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Abstract
As the most abundant biological entities on the planet, viruses significantly influence the overall functioning of marine
ecosystems. The abundance, distribution, and biodiversity of viral communities in the upper ocean have been relatively well
studied, but our understanding of viruses in the hadal biosphere remains poor. Here, we established the oceanic trench viral
genome dataset (OTVGD) by analysing 19 microbial metagenomes derived from seawater and sediment samples of the Mariana,
Yap, and Kermadec Trenches. The trench viral communities harbored remarkably high novelty, and they were predicted to infect
ecologically important microbial clades, including Thaumarchaeota and Oleibacter. Significant inter-trench and intra-trench
exchange of viral communities was proposed. Moreover, viral communities in different habitats (seawater/sediment and depth-
stratified ocean zones) exhibited distinct niche-dependent distribution patterns and genomic properties. Notably, microbes and
viruses in the hadopelagic seawater seemed to preferably adopt lysogenic lifestyles compared to those in the upper ocean.
Furthermore, niche-specific auxiliary metabolic genes were identified in the hadal viral genomes, and a novel viral D-amino acid
oxidase was functionally and phylogenetically characterized, suggesting the contribution of these genes in the utilization of
refractory organic matter. Together, these findings highlight the genomic novelty, dynamic movement, and environment-driven
diversification of viral communities in oceanic trenches, and suggest that viruses may influence the hadal ecosystem by
reprogramming the metabolism of their hosts and modulating the community of keystone microbes.

Introduction

Believed to be the most abundant (~1030) biological agents
in the ocean, viruses play an important roles in microbial

metabolism, mortality, and nutrient recycling in marine
ecosystems, thereby significantly influencing geochemical
cycles on our planet [1–3]. Leveraged by global oceano-
graphic expedition sampling and constantly updated viro-
mic methods, the diversity, distribution, and ecological
functions of viruses in the upper ocean have been relatively
well characterized [4–7]. Notably, viruses have been
demonstrated to play an essential roles in controlling pro-
karyotic mortality, releasing labile organic matter, and
compensating for host metabolic pathways in deep-sea
ecosystems [8–13], and the decomposition of viral particles
provides an unignorable contribution to nutrient cycling in
the benthic environment [14]. Furthermore, the abundance,
taxonomic composition, living strategy, and genomic fea-
tures of benthic viruses have been successively revealed
[8, 9, 15–21]. Despite this progress, the viral community in
the hadal zone (with a water depth exceeding 6000 m),
which represents the deepest part of the ocean, is largely
unexplored.

Exclusively comprising oceanic trenches, the hadal zone,
which covers only 1–2% of the global deep ocean floor but
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accounts for up to 45% of the vertical depth of the ocean,
represents one of the least studied environments on the
planet [22, 23]. The hadal zone is characterized by multiple
extreme environmental conditions, such as high hydrostatic
pressure, low temperature, and deficiency of labile nutrients
[23, 24]. Nevertheless, recent studies have shown that the
abundance and activity of microorganisms in this ecosystem
are unexpectedly high compared with those in the abyssal
plain, indicating a considerable role of hadal microbes in the
biogeochemical processes of the ocean [25]. Facilitated by
their unique V-shaped trench topography and frequent
earthquakes, hadal trenches are believed to be trappers of
sedimentary organic matter from the upper ocean and
neighboring abyssal areas, thus supporting endogenous
cycles of organic carbon and nitrogen [26]. Recently,
hydrocarbon-degrading bacteria and ammonia-oxidizing
Thaumarchaeota have been revealed as predominant
microbial clades in the Mariana Trench, and are thought to
play important roles in this extreme habitat [27, 28].
Although diverse novel bacterial species have been isolated
and characterized from the hadal biosphere [29–37], only
one virus, PstS-1, which was integrated into the genome of
the psychrotolerant bacterium Pseudomonas stutzeri
1–1–1b, has been isolated from this environment to date
[38]. Therefore, the scarcity of viral genomes has severely
hindered our understanding of the ecological function of
viruses in the hadal biosphere.

In pioneering work on the viral communities in hado-
pelagic sediment, ssDNA viruses were demonstrated to be
the dominant group among the taxonomically assigned viral
populations [39]. However, these results were relatively
inconclusive, and the analysis was limited by methodolo-
gical biases, scarcity of viromic data and the short lengths of
the assembled viral contigs [39]. Recently, hadal trenches
were found to probably feature highly dynamic viral
infections, which can boost prokaryotic biomass production
and organic material cycling in these remote and extreme
environments [40]. Prompted by these clues implying a
high level of undiscovered diversity and potential ecological
functions of hadal viruses, we performed a comprehensive
analysis of both seawater and sediment viral communities in
oceanic trenches and aimed to characterize the distribution,
genomic features, lifestyle, and ecological function of
viruses inhabiting the hadal biosphere.

Materials and methods

Oceanic trench microbial metagenomes and
genome collection

A total of 19 publicly available oceanic trench metagen-
omes were retrieved from the NCBI SRA database in June

2019. The 19 metagenomic samples were derived from the
Mariana, Yap, and Kermadec Trenches in the Pacific
Ocean, covering water depths from 0 to 10,500 m and
including seawater (free-living and particle-associated) and
sediment samples (Supplementary Table S1). For the sea-
water samples from Mariana Trench, the free-living and
particle-associated fractions were collected on the 3-μm and
0.22-μm filters, respectively [28]. The 0.22-μm filters were
also utilized for the seawater samples from the Yap Trench
[41]. For the sediment samples from these three trenches,
the total DNA was extracted without pre-filtration and thus
considered to retain both microbial and viral DNA [41–43].
All the metagenomes were sequenced on the Illumina Hiseq
platform, and each one had a raw data size of > 40 Gb,
yielding a total size of 1.9 Tb. Additionally, a total of 108
archaeal and bacterial genomes, including microbial isolate
genomes, metagenomic bins, and single-cell genomes,
derived from hadal seawater, sediment and amphipod
samples from depths ≥ 6000 m, were retrieved from the
NCBI SRA database in March 2020 (Supplementary
Table S2).

Metagenomic assembly

Metagenomic raw reads were trimmed using Sickle
(v1.33) with the default parameters [44]. We assembled
each sample metagenome using IDBA_UD [45] with k-
mer-min 20, k-mer-max 150, and k-mer-step 6. Because
the quality of assembled contigs significantly influenced
the accuracy of subsequent viral recovery [46–48], we
endeavored to optimize this procedure by a multiple-
assembly strategy. Specifically, the “--min-count” para-
meter was set to 2, 5, 10, 15, and 20; that is, the raw reads
of each metagenome were assembled five times with five
different minimum coverage thresholds. Using this strat-
egy, contigs from different communities with different
coverage levels could be assembled with a low level of
interference, and abundant populations could be better
recruited. Indeed, the optimized assembly procedure sig-
nificantly increased the number (57–1669) and total
length (0.96–16 Gb) of retained dereplicated viral contigs
and generally improved their N50 (≈1.7 kb for each
sample) (Supplementary Table S3).

