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Study description

Research sample

Sampling strategy

phmmer (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer)

-Viral clustering -> VICTOR (https://ggdc.dsmz.de/victor.php), vCONTACT v. 0.9.11 and VIRIDIC (http://viridic.icbm.de /)

-Network visualisation -> Cytoscape version 3.7.2

-Plotting of genomic maps -> genoPlotR v.0.8.9 package (R programming environment v.3.5.2)

-Protein alignment -> COBALT ( https://www.ncbi.nlm.nih.gov/tools/cobalt/re_cobalt.cgi) followed by refinement using MUSCLE 3.8.425 in
Geneious prime 2020.

-Tree for Altivir_2_MSI -> FastTree 2.1.12 in Geneious prime 2020

-Trees for Altivir_4_ACLF, Altivir_7_ACLF and Altivir_8_HURL -> webserver https://www.phylogeny.fr/ after alignment curation with Gblocks.
Tree was reconstructed using PhyML, visualized in FigTree v1.4.3

-Venn diagrams -> VIB/Ugent web tool (http://bioinformatics.psb.ugent.be/webtools/Venn/)

-World map -> Ocean Data View 5.3.0 (https://odv.awi.de/).

-Alignment of DR -> MUSCLE in Geneious 11.1.5

-Visualization of SNPs, spacer matches, CDS alignments of viral genomes (Suppl Fig 10/14) -> Geneious 11.1.5

Software code and web links are available from online sources and appropriately referenced to in the method section. A description of how
we perfomed the analysis and which software version we used can be found in respective methods part.

Sequencing data generated and analyzed during this study are available at NCBI’s sequence read archive and GenBank with accession codes as listed in
Supplementary Table 1. Metagenomic reads are available from NCBI Bioprojects #PRJNA628506, Biosamples #SAMN14733005-07, Run #SRR11614986-88
(MSI_2018), Bioproject #PRJNA321556, Biosample #SAMN04999996-97, Run #SRR3546456-57 (HURL), Bioproject #PRJNA627655 (GA), Biosample
#SAMN14680028-30, Run #SRR11600161-63 (GA), Bioproject #PRJNA340050, Biosample #SAMN05661201, Run #SRR4293692 (ACLF) as well as from ENA
#PRJNA678866, Biosample #SAMEA2779769, Run accession #ERR628383 (MSI_2012). Metagenomic assemblies can be found under the above-mentioned
Bioprojects/samples for MSI_2018 and GA. Exceptions represented MSI_2012, which was deposited under Bioproject #PRJNA678866, Biosample #SAMN16815598,
HURL assemblies under Bioproject #PRJNA730881, Biosample #SAMN04999996-7, and the ACLF assembly under Bioproject #PRJNA730879, Biosample
#SAMN05661201. Run accessions for these assemblies are JAEMOC000000000-JAEMOL000000000. Ca. Altiarchaeota genomes were deposited at GenBank under
Bioproject #PRJNA628506, MAG Biosample #SAMN18220766, Run #JAGTWS000000000 (MSI_2018), Bioproject #PRJNA627655, MAG Biosamples
#SAMN18220852-54, Run #JAGTWP000000000-JAGTWR000000000 (GA), Bioproject #PRJNA726854, MAG Biosample #SAMN18221259, Run #JAGWDR000000000
(ACLF), Bioproject #PRJNA726852, MAG Biosample #SAMN18220774-75, Run #JAGWDQ000000000 & #JAGWDP000000000 (HURL), and at ENA under
#CCXY01000000 (MSI_2012). Viral genomes of Ca. Altiarchaeota Altivirus#1 and #2 can be found under GenBank accessions #MW522970 and #MW522971,
respectively. Viral genomes of Ca. Altiarchaeota Altivirus#3-8 can be accessed via the scaffold accession numbers as given in Supplementary Table 4. Viral genomes
can also be found at https://github.com/ProbstLab/viromics/tree/master/viruses/Altivir.

Microscopy data can be obtained from the corresponding author upon reasonable request.

This study was set out with the aim of elucidating viral infections of Ca. Altiarchaea across the globe using in silico (sequencing-based)
methods as well as microscopy methods.

Public datasets were searched for Ca. Altiarchaea and chosen based on a hit with respective hamus proteins and manually selected
based on available data structure. One sampling site was chosen to further elucidate the predicted host-virus relationships based on
accessibility and biomass of the site: We collected microbial biofilm and water samples from an aquifer (sulfidic spring Mühlbacher
Schwefelquelle Isling, MSI) that contained uncultivated archaea (mainly Altiarchaea) and a small proportion of bacteria. There was no
further selection of samples for metagenomics or microscopy: For metagenomics, we used bulk samples that contained hundreds of
biofilm flocks or dozens of liters of groundwater for filtration; for microscopy, biofilm flocks from the aquifer were randomly chosen
after sampling.

For sampling the unfiltered planktonic microbial community for metagenomics, 70 L of groundwater were filtered onto a 0.1 µm
pore-size PTFE membrane filter (Merck Millipore, Darmstadt, Germany). The flow-through was collected in a sterilized container, and
a final concentration of 1 mg L-1 of iron (III) chloride (Carl Roth, Karlsruhe, Germany) was applied for chemical flocculation (30



3

nature
research

|
rep

orting
sum

m
ary

April2020

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions

Location

Access & import/export

Disturbance

minutes). Flocculates were filtered onto 5 x 0.2 µm membrane filters (<0.1 µm fraction, viral fraction).

