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Viruses as the prevailing biological entities are poorly understood in under-
ground realms. Here, we establish the first metagenomic Groundwater Virome
Catalogue (GWVC) comprising 280,420 viral species (=5 kb) detected from
607 monitored wells in seven geo-environmental zones throughout China. In
expanding ~10-fold the global portfolio of known groundwater viruses, we
uncover over 99% novel viruses and about 95% novel viral clusters. By linking
viruses to hosts from 119 prokaryotic phyla, we double the number of micro-
bial phyla known to be virus-infected in groundwater. As keystone ultrasmall

symbionts in aquifers, CPR bacteria and DPANN archaea are susceptible to
virulent viruses. Certain complete CPR viruses even likely infect non-CPR
bacteria, while partial CPR/DPANN viruses harbor cell-surface modification
genes that assist symbiont cell adhesion to free-living microbes. This study
reveals the unknown viral world and auxiliary metabolism associated with
methane, nitrogen, sulfur, and phosphorus cycling in groundwater, and
highlights the importance of subsurface virosphere in viral ecology.

Viruses, the most abundant entities on earth, have profound impacts on
all organisms and ecosystems'>. There are ~ 2 x10% prokaryotic cells
living in groundwater, which represent a major component of genetic
diversity and manipulate biogeochemical and ecological processes*”. In
parallel with in-depth studies of groundwater microorganisms®”, some
evidence suggests that viruses are also involved in the biogeochemical
cycle of the groundwater ecosystem®’. The presence of viruses in
aquifers has been previously confirmed, with variable morphology and
high abundance (10-fold more than prokaryotes)™. Increasing numbers
of lytic bacteriophages infecting abundant hosts (e.g., Pseudomonas,
Bacillus, and Desulfovibrio) have been identified in phreatic water and
deep groundwater™?, implying that subsurface environments might be
underexplored biotopes in the global virosphere®.

Although viruses play important roles in host evolution, microbial
metabolism, and ecological processes'", only a few viruses could be

identified by culture-dependent methods. With the development of
next-generation sequencing technology, an increasing number of viral
sequences has been identified from meta-omics data'®™”, further dee-
pening our understanding of the virome in different habitats such as
oceans”?, soil’*, human gut'*?, and wastewater treatment plants*.
Recent studies of viral diversity and host interaction based on meta-
omics data have helped overcome difficulties encountered in captur-
ing groundwater viruses through limited amounts of culture®*%.
Viruses in groundwater displayed massive novelty different from pre-
viously known viruses’?. Previously reported virus-host relationship in
groundwater, e.g., viruses targeting Altiarchaeota and Firmicutes, has
provided an ideal model for viral lifestyle and infection mechanism
of some specific taxa®*. However, the great diversity of groundwater
prokaryotes (spanning over one hundred phyla) and antiviral
systems (such as CRISPR-Cas systems and Restriction-Modification)
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suggest that many unknown virus-host relationships exist but are
yet to be identified>*. Besides, the limited information about viral
auxiliary metabolic genes (AMGs) in groundwater may have hindered
understanding of viral impacts on underground biogeochemical
processes’®, while frequent horizontal gene transfer and broad
accessible host range also imply the urgent necessity for new
explorations of viral AMGs involved in carbon, nitrogen, sulfur, and
phosphorus metabolisms in groundwater*’,

More importantly, groundwater ecosystems with typically anoxic
or anaerobic environments provide ideal habitats for two keystone
taxa, i.e., the candidate phyla radiation (CPR) bacteria and DPANN (an
acronym of the names of the five initially found lineages Diaphero-
trites, Parvarchaeota, Aenigmarchaeota, Nanohaloarchaeota, and
Nanoarchaeota) archaea’”. CPR bacteria and DPANN archaea, as two
remarkable groups in prokaryotic tree of life, usually share conserved
traits such as ultrasmall cell size and extremely reduced genome®*?,
Notably, CPR and DPANN microorganisms lack complete biosynthetic
pathways for the synthesis of amino acids and nucleotides®. Thus,
they usually live as symbionts of other free-living prokaryotes to obtain
essential biomolecules™, and small cells of these symbionts can attach
to larger cells of other microbes via diverse cell-surface modifications
(e.g., pili, glycosyltransferase, concanavalin, and LamG protein)***,
Moreover, antiviral systems such as Restriction-Modification and
CRISPR-Cas were also found in CPR bacteria and DPANN archaea®**,
implying a rich virome infecting these symbionts. Although a recent
study reported some aquifer viruses targeted by the CRISPR spacer of
Altiarchaeota”’, CPR/DPANN viruses in groundwater ecosystems
remain largely unknown, especially in terms of diversity, lifestyle,
functional potential, and their roles in the microbial symbiosis.

Here, we aim to explore the enigmatic groundwater virosphere,
including viral diversity, virus-host interaction, and AMGs related to
biogeochemical cycling. To this end, we leverage ultra-deep metage-
nomic sequencing (over 30 giga bases per sample) of groundwater
microbiome to establish a comprehensive non-redundant Ground-
water Virome Catalogue (GWVC) consisting of 280,420 viral opera-
tional taxonomic units (vOTUSs) at species level. This represents a ~10-
fold expansion in the number of existing species of groundwater
viruses derived from publicly available viral databases. Importantly, we
unveil over 99% novel viruses and about 95% novel viral clusters in
groundwater by comparing the GWVC with previously known viruses.
The unique viral infection mode of prokaryotes suggests that micro-
bial symbionts represented by keystone taxa like CPR bacteria and
DPANN archaea are more susceptible to viral lysis in groundwater.
Moreover, diverse AMGs related to methane, nitrogen, sulfur, and
phosphorous cycles imply the important role of groundwater viruses
in host metabolism and biogeochemical cycling. This study sheds light
on the unknown viral world in groundwater, and emphasizes the fun-
damental importance of subsurface virosphere in future explorations
of viral ecology.