Viral contig identification, dereplication, and virus
operational taxonomic unit (vOTU) clustering

All assembled contigs longer than 5 kb were first dere-
plicated by CD-HIT (v4.8.1) [49] with the parameters
“-aS 0.95 -c 0.95”. The open reading frames (ORFs) of
non-redundant contigs were predicted by Prodigal
(v2.6.3) [50] with “-p meta”. To thoroughly recover the
putative viral contigs, three commonly recognized tools
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and pipelines, namely, VirSorter (v1.0.5) [46], VirFinder
(v1.1) [47], and the JGI Pipeline [51], were used in this
study. Contigs sorted into categories 1, 2, 4, and 5 by
VirSorter and with scores ≥ 0.7 and p < 0.05 by VirFinder
were selected for further curation, based on previous
benchmarking evaluation of these two tools [46, 47]. For
the JGI Pipeline, the default three filters (five hits to viral
protein families combined with other criteria) were cho-
sen, because they have previously been shown to have a
high precision (99.6%) for viral contig identification [52].
In addition to its original workflow, we added a detection
procedure to scan each local region of contigs harboring
ten ORFs and select putative viral regions with the same
criteria as previously described [51]. This procedure (the
optimized JGI Pipeline) was designed to increase sensi-
tivity to proviruses and contributed to the recovery of an
additional 175 vOTUs (10.3% of proviral OTUs) with an
average length of 25.2 kb. For viral prediction from 108
hadal microbial genomes, besides the above pipelines,
Prophage Hunter was performed in default parameters,
and prophages with scoring > 0.5 were selected according
to the previous performance evaluation [53]. In summary,
by combining the use of these tools and pipelines (Sup-
plementary Fig. S1), the number and length range of the
recovered viral contigs were significantly increased
(Supplementary Fig. S2).

The ORFs in the resultant contigs were annotated by
multiple databases and bioinformatics tools as follows:
RefSeq Virus database (v95, July 8, 2019) [54] using
DIAMOND (v0.9.25.126) [55] with an e-value of 1e−5,
identity of 30% and coverage of 50%; eggNOG (v5.0) [56]
using emapper [57] with “-m diamond --query-cover 50”;
pVOGs [58] using HMMER (v3.2.1) [59] with an e-value
of 1e−5; Kyoto Encyclopedia of Genes and Genomes
(KEGG) database [60] using online GhostKOALA [61];
and Pfam [62] using RPS-BLAST with an e-value of 1e−5.
All candidate viral contigs, especially the “low-confidence”
contigs that were located in categories 2 and 5 by VirSorter
and scored < 0.9 by VirFinder, were manually curated. For
contigs predicted to be proviruses, the boundaries were
carefully evaluated, and only the proviral regions were
retained. Consequently, 55.5% of the “low-confidence”
contigs were discarded from the total candidate viral contigs
(57.4% per sample on average) after manual curation
(Supplementary Table S4).

All curated viral contigs sharing identity ≥95% and
coverage ≥85% were dereplicated by CD-HIT [49]. Then,
these viral contigs were further grouped into vOTUs as
previously proposed [63, 64] by pyani (v0.2.7) [65] with the
following parameters: at least 95% mummer-based average
nucleotide identity (ANIm) over at least 85% of the length
of the shorter sequence. Finally, we obtained 12,710 vOTUs
that constituted the oceanic trench virome (OTVGD),

among which 4938 vOTUs contained contigs derived from
hadal seawater and sediment samples (Supplementary
Table S5). The longest contig of each OTU was regarded as
the representative contig and was used for subsequent
vOTU-related analysis. The circular viral contigs were
identified by ViRal and Circular content from metAgen-
omes (VRCA) as previously described [66] (Supplementary
Table S6).

Viral taxonomic assignment and network analysis

A majority-rules approach was adopted to assign viral
taxonomy as previously described [5]. In brief, all pro-
teins from viral contigs were subjected to BLASTp
alignment against RefSeq Virus, and a viral contig was
considered to belong to a viral family if ≥50% of the
proteins were assigned to that family with a bitscore ≥50.
Additionally, ViralRecall [67] was used to determine the
taxonomy of nucleocytoplasmic large DNA viruses
(NCLDVs) with a score threshold of 1.5. Protein-sharing
network analysis of viral populations was performed by
vConTACT (v.2.0) [68]. Briefly, the protein sequences of
the vOTUs were grouped into PCs via all-to-all BLASTp
with the default parameters of vConTACT (v2.0) [68].
The degree of similarity between the vOTUs was calcu-
lated based on the number of shared PCs. Then, pairs of
closely related vOTUs with a similarity score of ≥1 were
grouped into viral clusters. The networks were visualized
by Cytoscape (v3.7.0) [69] using an edge-weighted
spring-embedded model.

Protein clustering and comparison with public viral
databases

All the viral proteins were clustered by CD-HIT [49] using
the same parameters as the Pacific Ocean Virome (POV)
[70]: 60% identity, 80% coverage and “-g 1 -n 4 -d 0”. In
total, 159,855 PCs were obtained for OTVGD. To describe
the novelty of the OTVGD, the vOTUs and proteins were
compared against three public viral databases, including the
RefSeq Virus database [54], Global Ocean Viromes 2.0
(GOV 2.0) [5] and IMG/VR v.2.0 [64]. For vOTU com-
parison, pyani (v0.2.7) [65] was used with parameters of
60% identity and 80% coverage. For protein comparison,
BLASTp was performed by DIAMOND [55] with an
e-value threshold of 1e−5, identity of 30% and coverage
of 50%.

For the recruitment analysis, virome reads for the Pacific
Ocean seawater (POV) [70], the North Atlantic Deep Water
(NADW) and Pacific Antarctic Bottom Water (PABW) [71]
and for the sediment of the Izu-Ogasawara and Mariana
Trench [39] were recruited against OTVGD using Blastn,
and the hits with an e-value < 10–5, identity >95% and hit
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length >50 bp were retained for reads recruited per kb of
genome per Gb of metagenome (RPKG) calculation as
previously described [72].

