
ll
OPEN ACCESS
iScience

Article
Virioplankton assemblages from challenger deep,
the deepest place in the oceans
Chen Gao, Yantao

Liang, Yong Jiang,

..., Jiwei Tian,

Curtis A. Suttle,

Min Wang

liangyantao@ouc.edu.cn (Y.L.)

tianjw@ouc.edu.cn (J.T.)

suttle@science.ubc.ca (C.A.S.)

mingwang@ouc.edu.cn (M.W.)

Highlights
The unique virioplankton

assemblages of the

Challenger Deep were

revealed

Virus encoded auxiliary

metabolic genes relating

to the biogeochemical

cycling

Viruses in deep and hadal

zone tend to be lysogenic,

and potentially mediate

the horizontal gene

transfer

Gao et al., iScience 25, 104680
August 19, 2022 ª 2022 The
Authors.

https://doi.org/10.1016/

j.isci.2022.104680

mailto:liangyantao@ouc.edu.cn
mailto:tianjw@ouc.edu.cn
mailto:suttle@science.ubc.ca
mailto:mingwang@ouc.edu.cn
https://doi.org/10.1016/j.isci.2022.104680
https://doi.org/10.1016/j.isci.2022.104680
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104680&domain=pdf


ll
OPEN ACCESS
iScience
Article
Virioplankton assemblages from challenger deep, the
deepest place in the oceans

Chen Gao,1,2,15 Yantao Liang,1,2,15,* Yong Jiang,1,2,15 David Paez-Espino,3,4,15 Meiaoxue Han,1,2

Chengxiang Gu,1,2 Meiwen Wang,1,2 Yumei Yang,5 Fengjiao Liu,6 Qingwei Yang,1,2 Zheng Gong,1,2

Xinran Zhang,1,2 Zhixiang Luo,1,2 Hui He,1,2 Cui Guo,1,2 Hongbing Shao,1,2 Chun Zhou,7 Yang Shi,7 Yu Xin,8

Jinyan Xing,6 Xuexi Tang,1 QilongQin,1,9 Yu-Zhong Zhang,1,9 Jianfeng He,10 Nianzhi Jiao,11 AndrewMcMinn,1,12

Jiwei Tian,7,13,* Curtis A. Suttle,14,* and Min Wang1,2,6,16,*
1College of Marine Life
Sciences, Institute of
Evolution and Marine
Biodiversity, Frontiers
Science Center for Deep
Ocean Multispheres and
Earth System, Key Lab of
Polar Oceanography and
Global Ocean Change,
Ocean University of China,
Qingdao 266003, China

2UMT-OUC Joint Center for
Marine Studies, Qingdao
266003, China

3DOE Joint Genome
Institute, Lawrence Berkeley
National Laboratory,
Berkeley, CA, USA

4Mammoth Biosciences, Inc.,
South San Francisco, CA,
USA

5Inquire Life Diagnostics, Inc,
Xi’an 710100, China

6The Affiliated Hospital of
Qingdao University, Qingdao
266000, China

7Frontiers Science Center for
Deep Ocean Multispheres
and Earth System, Key
Laboratory of Physical
Oceanography, Ministry of
Education, Ocean University
of China, Qingdao 266100,
China

8Key Laboratory of Marine
Chemistry Theory and
Technology, Ministry of
Education, Institute for
Advanced Ocean Study,
Ocean University of China,
Qingdao 266100, China

9State Key Laboratory of
Microbial Technology,
Marine Biotechnology
Research Center, Shandong
University, Qingdao 266237,
China

10SOA Key Laboratory for
Polar Science, Polar Research
Institute of China, Shanghai
200136, China

Continued
SUMMARY

Hadal ocean biosphere, that is, the deepest part of the world’s oceans, harbors a
unique microbial community, suggesting a potential uncovered co-occurring vir-
ioplankton assemblage. Herein, we reveal the unique virioplankton assemblages
of the Challenger Deep, comprising 95,813 non-redundant viral contigs from the
surface to the hadal zone. Almost all of the dominant viral contigs in the hadal
zone were unclassified, potentially related to Alteromonadales and Oceanospir-
illales. 2,586 viral auxiliary metabolic genes from 132 different KEGG ortholo-
gous groups were mainly related to the carbon, nitrogen, sulfur, and arsenic
metabolism. Lysogenic viral production and integrase genes were augmented
in the hadal zone, suggesting the prevalence of viral lysogenic life strategy. Abun-
dant rve genes in the hadal zone, which function as transposase in the caudovi-
ruses, further suggest the prevalence of viral-mediated horizontal gene transfer.
This study provides fundamental insights into the virioplankton assemblages of
the hadal zone, reinforcing the necessity of incorporating virioplankton into the
hadal biogeochemical cycles.

