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Abstract 

Ecosystems subject to mantle degassing are of particular interest for understanding global biogeochemistry, as their microbiomes are 
shaped by prolonged exposure to high CO 2 and have recently been suggested to be highly active. While the genetic diversity of bacteria 
and ar c haea in these dee p biospher e systems hav e been studied extensi v el y, little is known a bout how viruses impact these micr obial 
comm unities. Her e , w e show that the viral community in a high-CO 2 cold-water geyser (Wallender Born, Germany) undergoes sub- 
stantial fluctuations over a period of 12 days, although the corresponding prokaryotic community remains stable, indicating a newly 
observed “infect to keep in c hec k” str ate gy that maintains prokaryotic community structure. We characterized the viral community 
using metagenomics and metaproteomics, revealing 8 654 viral operational taxonomic units (vOTUs). CRISPR spacer-to-protospacer 
matching linked 278 vOTUs to 32 hosts, with many vOTUs sharing hosts from different families. High levels of vir al structur al pro- 
teins present in the metaproteome (several structurally annotated based on AlphaFold models) indicate acti v e virion pr oduction at 
the time of sampling. Viral genomes expressed many proteins involved in DNA metabolism and manipulation, and encoded for auxil- 
iar y meta bolic genes, which likel y bolster phosphate and sulfur meta bolism of their hosts. The acti v e viral comm unity encodes genes 
to facilitate acquisition and transformation of host nutrients, and appears to consist of many nutrient-demanding members, based 

on abundant virion proteins. These findings indicate viruses are inextricably linked to the biogeochemical cycling in this high-CO 2 

environment and substantially contribute to prokaryotic community stability in the deep biosphere hotspots. 

Ke yw ords: metaproteogenomics; aquifer; prokaryotic viruses; high-CO 2 ; subsurface; time-series 
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Terr estrial subsurface envir onments contribute 12%–20% to 
global biomass, yet r emain poorl y c har acterized compar ed to ma- 
rine and soil biomes (Bar-On et al. 2018 , Soares et al. 2023 ). A 

growing body of research suggests that terrestrial subsurface en- 
vir onments ar e biodiv ersity hotspots harboring pr okaryotes with 

diverse metabolic capabilities that contribute to planetary biogeo- 
c hemical cycling (Ananthar aman et al. 2016 , Flemming et al. 2016 ,
Probst et al. 2017 ). Ecosystems subject to mantle degassing are 
of particular interest for understanding global biogeochemistry; 
these micr obiomes ar e sha ped by pr olonged exposur e to volcanic 
gasses , such as CO 2 . In vestigations into prokaryotic replication 

measur es in envir onments exposed to mantle degassing demon- 
strated that subsurface communities present similar replication 

rates as surface dwellers, indicating that mantle degassing fuels 
comm unity gr owth (Bornemann et al. 2022 ). Studies on subsur- 
face viruses indicate high le v els of div ersity, suc h as in old fr ac k- 
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Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
ng wells dominated by Halanaerobium spp., where over a thousand
nique viral populations have been recovered (Daly et al. 2018 ).
espite this, little is known about viruses in high-CO 2 subsurface
n vironments . 

Subsurface viromes contain primarily viruses with little sim- 
larity to other ecosystems or isolates (Holmfeldt et al. 2021 ).
rokaryotic hosts of these viruses are not well understood either.
or example, across multiple sampling sites in the Fennoscan- 
ian Shield bedr oc k, man y viruses infected a broad range of hosts,
an y of whic h lac ked pr e vious descriptions of vir al inter actions.
ynamics in this bedr oc k subsurface envir onment suggested the
resence of a slow-motion “boom and bust” cycle, where vi- 
al activity facilitates nutrient rec ycling, allo wing for increased

icrobial activity in this subsurface environment (Holmfeldt et 
l. 2021 ). Vir al-host inter actions a ppear ed to follow the kill-the-
inner model, with the dominant micr obial comm unity shifting

ver the 8-month observation period, presumably due to viral 
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redation (Holmfeldt et al. 2021 ). Kill-the-winner dynamics have
lso been observed in other subsurface en vironments , such as
hat of the sulfidic aquifer Mühlbac her Sc hwefelquelle (Regens-
ur g, German y), wher e subsurface viruses target the highly abun-
ant primary producers , i.e . Ca. Altiarchaeum hamixonexum

Rahlff et al. 2021 , Esser et al. 2023 , Turzynski et al. 2023 ). Lit-
le is known about the diversity and activity of viruses in high-
O 2 en vironments . One of the few studies investigating viruses

n this type of environments found huge phage genomes up to
15 kbp in length in meta genomes fr om Crystal Geyser (Utah,
SA) (Al-Shayeb et al. 2020 ). The genomes of these huge phages
ere annotated to encode for structural proteins , tRNAs , and
r oteins involv ed in DN A synthesis, DN A r eplication, and pr o-
ein folding (Al-Shayeb et al. 2020 ). Insights into the hosts of
iruses fr om high-CO 2 envir onments can be hampered by the
ack of CRISPR-Cas systems in many uncultured bacterial lin-
ages (Burstein et al. 2016 ). Previous work on the Geyser Wallender
orn, the ecosystem-of-interest in this study, identified Gammapro-
eobacteria to be dominant in the community. This class of organ-
sm, among others identified in the ecosystem, have well docu-

ented reports of CRISPR-Cas systems in groundwater ecosys-
ems and global databases, indicating a potential for identify-
ng the associated viral community of the major players of this
cosystem (Burstein et al. 2016 , Figueroa-Gonzalez et al. 2023 ). 

In this study, we c har acterize the viral community in a subsur-
ace environment subject to mantle degassing using temporally
 esolv ed meta genomes and meta pr oteomes collected fr om filter
ractions of the cold-water geyser Wallender Born in the Volcanic
ifel region in Germany. Driven by a build-up of CO 2 from man-
le degassing, this geyser r egularl y disc har ges gr oundwater fluids
ontaining complex microbial communities, allowing easy sam-
ling access to this subsurface ecosystem (Figueroa-Gonzalez et
l. 2023 ). We sequentially filtered subsurface fluids over a twelve-
ay sampling period to provide a highly resolved metaproteoge-
omic time series, and identified str ain-le v el vir al infection his-
ories in this environment using genome-resolved metagenomics
nd spacer-to-pr otospacer matc hing. Abundance of the vir al
enomes demonstrated fluctuations in 0.1- μm fr actions acr oss
he time series. By contrast, most prokaryotic metagenome-
ssembled genomes (MAGs) demonstrated relatively stable cover-
 ge v alues in the 0.2- μm fr action acr oss time. Vir al genomes en-
oded auxiliary metabolic genes putativ el y involv ed in phosphate
nd sulfur metabolism of their hosts, though none were found ac-
iv el y expr essed in the meta pr oteomes . T he vir al pr otein pr ofiles
f all viruses identified in the meta pr oteomes r e v ealed tempo-
 al c hanges in virion pr otein pr esence. Virion pr oteins, specificall y
a psid pr oteins, wer e the most abundant vir al pr oteins, but we
lso detected diverse nonstructural proteins from different stages
f the viral life cycle . T hese findings indicate that an active viral
ommunity with demanding nutrient requirements for structural
r otein pr oduction exists in this high CO 2 envir onment. 