Calculating the relative abundances, diversity, GC
content, and N/C-ARSC of vOTUs

The trimmed reads of each sample were mapped to the
representative OTV contigs using Bowtie 2 (v2.3.4.1)
[73] with default parameters. A BamM (v.17.3, https://
github.com/ecogenomics/BamM) filter was used to screen
the reads mapped to the contigs with coverage ≥90% and
identity ≥95%. The viral contigs with ≥70% of their length
covered by the reads were selected by genomeCover-
ageBed in BEDTools (v2.26.0) [74] and passed to the next
step. The average per-base-pair coverage of the contigs
was calculated by BamM “parse” with the parameter
“tpmean” to remove the top and bottom 10% coverage
regions. We then performed normalization among the
samples as previously described [75]. Briefly, the average
coverage of each contig was first divided by the total
trimmed read number of the sample from which it was
derived, and then multiplied by the average read number
of all 19 samples. The normalized average coverage of the
viral contigs was used to generate a matrix of relative
vOTU abundance (Supplementary Table S7). This matrix
was clustered and visualized by the pheatmap R package
with the default parameters.

Alpha diversity (Shannon’ s H) analysis of each samples
was performed by VEGAN in R package [76]. Based on
Bray–Curtis dissimilarity matrices, which were calculated
using the VEGAN function vegdist, principal coordinate
analysis (PCoA) was performed using the pcoa function in
the APE package, and ANOSIM using the VEGAN func-
tion anosim was performed to test the significance of dis-
similarity between groups, as previously described [5]. The
python script “get_gc_and_narsc.py” (https://github.com/fa
ylward/pangenomics/) was used to calculate GC content
and nitrogen/carbon atoms per residue side chain (N/C-
ARSC) of the predicted viral proteins in OTVGD using
previously described methods [77].

Quantification of viral movement

Viral movement between neighboring samples was calcu-
lated according to a previously described method [7] with a
minor modification. Because of our optimized assembly
method, which markedly increased the length of the viral
contigs, the longest contig of each vOTU did not necessa-
rily indicate its original sample. Considering that Brum’s
“origin assumption” was significantly supported by the
result that viral populations were most abundant in their
original samples [7], the sample in which a vOTU showed

the highest abundance was considered its original sample in
the present study.

Metagenomic binning and microbial OTU grouping

To strictly avoid the shifting of microbial tetranucleotide
frequencies and/or the calculation of coverages influenced
by exogenous or exceptional sequences, the predicted viral
sequences, rRNA genes, and CRISPR segments were tem-
porarily removed from their derived contigs (which might
have different nucleotide compositions from their derived
genomes and/or occur in multiple copy numbers). Pre-
processed contigs longer than 2.5 kb were used to calculate
contig coverages and perform binning. The average cover-
age of microbial contigs were calculated by the same
method used for viral contigs. The t-SNE algorithm-based
dimension reduction from the tetranucleotide frequency
matrix and visualization were performed using the R
package mmgenome2 (https://github.com/KasperSkytte/
mmgenome2) [78], and manual binning was adopted to
carefully divide the boundaries between metagenome-
assembled genomes (MAGs). Rebinning was performed
by plotting all the contigs from each bin based on their
abundances plus GC content, and contigs with inconsistent
coverage were manually deleted. Notably, the removed
viral, rRNA and CRISPR sequences were restored to their
original contigs after binning. The completeness and con-
tamination of the MAGs were estimated using CheckM
(v1.1.2) [79], and MAGs with <30% completeness or >10%
contamination were removed. The average amino acid
identities (AAI) among all the bins were calculated using
pyani (v0.2.7) [65], and the MAGs sharing a >95% AAI
and 30% alignment length to their query sequence were
grouped into microbial OTUs (mOTUs). In each sample,
the MAG with the highest value of completeness-4× con-
tamination in each mOTU was chosen as the representative
(Supplementary Table S8), for which the total average per-
base-pair coverage of all binned contigs, notably not
including provirus contigs, was used as a proxy of mOTU
abundance.

Host prediction

Two pipelines were used to identify the “ex situ” and
“in situ” hosts for the viral contigs. The former refers to a
method of predicting putative hosts in public databases
that has been widely used in previous studies [4, 6, 52].
The latter refers to matching viral contigs to metagenomic
bins derived from the same sample, thus linking each
virus to a putative “in situ” host. This strategy was utilized
by Emerson et al. in a study on soil viromes, and has been
confirmed to significantly enhance the efficiency of host
prediction [75]. Both pipelines involved multiple in silico
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approaches, including tRNA matching, CRISPR match-
ing, BLASTn-based genomic alignment and k-mer-based
genomic matching. Specifically, (1) the tRNA genes of
vOTUs and MAGs were identified by tRNAscan-SE
(v2.0.3) [80] with the parameters “-A” and “-B”, and the
viral tRNA genes were aligned with both MAG-derived
and tRNAviz database [81]-derived sequences using
BLASTn. Then, perfect matches for non-
gammaproteobacterial hosts were selected [52]. (2) The
CRISPR clusters of MAGs in situ and all the bacterial and
archaeal genomes in the RefSeq database (v95, July 8,
2019) were predicted using the CRISPR Recognition Tool
(CRT) [82] with optimized parameters as previously
described [52], and CRISPR clusters with less than three
spacers were ignored. The retained CRISPR spacers were
aligned with the viral contigs using BLASTn to identify
protospacers in the viral contigs, and matches satisfying
the thresholds of ≥95% identity and ≤2 SNPs were selected
[52]. (3) For direct genomic BLASTn matches, the viral
sequences were aligned with in situ metagenomic bins and
all RefSeq microbial genomes using BLASTn with the
following parameters: bitscore ≥ 50, e-value ≥ 10–3, identity
≥ 70%, and matching length ≥ 2500 bp, as previously
described [75, 83]. (4) Then, k-mer-based host prediction
was performed using VirHostMatcher (VHM) [48]. For
“ex situ” host prediction, the VHM d2* values of each viral
sequence versus 245,723 bacterial and 2837 archaeal gen-
omes in GenBank (v234, October 15, 2019) were calculated,
and the most frequent genus among the top 30 hits with d2*
values < 0.25 was considered the genus of the microbial host,
as previously suggested [48]. For “in situ” host prediction,
the VHM d2* values of each viral sequence were further
compared with those of MAGs from the same sample. The
MAG was considered the “in situ” host if it ranked among
the top ten hits with d2* values < 0.25.