INTRODUCTION

‘‘Hadal zones,’’ which are comprised almost entirely of deep ocean trenches, are the least-explored aquatic

biosphere on Earth. Recently, the prokaryotic and eukaryotic communities of hadal zones in the Mariana

(Guo et al., 2018; Liu et al., 2019; Nunoura et al., 2015; Tian et al., 2018; Xu et al., 2018), Puerto Rico

(Eloe et al., 2011), Japan (Nunoura et al., 2016), Yap (Zhang et al., 2018) and Kermadec Trenches (Peoples

et al., 2018) were investigated using deep-sea sampling and high-throughput sequencing techniques. The

species composition and function of the microbial communities were found to be significantly different

from those in the epi-, meso- and bathy-pelagic zones (Guo et al., 2018; Liang et al., 2019; Liu et al.,

2019; Nunoura et al., 2015; Tian et al., 2018; Xu et al., 2018). The Challenger Deep in the Mariana Trench

(MT) is the deepest part of the world’s oceans, and its geology, current patterns, water chemistry, and

benthic microbial communities have been relatively well studied (Glud et al., 2013; Guo et al., 2018; Liu

et al., 2019; Nunoura et al., 2015; Taira et al., 2004; Tian et al., 2018; Xu et al., 2018; Yoshida et al., 2013).

The Challenger Deep is geographically isolated in the deep-sea environments and locates in a tectonically

active area in the Western Pacific Ocean. The V-shaped topography of the trench and the frequent earth-

quakes induce the collection of significant amounts of suspended particles from the upper water column

and endogenous organic carbon from the steep and narrow sides, which fuel the unique hadal microbial

community (Nunoura et al., 2015; Taira et al., 2004, 2005). Hydrocarbon-degrading bacteria within the

Oceanospirillales order, comprised more than 40% of the abundance of 16S rRNA genes, and the

Alteromonadales order and ammonia-oxidizing Thaumarchaeota, have been reported to be the most

dominant prokaryotic microbes in the hadal zone of MT (Liu et al., 2019; Zheng et al., 2020; Zhong et al.,

2020).

Viruses are the most abundant and diverse ‘‘biological entities’’ in the oceans. They affect trophic energy

flow, influence the microbial community structure, mediate horizontal gene transfer and drive biogeo-

chemical cycles (Suttle, 2005; Zimmerman et al., 2020). Viral lysis is estimated to kill between 20 and 40%
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of marine bacteria daily and in surface waters ‘‘shunts’’ between 6 and 26% of the photosynthetically

fixed carbon to the dissolved organic matter pool (Suttle, 2007; Wilhelm and Suttle, 1999); thus,

viruses are major players in the flux of organic carbon in the sea (Suttle, 2005). Viral lysis may also contribute

to the sequestration of CO2 by the ‘‘pump and shuttle’’ (Suttle, 2007), in which, recalcitrant dissolved

organic carbon (RDOM) is formed when the products of viral lysis enter the ‘‘microbial carbon pump’’

(Jiao et al., 2010) or by enhancing the aggregation and sinking of organic carbon via the ‘‘viral shuttle’’

(Guidi et al., 2016; Jiao et al., 2010). Viruses have two different life strategies: lytic and lysogenic. Until

recently, viruses from surface waters were mostly thought to adopt a lytic life strategy, while those from

deep-sea environments with low organic matter availability and low microbial abundance and activity,

favored a lysogenic life strategy (Lara et al., 2017; Silveira and Rohwer, 2016). The lysogenic life strategy

might be a preferable survival strategy and a better adaptation to extreme and energy-deficient deep-sea

environments (Luo et al., 2017a; Mizuno et al., 2016; Williamson et al., 2008). However, our understanding of

viral life in deep water is still largely unexplored. Hence, understanding ecological and biogeochemical

processes in the abyssalpelagic and hadal oceans will require an understanding of the viruses that inhabit

them.

