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� Global deep-sea sediment RNA
viromes reveal 85,059 viral
operational taxonomic units (vOTUs),
the largest number of RNA viruses
known so far.

� Most vOTUs (98.28%) are unclassified,
indicating a vast reservoir of novel
RNA viruses in the deep sea.

� A total of 1,463 complete RNA viral
genomes are found, expanding our
understanding of the RNA viruses in
the deep-sea ecosystems.

� Ecosystems rather than geographical
locations drive the differentiation of
deep-sea RNA viral communities.

� Viral metabolic genes participate in
the ecosystem-driven viral
community differentiation via
mediating the energy metabolism.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 20 November 2022
Revised 30 January 2023
Accepted 8 April 2023
Available online 11 April 2023

Keywords:
Deep-sea sediment
virome of RNA viruses
Viral community
Virus-encoded gene
a b s t r a c t

Introduction: Viruses are the most abundant and diverse life forms on the earth. Both DNA viruses and
RNA viruses play important roles in marine ecosystems via regulating biogeochemical cycles.
Objectives: However, the virome of marine RNA viruses has been rarely explored so far. In this study,
therefore, the environmental viromes of deep-sea sediment RNA viruses were characterized on a global
scale to reveal the global virosphere of deep-sea RNA viruses.
Methods: The viral particles were purified from each of 133 deep-sea sediment samples and then char-
acterized based on metagenomes of RNA viruses.
Results: In this study, we established the global virome dataset of deep-sea RNA viruses purified from 133
sediment samples that were collected from typical deep-sea ecosystems of three oceans. A total of 85,059
viral operational taxonomic units (vOTUs) were identified, of which only 1.72% were hitherto known,
indicating that the deep-sea sediment is a repository of novel RNA viruses. These vOTUs were classified
into 20 viral families, including prokaryotic (7.09%) and eukaryotic (65.81%) RNA viruses. Furthermore,
1,463 deep-sea RNA viruses with complete genomes were obtained. The differentiation of RNA viral com-
munities was driven by the deep-sea ecosystems as opposed to geographical region. Specifically, the
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virus-encoded metabolic genes took great effects on the differentiation of RNA viral communities by
mediating the energy metabolism in the deep-sea ecosystems.
Conclusions: Therefore, our findings indicate that the deep sea is a vast reservoir of novel RNA viruses for
the first time, and the differentiation of RNA viral communities is driven by the deep-sea ecosystems
through energy metabolism.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Viruses, the highly abundant organisms in oceanic habitats,
exhibit considerable diversity and ecological functions [1–3]. The
oceans, covering 70 % of the earth’s surface, are habitats for many
kinds of viruses [4]. A total of 195,728 marine viral populations
have been previously identified based on the analysis of a global
ocean DNA virome dataset [5]. Another study showed that while
most marine viruses are novel, they are related to dominant, eco-
logically relevant microbial hosts [6] and therefore likely influence
biogeochemical cycles in marine ecosystems by infecting the hosts
[2,5,7]. Many virus-encoded genes directly participate in sulfur and
nitrogen cycling in the epipelagic zones of the oceans [6,7]. In the
deep-sea hydrothermal vents, the viruses can compensate host
metabolism by mediating branched metabolic pathways, thus
enabling the hosts to survive in extreme environments [8]. While
marine DNA viruses have been well characterized, little is known
about the composition and diversity of marine RNA viruses as well
as deep-sea viruses.

Althoughmost of the currently characterized marine viruses are
double-stranded DNA (dsDNA) viruses [9], RNA viruses constitute
over half of the entire marine viral community [10]. In fact, it is
estimated that the marine RNA viruses may be as abundant as or
even exceed marine DNA viruses [11–13]. Most marine RNA
viruses are positive-sense, single-stranded RNA (+ssRNA) viruses,
which are related to the current classification [11]. A few double-
stranded RNA (dsRNA) viruses, negative-sense single-stranded
RNA (�ssRNA) viruses or retroviruses are known, but very few
RNA bacteriophage has been identified in the marine habitats
[11]. Almost all of the RNA viruses that constitute the marine viri-
oplankton can infect eukaryotic organisms, especially protists like
diatoms, dinoflagellates, raphidophytes, prasinophytes and thraus-
tochytrids [11]. Recently a novel RNA virus was isolated from the
deep-sea tubeworm Osedax japonicus, indicating that marine RNA
viruses can infect multicellular animals as well [12]. Nevertheless,
the RNA viruses of deep-sea sediments are largely unexplored.

The deep sea is one of the largest and the least explored ecosys-
tems on the earth [14,15]. The extreme conditions of deep-sea
habitats, such as high pressure, low temperature, low nutrient
levels and the lack of sunlight and hypoxia [16,17], exert an
extraordinary selective pressure on the deep-sea organisms to
adapt to the environment [16]. At present, however, the deep-sea
viruses that can be imported into deep-sea environments and
organisms are insufficiently investigated. In this study, we ana-
lyzed the global virome of RNA viruses purified from each of 133
deep-sea sediment samples and found that deep-sea RNA viruses
are abundant and highly diverse, and most are hitherto unclassi-
fied. In addition, the distribution of these viruses is affected by
the environmental factors as opposed to the geographic location.
Materials and methods

