. Using established average 409 

nucleotide identity (ANI) and Average Amino Acid Identity (AAI) cutoffs along with phylogenetic 410 

analyses (Fig. 1 and Supplementary Data), we established the host-symbiont pairs as Ca. 411 

Altiarchaeum crystalense and Ca. Huberiarchaeum crystalense from the CG ecosystem (named 412 

after the ecosystem Crystal Geyser) and Ca. Altiarchaeum horonobense (named after the 413 

sampling site Horonobe) and Ca. Huberiarchaeum julieae (named after subsurface microbiologist 414 

Julie Huber). 415 

Phylogenetic reconstruction of individual metabolic genes. For the phylogenies of lysine and 416 

phenylalanine (subunit B) tRNA synthetases, the protein sequences inferred from both genes 417 

from Ca. Altiarchaeum hamiconexum and Ca. Huberiarchaeum crystalense were used for 418 

homology searches against local databases of 1808 archaeal and 25118 bacterial genomes (all 419 

genomes of the respective domain on NCBI as of 2019.06.01 dereplicated at species level) with 420 

DIAMOND v2.0.15.15364. The maximum number of target sequences (-k 400) was determined by 421 
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trying different numbers (100, 200, 400, 800, 1000, 0/all), aligning with MAFFT FFT-NS-2 (v7.505) 422 

and running a preliminary phylogeny (BioNJ or PhyML without tree topology optimization) in 423 

Seaview version 5.0.465. We picked the number that we deemed to give a reasonable view of the 424 

origin of each sequence, without including too many divergent homologs or increasing the 425 

downstream computational load too much. The original query sequences were added to the set 426 

of hits and aligned with MAFFT E-INS-I. The datasets were curated semi-manually 427 

(https://github.com/ProbstLab/Adam_Kolyfetis_2021_methanogenesis/blob/master/fuse_sequ428 

ences.py) to fuse fragmented sequences, realigned as before, and trimmed with BMGE56 429 

(BLOSUM30). Phylogenies were reconstructed with IQ-TREE 257 using ModelFinder58 for the 430 

model selection and branch supports calculated using 1000 ultrafast bootstrap60 and 1000 SH-431 

aLRT replicates. 432 

CRISPR system extraction and viral sequence determination. The CRISPR systems of 18 distinct 433 

Ca. Altiarchaeum crystalense genomes20,26 (Table S2) and one Ca. Altiarchaeum horonobense 434 

genome24 (Table S2) were extracted with CRISPRCasFinder66 (version 1.2), and annotated cas 435 

genes were used to identify CRISPR-Cas cassettes. Two resulting consensus DR sequences were 436 

used as input for MetaCRAST67 (-d 1 -c 1 -a 1 -h -r), analysis of metagenomic reads, 437 

metatranscriptomic reads, and single cell genome reads. Only spacers having adjacent repeat 438 

sequences bearing 100% similarity with the respective read were considered. All spacers shorter 439 

than 24 bps, longer than 57 bps, or harboring homopolymers of six or more identical bases in a 440 

row were excluded. Spacers were clustered to 97% nucleotide identity using CD-hit68 (version 441 

4.8.1) and respective centroid sequences were used in downstream analyses.  442 

To check if spacers were biased towards matching genome transcripts, the orientation of the 443 

CRISPR array was confirmed on all available Ca. Altiarchaeum crystalense genomes to identify 444 

the forward strand that corresponds to CRISPR-RNA by using CRISPRDirection2.0 with default 445 

settings69. To avoid false positive predictions of self-targeting and episymbiont targeting, we 446 

masked prophage region, predicted by VirSorter70 (category 1-3, 4-6) and transposon regions, 447 

predicted by ISEScan71. The spacers from this analysis were blasted (nucleotide blast, 448 

bidirectional [default setting] and unidirectional [-strand plus] on the forward strand) against the 449 

CDS data of 18 Ca. Altiarchaeum crystalense genomes (including seven SAGs), eleven Ca. 450 
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Huberiarchaeum crystalense (including 2 SAGs), one genome of Ca. Altiarchaeum horonobense 451 

and Ca. Huberiarchaeum julieae, respectively. All unpublished viral genomes used in this study 452 

are deposited in the Figshare folder (10.6084/m9.figshare.22738568). 453 

Detection, dereplication and analysis of DNA viral scaffolds. Assembled metagenomes were 454 

used to extract and predict viral and putatively viral sequences as previously performed28. In 455 

brief, predicted viral operational taxonomic units (vOTUs) >3kb were dereplicated via usearch72 456 

at 95% nucleotide identity resulting in centroid sequences for downstream analysis. VOTUs were 457 

identified via blastn73 (--short, filtering for 80% similarity, version 2.9.0+) of Clustered regularly 458 

interspaced short palindromic repeat (CRISPR)-derived spacers against centroid vOTUs. 459 

Completeness and origin (host, viral, unclassified) of vOTUs was assessed using CheckV v.0.4.074. 460 