ethods 

ampling 

he time series sample was collected from the geyser Wallen-
er Born (Volcanic Eifel r egion, German y) ov er the course of 12
ays (October 14th-25th, 2020), with 2–3 samples collected each
ay. Groundwater pushed to the surface during eruptions was col-

ected in DNA-free containers and immediately filtered through
airs of 0.2- μm filters. Flow-through from each pair of 0.2- μm fil-
ers was then filter ed thr ough a single 0.1- μm filter. One additional
ulk sample was collected by filtering water dir ectl y onto a 0.1- μm
lter. A schematic of the sampling process is available in Figueroa-
onzalez et al. ( 2023 ). Filters were stored in sterile Falcon tubes on
ry ice during the course of sampling, then tr ansferr ed to a −80 ◦C
r eezer befor e pr ocessing. 

N A extr action and sequencing 

iomass from the pairs of 0.2- μm filters were pooled to create
 single comparable sample for each 0.1- μm filter. This resulted
n 44 samples, 22 from each filter size. One-third of the biomass
r om eac h 0.1- μm filter and fr om eac h combined set of 0.2- μm
lters was used for DNA extraction, one-third was r eserv ed for
r otein extr action, and the final third was used for lipid extraction
hen possible. 30 of these samples contained enough biomass for
NA extr actions, whic h wer e performed with the DNeasy Power-
ax Soil DNA Extraction kit (Qiagen, 12988–10) follo w ed b y fur-

her concentration via ethanol precipitations with a glycogen car-
ier. The Westbur g NGS DNA Libr ary Pr ep Kit (cat. No. WB 9096)
as used to pr epar e DNA libr aries, whic h wer e sequenced on an

llumina NextSeq500 (2 × 150 bp pair ed-end r eads). 20 Gbps se-
uencing depth per sample was r eac hed for 28 of the samples,
hough some samples were sequenced up to three times and con-
atenated to produce the aspired sequencing depth. Due to the
ow biomass of this environment, filters did not provide enough
iomass to allow for sample replicates. 

ead processing, assembly and binning 

eta genomic pr ocessing was performed on an Ubuntu server
0.04.4 LTS (GNU/Linux5.4.0–124-generic x86_64) with 40 cores
nd 1.5 TB RAM. Illumina adaptors and sequencing artifacts
er e r emov ed fr om pair ed-end r aw r eads using BBduk v37.09

Bushnell, https:// sourceforge.net/ projects/ bbmap ), trimmed by
ickle v1.33 ( https:// github.com/ najoshi/ sickle ) and dereplicated
y dedupe (Bushnell, https:// sourceforge.net/ projects/ bbmap ).
rimmed pair ed-end r eads wer e assembled first using MetaVi-
alSPAdes v3.15.2 (Antipov et al. 2020 ) to assemble viral scaf-
olds and plasmids. Reads that did not map onto the assem-
led scaffolds from MetaViralSPAdes (mapping with Bowtie2
2.3.5.1, –sensitiv e mode) wer e further assembled using MetaS-
Ades v3.15.2 (Nurk et al. 2017 ). Differ ential cov er a ge of as-
embled scaffolds with minimum lengths of 1000 bp was cal-
ulated by cr oss-ma pping r eads fr om all meta genomes to the
ssemblies using Bowtie2 (Langmead and Salzberg 2012 ). Bin-
ing was performed using CONCOCT v1.1.0 (Alneberg et al.
014 ), MaxBin2 v2.2.7 (Wu et al. 2016 ), and abawaca v1.0.0
 https:// github.com/ CK7/ abawaca ). In the case of MaxBin2, scaf-
olds were binned once with gene marker set 107 (bacte-
ial) and once with gene marker set 40 (bacterial and ar-
haeal). When binning with abawaca, input scaffolds wer e pr e-
ared with esomWrapper.pl ( https:// github.com/ tetramerFreqs/
inning/ tree/ master/ esomWrapper.pl , -min 3 kbp/5 kbp, -max
 kbp/10 kbp) for two separate binning runs. DAS Tool v1.1.2
Sieber et al. 2018 ) was used to select the best bin r epr esentativ es
or curation. Manual curation to reduce contamination was per-
ormed using uBin v0.9.20 (Bornemann et al. 2023 ). All scaffolds
dentified as viral in the “viruses.fna” output file from CheckV
0.7.0 (Nayfach et al. 2021 ), which excludes those identified as
r opha ges, wer e r emov ed fr om the cur ated bins (vir al w orkflo w
escribed below). CheckM1 v1.1.3 (Parks et al. 2015 ) with database
015_01_16 was used to determine final completeness and con-
amination of the microbial bins. dRep v3.2.2 (Olm et al. 2017 )
as used to dereplicate MAGs at 99% gANI (str ain-le v el). Bins with

https://sourceforge.net/projects/bbmap
https://github.com/najoshi/sickle
https://sourceforge.net/projects/bbmap
https://github.com/CK7/abawaca
https://github.com/tetramerFreqs/Binning/tree/master/esomWrapper.pl
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completeness greater than 70% completeness and less than 10% 

contamination (medium and high quality) (The Genome Stan- 
dards Consortium et al. 2017 ) as determined by CheckM1 from 

both pre- and post- dereplication were used in further analysis. 

Viral detection 

Viral scaffolds were identified from assembled scaffolds using Vir- 
Sorter2 v2.2.3 (–high-confidence-only) (Guo et al. 2021 ), VIBRANT 

v1.2.1 (Kieft et al. 2020 ), and DeepVirFinder v1.0 (Ren et al. 2020 ).
CheckV end_to_end was used to assess completeness of identified 

viral scaffolds ( Table S4 ). Scaffolds of 25% or greater completeness 
without any CheckV warnings, with lengths greater than 3000 bp 

proceeded to further analysis. 