The significance of viruses inmarine biogeochemical cycles and the composition of the viral community at a

genome level has only been explored by using metagenomics and high-throughput sequencing recently

(Angly et al., 2006; Breitbart et al., 2002; Paez-Espino et al., 2016; Roux et al., 2016). Several large-scale

studies, including the Global Ocean Sampling Expedition, Pacific Ocean Virome (POV), and Global

Ocean Viromes 2.0 (GOV2.0), which include viromes from Tara Ocean, Malaspina, and Tara Oceans Polar

Circle (TOPC) expeditions, have significantly expanded the understanding of viral community composition

in the epipelagic zone (0–200 m) (Brum et al., 2015; Gregory et al., 2019; Hurwitz and Sullivan, 2013; Paez-

Espino et al., 2016; Roux et al., 2016; Williamson et al., 2012). Of these, 145 viromes from the epi-, meso-

(200–1000 m), and bathy-pelagic zones (1000–4000 m) in GOV2.0 were successfully investigated using

metagenomic analyses (Gregory et al., 2019; Mizuno et al., 2016), identifying a total of 195,728 viral popu-

lations and defining five ecological zones: (1) Arctic, (2) Antarctic, (3) temperate and tropical epipelagic, (4)

mesopelagic and (5) bathypelagic (Gregory et al., 2019). However, data from abyssalpelagic (4000–6000 m)

and hadal zones (below 6000 m) remain relatively rare. Recently, based on 12 publicly available microbial

metagenomes, 6,011 intracellular viruses representing the bacterioplankton size fraction were reported

from the waters overlying the hadal zone of Challenger Deep and Yap Trench [35]. These suggested the

presence of a unique hadal intracellular viral community structure and a higher proportion of lysogenic

life strategies in the hadal zone compared with the upper ocean (Jian et al., 2021). However, owing to

the challenges associated with virioplankton sampling and cultivation of viruses from hadal zones, our un-

derstanding of the roles of extracellular virioplankton remains largely uncharacterized, which was proved

significantly different from the intracellular viruses in the peat and oceans (López-Pérez et al., 2017; Luo

et al., 2020; Ter Horst et al., 2021).

The aim of this study was to characterize the diversity, distribution, life strategy, and putative hosts of vir-

ioplankton assemblages from the surface to the hadal zone and to explore their potential functions in the

hadal ecosystem. To this end, seven extracellular virioplanktonmetagenomes collected from the surface to

the hadal zones were analyzed to examine the community structure, diversity, putative hosts, life strategy,

and auxiliary metabolic genes (AMGs). Our findings have revealed the diversity and life strategies of the

extracellular virioplankton assemblages and have identified their potential roles in hadal microbial ecology

and biogeochemistry.
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RESULTS

Community structure and vertical distribution of virioplankton overlaying Challenger Deep

The data used to characterize virioplankton overlaying Challenger Deep (VOCDs) were derived from 86.27

Gb of sequencing data across seven samples collected between 2 and 8,727 m below the surface

(Figures 1A and 1B). A total of 95,813 non-redundant viral contigs were identified. Of these, 5,938 viral

contigs (VCs) were identified from hadal seawaters. 139 circular VCs were identified, and 167 VCs were

classified as high-quality genomes (Figure 1C).

Most VCs (70.43%) could not be assigned to a family (Figure 1E). 29.39% were classified into 236 viral taxa

(species level), including 26.24% of the total VCs from metagenomic assembled genomes (MAGs) of

the uncultured viruses (UV, named as uvDeep or uvMed) from the Mediterranean Sea metagenomes
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Figure 1. Basic description of the virioplankton overlaying Challenger Deep in the Mariana Trench (VOCDs)

(A) The location of the Mariana Trench (Challenger Deep is at 142.3。E, 11.37。N).

(B) Depths of samples collection.

(C) The statistical (sequence length and relative abundance) composition of the viral metagenomes. Complete and high-

quality genomes are indicated.