Collection of deep-sea sediment samples

The deep-sea sediment samples, derived from oceanic vessel
No.1 (Dayang No. 1) geomicrobiology cruises of China, were col-
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lected during the 26th, 30th, 34th, 39th, 40th and 45th cruises in
the Pacific, Atlantic and Indian Oceans from 2012 to 2018
(Table S1). The samples came from various deep-sea ecosystems
including hydrothermal vents, cold seeps, seamounts and ocean
basins with depth ranging from 1,100 to 6,105 m. The sampling
of sediments was performed using sealable sampling boxes. Upon
arrival on the deck, the surface of each sediment sample was
removed with a sterile shovel to exclude exogenous contamina-
tion. The samples were stored at �80 �C before experiments.
Purification of viral particles from deep-sea sediment samples

A deep-sea sediment (20 g) was resuspended using 10 ml pre-
filtered (0.015-lm pore size) Milli-Q water and glass beads, and
then incubated with shaking for 30 min at 4 �C. Subsequently the
mixture was centrifuged at 5,000 � g for 20 min (4 �C) to collect
the supernatant. After repeating these steps for six times, all the
supernatants were collected and centrifuged at 5,000 � g for
10 min at 4 �C. The supernatant was filtered through a 0.22-lm fil-
ter to remove cells. The filtrate was added with PEG6000 at a final
concentration of 10 % and then incubated at 4 �C overnight. After
ultracentrifugation at 200,000 � g for 2 h, the pellet was collected.
The purified viral particles were dissolved in SM buffer (400 mmol/
L NaCl, 20 mmol/L MgSO4�7H2O, 50 mmol/L Tris-HCl, pH7.5).
Observation of viral particles with transmission electron microscopy

The purified viral particles were negatively stained by 2 % phos-
photungstic acid (pH7.0). Subsequently the samples were exam-
ined under JEM-1230 transmission electron microscope (TEM)
operating at 120 kV.
RNA extraction, reverse transcription and amplification of deep-sea
RNA viruses

To exclude the contamination of exogenous DNA and RNA, the
purified deep-sea virions were treated with DNase and RNase at
37℃ for 1 h. Subsequently the mixture was incubated in 20 lL
1 M ethylene diamine tetraacetic acid (EDTA) (pH8.0) at 65℃ for
10 min, followed by the extraction of viral genomic RNAs with
the RNA purification kit according to the manufacturer’s protocol
(NorgenBiotek Corp, Thorold, Canada). The extracted RNAs were
treated with RNase-free DNase at 37℃ for 30 min. Then the reverse
transcription was performed with random hexamers using HiScript
II 1st strand cDNA synthesis kit (+gDNA wiper) according to the
manufacturer’s manual (Vazyme, Nanjing, China), followed by
the synthesis of the second-strand cDNA with the second strand
cDNA synthesis kit (Beyotime Biotechnology, Shanghai, China).
Finally the cDNA was subjected to isothermal amplification using
GenomiPhiTM V2 DNA amplification kit (GE Healthcare Life
Sciences, Buckinghamshire, UK) with random hexamers. The
amplification condition was 95 �C for 3 min, 30 �C for 3 h and
65 �C for 10 min.
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Detection of bacterial 16S rRNA gene for the prepared samples

To exclude the bacterial contamination, the viral genomic RNAs
extracted from the purified deep-sea virions of each of 133 deep-
sea sediments, the first-strand cDNAs, the second-strand cDNAs
and the products of isothermal amplification were subjected to
PCR using the bacterial 16S rRNA gene-specific primers (515F, 50-
GTGCCAGCMGCCGCGG-30; 907R, 50-CCGTCAA TTCMTTTRAGTTT-
30) (M = A/C; R = A/G). The PCR was conducted at 95 �C for 5 min,
followed by 30 cycles of 95 �C for 30 s, 55 �C for 30 s, 72 �C for
30 s, and 72 �C for 10 min.
Sequencing of RNA viral metagenome

The products of isothermal amplification from RNA viruses
were checked using a 1 % agarose gel, purified using AxyPrep
DNA Gel Extraction Kit (Axygen, China) and then quantified with
the QuantiFluor-ST fluorescence quantitative system (Promega,
CA, USA). After the treatment with an M220 focused ultrasonicator
(Covaris Inc., Woburn, MA, USA), DNA was sheared and 400-bp
fragments were excised and extracted. The paired-end library
was prepared with the TruSeq DNA sample prep kit (Illumina
Inc., San Diego, CA, USA). Subsequently the paired-end sequencing
(2 � 250 bp) was conducted on an IlluminaHiSeq 2500 system
(Illumina Inc., SanDiego, CA, USA). The sequencing was cooperated
with Mingke Biotechnology Co., ltd. (Hangzhou, China). After
removing the adaptor sequences and duplicate reads, the raw
sequence reads were trimmed to get the clean reads (clean data).
Assembly of contigs and identification of viral contigs

To assemble contigs, the clean reads were trimmed with Trim-
momatic (version:0.33, default parameters) [18] and then assem-
bled into contigs using metaSPAdes 3.12.0 [19].