Spacer-to-protospacer matching 

CRISPR systems were extracted from all medium and high qual- 
ity MAGs using CRISPRCasFinder v4.2.19 with flags specifying a 
maxim um 10% mismatc hes (2–3 mismatc hes in a typical direct 
r epeat) between dir ect r epeats and a better detection of trun- 
cated repeats (Couvin et al. 2018 ). Only repeats and spacers from 

e vidence le v el 4 CRISPR arr ays wer e used in the following anal- 
ysis, which is important because it ensures CRISPR arrays have 
at least four spacers as well as neighboring Cas proteins, ensur- 
ing a high le v el of confidence. Spacers fr om the detected evi- 
dence le v el 4 CRISPR systems wer e collected. Additional spacers 
wer e extr acted fr om the trimmed pair ed-end r eads using the r e- 
peats identified by CRISPRCasFinder as input for metaCRAST (-q 

-d 3 -l 60 -r) (Moller and Liang 2017 ). Post-hoc clustering of ex- 
tracted spacers from both metaCRAST and CRISPRCasFinder was 
performed at 90% using CD-HIT v4.8.1 (Li and Godzik 2006 ). Size 
distribution of spacer sequences was calculated, and upper and 

lo w er length quartiles were removed, resulting in filtered spac- 
ers of 24-70 bp in length. Spacers were aligned against identified 

viral scaffolds with blastn v2.9.0 (-short algorithm) (Altschul et 
al. 1990 ) and results were filtered with a 80% sequence similarity 
(alignment length × identity/query length) threshold using an in- 
house script. Phage genomes with only 1–2 spacer matches were 
manually inspected to remove any false positives that occurred 

due to a spacer consisting mainly of single nucleotide polymor- 
phisms. Vir al-host matc hes ar e av ailable in Table S5 . 

Taxonomy of prokaryotes and viruses 

Taxonomy was assigned to MAGs using GTDB-Tk v2.1 with the 
classify_wf w orkflo w a gainst database v ersion r207 (Chaumeil et 
al. 2022 ). Taxonomy was assigned to viral contigs using geNo- 
mad v1.5.1 with database v1.3 (end-to-end –cleanup –splits 8) (Ca- 
margo et al. 2023 ). 

Determining genome co ver age 

Cov er a ge of MAGs was determined by first mapping the reads 
of eac h meta genome to the der eplicated MAGs using Bowtie2 (–
sensitiv e mode, whic h was used in all following mentions of map- 
ping). 

Cov er a ge of viral scaffolds with host matches was performed 

by first clustering scaffolds with VIRIDIC v1.0_r3.6 (Moraru et al.
2020 ) at 95% similarity clustering, for genus and species le v el 
clusters, r espectiv el y. Cov er a ge was determined by mapping reads 
fr om eac h meta genome to the longest genome r epr esentativ e for 
eac h species-le v el cluster (vOTU) using Bowtie2 and filter to allow 

5% mismatches, with the higher mismatch tolerance accounting 
for the higher mutation rate in viruses compared to prokaryotes.
Breadth (i.e. number of nucleotide positions with cov er a ge of at 
east 1) was calculated for each genome in each sample, and cov-
r a ge was set to 0 when breadth was less than 75%. Cov er a ge was
ormalized between samples as follows ( Table S3A and S3B with
ov er a ge for prokaryotes and viruses respectively): 

( cov er a ge / #BPi ) ∗max ( #BP ) ) 

In this manuscript, we describe abundance of organisms in 

w o w ays: r elativ e abundance (r eflectiv e of the r eads ma pped to
ac h or ganism in eac h sample) and % r elativ e abundance (r elativ e
bundance calculated as a % of 100% in each sample). Relative
bundance allows us to measure absolute changes in abundance 
etween samples, whereas % relative abundance gives us infor- 
ation about how abundant organisms are in relation to each

ther in each sample. 

rotein prediction and annotation 

pen reading frames (ORFs) of all metagenomic assemblies were 
redicted by Prodigal 2.6.3 in meta-mode (Hyatt et al. 2010 ). Anno-
ations of ORFs were performed against FunTaxDB 1.3 (Uniref100 
unctions and taxonomy, downloaded 2022–08-11) (Bornemann et 
l. 2023 ). Additional annotation of identified vir al pr oteins wer e
erformed against the PHROG hidden Markov models (HMMs) 
4 (Terzian et al. 2021 ) using hmmscan (-id 100 -diff 0 -p 50 -
 1 -Z 600) (HMMER Software Suite) k ee ping only hits with e-
alue < 0.01 and selecting the hit with the highest bit-score.
tructur al pr edictions wer e performed using AlphaFold v2.2.0 (–
ax_template_date = 2022–01-01) (Jumper et al. 2021 , Varadi et al.

022 ). T he ranked_0.pdb file , which contains the structure with
he highest confidence, was queried against the FoldSeek server 
accessed August 2023) (Van Kempen et al. 2023 ) and DALI server
accessed July 2023) (Holm 2020; Holm et al. 2023 ) for structural

atches . Consensus between databases , or a high degree of con-
dence from a single database (Z > 20 for DALI, e-value < 10 −7 for
oldSeek), was used to select protein annotation. 

rotein extraction 

eta pr oteomics w orkflo w and schematic for these samples is also
vailable in Figueroa-Gonzalez et al. ( 2023 ) and the methods were
e v eloped fr om Deusc h and Seifert ( 2015 ). Fr ozen biomass r e-
aining on the filters after DN A extraction w as distributed to gen-

r ate thr ee compar ativ e meta pr oteomics datasets: time , size , and
ulk. In the time dataset, 2.25 g from each pair of 0.2- μm filters
as collected (total 4.5 g per time point), resulting in a highly re-

olv ed tempor al meta pr oteome of the micr obial fr action. For the
ize dataset, biomass from sets of 3–4 0.1- μm filters were pooled
o generate 4.5 g of biomass for an early, middle, and late time
eries r epr esentation. Associated 0.2- μm filters wer e also pooled
n this manner to generate equivalent biomass for comparative 
arly, middle , and late samples . Lastly, biomass to generate the
ulk dataset was taken 1) from the bulk filter and 2) from com-
ining remaining all 0.2- μm filters not already included in the
ize samples because the corresponding 0.1- μm filters had too low
iomass. 