Results and Discussion

The GWVC substantially expands groundwater virosphere

By mining metagenomic data (20.8 tera bases) of 607 samples from
monitoring wells in seven geo-environment zones across China (Fig. 1a,
Supplementary Data 1, and Methods), we constructed the Ground-
water Virome Catalogue (GWVC). Four virus identification approaches
were applied along with quality control (Methods), and 312,741 viral
contigs (=5kb) were identified and then clustered at 95% average
nucleotide identity (ANI). The generated GWVC consisted of 280,420
non-redundant viral contigs (=5kb), representing approximately
species-level vOTUs (Fig. 1a). The completeness level of vOTUs in the
GWVC varied from short fragments to complete or nearly complete
genomes, including 5366 complete, 6092 high-quality, and 15,669
medium-quality genomes (Fig. 1b). Viral genome size of the GWVC
ranged from 5kb to 543.1kb, and a sum of 107,610 vOTUs possess a

length of >10kb. Complete genomes had the largest mean size
(49.0 kb), followed by high-quality (41.2 kb), medium-quality (36.1kb),
low-quality (11.0kb), and not-determined (8.3kb). Among 14,578
complete or high-quality genomes from the GWVC in the present study
and the IMG/VR (groundwater section) (Fig. S1), the GWVC contributed
more than 78.6% (11,458 genomes) of uncultivated viruses.

To explore the novelty of GWVC, viral contigs (=10 kb) and their
proteins from the GWVC and the IMG/VR (groundwater, marine,
human, surface freshwater, terrestrial, and wastewater) were extracted
for comparison analysis (Methods). The GWVC at vOTUs and protein
clusters (PCs) level expanded the number of known groundwater viral
species 10-fold and PCs 8-fold (Fig. 1c). In the overlapping fraction
between the GWVC and the IMG/VR, the number of vOTUs/PCs related
to aquatic ecosystems (vOTUs: n=156, PCs: n=277,529) were much
higher than those related to human systems (vOTUs: n=92, PCs:
n=22,316) and terrestrial ecosystems (vOTUs: n =12, PCs: n =112,426)
(Fig. S2). Remarkably, the vast majority of vOTUs/PCs (vOTUs: 99.8%,
PCs: 86.3%) were unique to the GWVC (Fig. 1d), indicating the great
potential of aquifers to act as large reservoirs of unknown viruses.

To date, the differences in core features of viral genomes in
groundwater and surface water remain unclear, though characteristics
of prokaryotic genomes have been found to be strongly driven by
environmental selection®®. The comparison of complete viruses in
groundwater (GWVC) and surface water (surface freshwater and ocean
sections of IMG/VR) indicated that groundwater viruses possess
unique genomic, protein, and functional traits (Fig. S3 and Methods).
Groundwater viruses are characterized by larger genome size and
higher GC content but lower average molecular weight (Fig. S3a, b, c).
Amino-acid biosynthetic cost minimization in microorganisms is
regarded as a necessarily adaptive strategy under resource limitation
in natural environments®. Similarly, groundwater viruses in resource-
limited groundwater might preferentially use amino acids with lower
molecular weights to reduce assimilation costs”’. Moreover, ground-
water viral proteins appear to possess higher nitrogen atoms per
residue side chain (N-ARSC) and sulfur atoms per residue side chain (S-
ARSC) but lower carbon atoms per residue side chain (C-ARSC)
(Fig. S3d, e, ). The elemental composition of microbial proteins is also
highly related to resource availability in environments®?*. Accord-
ingly, higher N-ARSC and S-ARSC of viral proteins might reflect higher
availabilities of nitrogen and sulfur in groundwater, while reducing
the carbon usage of viral proteins might contribute to viral survival
in carbon-limited conditions. Functionally, the ORFs related to L
(replication, recombination, and repair) and S (unknown function) are
richer in groundwater viruses (Fig. S3g). Hence, groundwater-specific
viral adaptation enables virion reproduction to be maximized under
nutrient-limited conditions in groundwater.

Overall, 97.0% of vOTUs (=10 kb) in the GWVC have the taxonomy
assignment. Among these, at class level, the vast majority (95.8%) of
vOTUs were assigned to the class Caudoviricetes within the realm
Duplodnaviria (Fig. 1e), which contained head-tailed viruses that are
common in most natural environments and human hosts'**, In fact,
over 94.0% of vOTUs (=10 kb) in the GWVC could not be taxonomically
annotated at order- or family-level (Fig. 1e). We also constructed the
Caudoviricetes phylogenetic tree of GWVC vOTUs over high-quality
along with NCBI RefSeq viruses based on a concatenated alignment of
77 marker proteins (Fig. S4). Many GWVC viruses appeared as inde-
pendent clades that were close to certain known families (e.g., Drex-
lerviridae, and Autographiviridae) and recently proposed families
(Casjensviridae, Mesyanzhinovviridae, Zobellviridae, Peduoviridae,
and Steigviridae), among which Zobellviridae and Steigviridae (crAs-
sphages) are thought to be widely distributed in global marine* and
human guts”, respectively. Many GWVC viruses formed branches with
subfamily-level viruses (e.g., Azeredovirinae, Bronfenbrennervirinae,
and Tybeckvirinae), greatly expanding the taxonomic diversity of
Caudoviricetes. Intriguingly, some vOTUs (3.3%) were classified as
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Fig. 1| Compendium of the Groundwater Virome Catalogue (GWVC).

a Geographic distribution of vOTUs in the GWVC. Triangle size denotes the number
of vOTUs identified at each sampling site. The seven geo-environmental zones were
distinguished with different colors. b Completeness and length of vOTUs (=5 kb) in
the GWVC. For each boxplot, central line and whiskers indicate the median and 1.5
times the interquartile range. The upper and lower sides of boxes represent the
interquartile range between 25th and 75th percentile. Points beyond whiskers are

potential outliers. ¢ Number of vOTUs (=10 kb) and their PCs in the GWVC, the IMG/
VR (groundwater section), and shared by the two databases. d Novelty of vOTUs
(=10 kb) and their PCs in the GWVC based on comparison to the whole IMG/VR. Blue
and gray bars represent the proportion of novel and known vOTUs/PCs, respec-
tively. e Taxonomic annotation of vOTUs (=10 kb) in the GWVC. Bar plot shows the
proportion of unannotated (red) and annotated (grey) vOTUs/PCs. Sankey plot
shows viral taxonomic annotation.