Clustering of viral sequences with a recent viral Refseq database75 (release July 2022). and 461 

previously detected Altiarchaea-targeting viruses28 was performed using vConTACT276,77 462 

v.0.11.3, VICTOR78 (using nucleic acid sequences) and VIRIDIC79 under default settings and for 463 

calculating intergenomic similarities. In VICTOR, all pairwise comparisons of the nucleotide 464 

sequences were conducted using the Genome-BLAST Distance Phylogeny80 (GBDP) method 465 

under settings recommended for prokaryotic viruses78. The resulting intergenomic distances 466 

from VICTOR were used to infer a balanced minimum evolution tree with branch support via 467 

FastME including Subtree Pruning and Regrafting post-processing81 for the distance formula D0. 468 

Branch support was inferred from 100 pseudo-bootstrap replicates each. Trees were rooted at 469 

the midpoint82. Visualization of viral clusters identified with vConTACT2 in conjunction with the 470 

viral RefSeq database was performed using Cytoscape v.3.9.0283. In addition, a circular proteomic 471 

tree with viral genomes using the Virus-Host DB: RefSeq release 217 was build using ViPTree 472 

version 3.5.84 . Within ViPTree, dsDNA was selected as nucleic acid type and “any host” chosen 473 

as host category.  474 

Sliding window for coverage analysis of regions targeted by CRISPR spacers. Variations in 475 

coverage over the genomes were investigated to deduce possible negative selection at targeted 476 

sites. Targeted scaffolds from individual genomes were mapped back to the raw reads (from 477 

sample CG05, CG08 and CG16) with Bowtie250 with default settings. Mappings were filtered to 478 

remove hits with more than three mismatches using SAMtools85 (version 1.10). Genomecov from 479 
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BEDtools (version 2.27.1) was used to calculate coverage per position86. The first and last 150 480 

base pairs of each scaffold, and possible transposons and viruses were masked by setting the 481 

breadth to zero. Mean breadth from sliding windows of 35 base pairs were calculated. In 482 

addition, all position with a coverage lower than 10 were excluded. The median coverage of each 483 

scaffold (δ) serves to differentiate high and low breadth. Wilcoxon signed rank tests (standard 484 

function R87) were performed between targeted regions of a scaffold and the same amount of 485 

randomly drawn non-targeted windows from the same scaffold. Random sampling and the test 486 

were repeated 1000 times for each scaffold.  487 

Models for Ca. Altiarchaea and Ca. Huberarchaea host-symbiont interaction based on genomic 488 

information. To infer metabolic interactions, genome-scale metabolic reconstructions of Ca. 489 

Altiarchaeum crystalense/horonobense and Ca. Huberiarchaeum crystalense/julieae (see 490 

accession numbers Table S2) were based on MAGs and SAGs identified from CG (AltiCG-HuberCG 491 

model) and HURL (AltiHURL-HuberHURL model). The genome-scale metabolic models of AltiCG-492 

HuberCG and AltiHURL-HuberHURL were represented in a YAML format following conventions 493 

defined by the PSAMM software package89,90. The AltiCG-HuberCG model included 515 genes of 494 

Ca. A. crystalense and 88 genes of Ca. H. crystalense, associated with 477 and 125 reactions, 495 

respectively (Table S8). The AltiHURL-HuberHURL model included 388 Ca. A. horonobense and 496 

78 Ca. H. julieae genes, associated with 495 and 128 reactions, respectively (Table S9). Each 497 

model contained two compartments (one for Ca. Altiarchaeum and one for Ca. Huberiarchaeum), 498 

with either restricted or unlimited metabolite exchanges between the two compartments to 499 

model the metabolite availability upon cytoplasmic fusion of the two organisms. 500 

Details of the model are represented in Tables S8 - S11. The CG model was based on the 501 

prediction of metabolic pathways using combined annotation of all MAGs and SAGs identified 502 

from this and a prior study14. Protein sequences annotated from the individual MAGs and SAGs 503 

were clustered at 100% amino acid identity using CD-HIT68,91, followed by a pangenome analysis 504 

to capture metabolic capacities represented by the entire population. Automated metabolic 505 

reconstruction was performed based on ortholog mapping to (i) existing models of other archaeal 506 

strains, i.e. Pyrococcus furiosus, Thermococcus eurythermalis, Methanosarcina barkeri and 507 

Methanococcus maripaludis92,93, and (ii) public databases, such as the Kyoto Encyclopedia of 508 
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Genes and Genomes94 (KEGG), EggNOG95 and Transporter Classification Database96 (TCDB). 509 

Extensive manual curations were carried out following the automated reconstruction to integrate 510 

prior annotations of Ca. Altiarchaeum’s and Ca. Huberiarchaeum’s metabolism14,20, as well as 511 

latest biochemical evidence of enzymatic functions in archaeal organisms (Tables S8 and S9). 512 

Overall, literature evidence was assigned to 137 reactions in the model for AltiCG-HuberCG and 513 

144 reactions in the model for AltiHURL-HuberHURL through homologous mapping to 514 

experimentally verified enzymes. The biomass equations of Ca. Altiarchaeum and Ca. 515 