To confirm the viral contigs, the assembled contigs were further
screened for viral contigs using the commonly used protocols for
the identification of viral contigs including VirSorter [20], VirFinder
[21], VIBRANT [22] and CAT [23]. Up to date, the known smallest
viral genome is 1.7 kb of human hepatitis D virus [24]. Therefore,
the contigs of � 1.0 kb in length were selected. The contigs
(�1.0 kb) were screened using the following algorithms: (1) Vir-
Sorter categories 1 and 2, (2) VirFinder score � 0.9 and p < 0.05,
(3) both VirSorter (categories 1–6) and VirFinder (score � 0.7 and
p < 0.05) or (4) all the contigs screened by VIBRANT. The contigs
that were not selected by the VirSorter, VirFinder and VIBRANT
algorithms were further screened using the CAT algorithm [23].
In this algorithm, the contigs with < 40 % of the genomes classified
as bacteria, archaea or eukaryotes were considered as viral contigs
[5]. All the viral contigs identified by Virsorter, VirFinder, VIBRANT
and CAT algorithms were pooled together and the duplications
were removed. These algorithms identify viral contigs by searching
the viral RefSeq, the Kyoto encyclopedia of genes and genomes
(KEGG), Pfam or/and viral orthologous groups (VOG) databases.
In different algorithms, the databases as well as the algorithms
are different. Thus, the viral contigs obtained from different algo-
rithms were pooled as described before [5]. To get more viral con-
tigs, the contigs (�1.0 kb) that were not identified by VirSorter,
VirFinder, VIBRANT and CAT were searched for RNA-dependent
RNA polymerase (RdRp) and reverse transcriptase (or RNA-
dependent DNA polymerase) based on viral RefSeq database (re-
lease 201) [25], NCBI non-redundant protein sequence database
and IMG/VR database. The contigs contained at least one of RdRp
and reverse transcriptase (or RNA-dependent DNA polymerase)
were considered to be viral contigs. The viral contigs represented
the viral genomes.
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To evaluate the completeness of viral genomes, the sequences
of viral contigs were subjected to CheckV v7.0 analysis [26].

Identification of viral operational taxonomic units

Nucmer pipeline of MUMmer 4.0 [27] was used to classify the
viral contigs into viral operational taxonomic units (vOTUs). The
viral contigs were classified into vOTUs if the coverage between
viral contigs was larger than 80 % of the shortest contig, and this
coverage shared � 95 % mummer-based average nucleotide iden-
tity according to the strategy described previously [5].

Establishment of the known RNA virus genomic sequences database

To facilitate the identification of deep-sea viral taxonomy, all of
the genomic sequences of the known RNA viruses, which contained
the viral taxonomic information or/and the viral origins (such as
environments), were collected from the public databases to estab-
lish the known RNA virus genomic sequences database. The public
databases included NCBI (National Center for Biotechnology Infor-
mation) viral RefSeq database (https://www.ncbi.nlm.nih.gov/ref-
seq/), NCBI non-redundant protein sequence database (https://
ftp.ncbi.nlm.nih.gov/blast/db/FASTA/), GenBank (https://www.
ncbi.nlm.nih.gov/genbank/) and IMG/VR database (https://img.jgi.-
doe.gov/cgi-bin/vr/main.cgi). These public databases contained the
information of viral taxonomy or/and viral origins. The established
known RNA virus genomic sequences database was used to per-
form taxonomy annotation of vOTUs.

Identification of viral taxonomy

To identify viral taxonomy, Prodigal was utilized to predict
open reading frames (ORFs) of each Votu [28]. Based on protein
sequences of the predicted ORFs, viral taxonomy of vOTUs were
identified using blastp (ftp://ftp.ncbi.nlm.nih.gov/blast/executa-
bles/magicblast/LATEST) as described previously [5]. The vOTUs
were aligned with our self-built database (the known RNA virus
genomic sequences database). In the meanwhile, the RNA-
dependent RNA polymerase (RdRp) and reverse transcriptase of
vOTUs were also aligned with our self-built database. Although
MG-RAST (metagenomics RAST) is an online platform for metage-
nomic analysis, it is challenging to identify the taxonomy of RNA
viruses solely based on metagenomics. In our self-built database,
the viral taxonomic information or/and the viral origin information
(such as environments) was available. The vOTUs would be classi-
fied into a known virus if greater than 50 % ORFs were aligned to
that kind of virus and the blastp bit score was � 50 according to
the standard viral taxonomy method [5].

Analysis of RNA viruses with circular genomes

To obtain the RNA viruses with circular genomes, the sequences
of vOTUs of deep-sea RNA viruses were loaded into the Cenote-
Taker software (https://github.com/mtisza1/Cenote-Taker) [29].
Based on the overlapping ends, the viruses with circular genomes
were identified.

Calculation of the relative abundance of vOTUs and viral ORFs

To reveal the relative abundance of vOTUs, the vOTUs of every
sample were mapped to the reads using the software bowtie2
v2.4.4 [30]. After removal of the reads with low-quality mapping
by BamM v1.7.3 (https://github.com/Ecogenomics/BamM) with
parameters --percentage_id 0.95 --percentage_aln 0.75, the reads
per kilobase per million mapped reads (RPKM) values were
obtained based on the analysis using CoverM v0.3.1 (https://
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github.com/wwood/CoverM) (--percentage_id 0.95 --
percentage_aln 0.75 -rpkm) [31].

To evaluate the relative abundance of viral ORFs of each sample,
bowtie2 v2.4.4 was used to map the reads of each sample to viral
ORFs [30]. After removal of the reads with low-quality mappings
by BamM v1.7.3 (https://github.com/Ecogenomics/BamM)
(--percentage_id 0.95 --percentage_aln 0.75), the reads per kilo-
base per million mapped reads (RPKM) values were generated
using CoverM v0.3.1 (https://github.com/wwood/CoverM)
(--percentage_id 0.95 --percentage_aln 0.75 -rpkm) [31].