Nucleocytoplasmic Large DNA viruses (NCLDVs) which constitute the
phylum Nucleocytoviricota. NCLDVs have complex genomes and large
virions similar in size to small cellular organisms, and are usually
abundant in marine, terrestrial and wastewaters'®. Moreover, NCLDVs
infect a wide range of eukaryotes, such as protists and algae'®, implying
possible impact on groundwater eukaryotes.

Novel viruses occur in varying geo-environmental zones

We used a gene-sharing network approach to cluster viral genomes
over medium-quality from the GWVC and the RefSeq database,
resulting in 2830 non-singleton viral clusters that contained at least
one vOTU from the GWVC (Fig. S5a, Supplementary Data 2, and
Methods). Only 5.4% (152 out of 2830) of the GWVC viral clusters
overlapped with the RefSeq viruses, suggesting that a larger number of
novel viral genera existed in the groundwater samples.

The prevalence and abundance of viral clusters across all mon-
itoring wells were calculated based on read recruitment of viral cluster
members. As a result, viruses were found widely distributed at
continental scale with a great proportion (79.2%, n=2240) of virus
clusters appearing in different geo-environmental zones (Fig. S6a). In

the shared virus clusters, 54 viral clusters were prevalent in all geo-
environmental zones, with 50 forming new clades on the viral pro-
teomic tree, distinct from known viral families (Fig. S5b). Among these,
11 dominant viral clusters occurred in more than 20% of groundwater
monitoring wells and possessed high relative abundance (RPKM >
0.5%) (Fig. S6b, c). A total of 10 novel viral clusters unrelated to known
viruses were found in these dominant viral clusters, suggesting many
more unknown viral groups could be identified from the GWVC than
from existing databases (Fig. S6c). Similar to the results of taxonomic
annotations (Fig. 1e), the most dominant viral clusters (n=10) were
affiliated with the class Caudoviricetes. Notably, one dominant viral
cluster belonged to the family Inoviridae within the realm Mono-
dnaviria. Members of Inoviridae are a large group of viruses evolutio-
narily and structurally unrelated to Caudoviricetes, and possess a
single-stranded DNA genome and filamentous virion*’. Inoviridae are
able to establish the chronic infection that release virions without
killing the host*. Considering the high prevalence of this viral cluster
of Inoviridae in aquifers and their unique properties of host
interaction®, they might play an important ecological role in ground-
water microbial community.
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Fig. 2 | Host assignment of viruses in the GWVC. a Phylogeny of bacterial (purple)
and archaeal (green) hosts. Number of vOTUs linked to each phylum is indicated by
the number next to the host name. Proteobacteria phylum associated with most
viruses is highlighted in red. b Number of host phyla infected by viruses from the
GWVC and IMG/VR. c Lifestyle (virulent or temperate) proportions of complete or
high-quality viruses infecting CPR bacteria, DPANN archaea, Proteobacteria, and

other prokaryotes. Yellow and cyan bars represent the proportion of virulent and
temperate vOTUSs, respectively. d Density plots showing abundance proportion of
virulent viruses infecting distinct hosts among samples where virulent or temperate
viruses were detected. Dashed lines represent average abundance proportion of

virulent viruses.

Viral infection spans an extremely broad spectrum of
prokaryotes

To investigate virus-host interaction in groundwater, 34,993 prokar-
yotic metagenome-assembled genomes (MAGs) with completeness
>70% and contamination <10% were reconstructed from 607 meta-
genomes in this study (Methods). We used four computational
approaches to identify 193,952 virus-host connections, resulting in
71,600 vOTUs (25.5%) linked to 21,634 prokaryotic MAGs reconstructed
from groundwater metagenomes in this study (Supplementary Data 3

and Supplementary Data 4). At phylum level, viruses were predicted to
infect 104 bacteria phyla and 15 archaea phyla (Fig. 2a and Supple-
mentary Data 4). The number of host phyla infected by viruses in
groundwater ecosystems was more than twice than that in other eco-
systems (e.g., terrestrial, marine, surface freshwater, humans, and
wastewaters) (Fig. 2b), implying that groundwater is an underexplored
hotspot for virus-host interaction. We found that most vOTUs
(n=41,177) were linked to Proteobacteria dominant in groundwater
microbiome, followed by Patescibacteria (CPR bacteria, n=4338),
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Bacteroidota (n=3868), Actinobacteriota (n=2836), and Desulfo-
bacterota (n=2703). Archaea were also predicted to act as hosts for
2510 vOTUs, including viruses of Thermoproteota (n=1083),
Nanoarchaeota (n = 681), Halobacteriota (n=278), Aenigmatarchaeota
(n=173) and Hadarchaeota (n=79). Our results revealed that a total of
4338 and 932 vOTUs were linked to 20 CPR lineages (class-level) and 9
DPANN lineages (phyla-level), respectively (Fig. S7). Among these CPR/
DPANN lineages, Paceibacteria (CPR) and Nanoarchaeota (DPANN) were
important hosts for groundwater viruses (Fig. S7), unlike Sacchar-
imonadia (CPR) and Altiarchaeota (DPANN) which act as the main hosts
for viruses in the digestive tract of mammals**** and the deep terrestrial
subsurface?”, respectively. To explore potential viral roles in microbe-
mediated biogeochemical cycling, we annotated the functional poten-
tials of host MAGs in methane, nitrogen, and sulfur metabolisms
(Methods). We found that numerous viruses (n = 49,184, 68.7% of host-
linked vOTUs) were linked to prokaryotic hosts involved in methane,
nitrogen, and sulfur metabolisms, suggesting potential effects of viral
predation on microbial-mediated biogeochemical cycles. The virus-host
connections suggest that almost all microbial metabolic processes
involved in the canonical methane, nitrogen, and sulfur cycles in
groundwater environments®” might be impacted by viral infection (Fig.
S8), especially (1) bacterial methane oxidation, and archaeal methano-
genesis; (2) bacterial/archaeal dissimilatory nitrate reduction, deni-
trification, and nitrogen fixation; and (3) bacterial/archaeal dissimilatory
sulfate reduction, sulfate disproportionation, and assimilatory sulfate
reduction. On the one hand, viruses are able to reprogramme the host
cell during infection'?, and thus alter the metabolism of key biogeo-
chemical cycling contributors'. On the other hand, viral predation can
mediate the turnover of abundant biogeochemical cycling microbes?,
and strengthen element cycling in groundwater via viral shunt'. In the
future, the integration viral impacts into biogeochemical models might
help to better predict the element cycling in groundwater.