Huberiarchaeum were individually formulated in both models following a standard procedure 516 

(Table S8 and S9). The biosynthesis of macromolecules (e.g., DNA, RNA, protein, and lipids) were 517 

defined to account for the mM composition of each building block in assembling 1 g of a given 518 

component and the associated energy cost. The stoichiometry of DNA and RNA biosynthesis was 519 

derived based on the average composition of nucleotides in the genomes and coding genes, 520 

respectively. The energy cost for DNA and RNA synthesis was estimated as 2 mM of ATP per 521 

millimole of nucleotides according to the mechanism of polynucleotide biosynthesis97. The 522 

stoichiometry of protein biosynthesis was calculated based on the average composition of amino 523 

acids in the corresponding proteome, and the associated energy cost was estimated based on 524 

the mechanism of protein synthesis98, where one ATP was consumed for each tRNA charging, 525 

and two GTPs were consumed for extending one amino acid to a growing peptide chain. The 526 

tRNA charging equations were represented separately for each amino acid. The stoichiometry of 527 

lipid biosynthesis was formulated based on experimental measurements of the weight 528 

compositions of core lipids and header groups of Ca. Altiarchaeum or Ca. Huberiarchaeum of the 529 

respective system20. Following the definition of macromolecular synthesis functions, the biomass 530 

equations of Ca. A. crystalense, Ca. H. crystalense, Ca. A. horonobense, and Ca. H. julieae were 531 

formulated to represent the gram composition of DNA, RNA, proteins, lipids, and vitamins in 1 g 532 

of cell dry weight (gDW). Relative abundance (based on coverage) of the respective genomes was 533 

calculated via metagenomic read mapping with Bowtie250 (--sensitive mode). The CG- and HURL-534 

specific Ca. Altiarchaeum and Ca. Huberiarchaeum biomass were then combined based on an 535 

estimation of their relative abundance in the respective ecosystems using the metagenomic data. 536 

Specifically, the combined Altiarchaeum-Huberiarchaeum biomass has a relative 537 
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Huberiarchaeum:Altiarchaeum ratio between 0.06 and 0.12 in the CG system, and a ratio of 0.205 538 

in the HURL system (as estimated via stringent read mapping, see Supplementary Results). 539 

Metabolic modeling and reconstruction. Consensus models of Ca. Altiarchaeum to Ca. 540 

Huberiarchaeum were constructed based on collections of MAGs and SAGs from CG (20 MAGs, 541 

8 SAGs) and HURL (2 MAGs) (Table S2) to capture the metabolic potential of each population. 542 

Candidate genes were first identified based on a pangenome analysis, which was performed 543 

following ortholog identification using a bidirectional best hit approach88. All representative 544 

genes from the MAGs or SAGs of a given ecosystem served as candidates for that ecosystem’s 545 

metabolic reconstruction. Complementary metabolic characteristics were identified between Ca. 546 

Altiarchaeum and Ca. Huberiarchaeum via a fastgapfill implementation in the PSAMM software 547 

(version v1.0) package89,90 using the cplex solver (v12.7.1.0). Simulations targeted the growth 548 

optimization of Ca. Altiarchaeum while applying the metabolic reactions of Ca. Huberiarchaeum 549 

as a reference, which facilitated the identification of Ca. Huberiarchaeum-encoded 550 

complementary functions essential for Ca. Altiarchaeum - and vice versa. Combined Ca. 551 

Altiarchaeum and Ca. Huberiarchaeum metabolic models were formulated with exchange 552 

constraints representative of environmental in situ geochemical measurements corresponding 553 

to either CG or HURL (Table S9 and S10). Comparative analyses based on computational 554 

simulations were carried out in the presence or absence of CRISPR-targeted genes. This enabled 555 

the identification of changes in metabolite transfer and/or metabolic collaboration between Ca. 556 

Altiarchaeum and Ca. Huberiarchaeum (Fig. S8) upon targeting specific genes with spacers. 557 

Metabolic gaps in the production of biomass components by Ca. Altiarchaea were identified using 558 

the PSAMM fluxcheck and gapcheck functions89,90 Candidate gap-filling reactions for unblocking 559 

each biomass component were identified using the PSAMM fastgapfill implementation with the 560 

KEGG reaction database94 as a reference, and subsequently curated before being incorporated 561 

into the models. A total of 17 gap-filling reactions were included in the Ca. Altiarchaea 562 

compartment of both CG and HURL models, including functions in the citrate cycle, amino acids-563 

, lipids-, and cofactor-biosynthesis. The overall stoichiometric consistency, formula and charge 564 

balance of the model were validated using the PSAMM masscheck, formulacheck, and 565 

chargecheck functions89,90. The exchange reactions, compound sources or sinks, biomass 566 
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equations and reactions involving compounds with undefined group R or X were excluded from 567 

formula and charge checks but instead manually inspected to ensure proper formulation. 568 

 Metabolic simulations were performed with PSAMM version 1.0 using the IBM ILOG 569 