Additionally, we developed a “flanking sequence bin-
ning” approach for the “in situ” host prediction of pro-
viruses. Specifically, the flanking sequences of proviruses
were reserved for binning processes, and proviruses and
hosts matched when they were binned together. This
approach was designed to avoid the effects of proviral
fragments on the tetranucleotide frequencies, GC% and
coverage calculation of the derived microbial contigs, and it
consequently contributed to the identification of 201 pairs
(29.3% of total assignments) of in situ virus–host matches
(Supplementary Fig. S3). Finally, a total of 685 “in situ”
and 2320 “ex situ” hosts were identified by these two
pipelines (Supplementary Table S9). It should be noted that
all taxonomic classifications of the “in situ” and “ex situ”
hosts were unified by GTDB-Tk [84] based on 120 and 122
proteins concentrated in the bacterial and archaeal genomes,
respectively, to avoid taxonomic inconsistency between
NCBI and GTDB. The aligned concentrated proteins were

used to construct a host phylogenetic tree in FastTree 2
(v2.1.10) [85] based on the maximum-likelihood algorithm,
and the tree was visualized with MEGA X [86]. For those
vOTUs (n= 424) with multiple predicted hosts resulted
from different predication approaches, the host assignments
had a high consistency of 90.3% and 88.9% at the phylum
and class level, respectively (Supplementary Fig. S3).
Additionally, as viral generalists that infect hosts across
different phyla have been suggested to exist [52, 87], the
vOTUs (n= 47) with different predicted host assignments
at the phylum or class level were retained (Supplementary
Table S9).

Identification of (putatively active) proviruses and
lysogens

To detect proviruses in the OTVGD, we established two
criteria: (1) viral contigs originating from contigs with non-
viral (host) flanking sequences, or (2) viral contigs harbor-
ing lysogenic marker proteins, which include integrase,
invertase, serine recombinase, and CI/Cro repressor, as
previously proposed [88]. Finally, a total of 1704 proviruses
in the OTVGD were identified by this screening. Accord-
ingly, the microbial OTUs that harbored proviruses were
regarded as lysogens. Active proviruses were defined by a
higher abundance of provirus sequences than the microbial
host (VHR > 1), indicating active DNA replication of the
provirus [89]. Likewise, the microbial OTUs that harbored
active proviruses were regarded as active lysogens.

Viral auxiliary metabolic gene (vAMG) identification
and analysis

A comprehensive annotation of ORFs in the viral contigs
was performed based on the RefSeq Virus database [54],
KEGG [60], and eggNOG [56]. All the proteins were
searched against the Prokaryotic Virus Orthologous Groups
(pVOGs) database [58] by HMMER (v3.2.1) [59], and
those with scores ≥ 50 were marked as conserved viral
proteins, as previously suggested [63]. In addition, those
proteins annotated as capsid, tail, lysozyme, and terminase
were also set as conserved viral proteins [90]. For pro-
viruses, two marker proteins (integrase and invertase) were
set as boundary signals in the contigs. Subsequently, the
conserved viral regions for vAMG selection were identified
based on two criteria: (1) both the start and end genes were
annotated as conserved viral proteins or boundary signals;
(2) the viral region harbored at least one conserved viral
protein or more than 30% proteins had the highest similarity
to viral proteins according to the annotation. The selected
conserved viral regions were further manually curated. All
the metabolic proteins from these regions were considered
to be putative vAMGs, and a final list was determined by
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manual curation. Furthermore, type I and type II vAMGs
were classified according to the previous definitions [13, 91]
(Supplementary Tables S10 and S11). For vAMG abun-
dance calculation, the sum of the abundance of AMG-
derived viral contigs rather than the reads mapping to these
genes was regarded as the AMG abundance to ensure that
the resultant abundance value was unambiguously derived
from viruses.

For the phylogenetic analysis of D-amino acid oxidase
(DAO), homologs of DAO were retrieved from in situ
MAGs, the KEGG database and Swiss-Prot. Clustal
Omega (v1.2.4) [92] was used to perform multiple
sequence alignment, and the aligned concentrated proteins
were used to construct a phylogenetic tree with FastTree 2
(v2.1.10) [85] based on the maximum-likelihood algo-
rithm. The tree was visualized by MEGA X [86]. To
detect the abundance of DAO-encoding genes (dao) in
oceanic trenches, the dao genes were retrieved from
metagenomes by BLASTp with the following parameters:
identity ≥ 30%, coverage ≥ 50%, e-value ≥ 10–3. The
percentage of mapped reads to the dao genes among
the total reads in each sample was calculated to determine
their relative abundances.

Functionally characterization of viral D-amino acid
oxidase (vDAO)

The gene encoding for vDAO (daoV) from the hadal virus
OTV_OTU6572 was synthetized and cloned into the
pET28a plasmid (Personalbio Technology, Shanghai,
China). Then, the daoV gene was amplified by PCR and
inserted into the pCold TF vector (Takara Bio, Dalian,
China) using the ClonExpress II One Step Cloning Kit
(Vazyme Biotech, Nanjing, China). E. coli BL21 (DE3)
cells were transformed with this recombinant plasmid.
The transformant was selected on LB medium containing
ampicillin and confirmed by PCR and DNA sequencing.
E. coli BL21 (DE3) cells containing the daoV expression
vector were grown in LB broth with 50 μg/ml ampicillin at
37 °C. vDAO expression was induced by the addition of
IPTG (0.4 mM) when the OD600 reached 0.6, and the
culture was then incubated at 15 °C for 16 h. The cells
were collected by centrifugation, resuspended in binding
buffer [500 mM NaCl, 10% glycerol, and 20 mM
Tris–HCl (pH 8.0)], and sonicated on ice. The cell extract
was clarified by centrifugation at 10,000 × g for 40 min at
4 °C. Ni Sepharose High Performance resin (GE Health-
care, Milwaukee, WI, USA) was used to purify the TF-
tagged vDAO according to the manufacturer’s instruc-
tions. The protein was eluted in elution buffer [500 mM
NaCl, 10% (v/v) glycerol, 300 mM imidazole, and 20 mM
Tris–HCl (pH 8.0)]. The purity of protein was confirmed
by SDS-PAGE (12% acrylamide) with visualization using

Coomassie Brilliant Blue R-250, and the concentration of
the purified protein was determined using a Nanodrop
2000 spectrophotometer (Thermo Scientific, Waltham,
USA). The enzyme activity of D-amino acid oxidation
was determined using a coupled o-dianisidine/peroxidase
method, as previously described [93]. Briefly, the reaction
mixture contained 1.3 mM o-dianisidine, 150 U/ml per-
oxidase, 40 μM FAD, and 40 mM D-amino acid (D-Met,
D-His, D-Ala, and D-Glu respectively) in 50 mM potas-
sium phosphate buffer (pH 7.5) at 25 °C. Enzyme activity
was determined colorimetrically at 430 nm using a
Synergy H1 microplate reader (BioTek, Winooski, USA).
The H2O2 and purified TF-Tag protein were used in the
same reaction mixture as the positive and negative con-
trols, respectively.

Availability of data

The data sets that were used for analysis in this study are
publicly available in the NCBI repository at https://www.
ncbi.nlm.nih.gov/. The sequences of the vOTUs generated
from the current study have been deposited in the National
Omics Data Encyclopedia (NODE) database under the
project IDs OEP001086 and OEP001087.