To investigate potential impacts of viruses on microbial ecology
in groundwater, the lineage-specific viral infection dynamics was
assessed based on the virus-host abundance pattern. The composition
of prokaryotic viruses was found to be highly coupled with their hosts
(Fig. S9a), confirmed by the significant Spearman correlation between
virus and host abundance (p<107° R=0.90) (Fig. S9b). Lineage-
specific virus-host abundance ratios revealed a range of virus-host
abundance ratios among distinct taxa (Fig. S9c). For almost all linea-
ges, including CPR/DPANN microbes, viral abundances often exceeded
host abundances, indicating that microbial symbionts might undergo
active viral proliferation like free-living microorganisms. Furthermore,
the relationship between viral lifestyle and host in groundwater was
revealed through predicting virulent/temperate viruses infecting var-
ious hosts (Methods). The proportion of virulent lifestyle was 3.6 and
4.5 times that of temperate lifestyle in CPR and DPANN viruses,
respectively, in contrast to 0.62 and 0.87 times in Proteobacteria and
other host viruses (Fig. 2c). Among samples where virulent or tempe-
rate viruses were detected, viruses linked to CPR/DPANN possessed
higher abundance proportion of virulent lifestyle than viruses linked to
Proteobacteria and other microorganisms (Fig. 2d), implying that the
former prefer a virulent lifestyle but the latter are subject to a tem-
perate lifestyle. Viruses infecting CPR/DPANN symbionts were pre-
dominantly virulent viruses, which might kill their host cells by lysis?
and thereby drive the turnover of CPR/DPANN communities and
nutrient cycling in groundwater'”. By contrast, viruses infecting free-
living microorganisms (e.g., Proteobacteria) were mainly temperate
viruses that can exploit their hosts through lysogeny rather than killing
them unless induction events were triggered?.

CPR/DPANN viruses regulate microbial symbiotic associations

in aquifers

We investigated CPR/DPANN virome and their potential impact
on the symbiotic relationship in aquifers through constructing a

comprehensive dataset of groundwater CPR/DPANN viruses (Meth-
ods). A total of 230 CPR viruses and 23 DPANN viruses were identified
using CRISPR- and provirus- based methods (Supplementary Data 5),
and over 25% of these associations can also be found using other host
prediction methods (i.e., nucleotide sequence homology or k-mer
frequency match) (Supplementary Data 6). Evidences were found for
the association between viruses and CPR CRISPR-Cas systems
(Fig. S10a, b, c), though CRISPR-Cas systems in CPR bacteria were not
as prevalent as in other prokaryotic lineages®. For example, proto-
spacers of complete or high-quality viral genomes were matched to
spacers in complete CRISPR-Cas systems of CPR lineages (e.g., Pacei-
bacteria, Gracilibacteria, and Dojkabacteria). For CPR-prophage asso-
ciation, clear viral genome integration was found in CPR lineages (e.g.,
Paceibacteria, ABY1, and Gracilibacteria) based on prophage predic-
tion (Fig. S10d, e, f). The complete CPR viral genomes (n=7) are
36-55kb in length (average 39 kb), and the two complete DPANN viral
genomes were both 41kb in length. This suggested that CPR/DPANN
viruses possessed relatively smaller genomes than viruses infecting
other taxa'*** (Fig. S11), as if CPR/DPANN themselves contain extre-
mely compact genomes by comparison to other taxa®. In the viral
gene-sharing networks, CPR viral clusters were closely related (Fig. 3a),
and several single modules contained viruses linked to distinct linea-
ges (e.g., Paceibacteria, Dojkabacteria, Microgenomatia, ABY1, and
JAEDAMO1) (Fig. 3a and Supplementary Data 7), implying that viruses
infecting CPR bacteria might be similar in terms of gene compositions.

Considering the symbiosis of CPR/DPANN and other free-living
microbes®®, we subsequently verified the potential of the interphylum
infection of CPR/DPANN viruses. 7 CPR viruses were predicted to infect
non-CPR phyla, but no DPANN viruses were linked to non-DPANN
phyla (Supplementary Data 8). Among these co-targeted CPR viruses,
three proto-spacers from a complete circular genome of Gracili-
bacteria phage were matched to spacers from Gracilibacteria and
Bacteriota, and the three matched spacers clustered with Cas gene in
three CRISPR-Cas systems with different repeats (Fig. 3b). Importantly,
the Gracilibacteria phage might be able to replicate in both Gracili-
bacteria (code 25) and Bacteriota (code 11) leveraging compatible
genetic code mechanisms (code 11 and 25). Proto-spacers from
another circular Gracilibacteria phage genome compatible with code
11 matched spacers from Bacteriota (Fig. S12a), whereas spacers from
Proteobacteria and Bacteriota matched a linear Gracilibacteria phage
genome (Fig. S12b). Indeed, no viruses infecting CPR bacteria were
isolated, primarily due to the inherent difficulty in propagation of
these anaerobic symbionts. However, the predicted results suggested
that various laboratory-culturable Bacteriota genomes were linked to
Gracilibacteria phage, implying the possibility of obtaining a culture of
CPR phage in culturable microorganisms. Given that both isolation-
and metagenomics-based studies have reported some phages capable
of infecting across distinct bacterial phyla'®*>*¢, and thus the broad
host range of CPR phages identified in this study warrants further
experimental verification. In such circumstances, the possibility of
acquisition of such spacer(s) through horizontal gene transfer should
be excluded because the CRISPR arrays (both repeat sequences and
contiguous spacers) were completely different. These results sug-
gested that CPR microorganisms as small extracellular symbionts
might serve as viral bait for free-living microbes, once interphylum
infection of CPR phages has occurred in groundwater ecosystems’*°,