CPLEX Optimizer version 12.7.1.0 (https://www.ibm.com/products/ilog-cplex-optimization-570 

studio). Simulation of the Ca. Altiarchaeum – Ca. Huberiarchaeum metabolism was formulated 571 

with exchange constraints that represent the corresponding in situ geochemical measurements 572 

in the CG20 and HURL24. These geochemical measurements included the ion concentrations in 573 

porewater and the compositions of headspace gas (Table S8 - S11). Some measurements, e.g., 574 

CO2 and H2 at the CG site, were not available, but the compounds were required for biomass 575 

production in the Ca. Altiarchaeum – Ca. Huberiarchaeum system, and thus they were added to 576 

the exchange without implicit constraints. To simulate the fusion of the cytoplasm between Ca. 577 

Altiarchaeum and Ca. Huberiarchaeum, unlimited metabolite exchange was introduced to allow 578 

the free transfer of all small-molecular metabolites (excluding macromolecules, such as DNA, 579 

RNA, protein, lipids, and biomass) between the Ca. Altiarchaeum and Ca. Huberiarchaeum cell 580 

compartments.  581 

To identify complementary metabolic processes between Ca. Altiarchaea and Ca. 582 

Huberiarchaea, the PSAMM fastgapfill implementation89,90 was applied to optimize the Ca. 583 

Altiarchaea biomass while using all metabolic reactions in the Ca. Huberiarchaea compartment 584 

as a reference database, and vice versa, using corresponding models for CG or HURL. A list of 585 

metabolic reactions, including metabolite exchange functions between Ca. Altiarchaea and Ca. 586 

Huberiarchaea, was identified from this automated gap filling procedure to reveal the potential 587 

metabolic interactions between the two archaea at each site. The predicted complementary 588 

metabolites were subsequently confirmed by showing that the removal of any metabolite 589 

exchange would lead to a non-viable Ca. Altiarchaea or Ca. Huberiarchaea (biomass production 590 

is zero), suggesting that these metabolite exchanges reflect minimal essential interactions 591 

between Ca. Altiarchaea and Ca. Huberiarchaea of a given site (Table S8 and S9). Genes 592 

corresponding to the CRISPR type I-B and the unassigned CRISPR array spacer targeting in both 593 

CG and HURL systems were mapped to the metabolic reconstructions of AltiCG-HuberCG and 594 

AltiHURL-HuberHURL, respectively, for the identification of putative targets for simulating the 595 
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metabolic influences of attacks targeted by the CRISPR system (Table S10 and S11). To identify 596 

changes in the Ca. Altiarachaea – Ca. Huberiarchaea metabolic collaboration when considering 597 

attacks of respective genes by CRISPR-Cas systems, comparisons were made between the 598 

exchange unlimited model (where all metabolites (with the exception of macromolecules) were 599 

allowed to transfer freely between Ca. Altiarchaeum and Ca. Huberiarchaeum) and the exchange 600 

limited model (where only the complementary metabolites were allowed to transfer between 601 

Ca. Altiarchaeum and Ca. Huberiarchaeum). Flux variability analysis (FVA) was applied to the 602 

optimization of the combined Altiarchaeum-Huberiarchaeum biomass in the limited or unlimited 603 

models. Pathways that are required for complementing the effect of CRISPR spacer attacks were 604 

identified by comparing the FVA results of the limited and unlimited models. If the deletion of a 605 

spacer attacked gene would result in a zero-biomass flux in the limited model while a non-zero 606 

biomass flux in the unlimited model, a complementary pathway to the corresponding gene 607 

deletion was explored by identifying the enabling functions in the unlimited model. Note that the 608 

FVA was performed in PSAMM using the CPLEX Optimizer version 12.7.1.0, a zero range is defined 609 

as any fluxes within 1E-6 from zero. 610 

PAM analysis of Ca. Altiarchaea, Ca. Huberarchaea, and viruses. Applying CRISPRTarget99 611 

(accessed in June 2020) with default settings, protospacer adjacent motifs (PAMs) were identified 612 

within the genomes of Ca. Altiarchaea, Ca. Huberarchaea, and viruses using spacers bearing 80% 613 

sequence similarity. CRISPRTarget results were screened with WebLogo100,101 (v2.8.2)  in batches 614 

of 10,000 8-bps sequences. 615 

SNP analysis. To identify Ca. Altiarchaeum crystalense SNPs, reads from samples CG05, CG08, 616 

and CG16 (samples for which also transcriptomic datasets were available, and which were used 617 

in the metabolic modeling) were aligned to nine different MAGs (Table S2) and analyzed 618 

individually by using BBMap (https://sourceforge.net/projects/bbmap/, version 38.92) (default 619 

parameters). SNPs were predicted using the VarScan102 pileup2snp command (v2.4.3; default 620 

settings) with observations and coverage thresholds set to a minimum of two and eight, 621 

respectively. SNPs bearing the reference allele ‘N’ were excluded if all base called reads showed 622 

this ‘N’.  623 
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Synthesis of cas genes derived from Ca. Altiarchaea MAGs. The CRISPR-Cas gene cassette (Cas1, 624 