With sample biomass distributions in mind, the protein extrac- 
ions were performed by first placing small pieces of filters into
ow protein binding reaction tubes. One volume of resuspension 

olution 1 (50 mM Tris-HCl pH 7.5, 0.1 mg/ml c hlor amphenicol,
 mM PMSF [phen ylmethanesulfon yl fluoride]) was used to cov er
he filters, then samples w ere v ortexed to resuspend biomass.
ext, 1.5 volumes of resuspension solution 2 (20 mM Tris-HCl pH
.5, 2% SDS) were added to the samples prior to a 10 minute in-
ubation at 60 ◦C with shaking. After incubation, samples were 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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 e-equilibr ated to room temperature then mixed with 5 volumes
f DNAse (1 μg/ml DNAse I). Lysis of samples was performed via
ltrasonication on ice for 6 minutes (amplitude 51–60%; cycle 0.5)
ollo w ed b y incubation at 37 ◦C for 10 min with vigorous shak-
ng. Samples were centrifuged to pellet the cell debris, and pro-
eins in the supernatants were precipitated by adding precooled
ric hlor oacetic acid (final v/v concentration 20% TCA). Incubation
t 4 ◦C for 30 min in an o verhead in verter allowing for the pre-
ipitation. Pr ecipitated pr oteins wer e pelleted, washed with pr e-
ooled acetone, then dried. Protein pellets were resuspended in
x SDS sampling solution (0.125 M Tris-HCl pH 6.8, 4% [w/v] SDS,
0% [v/v] gl ycer ol, 10% (v/v) ß- mercaptoethanol), incubated in an
ltrasonic bath for 15 min, then heated at 95 ◦C for 5 min. Next,
amples were centrifuged, supernatant saved, and remaining pel-
et was once a gain tr eated with 2x SDS sampling solution. Super-
atants and pellets (the two protein fractions) were separated by
DS-PAGE in SDS Gels (Criterion TGX 4–20%, 12 + 2 wells, Bio-Rad).
oomassie staining was used to v erify pr otein pr esence, then pr o-

eins were digested in the gel, which involved excising each gel
ane into ten equidistant pieces, destaining, washing, and digest-
ng with trypsin (Bonn et al. 2014 ). Digested peptides were eluted
nto water via an ultrasonic bath and desalted using C18 ZipTip
olumns (Merck) according to the manufacturer’s guidelines. 

roteomics database generation 

pen reading frames (ORFs) predicted by Prodigal (Hyatt et al.
010 ) were pooled across all metagenomes. ORFs that had been
inned wer e pr edicted with the default tr anslation codes 11 or 4,
xcept for cases where a binned scaffold was assigned to a Gra-
ilibacteria bin, where the ORFs were predicted with translation
ode 25. ORFs not assigned to a MAG were predicted with prodi-
al in -meta mode. ORFs were uniquified to produce database
 epr esentativ es with usearch -fastx_uniques (Edgar 2010 ). Each
atabase entry was assigned a 6-digit “Accession” number to be
ompatible with Mass spectr ometry spectr a identification soft-
are. Related metadata for each accession (e.g. Bin of origin, func-

ional and taxonomic annotation, etc) was stored in a separate file
available in SI of Figueroa-Gonzalez et al. 2023 ). 

ass spectrometry and data processing 

rypsinized peptides were separated with an EASY-nLC 1200 liq-
id c hr omatogr a phy system and then subjected to MS/MS anal y-
es on a LTQ Orbitr a p Elite instrument (ThermoFisher Scientific).
he c hr omatogr a phy column used was a self-pac ked anal ytical
olumn (OD 360 μm, ID 100 μm, length 20 cm) filled with 3 μm
iameter C18 particles (Maisch), and peptides were eluted by a bi-
ary nonlinear gradient of 5 to 99% acetonitrile in 0.1% (v/v) acetic
cid over 82 min with a flow rate of 300 nl/min. Eluted peptides
er e measur ed in full scan mode by the Orbitr a p at a 60 000 r eso-

ution. The 20 most abundant precursor ions were subjected to
ollision-induced dissociation to produce structure-informative
r a gments. Measur ed MS/MS spectr a wer e searc hed a gainst a
orw ar d-r e v erse database produced from the metagenome pro-
ein database, which contained 15 269 672 unique entries. Mascot
Matrix Science; version 2.7.0.1) softw are w as used to perform this
atabase search and was given the following parameters under
he assumption of trypsin enzyme digestion: 10 ppm tolerance for
arent and 0.5 Da tolerance for fragment ions, up to two missed
leav a ges, methionine oxidation as a variable modification. The
atabase searc h r esults wer e mer ged and v alidated using Scaffold
5.1.2 (Pr oteome Softwar e Inc.). An additional X!Tandem database
earch (default settings) was performed during the creation of the
caffold file for further validation of peptide and protein identifi-
ations . T he false discov ery r ate (FDR) was set to 5% and protein
r oups wer e r equir ed to hav e at least 1 unique peptide for assign-
ent. 

pectral count normalization 

aw spectral counts were normalized across the samples by nor-
alizing to protein length, and by total spectral count per sample

s pr e viousl y described (Zybailov et al. 2006 ). Data will be avail-
ble through the ProteomeXchange Consortium via the PRIDE
Per ez-Riv er ol et al. 2022 ) partner repository (dataset identifier
XD042980). 

ost and non-host metabolic activity statistics 

etagenome-based genome relative abundance and
eta pr oteome-based genome r elativ e abundances fr om the

.2- μm fr actions wer e tr ansformed into percenta ges. Median and
ean % r elativ e abundances wer e calculated for eac h genome.

atios were generated by dividing median metaproteome-based
enome % r elativ e abundances by metagenome-based genome
 r elativ e abundances, and likewise for mean. Median was
etermined to be the a ppr opriate metric, as it is outlier resistant
nd no ratios produced 0 results. A Welch two-sample t-test (R
ore Team 2022 ) was used to compare the median ratios of hosts
nd non-hosts within the Gamma pr oteobacteria class, but no
ignificance was found. 

iral protein identification 

RFs predicted on viral scaffolds (identified via the viral detec-
ion w orkflo w) w er e matc hed to their accession numbers, then
hese viral accession numbers w ere sear ched for in the time, bulk,
nd size meta pr oteomes in RStudio (2022.12.0 + 353) (R Cor e Team
022 ). 

irClust annotation 

ASTA sequences of selected viral genomes were uploaded to the
irClust webserver in July 2023 https://rhea.icbm.uni-oldenburg.
e/ virclust/ (Moraru 2021 ). Annotations were performed using all
 vailable databases , merged and the consensus annotation was
anually established. 

isualization 

esults were tidied and visualized in RStudio using
gplot2 (Wickham 2016 ), tidyverse (Wickham et al.
019 ), broom (Robinson 2014 ), ggalluvial (Brunson 2020 ),
ggenes (github.com/wilk ox/gggenes/tr ee/master), ggstr eam
github.com/davidsjober g/ggstr eam) and patc hwork ( https:
/ github.com/ thomasp85/ patc hwork ) pac ka ges. 