We further investigated how virus-associated functions may aug-
ment the metabolic and survival capacities of CPR/DPANN hosts
(Fig. 3c and Supplementary Data 9). About 10 CPR phages linked to 4
host lineages (Microgenomatia, Paceibacteria, Dojkabacteria, and
ABY1) and 7 DPANN viruses that infected 2 lineages (Altiarchaeota and
EX4484-52) encoded Concanavalins/LamG domain proteins. Homol-
ogy modeling and structure predictions suggest that these viral pro-
teins might be involved in cell adhesion of symbionts to free-living
microbes (Fig. S13), indicating viral roles in attachment or biofilm
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Fig. 3 | CPR bacteria and DPANN archaea host diverse viruses related to sym-
biosis. a Gene-sharing network of CPR/DPANN viruses identified by CRISPR-based
and provirus-based methods. Host taxonomies of viruses are differentiated by
colors. b Proto-spacers on Gracilibacteria phage were linked to CRISPR spacers
from hosts affiliated with non-CPR phylum (Bacteroidota). ¢ Schematics of the cell-

@doglycosidase x 2

'WM/‘///

Gracilibacteria phage
Circular genome (37kb)

Host with CRISPR spacers

Genetic code

1 Gracilibacteria (f_UBA4473)
CRISPR-Cas system type [I-C1

‘ [ ] Code 25
] Code 11

Proto-spacers

| spacers linked to Gracilibacteria

spacers linked to Bacteroidota
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represents the predicted linkage between viruses and their hosts.

formation in the CPR/DPANN organism®>*2, Many viruses linked to
different CPR/DPANN lineages (ABY1, Dojkabacteria, Microgenomatia,
Paceibacteria, Micrarchaeota, and EX4484-52) encoded glycosyl-
transferases involving in glycosylation modification. Similar to CPR/
DPANN organisms, glycosyltransferase genes were also found to be
common among their viruses, indicating potential viral assistance in
cell attachment and cell-surface environment regulation by enhancing
the host biosynthesis capabilities of saccharides, polysaccharides and
glycoproteins®**, Besides, some AMGs were identified in CPR/DPANN
viruses (Supplementary Data 9). For example, DUT genes related to
pyrimidine metabolism and DNMTI1 genes associated with methionine
degradation were detected in CPR/DPANN viruses, suggesting viral

contributions to the adaptation of CPR/DPANN microbes with limited
metabolic capacity.

Viral auxiliary metabolic genes involved in methane, nitrogen,
sulfur, and phosphorus cycles

In the GWVC, the predicted ORFs of viral contigs were widely spanned
across 23 COG categories (Fig. S14a). Annotated ORFs mainly occupied
the following categories which guaranteed viral transcription and repli-
cation: L (replication, recombination and repair), K (transcription), M
(cell wall/membrane/envelope biogenesis), and O (post-translational
modification, protein turnover, chaperones). A substantial proportion of
viral ORFs were assigned to C (energy production and conversion), G
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(carbohydrate transport and metabolism), and Q (secondary metabo-
lites biosynthesis, transport and catabolism), suggesting viral functional
potential to supplement the host metabolism. Based on the results of
CAZy annotation, numerous GH (glycoside hydrolases, n=7792) indi-
cated the potential impact of viruses on the microbial carbohydrate
metabolism in groundwater (Fig. S14b).

Viral AMGs might directly affect biogeochemical processes by
altering the methane, nitrogen, sulfur, and phosphorous metabolisms
(Fig. 4 and Supplementary Data 10). With regard to the methane
metabolism, 5 pmoC (a methane-oxidizing gene widespread in
methanotrophic microorganisms) were found in 5 vOTUs, but
no methanogenesis-related AMGs were identified (Fig. 4 and S15;
Supplementary Data 10). Methane as a common trace constituent of
groundwater could be oxidized by methanotrophic or methylotrophic
microorganisms acting as an energy source’*s, Viruses with the pmoC
gene might promote microbial methane oxidation for energy
production during the infection cycle (Fig. 4b). Phylogeny suggests
that viruses might obtain pmoC from Gammaproteobacteria and
Alphaproteobateria, probably in two transfer events (Fig. S15). Viral
pmoC genes acquired from Gammaproteobacteria in our study along
with those recently identified in large phages from lake form a virus-