Cas2, Cas3, Cas4, Cas5, Cas8b) of one single-cell amplified genomes (SAG) of Ca. Altiarchaeum 625 

was used in gene synthesis. The Cas6 gene was annotated in two other SAGs of Ca. Altiarchaea, 626 

once with 438 and 468 amino acids respectively. To synthesize these genes, the sequences were 627 

first codon optimized using the BOOST design software v.1.3.9103 and an E. coli codon frequency 628 

table. The synthetic DNA fragments were obtained from Twist Bioscience, CA, USA, which were 629 

later PCR amplified and cloned into the Ncol and Xhol sites of the pET28b vector using the 630 

NEBuilder HiFi Assembly kit (E2621X, New England BioLabs). The PCR was performed using the 631 

KAPA HiFi HotStart ReadyMix (Roche Sequencing, Pleasanton, CA, USA) according to the 632 

manufacturer recommended cycling protocol. The sequences of the refactored cas genes were 633 

verified by Pacific Bioscience sequencing. The synthetic building blocks and PCR primer 634 

sequences are listed in Table S13. 635 

CRISPR-Cas activity assay in TXTL. The activity of the Ca. Altiarchaea type I-B CRISPR-Cas system 636 

was tested in a cell-free transcription-translation (TXTL) system. Circular or linear DNA constructs 637 

that were added to a TXTL reaction were transcribed and translated, and RNAs and proteins were 638 

produced104. The reaction conditions of the TXTL reactions performed here were adapted from 639 

Wimmer et al.29. A deGFP reporter plasmid was generated with Site Directed Mutagenesis (SDM) 640 

using p70a_deGFP_PacI29 as backbone and introducing a TTTTC motif 12 nucleotides upstream 641 

of the p70a promoter driving the deGFP expression. The TTTTC motif was used as a putative PAM 642 

sequence because this motif was found next to a sequence matching a type I-B spacer (see main 643 

text). Constructs encoding single spacer arrays driven by the constitutive promoter J23119 644 

contained either a spacer targeting the p70a promoter region of the reporter plasmid or a non-645 

targeting spacer. These constructs were generated by Golden Gate adding spacer sequences in a 646 

plasmid which contained two repeat sequences interspaced by two BbsI restriction sites. The 647 

construct p70a-T7RNAP104 encoding the T7 RNA polymerase and Isopropyl β-D-1-648 

thiogalactopyranoside (IPTG; Carl Roth, Karlsruhe, Germany) was added to the TXTL reaction to 649 

ensure expression of the cas genes. Two Master mixes containing plasmids encoding for Cascade-650 

forming cas proteins were prepared using the stoichiometry Cas8b1-Cas77-Cas51-Cas61, namely 651 

one for the 245 and the 268 amino acids long Cas6. A volume of 3 µL TXTL reaction were prepared 652 
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in Costar 3357 96-well V-bottom plates (Corning, NY, USA) with Costar 2080 cover mats (Corning) 653 

using the liquid handling machine Echo525 (Beckman Coulter, Brea, CA, USA) including the 654 

following components: 2.25 µL myTXTL Sigma 70 MasterMix (Arbor Biosciences, MI, USA), 0.2 nM 655 

p70a-T7RNAP, 0.5 mM IPTG, 3 nM Cascade Master mix, 1 nM Cas3 plasmid, and 1 nM targeting 656 

or non-targeting spacer plasmid. After a 4 h pre-incubation period at 29°C to allow the 657 

ribonucleoprotein complex of Cascade and crRNA to form, 1 nM deGFP reporter plasmid 658 

containing the TTTTC motif was added to the TXTL reactions. The reactions were incubated at 659 

29°C for additional 16 h while measuring deGFP expression with BioTek Synergy H1 plate reader 660 

(BioTek, Winooski, VT, USA) at 485/528 nm excitation/emission105. Targeting spacer-mediated 661 

binding of the Cascade complex to the target region in the deGFP driving promoter or target 662 

plasmid degradation by Cas3 would lead to inhibition of deGFP production. The non-targeting 663 

spacer does not affect deGFP production and was used as a control. The fluorescence background 664 

values were measured with reactions containing solely myTXTL Sigma 70 MasterMix and 665 

nuclease-free H2O and were subtracted from the endpoint deGFP values of the TXTL reactions. 666 

Significance between deGFP values derived from the non-targeting and targeting samples was 667 

calculated with Welch’s t-test. All results showed a p-value > 0.05 and were therefore seen as 668 

non-significant. Hence, we concluded that the type I-B systems do not exhibit binding or 669 

degradation activity under the tested conditions. This could be due to the conditions used here 670 

not reflecting the conditions at the sampling site of Ca. Altiarchaea, or the motif TTTTC being a 671 

non-recognized PAM. All reactions were performed in triplicates. 672 

PAM assay in TXTL (PAM-DETECT). To reveal the PAM diversity recognized by the type I-B system 673 

of Ca. Altiarchaea, PAM-DETECT (PAM DETermination with Enrichment-based Cell-free TXTL) was 674 

performed. A detailed protocol can be found in Wimmer et al.29. A plasmid containing a PAM 675 

library of five randomized nucleotides was used as a target plasmid. A single spacer array plasmid 676 

is constructed as mentioned above harboring a spacer targeting the target plasmid adjacent to 677 

the randomized nucleotides. Upon recognition of a PAM sequence, the Cascade complex binds 678 

to its target and thereby covers a PacI recognition site included in the target region. Cascade-679 

bound target plasmids are protected from PacI digestion leading to an enrichment of recognized 680 