Diversity analysis of deep-sea RNA viruses

To characterize the diversity of vOTUs across three oceans (the
Pacific, Atlantic and Indian Oceans) or four ecosystems (hydrother-
Fig. 1. Global virome of deep-sea RNA viruses. (A) The distribution of global deep-sea
representative images of the purified viral particles from 133 deep-sea sediments. The v
200 nm. (C) The representative amplified products of viral RNAs from deep-sea sediments
reverse transcription and isothermal amplification of cDNA. Distilled water was used as
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mal vent, cold seep, seamount and ocean basin), a-diversity indices
(Shannon, Simpson, Chao and Ace) were calculated using vegan in
R. Boxplots were prepared using GraphPad Prism 8.0 (https://
www.graphpad.com/) to show the changes of four indices in differ-
ent oceans or ecosystems. At the same time, the b diversity of
deep-sea RNA viruses was characterized using principal coordinate
analysis (PCoA) with vegan package in R [32].

Principal co-ordinate analysis (PCoA) of deep-sea RNA viruses

PCoA was carried out to reveal the diversity of deep-sea RNA
viruses using vegan package in R [31]. Bray-Curtis dissimilarity
matrices were generated from both the subsampled and total reads
of global deep-sea RNAs viruses by vegdist (method = bray) after a
cube root transformation by function nthroot (n = 3) [5].
sediment stations. The spots represent the locations of deep-sea stations. (B) The
iruses were examined using transmission electron microscopy. Scale bar, 100 nm or
. The viruses purified from each of 133 sediments were subjected to RNA extraction,
a control. M, DNA marker.
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Identification of the proteins encoded by vOTUs of deep-sea RNA
viruses

To identify the proteins encoded by deep-sea RNA viruses, the
ORFs predicted from the deep-sea vOTUs in this study were anno-
tated by (1) blast hit analysis against the Kyoto encyclopedia of
genes and genomes (KEGG) database [33], (2) blast against the Uni-
Prot Reference Clusters database [34], (3) searching for matches
Fig. 2. Extreme diversity of deep-sea RNA viruses. (A) Identification of viral operation
were obtained. The subsequent analyses by VirSorter, VirFinder, VIBRANT, CAT, RNA-dep
polymerase) analyses generated 87,879 viral contigs, the completeness of which was dete
viral contigs were clustered into 85,059 vOTUs. (B) The relative proportion of unknown
abundance. (D) The proportion of hosts of the vOTUs matching the known RNA viruses. (E
in NCBI.
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against the InterPro protein signature database using InterProScan
[35] and (4) HMM searches against Pfams [36]. After removal of
duplications of the annotated viral proteins using 4 algorithms,
the unique viral proteins were clustered by CD-HIT at 60 % identity,
80 % coverage and ‘‘-g 1 -n 4 -d 0” [37]. The resulting protein clus-
ters were compared with the Refseq Virus database and IMG/VR v3
by blastp in DIAMOND with an e-value threshold of 1e�5, identity
of 30 % and coverage of 50 % [25].
al taxonomic units (vOTUs). After assembly of total reads, 261,857 contigs (�1kb)
endent RNA polymerase (RdRp) and reverse transcriptase (or RNA-dependent DNA
rmined by CheckV. Based on the analysis using nucmer pipeline of MUMmer 4.0, the
or known vOTU in the entire dataset. (C) The families of classified vOTUs and their
) The number of deep-sea RNA virus database in our study and viral RefSeq database
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Phylogenetic analysis of deep-sea RNA viruses with circular viral
genomes

To reveal the relationship between the classified deep-sea RNA
viruses with circular viral genomes and the known RNA viruses,
Fig. 3. RNA viruses with complete circular genomes in deep sea. (A) The length
and proportion of RNA viruses with circular viral genomes (CVGs). (B) The known
and unknown RNA viruses with CVGs. (C) The number of the known RNA viruses
with complete CVGs at the family level. (D) The hosts of RNA viruses with circular
genomes at the host domain level. (E) The phylogenetic analysis of the classified
deep-sea CVG (vOTU-3335) belonging to Retroviridae. The gag protein, protease and
reverse transcriptase encoded by deep-sea RNA virus vOTU-3335 and human
endogenous retrovirus of Retroviridae were included in the phylogenetic analysis.
The numbers on the branches represent the percentage of confidence in the
bootstrap test (500 replicates).
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the phylogenetic analysis was carried out using MEGA (version
7.0.26) [38]. The amino acid sequences of gag protein, protease
and reverse transcriptase of deep-sea RNA viruses with circular
viral genomes were aligned with the homologous sequences in
NCBI nr database (https://www.ncbi.nlm.nih.gov/protein/?term=)
through the MUSCLE algorithm (v3.8). The phylogenetic trees were
produced by neighbor-joining method [39]. The confidence coeffi-
cient was tested by bootstrap test (500 replicates).
Results

Global virome of deep-sea RNA viruses

A total of 133 deep-sea sediment samples were collected during
six cruises of the geomicrobiology cruise of China, which traveled
more than 3,200,000 km from 2012 to 2018 (Fig. 1A and
Table S1). The samples were retrieved from four deep-sea ecosys-
tems, including hydrothermal vents (71 samples), cold seeps (8
samples), seamounts (17 samples) and ocean basins (37 samples),
from the Pacific, Atlantic and Indian Oceans (Fig. 1A and Table S1).
The depths of sampling stations ranged from 1,100 to 6,105 m
below surface, and the average depth was 3,545.3 m (Table S1).
The environmental types of sampling stations represented the typ-
ical deep-sea ecosystems on the planet.