specific clade*’, suggesting that these viral pmoC genes in surface and
subsurface freshwater might share a common origin in the past. Within
our knowledge, viral pmoC was previously reported in lake** and soil*®,
but not found in groundwater. For nitrogen-cycling, two kinds of
denitrification AMGs (nirK and norB) were identified in three vOTUs
(Figs. 4 and S16; Supplementary Data 10), implying that viruses could
be involved in denitrification in aquifers. The phylogenies suggested
that these denitrification AMGs might be transferred from Proteo-
bacteria and Bacteroidetes (Fig. S16). Viral norB and nirK genes have
been identified in marine samples®, yet were not reported in ground-
water ecosystems. Four kinds of sulfur-cycling AMGs (cysH, cysD, dsrE,
and sat) in 1114 vOTUs implied that groundwater viruses might facil-
itate dissimilatory sulfate reduction/oxidation and assimilatory sulfate
reduction (Figs. 4 and S16; Supplementary Data 10). CysD and sat genes
involve in transform SO, to APS (Adenosine 5-phosphosulfate) in
sulfate reduction/oxidation processes. Intriguingly, the most abun-
dant sulfur-cycling AMGs were cysH genes (n=1149), which partici-
pated in the reduction of PAPS to SO5”. Hosts for cysH viruses mainly
included Proteobacteria, Bacteroidetes, Firmicutes, CPR bacteria,
Chlorofexi, and some archaea, and phylogeny further supported the
horizontal transfer of cysH from these microbial taxa to viruses
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(Fig. S17). Virus-associated cysH genes have been increasingly found in
human and other environmental systems®>**, and are expected to show
great potential as participants in the sulfur cycle in groundwater eco-
systems. Additionally, six kinds of phosphorous-cycling AMGs (ppa,
phoA, phnD, phnE, pstS, and phoH) identified from 1741 vOTUs sug-
gested the importance of viral auxiliary metabolism in inorganic
phosphorus solubilization, organic phosphorus mineralization, and
phosphorus transportation (Figs. 4 and S18; Supplementary Data 10).
As two major phosphorus-acquisition strategies, viral ppa encoding
inorganic pyrophosphatase might confer host acquire phosphate via
catalyzing the hydrolysis of pyrophosphate into phosphate™, while
viral phoA encoding alkaline phosphatase likely release bioavailable
phosphate from recalcitrant phosphomonoesters™. Phylogenetic
analysis suggested that viral ppa were transferred from Campylo-
bacterota, Verrucomicrobiota, and Bacteroidota, and viruses might
obtain phoA mainly from Actinobacteriota and Proteobacteria
(Fig. S18). Viral pstS and phnD/phnE might involve in host phosphate
transportation and phosphonate transportation®, respectively. The
most abundant phosphorus-cycling AMGs were phoH genes (n =1661),
which encode a presumed phosphate regulon protein that can be
induced under phosphorus starvation®. These AMGs such as viral ppa,
phoA, phnD, phnE, pstS, and phoH were seldom reported in ground-
water, though they were noted in previous studies under surface
environments>**°, The diverse phosphorous-cycling AMGs might be of
significance for groundwater viruses to assist their hosts to cope with
phosphorous-limiting stresses™*.

In summary, we established the largest Groundwater Virome
Catalogue to date containing 280,420 viral species, and unveiled
more than 99% novel viruses and about 95% novel viral clusters in the
groundwater ecosystem at the continental scale. Our study expanded
~10-fold currently known aquifer viral species and doubled the
number of prokaryotic phyla known to be virus-infected in ground-
water. Virus-host relation analysis revealed that small-celled micro-
bial symbionts represented by keystone microbes (CPR bacteria and
DPANN archaea) in groundwater were more susceptible to viral lysis.
Notably, CPR phage appeared capable of infecting free-living bac-
terial phyla, and CPR/DPANN viruses assisted symbiotic adhesion of
cells to free-living cells. Viral AMGs related to methane, nitrogen,
sulfur, and phosphorous metabolisms might directly involve in host
metabolism and biogeochemical cycling. This study has provided a
tremendous opportunity to understand the underexplored viral
world in groundwater, and highlighted the significance of subsurface
virosphere for future studies of viral ecology.

Methods

Sampling and filtration

In this study, metagenomic sequencing was performed on 607
groundwater samples collected from 525 newly constructed and 82
reconstructed monitoring wells throughout China during 2016-2017
(Fig. 1a and Supplementary Data 1). The monitoring wells were dis-
tributed in seven geo-environmental zones (Northeast plain-mountain,
Huanghuaihai and river delta Yangtze plain, South China bedrock low
mountain foothill, Northwest loess plateau, Southwest China Karst rock
mountain, Northwest arid desert, and Qinghai-Tibet plateau Alpine fro-
zen soil) at depths ranging from of 0 to 600 m, taking full consideration
of hydrology, geological environment, and groundwater burial condi-
tions. Groundwater was pumped after well flushing and filtered through
0.22 um polycarbonate membranes (Millipore, USA) to capture micro-
bial organisms. All filtered membranes were frozen at —-80 °C for high-
throughput sequencing. Groundwater samples for physicochemical
analysis were collected in 5L sterile PET bottles and stored at —20 °C.

DNA extraction and metagenomic sequencing
Total genomic DNA of 607 samples was extracted using the MoBio
PowerSoil® kit (MoBio Laboratories, Carlsbad, CA, USA) following the

manufacturer’s protocol. DNA quantity and quality were determined
using a NanoDrop Spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA). Genomic DNA was sequenced by Illumina HiSeq
4000 platform (Majorbio Company, Shanghai, China) with 2 x 150 bp
paired-end reads. The sequencing generated 607 metagenomic
datasets, encompassing over 116 billion raw reads of length 150 bp
(Supplementary Data 1).

Development of the Groundwater Virome Catalogue

All raw reads were trimmed using the Read_qc module (default para-
meters) of metaWRAP v1.2.3*°. Clean reads in each sample were then
de-novo assembled by the assembly module (--megahit -1 500) of
metaWRAP. Assembled contigs were processed for putative viral
contig identification using four different viral identification methods
(Earth Virome Pipeline'®”’, ViralVerify v1.1°%, VIBRANT v1.2.1*° and PPR-
meta v1.1°°). Viral Verify, VIBRANT and PPR-meta were used with
default parameters. For Earth Virome Pipeline, we expanded the Viral
Protein Family (VPF) database by strict detection and manual curation
of VPFs generated from groundwater metagenomics data following
the recommended protocols”. Specifically, we compared the raw VPF
database’” against contigs from 607 groundwater metagenomics using
hmmsearch®. Contigs with five or more VPFs and a length of > 50 kb
were used for further filtrations. Then, we compared these contigs to
Kegg Orthology (KO)®* and protein family (Pfam)®® databases, and
removed those with >10% of genes annotated by KO or >25% of genes
annotated by Pfam. Viral proteins derived from retained contigs were
de-replicated using USEARCH with 70% identity threshold, and clus-
tered into groups using Markov cluster algorithm®. Proteins within
clusters were aligned using MAFFT®*, and then VPFs were created using
hmmbuild®. Generated VPFs in this study were complemented into the
raw VPF database for viral identification'®”’.