PAMs, detected by next-generation-sequencing (NGS; specified below). Separate 6 µL TXTL 681 
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reactions were prepared containing one or the other Cascade Master mix mentioned above. TXTL 682 

reactions contained: 4.5 µL myTXTL Sigma 70 Master mix, 0.2 nM pET28a_T7RNAP29, 0.5 mM 683 

IPTG, 3 nM Cascade Master mix, 1 nM targeting spacer plasmid (targeting PAM library plasmid) 684 

and 1 nM PAM library plasmid (pPAM_library)29. After incubation at 29°C for 16 h, the TXTL 685 

samples were diluted 1:400 in nuclease-free H2O. A volume of 500 µL of the dilution was digested 686 

with 0.09 units µL-1 PacI (NEB) in 1x CutSmart Buffer (NEB) at 37°C for 1 h. A “non-digested” 687 

control was prepared using 500 µL of the dilution and adding nuclease-free H2O instead of PacI. 688 

PacI was inactivated at 65°C for 20 min and proteins were digested with 0.05 mg mL-1 Proteinase 689 

K (Cytiva, Marlborough, MA, USA) at 45°C for 1 h. Proteinase K was inactivated at 95°C for 5 min 690 

and remaining plasmids were extracted with standard ethanol precipitation. To prepare 691 

sequencing libraries, Illumina adapters with unique dual indices were added in two amplifications 692 

steps using KAPA HiFi HotStart Library Amplification Kit (KAPA Biosystems, Wilmington, MA, USA) 693 

and purification by AMPure XP (Beckman Coulter) after every amplification step. A volume of 15 694 

µL of the ethanol-purified samples was used in a 50 µL PCR reaction with 19 cycles to add Illumina 695 

sequencing primer sites. The flow cell binding sequence was added in the second PCR reaction 696 

using 1 ng purified amplicons generated with the first PCR in a 50 µL reaction and 18 cycles. NGS 697 

was performed on an Illumina NovaSeq 6000 sequencer with 50 bp paired-end reads and 2.0 698 

million reads per sample. PAM wheels were generated according to Leenay et al.106 and Ondov 699 

et al.107 and are not depicted here as no PAM enrichment was observed. Absence of PAM 700 

enrichment might be due to the reaction conditions of PAM-DETECT deviating from the 701 

conditions at the sampling site of Ca. Altiarchaea. PAM-DETECT assays were performed in 702 

duplicates. 703 

CRISPR-Cas interactions across archaeal diversity. All archaeal genomes housed in the publicly 704 

accessible NCBI database (May 2021; Table S4) were screened for viral sequence contaminants 705 

using VirSorter70 (default settings), and all respective hits, as well as annotated plasmids, were 706 

excluded from consideration. The CRISPRCasFinder66 (version 2.0.3) utility was used to extract 707 

spacers, DR, and cas genes from each genome individually with the help of the cas gene database 708 

(-ArchaCas). All CRISPR arrays detected were masked in their respective genomes to avoid false 709 

positives, and spacers were filtered for homopolymers and sequence length as described above. 710 
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All spacer sequences were queried73 against all archaeal genomes to an 80% nucleotide similarity 711 

threshold, and interactions between genomes based on CRISPR spacer matches were visualized 712 

in Cytoscape83 (version v.3.9.02). The taxonomy of each genome was pulled from the NCBI 713 

taxonomy database and in single cases validated using Genome Taxonomy Database108–110(GTDB-714 

Tk classify, version v0.3.3, database r89). To avoid false positive predictions of self-targeting and 715 

episymbiont targeting, we masked prophage region, predicted by VirSorter70 (category 1-3, 4-6). 716 
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Figure 1. Phylogenetic positioning of Ca. Altiarchaea and Ca. Huberarchaea, sampling 1039 

locations, FISH analysis, and CRISPR-Cas targets | (A) Phylogenetic tree of archaea highlighting 1040 

Candidatus Altiarchaeum and Candidatus Huberiarchaeum of the sampling locations Crystal 1041 

Geyser (CG, Utah, USA, orange) and Horonobe Underground Research Laboratory (HURL, 1042 

Hokkaido, Japan, green). Fluorescence pictures show Ca. Altiarchaeum (blue; H - host) as host and 1043 

its episymbiont Ca. Huberiarchaeum (orange; S - symbiont) in the respective ecosystems. Scale 1044 

bar 1 μm. (B) Ca. Altiarchaea CRISPR systems, their associated conserved direct repeat (DR) 1045 

sequences (with exception of a point mutation marked in red), and the number of spacer clusters 1046 