esults and discussion 

 stable prokaryotic community with fluctuating 

ssocia ted vir al abundance o ver tw elve 

onsecuti v e days in Geyser Wallender Born 

ir al genomes wer e r etrie v ed fr om 0.67 Tbps of metagenomic se-
uencing pr oduced fr om a 12-day time series of 0.1- μm and 0.2-
m size-fractioned eruption water samples. We identified 16 825
caffolds to be of viral origin, with 25% or more viral genome
ompleteness by CheckV ( Table S1 ) (Nayfach et al. 2021 ). Viral
caffold clustering at 95% similarity using VIRIDIC (Moraru et
l. 2020 ) produced 8 654 vO TUs . GeNomad (Camargo et al. 2023 )

https://rhea.icbm.uni-oldenburg.de/virclust/
https://github.com/thomasp85/patchwork
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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taxonomy assignment determined three viral realms to be present 
in the metagenomes: Duplodnaviria , Monodnaviria , and Varidnaviria 
( Table S2 ). Among these realms, 97.22% of viral scaffolds were as- 
signed to Duplodnaviria , class Caudoviricetes . Another 1.03% % of 
the scaffolds were assigned to the Monodnaviria realm, 0.64% of the 
scaffolds were assigned to Varidnaviria , and 1.23% of the scaffolds 
remained unclassified. The relative abundance of the viral com- 
m unity compar ed to the pr okaryotic comm unity is depicted in 

Fig. 1 , where the viral community demonstrates abundance vari- 
ability over the time series, compared to the relatively stable 
micr obial comm unity. Further visualizations of stability (or lack 
ther eof) ar e av ailable in the Supplemental Materials, where we 
inv estigated the r ange of abundances for eac h or ganism class 
( Fig. S1 ). 

Since viruses are inert without a host to hijac k, anal ysis of 
the associated prokaryotes in this environment was essential. 
Pr e vious work elabor ates on the 751 MAGs r etrie v ed fr om the 
samples, whic h cluster ed into 123 str ains after der eplication 

(Figuer oa-Gonzalez et al. 2023 ). Briefly, ir on-oxidizing Gallionella 
spp. dominate the community, with a single MAG of Gallionella 
spp. (MAG name: Nitr osomondales_51_490) r ecruiting 30% of the 
r eads ma pped to the micr obial comm unity in the 0.2- μm fr action 

( Table S3A ) (Figueroa-Gonzalez et al. 2023 ). At the same time, 55 
MAGs contribute less than 0.1% r elativ e abundance eac h (for dif- 
fer entiation of r elativ e abundance v ersus % r elativ e abundance 
please see Methods section of this manuscript). Ov er all, the abun- 
dance of prokaryotic community members, especially of those 
who are the most dominant, is relatively stable across time. 

Relative abundance values of the entire identified viral com- 
m unity displayed lar ge fluctuations in the 0.1- μm fr action ov er 
the twelve days (refer to Fig. S2 for a non-log10 transformed rep- 
resentation of prokaryotic-linked viral abundances where fluc- 
tuations ar e dr astic). In contr ast, vir al comm unities had m uc h 

lo w er abundances with less drastic fluctuations across time in 

the 0.2- μm fraction (Fig. 1 , Fig. S2 ). Although we dedicated 0.67 
Tbps of sequencing to our samples, some of the observed fluctu- 
ations in the 0.1- μm fraction might be a result of gener all y low 

r ead r ecruitment of vir al scaffolds in the samples pair ed with our 
stringent cutoffs of 75% breadth in r ead cov er a ge to call a virus 
present and to avoid false positives. In addition, few eukaryotic se- 
quences, which can tamper with assembly and lead to fragmented 

scaffolds with low read recruitment, were present in the sample 
( Fig. S3 ). To conclude, the changes in the relative abundances of 
viruses and prokaryotes across time as seen in our data are likely 
r epr esentativ e of the actual biome in the ecosystem (Fig. 1 ). 

Although 0.2- μm and 0.1- μm filters typicall y corr espond to 
“cellular” and “viral” fractions, we did not observe a stringent di- 
vide in the communities identified on the two filter fractions. For 
example, man y pr okaryotes, including the abundant Gallionella 
spp. MAGs were identified in both filter fractions, but with different 
abundance profiles. In the case of prokaryotes, there are several 
explanations for cells being found on both filter fr actions. Ov er the 
course of sampling, filter pores become clogged and cells < 0.1 μm 

could be caught on the larger filter fraction. Additionally, many 
cells that are themselves less than 0.1 μm live in flocs or attach to 
(in)organic matter, making their net size too large to pass through 

the 0.2- μm fr action. Conv ersel y, lar ge cells ( > 0.2 μm) may be ob- 
served on the 0.1- μm fraction as eDNA after lysis . T hough we sa w 

the most abundance and diversity of viruses on the 0.1- μm frac- 
tions as expected, viruses identified in the 0.2- μm fractions could 

be indicative of active intracellular infections. 
Ther e ar e se v er al plausible explanations for the stable pr okary- 

otic community and the fluctuating viral community. To begin the 
eliberation, it may be that strong external triggers, such as seis-
ic activity impacting gr oundwater geoc hemistry, onl y caught via

ong-term sampling might cause fluctuations in the organismal 
art of the community. Fluctuations in viral abundance may re-
ect a faster turnover of viruses compared to longer-living (“living”

n the case of viruses) pr okaryotes. Additionall y, infected pr okary-
tic cells can produce viral burst sizes many orders of magni-
ude larger than the original cellular population (Edw ar ds et al.
021 ), resulting in visible viral fluctuations, while the prokaryotic 
omm unity is hardl y impacted. Continual flushing of the system
hrough eruptions, as well as grazing by protists , ma y prevent the
ccumulation of viral particles over time, resulting in the observed
ips in viral abundance. 

pacer-to-protospacer matching suggests diverse 

eneralist viruses in the terrestrial subsurface 

e identified spacers in 99 MAGs (of the 751 MAGs in total), which
orresponded to 32 strain-level MAGs after dereplication (see pre- 
ious section). Using CrisprCasFinder (Couvin et al. 2018 ) and
etaCRAST (Moller and Liang 2017 ), a total of 11 839 quality-

ltered spacers were extracted either directly from MAGs or 
rom associated repeats in the reads. Of these spacers, 630 were

atc hed to pr otospacers on vir al scaffolds using blast. Ov er all, 6%
f our spacers had pr otospacer matc hes, whic h is compar able to
he global av er a ge of 7% (Shmak ov et al. 2017 ). Out of 16 825 viral
caffolds, 3 835 had protospacer matches to a host, which gener-
ted 278 species-le v el clusters (vOTUs) with VIRIDIC (Moraru et
l. 2020 ). The majority of the spacer-to-pr otospacer matc hes wer e
ssociated with a Gallionella spp . MA G , whic h, sur prisingl y, was
 low abundance community member (1.82% ±0.13 SD relative 
bundance), and not the Gallionella spp. MAG dominating the com-
unity (30.82% ±0.85 SD) ( Table S3A , Fig. S ). The second-highest

umber of spacer-to-protospacer matches originated in a CRISPR- 
as system of a MAG identified as Bacteroidetes GWF2-32-17 spp.,
hic h contributed onl y 0.16% r elativ e abundance ( ±0.03 SD) to

he ov er all comm unity. Further vir al-host matc hes wer e identi-
ed across the community structure—from high-abundant MAGs 

dentified as Gallionella spp. and Thiobacillaceae bacterium LSR1 to 
xtr emel y low-abundant MAGs of Nitrospir ae , Leptospir a ogonesis ,
nd Bacteroidetes . 