Results and discussion

Construction of the oceanic trench viral genome
dataset (OTVGD)

Initially, the raw reads of 19 publicly available meta-
genomes, derived from seawater and sediment samples of
three oceanic trenches (the Mariana, Kermadec and Yap
Trenches) (Fig. 1A), were collected from the NCBI
Sequence Read Archive (SRA) (Supplementary
Table S1). Samples obtained from the Mariana Trench
covered seawater (free-living and particle-associated) and
sediment environments, from 0 to 10,500 m. For the Yap
Trench, the depth of the seawater and sediment samples
ranged from 4435 to 6578 m, while both sediment sam-
ples from the Kermadec Trench were from deeper than
6000 m. Reads were trimmed and assembled to obtain
total contigs, and then, viral contigs were identified using
multiple tools, such as VirSorter [46], VirFinder [47], and
JGI Pipeline [51], as well as manual curation (Supple-
mentary Figs. S1, S2 and Tables S3, S4). Then, we suc-
cessfully recovered 17,063 viral contigs that were ≥5 kb
in size. Additionally, 141 viral contigs were identified
from 108 (complete/partial) public hadal microbial gen-
omes (Supplementary Table S2). They were combined to
define a final set of 12,710 virus operational taxonomic
units (vOTUs), which represented a species-level
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taxonomy as previously proposed for uncultivated virus
genomes [63], and designated the oceanic trench viral
genome dataset (OTVGD) (Supplementary Table S5).
Notably, among all the vOTUs in OTVGD, a set of 6011
and 6573 vOTUs was recovered from seawater and
sediment, respectively, and only six vOTUs were con-
currently present in both sample types (Fig. 1B), indi-
cating distinct viral communities in the oceanic water
column and sedimentary environments. Interestingly,
1027 vOTUs, which accounted for 20.8% of the total set
of 4938 vOTUs recovered from hadopelagic

metagenomes and microbial genomes, were also present
in non-hadal environments, suggesting a close connection
between the hadal viral populations and those in the upper
ocean (Fig. 1B).

In comparison with the previously reported hadal trench
virome [39], this dataset increased the total and average
genome size of oceanic trench viruses by 25.4-fold and
37.1-fold, respectively (Supplementary Fig. S4A), provid-
ing a reliable basis for the detailed subsequent analyses.
Read recruitment of OTVGD was performed against the
previously published viromes derived from the deep

Fig. 1 Overview of the oceanic trench viral genome dataset
(OTVGD). A Schematic diagram showing the sampling locations and
sample types of the metagenomes used in this study. B Venn diagram
displaying the number of vOTUs composing the OTVGD. C Per-
centages of specific vOTUs and protein clusters within the OTVGD by
comparison with three public datasets: NCBI Viral RefSeq, IMG-VR,
and GOV 2.0. D Taxonomic compositions of the trench viruses
grouped by sample types, ocean zones, and trenches. The bar charts on
the left indicate the abundance (%) of vOTUs with predicted taxonomy
(blue), and the bar graphs on the right show the abundance (%) of viral

taxa at the family level in viruses with predicted taxonomy. The bar at
the bottom corresponds to the vOTUs that were derived from hadal
microbial genomes (HMGV). E Distribution of the predicted bacterial
and archaeal hosts of the trench viruses. The heatmaps show the
number of vOTUs with host assignments, which are hierarchically
clustered by samples. The bacterial and archaeal host taxonomy shown
are in the class and phylum level, respectively. The bars on the top and
bottom of the figure indicate the type and ocean zone of each sample,
respectively. FL free living, PA particle associated.
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seawater of the Pacific Ocean [70, 71]. Additionally, similar
recruitment ratios were observed between the neighboring
seawater samples, while the ratio was significantly diver-
gent among different sediment samples (Supplementary
Fig. S4B), implying distinct levels of heterogeneity of viral
communities in the seawater and sediments of oceanic
trenches.

Novel viruses are enriched in oceanic trenches

The similarity of the oceanic trench viral populations to
NCBI Viral RefSeq [94], GOV 2.0 [5], and IMG/VR v.2.0
[64] was investigated at the OTU and protein levels.
Remarkably, over 99% of the vOTUs of the OTVGD were
distinct from those of these three datasets (Fig. 1c). More-
over, with a higher proportion of previously undiscovered
protein clusters (PCs) in sediment than in seawater, the
majority of the OTVGD PCs (159,496, 54.15%) were
demonstrated to be specific by comparison with GOV 2.0,
which is by far the largest marine virus database, harboring
823,193 PCs [5]. Moreover, the vOTU accumulation rate
analysis showed that trench viruses were far from well
sampled and remained largely uncharacterized (Supple-
mentary Fig. S5). Taken together, these results indicated
that remarkably novel viruses were enriched in the oceanic
trenches.

In agreement with previous marine viromic studies, the
majority of the seawater (73.84%)-derived and sediment
(84.82%)-derived vOTUs could not be taxonomically
classified into any known viral family. Among the tax-
onomically classified vOTUs, dsDNA viral families such as
Myoviridae, Siphoviridae, and Podoviridae were pre-
dominant, accounting for 89.85% and 62.87% of the sea-
water and sediment-derived vOTUs, respectively (Fig. 1D).
Intriguingly, 77 vOTUs could be classified as nucleocyto-
plasmic large DNA viruses (NCLDVs) (Supplementary
Table S6), and these vOTUs were enriched in the abyssal
and hadal samples of the Mariana and Yap Trenches
(Fig. 1D). Although we could not rule out the possibility
that these giant viruses originated from the ocean surface
through biomass sinking, the data strongly indicated a dis-
tribution of NCLDVs in the hadal biosphere. Interestingly,
we also recovered two vOTUs with genomes of more than
200 kb (Supplementary Fig. S6), which could be classified
into the recently revealed “huge phage” clades [95].

In total, 306 vOTUs were identified to contain circular
viral contigs and, therefore, assumed to be complete (Sup-
plementary Table S5). Among them, 49 vOTUs with
putative complete genomes were detected exclusively in the
hadopelagic zone. Notably, OTV_OTU10144 (represented
by four circular genomes, 6681–6901 bp) was classified as
an inovirus. It was predicted to infect Alteromonadaceae
strains according to CRISPR matching, and it was

exclusively identified in all five hadal seawater samples of
the Mariana Trench. The phylogenetic analysis showed that
it was located in a separate branch compared to all the
currently known inoviruses (Supplementary Fig. S7), thus
representing a novel inovirus population inhabiting
hadal zones.