To characterize the global virome of deep-sea RNA viruses, the
viruses from each of 133 sediments were purified, followed by
RNA extraction, reverse transcription and isothermal amplification
of cDNA. Transmission electron microscopic analysis indicated that
the purified viral particles were obtained (Fig. 1B). The size of the
amplified DNAs from the viral RNAs ranged from a few hundred
base pairs (bp) to several kilo bp (kb) (Fig. 1C), suggesting that
the purified viral particles had excluded contaminating extracellu-
lar vesicles since these nanoparticles usually contain small RNAs
[40]. At the same time, when the RNAs extracted from the purified
viral particles of each of 133 sediments were subjected to isother-
mal amplification with random hexamers, no DNA was amplified
for all samples (Fig S1), indicating that the extracted RNAs had
no DNA contamination, which excluded the presence of bacteria,
archaea and eukaryotes. Furthermore, no bacterial 16S rRNA
sequences were detected in the extracted viral RNAs or corre-
sponding cDNA samples from each of 133 sediments (Fig S2), con-
firming their original sources of the deep-sea viral genomes. These
data indicated that the extracted viral genomic RNAs could be used
for sequencing the global virome of deep-sea RNA viruses.

To minimize sequencing errors, we established 400-bp frag-
ment libraries of viral metagenomic DNAs obtained from the geno-
mic RNAs, which contained the longest reads for next-generation
sequencing or high-throughput sequencing analysis. A total of
2,889,656,790 completely sequenced reads and 673.721 Gb clean
data were generated from all 133 samples, with each sample yield-
ing more than 3.5 Gb clean data, fromwhich the adapter sequences
and duplicate reads were removed (Table S1). The level of reads
duplication in all samples was<10 %. Further analyses were per-
formed on this dataset of deep-sea RNA viruses.
Extreme diversity of deep-sea RNA viruses

To identify the community of global deep-sea RNA viruses, the
sequenced reads of the deep-sea RNA viruses were assembled into
261,857 contigs (�1.0 kb) (Fig. 2A). The coverage for contigs was
more than 10 times. To confirm the viral contigs, the 261,857
assembled contigs were further screened for viral contigs. A total
of 86,517 contigs were assigned to viral contigs by VirSorter, VirFin-
der, VIBRANT and CAT analyses (Fig. 2A and Table S2). To identify
any more viral contigs that might have been missed in the
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first-round search, a second-round search for RNA-dependent RNA
polymerase (RdRp) and reverse transcriptase (or RNA-dependent
DNA polymerase), the signature proteins of RNA viruses, was car-
ried out. Another 1,362 contigs were found (Fig. 2A and Table S2),
which represented 1,362 RNA virotypes. All 87,879 viral contigs
have been deposited into the National Omics Data Encyclopedia
database (accession number OEP002537). To facilitate the viral tax-
onomy, the 87,879 viral contigs were further clustered. Based on
nucmer analysis, all viral contigs were classified into 85,059 viral
operational taxonomic units (vOTUs) (Fig. 2A and Table S2), i.e.
85,059 deep-sea RNA viruses. Most of vOTUs (96 %) were unique
94
in 133 deep-sea sediment samples. These data indicated the
extreme diversity of deep-sea RNA viruses.

Since most viral metagenomic sequences cannot be annotated
and classified [41], it is challenging to identify the taxonomy of
RNA viruses solely on the basis of metagenomics. Therefore, we
established a dataset of 1,963,257 genomic sequences of known
RNA viruses from public databases that contained the viral taxo-
nomic and/or viral origin information (such as environments). Only
1.72 % vOTUs matched the known sequences and the majority of
vOTUs were unknown (Fig. 2B and Table S3), indicating that the
deep-sea sediment was a repository of novel RNA viruses.
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The vOTUs that matched the known viral sequences were taxo-
nomically assigned to 20 families of RNA viruses (Fig. 2C and
Table S3). Retroviridae was the most abundant family that
accounted for 40.07 % of all known vOTUs, followed by Metaviridae
(22.05 %), Totiviridae (11.40 %), Cystoviridae (8.05 %), Leviviridae
(6.55 %), Pseudoviridae (3.21 %), Betaflexiviridae (2.25 %), Coronaviri-
dae (1.23 %) and Togaviridae (1.16 %) (Fig. 2C). The remaining 11
families with abundance<1 % accounted for 4.03 % of all known
vOTUs (Fig. 2C). These results indicated that deep-sea sediments
harbored diverse RNA viruses.

Depending on their hosts, 7.09 % of the classified vOTUs were
prokaryotic, 65.81 % were eukaryotic, and 27.1 % could not be
assigned to any host (Fig. 2D and Table S3). No archaeal RNA virus
was detected, and the vertebrate-infecting viruses accounted for
42.12 % of the known eukaryotic viruses (Fig. 2D and Table S3).
These data revealed that the eukaryotic viruses accounted a large
proportion of the classified RNA viruses in the deep-sea sediments.
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Taken together, we established a dataset of 85,059 deep-sea
RNA viruses, which is considerably larger than the viral RefSeq
database of NCBI (National Center for Biotechnology Information)
that includes only 2,094 RNA viruses (Fig. 2E). Our findings indicate
a highly diverse community of RNA viruses the in deep-sea sedi-
ments, expanding our understanding of RNA viruses on the earth.