Based on spacer-to-pr otospacer matc hes, man y vOTUs appar-
ntly infect hosts across family level boundaries. Analyses of in-
ection histories might be confounded by conjugative transfer 
f CRISPR systems between phylogenetically distinct hosts and 

on-hosts in densely populated ecosystems (Hwang et al. 2023 ).
hile the Wallender Born sur el y harbors biofilms , o v er all the wa-

er disc har ged fr om the geyser has a v ery low biomass compar ed
o dense biofilms investigated in the aforementioned study. This 
ikely lessens the effect of non-host spacer acquisition, rendering 
he spacer-to-pr otospacer matc hes her ein r eliable for determin-
ng host-virus interactions. Our results therefore indicate a puta- 
iv e gener alist life str ategy of the viruses, with most commonly
bserv ed cr oss-infections between Gallionellaceae and Burkholde- 
iaceae . Two families within Bacter oidales wer e found to share
n infection history with many viruses that were also predicted
o infect Gallionellaceae , Burkholderiaceae , and several members of
he r ar e biospher e. Suc h br oad host r anges can ob viousl y bene-
t viruses in diverse microbial communities by enabling access to
ore potential hosts , i.e . viral replication factories (Chevallereau

t al. 2022 ). These generalist viruses, ho w e v er, may incur e vo-
utionary and ecological costs by not being well-adapted to all
osts , and thus ma y ha ve lo w er r eplication r ates (Che v aller eau

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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Figure 1. Stream plots visualizing major metagenome abundance trends of overall viral and prokaryotic communities in the two filter fractions. 
Abundance is r epr esented by plotting the logarithm base 10-tr ansformed, r ead-normalized cov er a ge v alues for all genomes within the taxonomic 
classes. Gallionella spp. is classified as Gamma pr oteobacteria by the Genome Taxonomy Database , and is visible in this class abo ve . 



Moore et al. | 7 

Figure 2. Conce ptual sk etc h illustr ating highl y expr essed vir al pr oteins, indicated b y text labels and glo wing halos. Pr oteins r equir ed for differ ent vir al 
life cycle stages were identified in the proteomes. First, Panel A illustrates a free virion particle, with numerous structural proteins expressed. Next, 
Panel B illustrates cellactive proteins expressed during active infection. Proteins required for injecting viral genetic material into the host cell, 
replicating and manipulating nucleic material, and for assembling new virions were identified in the proteome. Lastly, Panel C shows proteins required 
for cell lysis that break down the cell wall and membrane were expressed. 
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et al. 2022 ). Phages reduce their host range when prolific hosts are 
available in the environment (Chevallereau et al. 2022 ). Generalist 
phages may be an indicator that the en vironment fa vors different 
or ganisms at differ ent times, or that imm unity of one host im- 
pr ov es and necessitates the virus to target a new host, as may be 
the case with Gallionellaceae and Burkholderiaceae . 

Though generalist viruses appear to play a large role in prokary- 
otic infection, we also observed putative specialist viruses. For ex- 
ample, we observed Gallionellaceae to be a family heavily targeted 

by viruses based on high spacer-to-protospacer matching, with 

many viruses infecting multiple genera within the family includ- 
ing Gallionella spp and Sideroxydans spp. These individual genera 
also appear to host specialist viruses, with several distinct vOTUs 
solely linked to one genus or the other ( Table S4 ). These findings 
suggest diverse lifestyle strategies for subsurface viruses. 

Viruses ma y pla y an important role in maintaining the com- 
m unity structur e in gr oundwater disc har ged by Wallender Born,
by targeting the most susceptible organisms in any given time 
window. Our observations lead us to belie v e this susceptibil- 
ity varies enough at a strain level, that viral targeting of spe- 
cific strains k ee ps their abundance lo w, allo wing other strains 
to maintain high abundances. We investigated the possibility of 
kill-the-winner dynamics controlling the ecosystem, as has been 

hypothesized to control other subsurface environments (Holm- 
feldt et al. 2021 ). Kill-the-winner posits that fast-growing taxa 
ar e tar geted b y viruses, allo wing for an ov er all balance in com- 
m unity structur e to be maintained e v en with differ ent gr owth 

rates (Thingstad and Lignell 1997 ). We used differences in me- 
dian r elativ e abundance of meta genome-based genome abun- 
dances versus metaproteome-based genome abundances as a 
proxy for metabolic activity, such that candidate “winners” would 

be dispr oportionatel y activ e in the pr oteome compar ed to their 
metagenome abundance ( Fig. S5 ). We found that hosts were 
ot significantly more metabolically active than non-hosts, sug- 
esting that kill-the-winner does not a ppr opriatel y describe the
cosystem, and other complex factors determine viral infection 

ynamics. As a result, we suggest “infect to keep in c hec k” as an al-
ernative model to describe viral control of this ecosystem, which
osits that susceptible taxa carrying m uc h of the viral infection

oad will be present in low abundances, allowing less susceptible
axa to dominate the ecosystem. This ecosystem violates a k e y as-
umption of kill-the-winner, that one phage has a single host and
ice v ersa, whic h ma y pla y a role in this ecosystem not following
trictly kill-the-winner dynamics, as we observe many generalist 
iruses infecting se v er al hosts, as well as multiple viruses infect-
ng single hosts. Highly abundant strains may have adapted their
orins or other receptors to physically avoid viral infection, allow- 

ng them to maintain a large population size over the course of our
2-day sampling period, but possibly at the cost of reduced porin
ctivity (Thingstad and Lignell 1997 ). In the case of the numer-
us Gallionella spp. strains found in this ecosystem, we observed
RISPR-Cas defense systems in all strains, but high-quality spacer 
atc hes to vir al pr otospacers wer e onl y observ ed in the low abun-

ance strains. High-abundance strains contained spacers with too 
 uc h dissimilarity to viral protospacers to be included in our

nalysis, and this may be an indicator that the high-abundance
train was targeted by an ancestral virus, which has since mutated
ignificantly and is no longer detectable in the environment. 