Viruses target keystone species of the microbial
community in the hadal biosphere

To investigate how these viruses affect hadal ecosystem
function by infecting microbial hosts that participate in
biogeochemical cycles, we next sought to identify viral
hosts by screening all the prokaryotic genomes in GenBank
(v234) using multiple in silico methods. To maximize host
assignment and to link the viruses to hosts under natural
circumstances, we further searched against a database
composed of 379 bacterial and archaeal OTUs (consisting
of 1959 genomic bins) recovered from the same metagen-
omes in which the viral contigs were identified (Supple-
mentary Table S8). The hosts assigned through these two
methods were designated “ex situ” and “in situ” hosts,
respectively (Supplementary Fig. S7). Overall, the hosts
could be predicted for 1229 (9.67%) of the total vOTUs of
the OTVGD (Supplementary Table S9). Notably, the
abundance of the viruses and their hosts was highly corre-
lated (Pearson’s coefficient= 0.619, p < 2.2e−16) (Sup-
plementary Fig. S8), suggesting an underlying function of
these viruses in regulating the microbial communities in
oceanic trenches.

Among the predicted microbial hosts, Gammaproteo-
bacteria and Thaumarchaeota were the dominant bacteria
and archaea, respectively (Fig. 1E). Additionally, Alpha-
proteobacteria, Bacterioidia, and Actinobacteria were highly
enriched according to the host prediction, especially in the
hadal seawater and sediment samples. These results were
consistent with the previously reported dominant microbial
groups in the hadal seawater and sediment [41, 42]. Spe-
cifically, OTV_OTV6518, represented by three putative
complete genomes (40.24–40.71 kb), was predicted to
infect Oleibacter, which has been shown to be the most
abundant bacterial genus (19.5%) in the near-bottom water
of the Mariana Trench samples [28]. Consistent with the
host prevalence, this population showed a high abundance
in the deepest hadopelagic samples (Supplementary
Fig. S9). Notably, 27 vOTUs from both abyssal and hadal
samples were predicted to be thaumarchaeal viruses, which
exhibited a higher abundance in sediment than in seawater
of trenches (Supplementary Fig. S10A, C). A protein-
sharing network analysis indicated that these vOTUs were
related to published marine Thaumarchaeota viral contigs
[96], while they were distinct from the three isolated
Nitrosopumilus spindle-shaped viruses [97]. Moreover, the
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genomic comparison showed that the putative thaumarch-
aeal viruses from the OTV shared no similarity with the
previously reported ones in terms of viral structural proteins
(Supplementary Fig. S10B), implying their novelty and the
unrevealed diversity of viruses infecting Thaumarchaeota,
which is the dominant archaeal phylum in the hadal envir-
onment and plays a prominent role in carbon and nitrogen
cycling by contributing to ammonia oxidization
[26, 27, 98].

Inter-trench and intra-trench exchange of viral
communities

Interestingly, based on the calculation of the vOTU relative
abundance for all samples, a large number of viral popu-
lations were observed to be concurrently present in different
habitat samples, and we considered them to be exchange
viral populations (Fig. 2 and Supplementary Table S7).
Specifically, 815 hadal vOTUs were present in multiple
trenches, and the co-occurred viral populations were
accounted for 43.54 and 21.92% of the hadal vOTUs
derived from the Mariana and Kermadec Trench, respec-
tively (Fig. 2A), suggesting considerable occurrence of viral
population exchange between different hadal trenches. To
further support this hypothesis, we performed a protein-
sharing network analysis of all the trench viruses. Surpris-
ingly, they did not tend to cluster by trench, but in contrast,
pervasive connectivity was observed among viral popula-
tions from different trenches (Fig. 2B). Additionally, a large
number of unclustered vOTUs presented as singletons
(Supplementary Fig. S11), further indicating that a large
amount of viral diversity remains to be uncovered in
oceanic trenches. Specifically, OTV_OTU10869 (40.22 kb)
with a complete genome was identified in both the Yap and
Kermadec Trenches (Supplementary Fig. S12). These
results indicated considerable widespread inter-trench con-
nectivity of viral populations, despite the distinct geo-
graphical isolation.

To further demonstrate intra-trench exchange of viral
communities, we separately conducted occurrence and
network analysis of the vOTUs in the Mariana and Yap
Trenches (Fig. 2C–F). In the Mariana Trench, a large
group of viruses (751 vOTUs) was present in both hadal
(free-living and particle-associated) and epi-/abyssopela-
gic seawater (Fig. 2C), and those at different depths were
highly connected in terms of protein content (Fig. 2D),
suggesting continuous genetic communication of viruses
among the depth-stratified oceanic zones. Accordingly,
host predictions across samples indicated that a large
number of viruses could infect microorganisms inhabiting
different water layers in the Mariana Trench (Supple-
mentary Fig. S13). Similarly, the vOTUs that co-occurred
in the abyssal and hadal samples dominated the viral

populations of the Yap Trench (Fig. 2E). Moreover,
exchange of viruses in seawater seemed to occur sig-
nificantly more than that in sediment and between sea-
water and sediment (Fig. 2E), and the sediment and
seawater viral populations tended to cluster by themselves
in terms of the protein content (Fig. 2F), implying the
influence of a natural barrier on the connectivity of the
two types of viral communities.

To further investigate to what extent viral communities
were probably exchanged throughout the oceanic trenches,
we compared the vOTU abundances of neighboring sam-
ples to quantitatively assess bidirectional exchange between
viral populations (Supplementary Fig. S14). Intriguingly,
this analysis demonstrated unexpectedly similar levels of
viral population exchange in both directions, except
between the sediments of the Mariana Trench, which might
be due to frequent earthquakes and sediment slide in this
hadal trench [99]. Overall, these data strongly indicate that
inter-trench and intra-trench exchange of viral communities
were considerably pervasive. Meanwhile, it should also be
noted that this conclusion needs to be further supported by
analyzing more viromic data derived from different trench
samples, given the currently inadequate sampling of trench
viruses (Supplementary Fig. S4).

Previously, oceanic current-driven movement of viruses
and vertical viral transport from the marine surface to the
deep chlorophyll maximum (DCM) zone have been
observed in the upper ocean [7], and potential connectivity
of microbial communities between geographically separated
hadal sediment has been proposed [42]. In the present study,
inter-trench and intra-trench exchange of viral communities
were suggested to be pervasive, indicating that the transport
of viruses also frequently occurred in the deep ocean,
probably due to the downward flux of particulate organic
matter [100, 101], upwelling of deep waters to the sea
surface [102], and current flow and water mass circulation
in the deep ocean [103, 104].