Putative viral contigs identified by the above four methods were
filtered using geNomad v1.7.3%, and non-viral sequences classified by
geNomad were further removed. Viral contigs were merged together
for further host contamination removal and completeness estimation
using CheckV v1.0.1°°, and viral contigs with a length of >5kb were
retained. According to Minimum Information about an Uncultivated
Virus Genome (MIUVIG)*, all validated viral contigs (n=312,741)
were then clustered at 95% nucleotide identity over 85% coverage
using CD-HIT v4.8.1°® (parameters: -c 0.95 -d 400 -T 20 -M 20000 -n 5).
Generated 280,420 non-redundant species-level vOTUs with a length
of >5kb constituted the Groundwater Virome Catalogue (GWVC),
including 107,610 vOTUs with a length of > 10 kb.

Comparison of viral genomes and proteins to public databases
Viral contigs (=10 kb) and their encoded proteins in the GWVC were
compared against existing viral genome and protein databases in IMG/
VR v.3.0%%. IMG/VR sequences were derived from groundwater, marine,
human, surface freshwater, terrestrial, and wastewaters. To identify
overlapping vOTUs between IMG/VR and GWVC, all sequences were
clustered using CD-HIT at 95% identity over 85% coverage. GWVC
amino acid sequences were identified using Prodigal v2.6.3°° and then
clustered with IMG/VR sequences using CD-HIT v.4.8.1 (parameters: -c
0.6-G0-aS0.8-n4).

Calculation of GC content, protein molecular weight, and pro-
tein elemental composition

Complete genomes of groundwater viruses from the GWVC and
surface-water viruses from surface freshwater and ocean sections of
the IMG/VR were selected for calculation of GC content of viral gen-
omes, molecular weight, and carbon/nitrogen/sulfur atoms per resi-
due side chain (C/N/S-ARSC) of viral proteins. Following previous
methods*®, GC content, molecular weight, and C/N/S-ARSC were cal-
culated using the python scripts ‘get_gc_and_narsc.py’ (https://github.
com/faylward/pangenomics/).
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Viral taxonomy

Taxonomic annotation of vOTUs (>10 kb) in the GWVC was performed
on geNomad v1.7.3%° with default parameters (https://github.com/
apcamargo/genomad). Viral genes of GWVC vOTUs were annotated
using taxonomically informative marker profiles of geNomad, and
vOTUs were then classified into distinct viral lineages according to
Virus Metadata Resource of ICTV (International Committee on Tax-
onomy of Viruses).

Host assignment and lifestyle prediction

Contigs from each of the 607 groundwater metagenomes were bin-
ned using the binning module of metaWRAP*® (--maxbin2 --concoct
--metabat2 options), and generated MAGs were then refined using
the bin_refinement module of metaWRAP (-c 70 -x 10 options).
Completeness and contamination of MAGs were assessed using
CheckM v1.1.27°, resulting in 34,993 MAGs with >70% completeness
and <10% contamination used for host assignment. All genomes
were also dereplicated at an estimated species level (ANI > 95%) with
dRep v2.5.4" (-pa 0.9 -sa 0.95 -cm larger -comp 75 -con 5 -nc
0.30 options). The taxonomy of each genome was assigned using
GTDB-Tk v2.1.6 with the GTDB database r2077>”, The maximum-
likelihood phylogenetic tree inferred from a concatenation of
120 bacterial or 122 archaeal marker genes was also generated using
GTDB-Tk.

Four previously reported in silico methods were used to link
vOTUs and putative host MAGs****”*” in terms of CRISPR spacer
match, provirus identified in host genome, nucleotide sequence
homology, and k-mer frequency match. First, CRISPR spacers in
microbial genomes were detected using minced (https://github.com/
ctSkennerton/minced) and then matched against viral contigs with <1
mismatch over >95% of the spacer length using BLASTn (-word_size 8
-task ‘blastn-short’). Second, viral genomes identified as prophages by
both geNomad and CheckV were linked to their corresponding host
MAGs. Third, nucleotide sequence homology of vOTUs and prokar-
yotic MAGs were compared using BLASTn’®. Host predictions were
then based on matches of 290% nucleotide identity covering >2 kb of
the virus and putative host sequences. Fourth, Prokaryotic virus Host
Predictor (PHP)”” was run with default parameters to predict viral host
based on k-mer frequency match.

Viral lifestyle (virulent/temperate) on complete or high-quality
vOTUs was predicted using the geNomad, CheckV and BACPHLIP
tools’. Integrated proviruses identified by both geNomad and CheckV
are considered as temperate viruses. For the remaining complete or
high-quality vOTUs, the BACPHLIP based on random forest was used to
predict lifestyle, and vOTUs with a greater probability (>90%) in
BACPHLIP predictions were classified as virulent or temperate viruses.

Construction of groundwater CPR/DPANN virus dataset

To construct a comprehensive dataset of groundwater CPR/DPANN
viruses, we identified putative CPR/DPANN viral genomes from the
GWVC and public datasets (IMG/VR and NCBI). Specifically, CPR/
DPANN genomes available in NCBI Genbank were collected and fil-
tered for quality using CheckM’°. As before, the CPR/DPANN gen-
omes (>70% completeness and <10% contamination) were used for
predicting CRISPR spacers using minced (https://github.com/
ctSkennerton/minced). Extracted spacers of CPR/DPANN genomes
from the NCBI and the present study were merged and then matched
against viral contigs from the GWVC and the IMG/VR (groundwater
section) using BLASTn (-word_size 8 -task ‘blastn-short’), allowing a
maximum of one mismatch over >95% of the spacer length.
According to NCBI BioSample annotations, proviruses from CPR/
DPANN genomes derived from groundwater environments were also
identified using geNomad. As stated above, all CPR/DPANN viruses
from the public datasets were filtered and estimated using CheckV. A
total of 230 CPR viruses and 23 DPANN viruses were identified using

CRISPR- and provirus- based methods, including 90 CPR viruses and
5 DPANN viruses from the GWVC. Host prediction methods based on
nucleotide sequence homology and k-mer frequency match were
also used to examine these linkages between viruses and CPR/DPANN
genomes as stated above.