etaproteogenomics reveals many acti v e stages 

f infection and abundant virion proteins 

o investigate active viruses in the complex community with 

ultiple infection histories, we leveraged previously published 

eta pr oteomics data (Figuer oa-Gonzalez et al. 2023 ). Thr ee
eta pr oteomes wer e pr oduced based on differ ent pooling str ate-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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F igure 3. P er cent r elativ e abundance of normalized summed spectr al counts of pr oteins fr om 14 activ e viruses and associated hosts. P anels A and B 
show changes in virus and host protein relative abundance respectively in size separated time series, demonstrating the lo w er presence of viral 
proteins in the 0.1- μm fractions. Panels C and D show changes in virus and host protein relative abundance respectively in a more time-resolved series 
in 0.2- μm fractions only, displaying dynamic variations in protein presence of linked hosts and viruses. Note that panels A and B have the same y-axis 
scale, but C and D differ in order to account for the m uc h lower viral protein content on the 0.2- μm fractions . vO TU numbers in the legends are 
follo w ed b y the pr edicted host in par entheses in A and C, whic h can be matc hed to hosts in B and D. 
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ies on the biomass collected on the filters . T he “bulk” meta pr o-
eome contains the proteins collected directly on 0.1- μm filters
a total of 1 sample). The “size” meta pr oteome contains pooled
.1- μm filters from early, middle, and late stages of the time se-
ies, and likewise for 0.2- μm filters (a total of 6 samples in this
eta pr oteome). The “time” meta pr oteome contains onl y pr oteins

rom 0.2- μm filters for 14 time points (total 14 samples). 
Using these meta pr oteomes, we linked pr otein signatur es to

roteins of 103, 243, and 219 pr edicted vir al genomes in bulk, size,
nd time samples, r espectiv el y. Most of the vir al pr oteins wer e
dentified in the 0.1- μm fraction (220), while the 0.2- μm fraction
ncluded 114 viral proteins (both together constituting the size

eta pr oteome). This finding is consistent with our expectations,
ince the 0.1- μm fraction is often r eferr ed to as the viral fraction
ecause it catches many virions (Zhao et al. 2023 ). Bulk and time
eta pr oteomes contained 110 and 231 proteins with matches to

ir al-encoded genes, r espectiv el y. Man y of these identified pr o-
eins wer e unc har acterized or hypothetical (41 in the bulk, 37 in
he size, 87 in time meta pr oteome), based on theUnir ef100-based
unTaxDB annotations (Bornemann et al. 2023 ). After PHROG
MM-based annotations, 7 proteins in the bulk, 23 proteins in the
ize, and 26 proteins in time metaproteome remained uncharac-
erized/hypothetical. Of the remaining unannotated proteins, 33
onsisted of less than 2 000 amino acids and were thus of a rea-
onable size to predict structure with AlphaFold v2.2.0 (Jumper et
l. 2021 ). Querying AlphaFold-predicted structures to DALI (Holm
020 ) and Foldseek (Van Kempen et al. 2023 ) resulted in five ad-
itional annotations. Structure-based annotations included tail
ube pr oteins, ca psid pr oteins , and a DNA helicase . Ov er all, based
n our annotations we showed expression of various viral pro-
eins belonging to e v ery life cycle sta ge, fr om host-takeov er, DNA
ynthesis and replication proteins, to lysis and virion structural
roteins (Fig. 2 , Table S5 ). 

Structur al pr oteins wer e the primary contributors to the vir al
roteome, indicating abundant virions produced through lytic or
 hr onic infections ( Table S5 ). Total protein spectral counts con-
ributed by virion proteins in the 0.1- μm filters were comparable
r greater than the total protein spectral counts of their associ-
ted hosts found on both filter fractions, indicating significant nu-
rients acquired by cells are being partitioned into virions (Fig. 3 ).
iven that virions require a higher nitrogen/phosphorus: carbon

atio than cellular counterparts (J o ver et al. 2014 ), viruses may

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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Figure 4. Panel A shows spacer-to-protospacer viral host links present in the metaproteome. Of all the viralhost associations, 14 viral genomes and 
nine hosts were found to have proteins in the expression profile. Each MAG was assigned a color, so that viruses infecting multiple MAGs can be 
identified by multiple colors flowing into a single vOTU. Percent r elativ e abundance in the metagenome of associated vOTUs (Panel B) and hosts (Panel 
C) out of the entire viral and prokaryotic communities, respectively, are displayed across the time series. 
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sequester significant nutrients into their particles, likely having 
an important role in biogeochemical cycling in this environment. 

Metaproteomics suggests viral control of 
Gallionella populations, acti v e virion production, 
and presence of anti-restriction proteins in 

virions 

Fourteen vOTUs with host matc hes wer e pr esent in the meta pr o- 
teomes along with the associated nine hosts (Fig. 4 ). Spectral 
counts between bulk, size, and time meta pr oteomes cannot be 
compar ed quantitativ el y due to differ ent sample pooling. How- 
e v er, vOTU 634 and 732 contribute significant protein content 
within the 0.1- μm fractions of the size metaproteome (Fig. 3 ).
vOTU 634 infects Gallionella spp. (Nitr osomondales, thr ee or gan- 
isms in Fig. 4 ) and Bacteroidetes bacterium GWF2-32-17 spp.
(Bacteroidetes_31_15), while vOTU 732 infects Thiobacillaceae bac- 
terium LSR1 (Hydr ogenphilales_62_355). Inter estingl y, vOTU 634,
which makes the highest total protein contribution, has to- 
tal spectral sums comparable to those of the associated Gal- 
lionella spp. hosts . While vO TU 634 does not ha ve specific spacer 
matches to the most abundant Gallionella spp. str ain, Nitr osomon- 
dales_51_490, it is observed to infect three separate strains (i.e.
thr ee differ ent MAGs), suggesting some le v el of str ain flexibil- 
ity. Based on these read abundance-based observations, we con- 
clude that the virus of vOTU 634 suppresses Gallionella spp. popu- 
lations r epr esented by thr ee differ ent MAGs helping Nitr osomon- 
dales_51_490 dominate the ecosystem. Since all MAGs encode the 
same metabolic functions (Figueroa-Gonzalez et al. 2023 ), vOTU 

634 likely controls the population of Gallionella spp. in the aquifer 
accessible via geyser Wallender Born. 