Niche-dependent distribution, genomic properties,
and lifestyle of viral communities in the oceanic
trenches

The significant habitat heterogeneity, including degrees of
geographical isolation, biochemical parameters, substrate
compositions and topographical features, has been pre-
viously revealed at inter-trench and intra-trench levels
[105]. Therefore, it is intriguing to explore the distribution
profile of viruses among different oceanic trenches and in
different biozones within trenches and to examine, whether
the habitat heterogeneity influenced the genomic properties
and lifestyle of the viruses. To explore these questions, the
abundance patterns of vOTUs were first analysed for all
samples (Supplementary Table S7). The viral communities
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were primarily clustered by the sample types and secon-
darily by the trenches and ocean zones (Fig. 3A). According
to the principal coordinate analysis (PCoA), the most sig-
nificant difference in viral communities was observed
between seawater and sediment (ANOSIM, r= 0.971,
p= 0.002), followed by different trenches (r= 0.4715,
p= 0.003) (Supplementary Fig. S15). Moreover, when
considering only the seawater viruses in the Mariana
Trench, depth-stratified ocean zones were the significant

differentiation factor (r= 0.9583, p= 0.003). Moreover,
Shannon’s H index showed that viral communities in the
seawater of the Yap Trench exhibited the highest diversity,
followed by those in the sediment of the Yap Trench,
whereas those in the Mariana and Kermadec trenches
showed a lower diversity at similar levels (Supplementary
Fig. S15).

Since the genomic GC content of marine bacteria and
viruses has been revealed to be significantly correlated

Fig. 2 Connectivity of viruses in the oceanic trenches. A, C, E
Venn diagrams displaying the inter-trench and intra-trench occur-
rence of vOTUs. The existence of viral populations in multiple
trenches (A), the Mariana Trench (C), and the Yap Trench (E) were
based on the relative abundance calculation of vOTUs in each
sample. The number of vOTUs are indicated on different portion of
each diagram. B, D, F Protein-sharing network of the vOTUs in
OTVGD using vConTACT v2.0. The nodes and the connecting

edges represent vOTUs and their shared protein content, respec-
tively. Nodes are depicted in different colors representing vOTUs
derived from different trenches (B) and different ocean zones/sample
types of the Mariana Trench (D) and Yap Trench (F). The co-
occurrence of vOTUs in multiple habitats are indicated by purple
arrows in the legend and nodes with distinct colors in the network.
For clarity, only the major viral clusters are shown.
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with their habitats [16, 106], we then calculated the GC
content of all vOTUs, and the results showed a sig-
nificantly higher GC content (p < 0.001) of vOTUs
derived from seawater (average= 43.3%) than of those
derived from sediment (average= 41.9%) (Fig. 3B). With
respect to seawater samples, the GC contents of the viral
communities from the hadal biosphere (average=
45.08%) was significantly higher (p < 0.001) than that
from epi- (average= 41.75%) and abyssopelagic zones
(average= 41.31%) (Fig. 3B). Moreover, the viral GC
distribution pattern in hadal seawater and sediment were
significantly different from that in the upper ocean (Sup-
plementary Fig. S16), as shown by comparison with the
GOV 2.0 datasets [5], suggesting depth-dependent

evolutionary differentiation of viral genomes. Considering
that GC pairs use more nitrogen than AT pairs [107] and
the higher nitrogen availabilities in deeper waters in the
ocean [106], these differences were consistent with the
nitrogen atoms per residue side chain (N-ARSC) analysis,
which showed a significantly higher N-ARSC of viral
genomes from abyssopelagic and hadal zones than of
those from the trench surfaces (Fig. 3C). In addition, the
carbon atoms per residue side chain (C-ARSC) of sedi-
ment viruses were generally higher than those of viruses
from neighboring seawater (Supplementary Fig. S17),
reflecting the higher carbon availabilities in sediment
habitats. Moreover, viruses from different trenches
showed significantly different C-ARSC levels, and the

Fig. 3 Abundance profiles and genomic features of oceanic trench
viruses. A Distribution patterns of all vOTUs in the OTVGD. The
heatmap displays the normalized average coverage of each vOTU (x-
axis) in each sample (y-axis) on the log2 scale. The vOTUs are hier-
archically clustered by samples. The vertical bars on the left and right
sides indicate the type and ocean zone of each sample, respectively. B
GC content of viral communities in different sample types and ocean
zones. The values were analysed by using a two-tailed Student’s t-test,

***p < 0.001. C The nitrogen atoms per residue side chain (N-ARSC)
analysis of viral genomes in OTVGD. All representative viral contigs
in each sample were used for the calculation. Heatmaps in the top right
corner of frames show significance levels of differences between all
pairs of sample group calculated by the two-tailed Student’s t-test. The
bottom letters representing sample groups corresponded to coordinates
of significance heatmaps.
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C-ARSC levels of viruses derived from free-living and
particle-associated seawater in the Mariana Trench were
positively and negatively correlated with the increasing
water depth, respectively, suggesting their adaptation to
different carbon nutrients in different trenches and size-
fractionated microbial assemblages [105, 108]. Taken
together, these data suggested that the demand and
availability of nutrients might profoundly influence viral
genome evolution and, thus, lead to the niche-dependent
distribution of viral communities in oceanic trenches.

To explore the lifestyles of hadal viruses, we identified
1704 proviruses in the OTVGD and found that more than
half of them (n= 905) were derived from the hadopelagic
samples (Supplementary Table S5). This high proportion
of proviruses in the hadal samples enabled us to further
analyse the distribution of lysogens throughout the water
column in the oceanic trench by using the metagenome of
Mariana Trench seawater, where adequate microbial
genomes were obtained by binning. It is worth-noting
that, considering the bias of metagenome-derived viral
database to proviruses, we chose the numbers of pro-
viruses and hosts as denominators for all percentage cal-
culations to eliminate bias. Notably, the proportion of
lysogenic microbial OTUs (mOTUs) in the hadal seawater
(average= 41.75%, n= 267) was significantly higher
than that in the epipelagic (average= 22.92%, n= 100)
and abyssopelagic (average = 30.58%, n= 147) zones (-
Fig. 4A). By calculating the provirus-host abundance ratio
(PVHR), we demonstrated that a considerable proportion
of proviruses in hadal seawater (average= 27.32%,

n= 203) were potentially active (see “Materials and
methods” section for the definition of active provirus),
and 42.01% of lysogenic mOTUs (n= 115), harbored
active proviruses (Fig. 3A). Further analysis focusing on
these putative active proviruses revealed that the PVHR
was significantly higher in the hadopelagic zone
(average= 2.28, n= 63) than in the epipelagic
(average= 1.17, n= 4) and abyssopelagic (average=
1.32, n= 36) zones (Fig. 4B), implying a high production
rate or burst size of proviruses in the hadal seawater. In
particular, OTV_OTU2258 (43.01 kb) that was predicted
to integrate into the genome of Pseudooceanicola, which
generally showed a high abundance in hadal seawater in
the Mariana Trench, was highly active in four of the five
hadopelagic seawater samples (Supplementary Fig. S18),
and therefore might play an important role in regulating
the abyssal microbial communities. However, there was
no significant difference in PVHR between these pro-
viruses from free-living and particle-associated seawater
samples (Fig. 4B). Next, a significantly higher abundance
of lysogenic mOTUs was observed in four of the five
hadal seawater samples compared with non-lysogenic
ones (Fig. 4C), suggesting that proviruses might confer
growth and survival advantages to their hosts and stimu-
late the activity of microbial communities in the hadal
ecosystem. Additionally, an analysis of published hadal
microorganisms with complete genome sequences
revealed that most of them (6 out of 11) were lysogens
(Supplementary Table S4), which is consistent with our
recent investigation showing that seven out of the ten