(97% nucleotide identity) arising from the two sampling sites. (C) Logarithmic number of centroid 1047 

spacers derived from spacer clusters matching 64 extracted viral sequences (total number of 1048 

spacer matches: 0 of unassigned CRISPR system and 16561 of CRISPR system IB), 17 binned 1049 

genomes of Ca. Altiarchaeum crystalense (total number of spacer matches: 115 of unassigned 1050 

CRISPR system and 1,311 of CRISPR system IB) and 11 binned genomes of Ca. Huberiarchaeum 1051 

crystalense (total number of spacer matches: 0 of unassigned CRISPR system and 1,445 of CRISPR 1052 

system IB) originating from the CG site (Table S2). Spacers were derived from the complete 66-1053 

sample metagenomic dataset. (D) Percentage of CRISPR system I-B spacer cluster abundances 1054 

matching to organisms that were previously detected in this ecosystem at the CG site. Listed are 1055 

the logarithmic genome abundances of the respective organisms. Error bars denote the standard 1056 

deviation of the abundance of matching spacer clusters for samples CG05, CG08, and CG16 of the 1057 

year 2015. These were displayed because also transcriptomic data was available. The dataset of 1058 

HURL is referring to one metagenome, as no other data was available. (Means and standard 1059 

deviation: CG Altiarchaeum crystalense: 2.69 ± 0.21, 1.93 ± 0.24; Huberiarchaeum crystalense: 1060 

2.99 ± 0.23, 2.19 ± 0.23; HURL Altiarchaeum horonobense: 0.029; Huberiarchaeum julieae: 0.019) 1061 

(E) Logarithmic number of centroid spacers derived from spacer clusters matching extracted viral 1062 

sequences (total number of spacer matches: 64 of unassigned CRISPR system and 22 of CRISPR 1063 

system IB), two binned genomes of Ca. Altiarchaeum horonobense (total number of spacer 1064 

matches: 19 of unassigned CRISPR system and 2 of CRISPR system IB) and one binned genome of 1065 

Ca. Huberiarchaeum julieae (total number of spacer matches: 7 of unassigned CRISPR system and 1066 
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0 of CRISPR system IB) originating from the HURL site. Spacers were derived from one 1067 

metagenomic dataset.  1068 

 1069 

Figure 2. Example of Ca. Altiarchaea CRISPR-Cas type IB loci, gene targets on host and 1070 

episymbiont genomes, and metabolic interactions between Ca. Altiarchaea and Ca. 1071 

Huberiarchaea as inferred from genome-scaled metabolic modeling | (A) Example of CRISPR 1072 

system I-B locus of Ca. A. crystalense with assembled CRISPR array from a single amplified genome 1073 

(accession no. 1088571). Red box highlights the analysed CRISPR array bearing the repeat 1074 

sequence GTTTAAATCGTACTATGTAGTATGGAAAC and its respective spacers within the array. (B) 1075 

Example of a Ca. A. crystalense DNA polymerase II large subunit locus self-targeted by 1076 

altiarchaeal spacers extracted from metagenomes (accession no. 2786546692). Red boxes on the 1077 

genomic region highlight spacer matching regions. Yellow genes are annotated as 1078 

uncharacterized proteins. (C) Example of a Ca. H. crystalense genome (accession no. 2785510793) 1079 

partially matched by Ca. A. crystalense spacers at the genetic loci of the 30S ribosomal protein 1080 

S11, CTP synthase, and an uncharacterized protein. (D) Example of a Ca. H. crystalense SAG 1081 

(accession no. 1088571) partially matched by Ca. A. crystalense spacers at the genetic loci of 1082 

uncharcterized proteins. (E) Metabolic interactions between Ca. Altiarchaeum and Ca. 1083 

Huberiarchaeum in Crystal Geyser, CG (17 genomes of Ca. A. crystalense and eleven of Ca. H. 1084 

crystalense, and spacers extracted from transcriptomes) and in (F) Horonobe Underground 1085 

Research Laboratory, HURL (one genome of A. horonobense and one Ca. H. julieae). Solid arrows 1086 

denote exchanges of putative essential metabolites between Ca. Altiarchaeum and Ca. 1087 

Huberiarchaeum. Dashed arrows indicate exchange of metabolites that are only required when 1088 

CRISPR spacers attack certain target genes (type I-B labeled with red diamonds and the 1089 

unassigned type labeled with green diamonds). (E-F) While most compounds were produced by 1090 

Ca. Altiarchaea, the production of dUMP requires an essential gene, ⑤-dCMP deaminase (EC 1091 

3.5.4.12), in Huberiarchaea. Circled numbers indicate key enzymes involved in symbiotic 1092 

metabolic interactions at CG: ①–Phenylalanyl-tRNA synthetase (EC 6.1.1.20), Lysyl-tRNA 1093 

synthetase (EC 6.1.1.6); ②, ③–(d)NDP kinase (EC 2.7.4.6); ④–dCMP kinase (EC 2.7.4.25); ⑤–1094 

dCMP deaminase (EC 3.5.4.12); ⑥, ⑦–dTMP synthase (EC 2.1.1.45); ⑧–FAD-dependent dTMP 1095 
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synthase (EC 2.1.1.148). The production of tetrahydrofolate (THF) requires an essential gene 1096 

encoded by Ca. Huberiarchaeum julieae, ⑬–dTMP synthase (EC 2.1.1.45). Circled numbers 1097 

denote key enzymes involved in the symbiotic metabolic interactions at HURL: ⑬–dTMP synthase 1098 