RNA viruses with complete circular genomes in deep sea

In an attempt to obtain the RNA viruses with complete gen-
omes, the sequences of vOTUs were further analyzed to identify
circular viral genomes (CVGs) based on overlapping ends. A total
of 1,463 CVGs were obtained which ranged from 1.044 kb to
18.595 kb, representing 1,463 deep-sea RNA viruses with complete
genomes (Fig. 3A and Table S4). Only 0.75 % of the CVGs matched
the genomic sequences of known viruses, and the remaining were
indicative of novel viruses (Fig. 3B and Table S4). The CVGs were
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classified into 6 families (Fig. 3C and Table S4), of which Metaviri-
daewas the most abundant viral family, followed by Picornaviridae,
Potyviridae, Pseudoviridae, Retroviridae and Leviviridae. Based on
their hosts, 10 CVGs belonged to eukaryotic viruses and 1 CVG to
prokaryotic viruses (Fig. 3D and Table S4).

To explore the evolutionary relationship between deep-sea
viruses and the currently known RNA viruses, further characteriza-
tion was performed on the deep-sea CVGs belonging to Retroviri-
dae, a well-known family of RNA viruses. The deep-sea RNA virus
(vOTU-3335) of Retroviridae encoded 4 viral proteins, which were
homologous to the gag protein, 2 proteases and reverse transcrip-
tase of human endogenous retrovirus of Retroviridae, respectively.
Phylogenetic analysis of these 4 viral proteins showed that the
classified deep-sea CVGs belonging to Retroviridae (vOTU-3335)
formed an independent branch of the phylogenetic tree except
Fig. 4. Roles of deep-sea ecosystems in the differentiation of deep-sea RNA viruses. (A
consisted of 4,390 vOTUs. (B) The relative abundance of vOTUs in three oceans. ‘‘Others”
deep-sea ecosystems. (D) The relative abundance of vOTUs in hydrothermal vents, col
abundance<1 %. (E) The distribution of the known viral families of RNA viruses in three o
(hydrothermal vent, cold seep, seamount and ocean basin). Fifteen viral families were th
families is indicated. (F) The relative abundance of the known viral families in Atlantic Oc
and ocean basins. ‘‘Others” show the viral families with relative abundance<1 %. (G) Boxp
oceans. The top, medium and bottom part of each box correspond to the highest, median
number of samples in each ocean. (H) The diversity index of RNA viruses of four deep-se
ecosystem. The statistical significance between diversities was indicated with asterisks
Ocean, Indian Ocean and Pacific Ocean (adonis p = 0.001). (J) PCoA of the vOTUS from h
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for reverse transcriptase (Fig. 3E), suggesting that the classified
deep-sea CVGs were different from the known RNA viruses.

Collectively, our findings reveal a large repository of novel RNA
viruses with complete genomes.

Roles of deep-sea ecosystems in the differentiation of deep-sea RNA
viruses

To explore possible effects of deep-sea ecosystems on the differ-
entiation of deep-sea RNA viruses, we analyzed the distribution
patterns of RNA viruses in deep-sea ecosystems across three
oceans (the Atlantic, Indian and Pacific Oceans). Most RNA viruses
were unique to each ocean except Atlantic Ocean, and 4,390 vOTUs
were the core RNA viruses that existed in all three oceans (Fig. 4A
and Table S5). However, the abundance of the core RNA viruses
) The number of vOTUs in three oceans. The core RNAs viruses existing in all oceans
indicate the vOTUs with relative abundance<1 %. (C) The number of vOTUs in four

d seeps, seamounts and ocean basins. ‘‘Others” represent the vOTUs with relative
ceans (Atlantic Ocean, Indian Ocean and Pacific Ocean) or four deep-sea ecosystems
e core families of three oceans or four ecosystems. The number of the known viral
ean, Indian Ocean and Pacific Ocean or in hydrothermal vents, cold seeps, seamounts
lots indicating the diversity index of communities of deep-sea RNA viruses in three
and lowest diversity index of single viral community. The letter ‘‘n” represents the
a ecosystems. The letter ‘‘n” represented the number of samples in each ecological
(*, p < 0.05). (I) Principal co-ordinates analysis (PCoA) of the vOTUs from Atlantic
ydrothermal vents, cold seeps, seamounts and ocean basins (adonis p = 0.001).
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was less than < 1 % (Fig. 4B). In addition, while we detected the
majority of vOTUs was unique to each ecosystem, 8,098 vOTUs
were common to all ecosystems (hydrothermal vent, cold seep,
seamount and ocean basin) (Fig. 4C and Table S6), representing
the core RNA viruses in different deep-sea ecosystems. The relative
abundance of these core RNA viruses was also<1 % (Fig. 4D). These
data demonstrate that the vast majority of deep-sea RNA viruses
are ecosystem-specific, implicating that it is the characteristic fea-
tures of these ecosystems that drive the differentiation of the res-
ident viral communities.

Fifteen of the 20 known families of deep-sea RNA viruses
formed the core viral families of all oceans and ecosystems
(Fig. 4E). Among the core viral families, Totiviridae, Retroviridae,
Cystoviridae and Leviviridae were the dominant families globally.
However, the relative abundances of these dominant families var-
ied significantly among the three oceans as well as the four ecosys-
tems (Fig. 4F). The most dominant family in the Atlantic Ocean,
Indian Ocean and Pacific Ocean was Totiviridae (41.18 %), Totiviri-
dae (26.74 %) and Retroviridae (31.69 %), respectively, and in the
cold seeps, hydrothermal vents, ocean basins and seamounts was
Retroviridae (34.41 %), Totiviridae (28.04 %), Retroviridae (30.22 %)
and Retroviridae (33.94 %), respectively. Although Coronaviridae
was the core family in the different oceans and ecosystems, its
abundance was < 1 % in the deep-sea sediments. These results are
indicative of low inter-family diversities of global deep-sea RNA
viruses, suggesting that the deep-sea RNA virus communities are
shaped by environmental factors.