Fig. 4 Lysogenic lifestyle of the viruses in seawater of the Mariana
Trench. A Overview of lysogenic mOTUs and proviruses in the
Mariana Trench seawater. The total number of mOTUs, lysogenic
mOTUs, and proviruses in each sample are indicated on the right side
of each figure. B Provirus/host abundance ratios of the Mariana Trench
grouped by ocean zone (epi-/abysso-/hadopelagic) and sample type
(free-living/particle-associated). The ratios were calculated by the

average per-base-pair coverage of the provirus and host contigs,
respectively. C Comparison of lysogenic and non-lysogenic mOTUs
abundances in the hadopelagic zone of the Mariana Trench. The
abundances were calculated by the average per-base-pair coverage of
the mOTUs. The values were analysed by a two-tailed Student’s t-test.
***p < 0.001; **p < 0.01; ns not significantly different.
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bacteria isolated from hadal sediment were lysogenized by
12 prophages (data not shown). Collectively, the above
results indicated that a lysogenic lifestyle seemed to be
preferably adopted by hadal microbes and proviruses,
which could be more active than their counterparts in the
upper ocean.

Niche-specific auxiliary metabolic genes (AMGs)
harbored in hadal viruses

Numerous marine viruses possess AMGs that participate in
host metabolism, thus facilitating host adaptation to the
environment [91, 109, 110]. Strikingly, the depth-stratified
distribution of AMGs has been revealed in the Pacific
Ocean Virome (POV) [13]. To achieve a more compre-
hensive understanding of the niche specialization and eco-
logical functions of viruses in oceanic trenches, we screened
and identified AMGs in the OTVGD viral genomes and
calculated their relative abundances. In total, 34 and 42
types of hadal-specific AMGs (designated as those exclu-
sively found in hadal vOTUs) with diverse functions were
identified and could be classified as class I and class II
AMGs (Supplementary Tables S10 and S11), respectively,
according to a previous definition [91]. The composition
and abundance patterns indicated that the AMGs were lar-
gely structured by geographic region (Fig. 5A and Sup-
plementary Fig. S19), and similar distribution profiles were
observed for AMGs from neighboring samples, suggesting
a correlation between AMGs and environmental factors.
Notably, the hadal-specific class I AMGs were associated
with nucleotide metabolism (prsA, purC, pyrD, pyrE),
amino acid metabolism (purA, lysA), metabolism of cofac-
tors and vitamins (nadE, folK, hemQ, thiD), and
metabolism-related protein families (pepT, fabG, aao,
argD), according to KEGG pathway annotation (Fig. 5A).
For class II AMGs, protein families involved in genetic
information processing and signaling/cellular processes,
such as the phosphate regulon response regulator PhoB, cell
cycle response regulator CtrA, and glycine cleavage system
transcriptional activator GcvA, were significantly enriched
in hadal viruses (Supplementary Fig. S19), suggesting an
important role of viruses in host regulatory networks under
extreme environmental conditions.

Intriguingly, an AMG encoding a D-amino acid oxidase
(vDAO) was identified in a hadal virus genome
(OTV_OTU6572) (Fig. 5B). DAO catalyzes the oxidative
deamination of D-amino acids [111], which are produced by
many marine microbes and are the major constituents of the
organic carbon and nitrogen pools in the ocean [112, 113].
Although this vDAO shared low amino acid sequence
similarity (10.24–14.78%) with the previously reported
microbial DAOs, they had significantly similar tertiary
structures (Supplementary Fig. S20). To verify whether the

identified vDAO was functionally active, we expressed the
protein and examined its activity. As a result, the oxidation
activity was confirmed for several D-amino acids (Supple-
mentary Fig. S21), especially the D-alanine and D-glutamic
acid, which have been detected as the most abundant D-
amino acids in the ocean [112, 113]. Phylogenetic analysis
showed that the vDAO sequence was evolutionarily distinct
from those of the microbial DAOs with experimentally
verified functions; therefore, it might represent a novel
DAO encoded by viruses (Fig. 5C). Moreover, the phylo-
geny of DAO did not correlate well with the taxonomic
classification of the microbial species, indicating that hor-
izontal gene transfer (HGT) had significantly influenced its
distribution. OTV_OTU6572 was predicted to infect
Hyphomonadaceae strains (Supplementary Table S9), and
the vDAO was evolutionarily similar to the DAO of this
family, suggesting that the vDAO might have originated via
HGT from the microbial host infected by the virus. Addi-
tionally, read mapping analysis showed that the dao gene
was generally more abundant in the seawater of the Mariana
Trench than in that of other trenches (Supplementary
Fig. S22), which implied that D-amino acids might repre-
sent an important nutrient source for microorganisms in this
harsh environment. Considering that recalcitrant material-
degrading microbial taxa were enriched in the sediment of
the Mariana Trench [42], viruses likely contribute to the
cycle of refractory nutrients in the hadal ecosystem by
reprogramming the carbon and nitrogen metabolism of
their hosts.

To the best of our knowledge, this is the first study to
holistically explore the viral community across multiple
oceanic trenches, especially the hadal biosphere. The results
provide unprecedented insight into the diversity, distribu-
tion, metabolic potential, and ecological functions of viruses
in these extreme habitats. In particular, the hadal viruses
identified herein featured remarkably high genetic novelty
and infected several ecologically important microbial clades
(i.e., Thaumarchaeota and Oleibacter) in hadal ecosystems.
The inter-trench and intra-trench communication between
viral communities was predicted to be pervasive, probably
resulting from multiple oceanographic processes. Moreover,
the variations in topographical features, geochemical para-
meters and microbial composition between different tren-
ches, sample types, and ocean zones could profoundly
influence the distribution, genomic features, and lifestyle of
viral communities in oceanic trenches. Moreover, the hadal
viral genomes harbored a variety of AMGs with diverse
functions (i.e., D-amino acid oxidation, fatty acid and
NAD+ synthesis, transcriptional regulation), and thereby
might contribute to the microbial metabolism and biogeo-
chemical cycles. These findings strongly indicate that
viruses perform important ecological functions in the hadal
biosphere. With the continuous improvement of sampling
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technologies, increasing numbers of scientific cruises, and
new research projects focusing on oceanic trenches, a more
comprehensive understanding of hadal viruses is expected
in the near future.
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