(EC 2.1.1.45); ⑫–FAD-dependent dTMP synthase (EC 2.1.1.148); ⑨, ⑩–dCTP deaminase (EC 1099 

3.5.4.13); ⑪–dUTPase (EC 3.6.1.23); and ⑭–Dihydrofolate synthase (EC 6.3.2.12). 1100 

 1101 

  1102 
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Figure 3. Illustration of the newly discovered functionality of CRISPR-Cas systems within Ca. 1103 

Altiarchaea | a. Viral targeting: CRISPR-Cas system targets the genomes of MGEs that infect the 1104 

cell (current state of knowledge). b. Targeting of episymbiont: CRISPR-Cas system targets the 1105 

genome of the episymbiont Ca. Huberiarchaeum to defend against the parasite. c. Self-targeting 1106 

and respective metabolic complementation: Self-targeting of CRISPR-Cas in Altiarchaea 1107 

mediates metabolic patchiness, which is complemented by the episymbiont metabolism, leading 1108 

to mutualism. Please note, that this mutualism might be limited to a subset of organisms in the 1109 

host population. Arrows symbolize spacer-protospacer interactions. The Figure was created with 1110 

Biorender.com. 1111 

 1112 

Figure 4. Directed spacer interaction of DPANN archaea derived from the analysis of 7,012 1113 

publicly available archaeal genomes | Nodes correspond to archaeal genomes. Boomerang and 1114 

linear grey arrows indicate self-targeting and non-self (including interspecies) targeting spacers, 1115 

respectively. With the exception of Thermoprotei and Bathyarchaeota, all of the archaea pictured 1116 

belong to the DPANN superphylum. Colors represent the phylogenetic affiliation of genomes. 1117 

Genomes of Ca. Altiarchaeum and Ca. Huberiarchaeum derives primarily from CG. Genomes 1118 

coded according to their corresponding ecosystem: CG - Crystal Geyser20,25,27; LHB - Lake Huron 1119 

Basin112; WOR - White Oak River113; GUAY - Guaymas Basin44; HURL - Horonobe Underground 1120 

Research Laboratory24. 1121 

 1122 

Extended Data Fig. 1 | Correlation of repeat abundance and abundance of Ca. Altiarchaea 1123 

genomes. Spearman rank correlation (two-tailed) of logarithmic abundances of Ca. A. crystalense 1124 

and logarithmic abundances of repeat sequences of the unassigned CRISPR array (p-value 3.4 e-1125 
16) and the I-B CRISPR system (p < 2.2 e-16) in metagenomes from CG (n=66). The grey area depicts 1126 

the confidence interval of 0.95. The line indicates that the correlation of the genome abundance 1127 

and repeat abundance is linear. Visualization was performed with R87,114 (version 3.6.1). 1128 

Extended Data Fig. 2 | Viral clusters predicted by VIRIDIC79. Heatmap showing intergenomic 1129 

similarity for viral scaffolds of viral clusters (VC_XY) and some singletons (black). Coloring of viral 1130 

OTUs (vOTUs) according to Table S6. VC_09, _12, _13 determined by the other tools were not 1131 
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found by VIRIDIC. Only scaffolds with intergenomic similarity of >10 between two viral scaffolds 1132 

are shown. 1133 

Extended Data Fig. 3 | Coverage analyses of scaffolds targeted by spacers from Ca. Altiarchaea. 1134 

Coverage changes within targeted regions by CRISPR system IB of Ca. Altiarchaeum and Ca. 1135 

Huberiarchaeum based on metagenomic read mapping. The vertically grey marked regions are 1136 

spacer targeted regions of either Ca. Altiarchaeum or Ca. Huberiarchaeum, whereby the 1137 

horizontally dark grey lines are showing the average coverage of the scaffold. The colored graphs 1138 

show the coverage across the spacer targeted region of three samples from the minor eruption 1139 

phase, where Ca. Altiarchaeum is the most abundant organism (Fig. S1). 1140 

Extended Data Fig. 4 | Spacer targeting analyses of publicly available archaeal genomes. 1141 

Directed spacer analysis of 7,012 publicly available archaeal genomes (Table S4) shows large 1142 

clusters of spacers targeting at species level. The targeting spacers (edges) of the genomes 1143 

Sulfolobus, Methanomicrobia and Halobacterium (nodes) form large clusters performing self-1144 

targeting or targeting other genomes of the same family. The clustering was illustrated with 1145 

Cytoscape83 (version 3.9.1). Please note that targeting within the same genus might limit the 1146 

interspecies recombination, as demonstrated in haloarchaea37, or reflect the presence of multiple 1147 

conserved genomic regions between the genomes. 1148 
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