To examine whether CPR or DPANN viruses can be targeted by
spacers of non-CPR or non-DPANN genomes, the spacer database of
the iPHoP” were compared to CPR/DPANN viruses using BLASTn
(-word _size 8 -task ‘blastn-short’) with a maximum of one mismatch
over > 95% of the spacer length, resulting in 7 viruses being found to
co-target Gracilibacteria (CPR) and non-CPR phyla. CRISPR-Cas sys-
tems of host genomes of these co-targeted viruses were carefully
examined using CRISPRCasFinder®® and classified into different
types®. Genomic maps of co-targeted Gracilibacteria phages were
generated using prodigal®® (single mode) in terms of genetic codes
code 11 and code 25.

Generation of viral clusters using gene-sharing networks

Two viral gene-sharing networks were constructed to generate viral
clusters using vConTACT2%. One network contained vOTUs over
medium-quality from the GWVC and prokaryotic viruses from the
NCBI Viral RefSeq (v201). Another network contained CPR/DPANN
viruses identified from the GWVC and the public datasets. Visualization
of the gene-sharing networks was implemented in Cytoscape v3.7.1%%

Abundance profiling

RPKM (Reads per kilobase per million mapped reads) values were used
to represent relative abundances of vOTUs and their host MAGs. Quality-
controlled reads from each sample were mapped to a contig database
with Bowtie2®’, Sam files were sorted using SAMtools®*, and sorted bam
files were then passed to CoverM v0.3.1 (https://github.com/wwood/
CoverM) to filter low-quality mappings and generate RPKM profiles for
all samples (parameters: contig mode for viral contigs, genome mode for
prokaryotic MAGs, --trim-min 0.10 --trim-max 0.90 --min-read-percent-
identity 0.95 --min-read-aligned-percent 0.75 -m rpkm).

Functional annotation and AMGs identification

Viral protein function was annotated by eggnog-mapper v2.0%.
Briefly, predicted viral ORFs were annotated based on Diamond
blastp search against protein family databases: KEGG®?, COG*®, NCBI-
NR¥, Uniref®®, CAZy* and VOGDB. Metabolic capacity (methane,
nitrogen, and sulfur metabolisms) of host MAGs was analyzed by
searching predicted ORFs against a curated set of KEGG, TIGRfam’®,
Pfam® and custom HMM profiles” using METABOLIC v.4.0 (https://
github.com/AnantharamanLab/METABOLIC)®".

For reliable AMGs identification'’>??, we performed VirSorter2”
(--prep-for-dramv) on identified viruses to generate the input files
required for DRAM-v**, and viral contigs with high viral scores (>0.5)
were selected for AMGs annotation using DRAM-v. We checked the
genomic content of viral contigs containing AMGs, and only the AMGs
flanked by two viral genes or viral hallmark genes were further ana-
lyzed. For genomic context assessment, genome maps for viral contigs
with AMGs were visualized based on DRAM-v and VirSorter2 annota-
tions. Protein structural homology searches and prediction were per-
formed using the Phyre2 web portal®.

Viral proteomic tree generation

Complete and high-quality GWVC vOTUs in viral clusters prevalent in
all geo-environmental zones were compared with complete viral gen-
omes publicly available in NCBI Refseq to generate a viral proteomic
tree using VIPtree®. In brief, a proteomic similarity score was calcu-
lated for each pair of genomes based on an all-versus-all tblastx simi-
larity. A proteomic tree is generated by BIONJ based on the genomic
distances, and iTOL (https://itol.embl.de/) was used to visualize and
display the proteomic tree””.
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Phylogenetic tree generation

We constructed a concatenated protein phylogeny of Caudoviricetes as
previously described”?®. The 77 marker proteins were identified from
the GWVC vOTUs over high-quality and NCBI Refseq viral genomes
using HMMER v3.1b1°". Specifically, HMMs for the 77 markers were used
to search against protein sequences, and the best hits (highest bitscore)
were selected. Only genomes containing at least three markers were
retained. All marker alignments were individually trimmed using trimAl
v.L.4 (parameter: -gt 0.5)°” and concatenated by filling in gap positions
where markers were absent. We further removed genomes with <5%
alignment columns, leading to a final multiple sequence alignment of
7199 genomes (4238 GWVC vOTUs and 2961 Refseq viruses) with 23,268
columns. The Caudoviricetes phylogeny was inferred from the multiple
sequence alignment using FastTree v2.7.1'°° under the WAG + G model.
The midpoint-rooted tree was visualized using iToL, and the family/sub-
family taxonomic annotations for the NCBI Refseq viral genomes are
straightly from the Virus Metadata Resource of ICTV.

Sequences similar to AMGs were recruited from the 34,993 MAGs
in this study and the NCBI nr database, based on the blastp®* searching
of the identified viral AMGs (threshold of 100 for bit score, 1e-5 for E-
value). These sets of viral AMGs and related protein sequences were
aligned using Muscle'”, and the alignments were manually curated to
remove poorly aligned positions using Jalview'*>. Maximum-likelihood
trees were computed using FastTree v2.7.1'°° and visualized using iTOL.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data (viral genomes in the GWVC, prokaryotic spacer sequences,
spacer hit tables of host prediction) generated in this study and 77
markers used for the Caudoviricetes phylogeny have been deposited
in the zenodo repository (https://doi.org/10.5281/zenodo.11230969).
Sequence reads used in this study have been deposited in the NCBI
database under accession code PRJNA858913. Source data are pro-
vided with this paper.

Code availability

The custom codes used for viral identification and host assignment are
available in the zenodo repository (https://doi.org/10.5281/zenodo.
12740384).
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