Annotation of the 14 viral genomes that show infection histo- 
ries with hosts (Fig. 4 ) through VirClust’s automatic query of mul- 
tiple virus-specific databases allo w ed all but one of the expressed 

proteins to be confidently annotated. Expressed proteins were pri- 
maril y structur al pr oteins, pr esent in both 0.1- μm and 0.2- μm fil- 
ters (Fig. 5 ). Annotated intracellular proteins including recombi- 
ases , endonucleases , and ribonucleotide r eductases wer e onl y
resent in 0.2- μm filters, except for the antirestriction enzyme
hic h was onl y pr esent in the 0.1- μm samples (Fig. 5 ). The 250-
bp Caudoviricetes linked to Bacteroidetes was found to express a
ecA-lik e recombinase, HNH-lik e endon uclease, and ca psid pr o-
eins. Taken together, this protein expression profile indicates ac- 
iv e virion pr oduction via cleav a ge and pac ka ging of vir al genomes
nto proheads by HNH proteins, and maturation of capsid proteins.

A DarB-like antirestriction protein associated with a 60-kbp 

irus infecting Gallionella spp . was found in the 0.1- μm filter frac-
ion. At first glance, an enzyme with intracellular activity would
e expected only in the 0.2- μm fraction, but DarB is among several
roteins known to be packaged into virion capsids. DarB is part of a
ix-pr otein antir estriction system that the P1 bacteriopha ge pac k-
ges inside its capsid, so that this anti-host system can protect the
hage genome at the first moment of host infection (Gonzales et
l. 2022 ). Finding a DarB-like protein in the 0.1- μm filter fraction
ay indicate that pac ka ging antir estriction pr oteins into the ca p-

id is mor e widespr ead in environmental samples than pr e viousl y
ecognized. 

iral genomes contribute putati v e auxiliary 

etabolic genes (AMGs) for heavy metal 
esistance, sulfate and phosphorus acquisition 

s well as transformation 

n terms of the genomic potential of these acti ve, host-link ed
iruses, se v er al putativ e AMGs wer e identified with a putativ e
ole in improving host nutrient acquisition and cycling ( Table S6 ).
hosphoadenosine phosphosulfate reductases were present in 

ve of the 14 active viruses, and previous studies have identi-
ed phage homologues of this gene to participate in the assimi-

atory sulfate reduction pathwa y. T his gene is more common in
iruses in oligotrophic environments compared to other sulfur 
MGs (Holmfeldt et al. 2021 , Jacobson et al. 2021 ). AMGs support-

ng this pathway are crucial for sulfide incorporation into cysteine
Kieft et al. 2021 ). Mor eov er, vOTU 7 infecting Bacter oidetes en-

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqae011#supplementary-data
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Figure 5. Predicted open reading frames on the 14 active viruses. Colored regions represent presence in the metaproteomes. A range of genome 
completeness are presented, indicated by asterisks ( ∗low-quality , ∗∗medium-quality , ∗∗∗high-quality; quality is defined by CheckV based on 
completeness scores). 
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codes a putative sulfate transport ATPase . T hese virus-encoded 

enzymes that support sulfur acquisition and assimilation have 
pr e viousl y been hypothesized to support production of iron-sulfur 
pr oteins r equir ed for electr on tr ansport c hains and r edox pr o- 
cesses (Jacobson et al. 2021 ). 

In addition to sulfur metabolism, two of the active, host- 
linked viruses also possess putative AMGs involved in phos- 
phate metabolism, namely a PhoH-like homologue detected on 

both viral genomes linked to Bacteroidetes. PhoH is a host de- 
riv ed phosphate-starv ation inducible pr otein, whic h may enhance 
phosphorus uptake and transport in low-phosphorus environ- 
ments (Yu et al. 2023 ). The corresponding gene product is not 
observed in the metaproteomes, so phages may only express 
this gene under specific conditions to r epr ogr am the host to 
focus on phosphorus uptake, which is required for the extra 
DNA biosynthesis and NADPH (energy) production needed for 
pha ge r eplication. Ov er all, viruses hav e differ ent stoic hiomet- 
ric compositions in comparison to cells, namely a lo w er car- 
bon/nitr ogen/phosphorus r atio (J o v er et al. 2014 ); pr ogr ammable 
increased phosphorus uptake may help compensate for the in- 
creased phosphorus requirement for producing virions. 

Two of the viral genomes (infecting Gallionella spp. and Bac- 
teroidetes) may also contribute to host heavy-metal resistance 
by carrying a tellurium resistance membrane protein (TerC ho- 
mologue). Given that the Geyser Wallender Born is carbonated 

due to mantle degassing, tellurium may be entering the aquifer 
through degassing as a moderately volatile metal. Tellurium re- 
sistance genes have previously been reported on phage genomes 
isolated from mine drainage sites, and likely confer fitness to their 
hosts by protecting against tellurite which is highly toxic since it 
interferes with thiol inside of microbial cells (Zhang et al. 2023 ). 

Conclusion 

This study r e v ealed an activ e vir al comm unity inter acting with di- 
verse hosts in the high-CO 2 Geyser Wallender Born. While viruses 
are nutrient-demanding members of this ecosystem as seen 

through a high expression of virion proteins, they encode genes 
to facilitate acquisition and transformation of nutrients by hosts.
The viral metaproteome demonstrates viruses in many stages of 
infection, but is dominated by structural proteins, which likely 
renders viruses a significant nutrient sink in this oligotrophic en- 
vironment. 

Pr e vious studies have observed viral-prokaryotic dynamics 
over long periods of time (i.e. many months), allowing the metage- 
nomic surveys to observe prokaryotic community restructuring. 
The “halt and catch fire” strategy is suggested to be emplo y ed b y 
or ganisms in envir onments wher e nutrients ar e scarce, wher e or- 
ganisms must rapidly take adv anta ge of sporadic nutrient influx 
to grow their population (Mehrshad et al. 2021 ). Adjacent to this,
viruses interact with abundant organisms by facilitating slow mo- 
tion “boom and burst” cycles, where booming organism growth 

is subject to heavy viral predation, thus recycling nutrients and 

making them available in the envir onment a gain (Holmfeldt et al.
2021 ). These life strategies describe the community restructuring 
and nutrient turnover in oligotrophic, subsurface environments 
over long periods, but are not appropriate to describe communi- 
ties over small time scales. In our tempor all y-r esolv ed meta pr o- 
teomic survey in the geyser Wallender Born, we propose that a “in- 
fect to k ee p in c hec k” str ategy is mor e a ppr opriate to describe the 
activ e, fluctuating vir al infections that occur alongside a stable 
pr okaryotic comm unity ov er periods of days or weeks, with hosts 
that are not necessarily the winners that would be predicted by 
ill-the-winner. The “infect to k ee p in c hec k” vir al str ategy may
nfluence which organisms are dominant in the ecosystem over 
mall time scales, thus controlling the primary active metabolic 
athways and nutrient transformations in subsurface high-CO 2 

n vironments . 
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