The results demonstrated that the Pacific Ocean had the most
diverse RNA viruses, whereas the lowest diversity was observed
in the Atlantic Ocean (Fig. 4G). The viral diversity index analyses
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showed significant differences across the four ecosystems
(p < 0.05) (Fig. 4H and Table S7). Among the different ecosystems,
the cold seeps and seamounts had the highest and lowest diversity
of RNA viruses, respectively (Fig. 4H). Thus, the viral communities
of deep-sea sediments are highly diverse and spatially different
across the global scale.

Principal co-ordinates analysis (PCoA) was performed to further
explore the global distribution and diversity of deep-sea RNA
viruses, and the results showed that the vOTUs could be clustered
into 3 groups (Fig. 4I and 4 J). All vOTUs of the Atlantic Ocean and
most vOTUs of the Pacific Ocean and Indian Ocean were clustered
into one group, while the remaining vOTUs of the Pacific and
Indian Oceans were aggregated into two groups (Fig. 4I), suggest-
ing that the deep-sea viral communities were similar in the three
oceanic regions. Except for a few sediment samples collected from
cold seeps, ocean basins, seamounts and hydrothermal vents, the
vOTUs of almost all samples from each ecosystem were clustered
(Fig. 4J), indicating that the unique features of these ecosystems
(hydrothermal vents, cold seeps, seamounts or ocean basins)
rather than the geographical location influence the differentiation
of the deep-sea RNA virus communities.

Collectively, these findings reveal that the differentiation of
deep-sea RNA viral communities is driven by the deep-sea
ecosystems.

Influence of viral genes on the community differentiation of deep-sea
RNA viruses

To determine the mechanism that the deep-sea ecosystems
drove the differentiation of deep-sea RNA viruses, the roles of viral
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genes encoded by 85,059 vOTUs in the differentiation of communi-
ties of deep-sea RNA viruses were investigated. Based on the pre-
dicted open reading frames (ORFs), 167,959 putative RNA viral
genes were identified, generating 60,216 annotated ORFs (Fig. 5A
and Table S8). After clustering by CD-HIT, 33,021 protein clusters
of deep-sea vOTUs were obtained (Fig. 5A). Only 9.8 % (n = 3,245)
protein clusters matched the proteins in NCBI Viral RefSeq data-
base, while 30.5 % (n = 10,084) protein clusters were homologous
to the known viral proteins in IMG/VR v3 database (Fig. 5B). Thus,
most proteins encoded by deep-sea RNA viruses were novel, fur-
ther underscoring our hypothesis that the deep sea is a reservoir
of novel RNA viruses. , only 229 protein clusters were shared by
the four deep-sea ecosystems, and 374 protein clusters were the
core clusters for the three oceans (Fig. 5C). Most protein clusters
were unique to the local ecosystem, indicating that the deep-sea
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ecosystem influenced the differentiation of viral communities,
which was consistent with the results of vOTUs.

To further explore the roles of deep-sea RNA viruses in host
metabolism, we identified the virus-encoded proteins that poten-
tially regulate metabolic pathways. Of the 17,140 viral proteins
annotated in the KEGG pathway database, 49.99 % (n = 8,568) were
classified into the ‘‘Metabolism” category. These putative viral
metabolism-related genes were further divided into 12 subgroups,
of which ‘‘Carbohydrate metabolism” was most enriched (2,037
genes), followed by ‘‘Amino acid metabolism” (1,885 genes),
‘‘Metabolism of cofactors and vitamins” (900 genes) and ‘‘Energy
metabolism” (804 genes) (Fig. 5D). These suggested that the
virus-encoded genes might affect the metabolic pathways in their
hosts.

Given the crucial roles of sulfur metabolism in deep-sea ecosys-
tems [5,42], we analyzed the type and abundance of virus-encoded
genes that mediate sulfur metabolism in four deep-sea ecosystems.
A total of 10 viral genes were identified that were involved in
assimilatory sulfate reduction and thiosulfate oxidation, which
are the most important processes in sulfur metabolism [43–45].
The 10 genes encoded sulfate/thiosulfate transport system ATP-
binding protein, adenylylsulfate kinase, sulfate adenylyltransferase
subunit 2, phosphoadenosine phosphosulfate reductase, sulfite
reductase (NADPH) hemoprotein beta-component, sulfate adeny-
lyltransferase subunit 1, 50-bisphosphate nucleotidase, sulfate/
thiosulfate transport system permease protein, sulfate/thiosulfate
transport system permease protein and sulfur-oxidizing protein.
The relative abundance of these 10 genes was significantly higher
in hydrothermal vents compared to the other deep-sea ecosystems
(Fig. 5E), which is consistent with the high sulfur concentration in
hydrothermal vent ecosystem, indicating that sulfur metabolism,
the most important energy metabolism in deep-sea hydrothermal
vents [5,42], is the cornerstone of this ecosystem.