We chose to sample the archaeal biofilms, planktonic and viral fractions to determine viral infestations for planktonic and sessile
Altiarchaeota. Metagenomes from whole community DNA reflected temperate and actively replicating viruses, whereas the viral
fraction (virome) predominantly contained free viruses and lysed (Altiarchaeota) cells remnants. Sequencing viromes generally also
increases the likelihood of finding rare viruses.

For virusFISH we first established the method with respective controls and then randomly took 18 individual biofilm flocks from the
ecosystem for determining infection categories of the 8.9kb long, dominant virus. There was no selection of biofilm flocks based on
certain parameters.

Groundwater for metagenomic data of the Mühlbacher Schwefelquelle, Isling, Germany were collected 15th to 17th October 2018 in
presence of Perla Abigail Figueroa Gonzalez, Janina Rahlff and Alexander Probst. Three types of samples were collected for
metagenomics: i) biofilm flocks; ii) the planktonic community (>0.1 µm pore-size fraction); and iii) the viruses and lysed cells (<0.1 µm
pore-size fraction) using a custom-made filtration system (serial number SN 0604_2018) by Sima-Tec (Schwalmtal, Germany) and 142
mm diameter filter membranes. Shotgun metagenome sequencing was performed using an Illumina HiSeq platform.

Biofilm material for virusFISH was collected 17th to 19th January 2019 by Victoria Turzynski, Indra Monsees and Alexander Probst.
Detailed information on the sampling procedure for data collection can be found in the manuscript. Biofilm material was examined
with an epifluorescence microscope Axio imager M2m equipped with an Axio CamMRm (Carl Zeiss Microscopy GmbH, Germany).
Zen 2 Pro Software (version 2.0.0.0) was used for achieving all micrographs (Carl Zeiss Microscopy GmbH, Germany). The following
filter sets were used for visualizing Altiarchaeota biofilms and their viral infections; 49 DAPI shift free (488049-9901-000), 64 He
mPlum shift free (489064-0000-000) and 09 shift free (488009-9901-000) (Carl Zeiss Microscopy GmbH, Germany).

Structured illumination microscopy was performed on the biofilm samples (taken in January 2019, see above) with a Zeiss ELYRA PS.1
epifluorescence microscope equipped with a F Set 77 He filter (Carl Zeiss Microscopy GmbH, Germany). For analyzing the biofilm
material, a Zen 2.3 SP1 FP3 black (version 14.0.22.201) was used (Carl Zeiss Microscopy GmbH, Germany).

Transmission electron microscopy was carried out by Andreas Klingl on biofilm samples taken on 17th to 19th October 2018. The
biofilm material was observed with a Zeiss EM 912 Carl Zeiss Microscopy GmbH, Germany) equipped with an integrated OMEGA-filter
and a 2k x 2k pixel slow-scan CCD camera (TRS Tröndle Restverstärkersysteme, Moorenweis, Germany). ImageSP software (version
1.2.9.77) (64x) (SysProg, Minsk, Belarus) was used.

Groundwater for metagenomic data of the Mühlbacher Schwefelquelle, Isling, Germany were collected 15th to 17th October 2018.
Biofilm material for TEM analysis was collected on 17th to 19th October 2018 and for virusFISH from 17th to 19th January 2019.

We do not show the data and analysis of non-matching spacers derived from viral mini CRISPR arrays that we checked for their role in
interviral conflicts, because the spacers did not match any viral targets and there is consequently no data to show.

We initially identified the target virus for virusFISH in public metagenomes from 2012. To reproduce the identification and
reconstruction of the virus and of the virus-host relationship from the metagenome, we did not perform technical replicates but
biological replicates by focusing on size fractionation of the biological samples: We performed metagenomics of a biofilm sample,
from the planktonic fraction in the community and from the viral fraction, for all of which we were able to recover the respective
virus.

Detailed information can be found in the method section of the manuscript. FISH experiments were highly reproducible: Since we
established virusFISH for this project in 2019, we have tested the chemically synthesized probe mix targeting Altivir_1_MSI 70 times
in total and the Metallosphaera sp. virus probe (as negative control) 66 times in total. The testing was always carried out on
Altiarchaea biofilm samples from MSI site.

During randomization experimental subjects are assigned to different treatments, but in this study we did not compare different
treatments in that sense.

Blinding is usually performed in experiments involving living participants, which are kept unaware of the treatment group they get
assigned to. This was not applicable in our study as human participants were not part of the experiments. Blinding during virusFISH
experiments was not applicable, because the experimenter needs to know which biofilm flock was treated with positive and negative
probes.

Groundwater was sampled from a ca. 10 degree celsius cold aquifer, no rainfall, pH ca. 7.2.

Samples were collected for microscopy and metagenomic analyzes from the sulfidic spring Mühlbacher Schwefelquelle Isling (MSI) in
Regensburg, Germany (N 48° 59.142, E 012° 07.636). Data from other ecosystems were obtained from public databases or sampled
and reported within another study as referenced in the manuscript.

No import or export of samples was conducted as the sampling site is in Germany and the executing lab was also located in Germany.
Samples from the aquifer were taken after local authorities (city of Regensburg) had approved the sampling in the naturally
protected area. Permission for sampling the Mühlbacher Schwefelquelle was granted on 29th June 2018 by Mr. Forster, Umweltamt
Stadt Regensburg (Az. 31.4 Fo) and is valid for 5 years.

The sampling was non-invasive to the ecosystem as upwelling groundwater has been sampled.