Taken together, the differentiation of deep-sea communities of
RNA viruses is influenced by the deep-sea ecosystem, which might
be driven by the virus-mediated energy metabolism.
Discussion

Marine viruses regulate biogeochemical cycles in the oceans by
infecting hosts, thus possessing a significant impact on marine
ecosystems [2]. Most studies conducted on marine viruses have
been focused on DNA viruses [13]. Although the majority of the
known RNA viruses with clear taxonomy are able to infect humans
[46,47], little is known regarding the global diversity and distribu-
tion of RNA viruses in deep sea. In the present investigation, we
identified 85,059 RNA viruses from global deep-sea sediments col-
lected from three oceans and four ecosystems, which is consider-
ably greater than the 2,094 RNA viruses currently included in the
viral RefSeq database of NCBI, and is indicative of the extremely
diverse deep-sea viral communities. In this study, the results
showed that there was no DNA contamination for the RNAs
extracted from all purified virions (Fig S1) and no bacterial con-
tamination for the extracted viral RNAs and the corresponding
cDNAs (Fig S2). At the same time, based on the alignment analysis
using blastn and blastp, no vOTU of all the attained vOTUs were
identical or very similar to any of the known eukaryotic, archeal
or prokaryotic genomes and no ORF encoded by the vOTUs shared
identical or very similar amino acid sequences to the known pro-
teins. These data indicated that the vOTUs obtained in this study
originated from deep-sea sediments. Furthermore, the viruses iso-
lated from ocean sediments better represent the relatively stable
deep-sea communities compared to those isolated from ocean
waters since the latter can be carried around by oceans currents
[48]. Although many viruses in sea waters have been identified
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[5,48,49], they may not be truly representative of the biogeo-
graphical patterns of marine viral communities due to the influ-
ence of ocean currents. To this end, the viruses isolated from
deep-sea sediments better reflected the biogeographical features
of deep-sea viral communities. In our study, only 1.72 % of the
deep-sea RNA viruses were homologous to the known RNA
viruses, and the majority of the genes encoded by the deep-sea
RNA viruses were unknown, indicating that the deep sea is a
reservoir of novel RNA viruses. The huge unclassified vOTUs,
accounting for 98.28 % in all vOTUs revealed in this investigation,
might represent important sources for further datamining, such
as RNA-targeting CRISPR (clustered regularly interspaced short
palindromic repeats) systems and ribozymes. The ORFs encoded
by these unclassified vOTUs could also be characterized to
explore the evolution of RNA viruses. These issues merit to be
investigated in the future. Furthermore, very few RNA bacterio-
Fig. 5. Influence of viral genes on the community differentiation of deep-sea RNA viru
deep-sea RNA viruses. vOTUs, viral operational taxonomic units; ORFs, open reading fram
viral proteins in NCBI Viral RefSeq and IMG/VR v3 databases. (C) The distribution of p
numbers indicate the quantity of protein clusters of RNA viruses. (D) The metabolic path
pathway database. (E) The relative abundance of sulfur metabolism genes encoded by d
transport system ATP-binding protein, adenylylsulfate kinase, sulfate adenylyltransferase
hemoprotein beta-component, sulfate adenylyltransferase subunit 1, 50-bisphosphate nuc
transport system permease protein and sulfur-oxidizing protein.
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phages have been reported so far [50,51]. We identified 104
RNA bacteriophages belonging to the Cystoviridae, Leviviridae
and Pseudoviridae families. Our findings provide new information
on RNA bacteriophages, the very few viruses. However, no
archaeal RNA viruses were detected in this study. Therefore, our
study presents the novel insights into the global virosphere of
deep-sea RNA viruses for the first time.

Studies show that the viral diversity and abundance differ sig-
nificantly among the marine ecosystems [52]. The virions isolated
from the extreme thermal environments have little sequence
homology with the published viruses despite morphological simi-
larities [53]. Multi-zone viral populations are predominant in the
Antarctic and bathypelagic regions, whereas zone-specific regional
viral populations dominate in temperate and tropical epipelagic
regions and Arctic regions [5]. However, the relationship between
the deep-sea ecosystems and the deep-sea sediment viruses has
ses. (A) Diagram showing the identification of protein clusters from vOTUs of global
es. (B) Proportion of protein clusters of deep-sea vOTUs homologous to the known

rotein clusters of deep-sea RNA viruses in three oceans and four ecosystems. The
ways mediated by putative viral genes of deep-sea RNA viruses based on the KEGG
eep-sea RNA viruses in different ecosystems. The genes encoded sulfate/thiosulfate
subunit 2, phosphoadenosine phosphosulfate reductase, sulfite reductase (NADPH)
leotidase, sulfate/thiosulfate transport system permease protein, sulfate/thiosulfate
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not been explored so far. We analyzed the RNA viromes of typ-
ical global deep-sea ecosystems including hydrothermal vents,
cold seeps, seamounts and ocean basins. The deep-sea sediment
samples of hydrothermal vents were collected from the Atlantic
and Indian Oceans (Fig. 1A and Table S1). We found that the dif-
ferentiation of deep-sea RNA virus communities is driven by the
environmental factors rather than the geographical locations.
Recent studies have shown that marine viruses encode metabolic
genes that can modify host metabolism during virus infection
[6,8]. In this study, we identified 8,568 RNA virus-encoded genes
101
involved in carbohydrate, amino acid and energy metabolisms.
The relative abundance of virus-encoded sulfur metabolism
genes was highest in hydrothermal vent fields, which is consis-
tent with the higher sulfur concentration and active sulfur-
based chemosynthesis in these regions, indicating that the
virus-mediated energy metabolism plays essential roles in driv-
ing the differentiation of RNA viral communities in different
deep-sea ecosystems. Our findings provide new insights into
deep-sea RNA virus communities and their roles in the local as
well as global marine ecosystems.
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