(D) Predicted host domain of MT viral contigs.

(E) Pie charts showing the relative proportion of viral contigs that could be assigned to a family.
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(Mizuno et al., 2016). Furthermore, the 50 most abundant VCs were all unclassified viral taxa, 47 of which

were assembled from the deep sea and hadal zones (Figure 2A). The phylogenetic tree of the terminase

large subunit (terL) from 242 VCs also indicated little homology of the viruses from the Mariana Trench

(MT) with known viruses (Figure 2B). And, a total of 22,518 VCs (23.50% of the total VCs) were taxonomically

assigned as 6,005 Viral Operational Taxonomic Units (vOTUs) according to the IMG/VR 2.0 database (Paez-

Espino et al., 2019). There were 4,610 vOTUs from the epipelagic zone, of which 4,045 were not shared with

vOTUs from other depths (Figure S1B). In contrast, of the 557 vOTUs in the hadal zone, 247 only occurred in

this zone, illustrating the unique viral communities in the hadal zone (Figure S1B).

Of the classified VCs, uvDeep and uvMED (61.37 and 14.76%, respectively) were ubiquitous and dominant

(Figure S1A). 99.80% of classified VCs were double-stranded DNA (dsDNA) phages within the order Cau-

dovirales, with 81.81% being assigned to Siphoviridae, 15.62% to Myoviridae, and 2.38% to Podoviridae

(Figure 1E). Only 3,015 VCs (about 3% of total VCs) were affiliated with cultured viruses, mainly those infect-

ing Prochlorococcus, Synechococcus, Pelagibacter (SAR11 clade), Xanthomonas and Puniceispirillum

(SAR116 clade) (Figure S1A). In the hadal zone (7200 and 8727 m), the homologous sequence of Sphingo-

monas phage Scott was the most abundant cultured VC, although it only comprised 0.46% of the total

relative abundance of viral contigs (Figure S2A).
iScience 25, 104680, August 19, 2022 3



Figure 2. Distribution of most abundant viruses found in the virioplankton overlaying Challenger Deep in the

Mariana Trench (VOCDs) and their relationship with environmental factors and dominant bacteria

(A) Heatmap of the top 50 most abundant viral contigs (24 were assembled from the hadal samples). The relative

abundance (%) equaled TPM which was normalized by the contig length and mapped reads for samples.

(B) The maximum-likelihood phylogenetic tree of terL gene of all uv-MTs. The color of inner clade represents different

homology clades. The color of the viral name shows the assembled layer of the uv-MTs sequences. The color of the

outside circular ring indicates the viral families. All viral clades with bootstrap value > 0.9 are indicated by dark-grey

nodes. Six homology groups were formed, and there were all the uv-MTs from VOCDs in group 2. The tree scale showed

the evolutional distance.

(C) Canonical correspondence analysis of the relationship between the relative abundance of viral populations and

environmental factors. The size of the circle represents the relative abundance of viral populations in each virome sample.

Depth and PO4
3� might be the key factors to have influenced the diversity of VOCDs.

(D and E) Gene-sharing network between hosts and viruses of VOCDs except EPI-2m. The color of nodes indicated the

ecological zones in figure (D), while in figure (E), it indicated the hosts order and viruses.
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Vertically, the proportion of unclassified viruses in the abyssalpelagic and hadal zones of MT (>90%) was

higher than that in the epipelagic samples (>70%) (Figure S1C). The Shannon index of virioplankton diver-

sity also fluctuated across zones, with the highest values in the epipelagic (7.73) and hadal (5.94) zones, and

the lowest value in the abyssalpelagic zone (1.73) (Table S1). The relative abundance of the most abundant

VCs and classified viral species decreased from the surface to the abyssalpelagic zone and slightly

increased in the hadal zone (Figures 2A and S1A).
4 iScience 25, 104680, August 19, 2022
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Figure 3. Comparative analysis of virioplankton overlaying Challenger Deep (VOCDs) in the Mariana Trench and

other viromes and recruitment of most abundant assembled viral genomes from them

(A) Heatmap of the nucleotide frequency of VOCDs and other viromes.

(B) PCoA of the five known VEZs plus VOCDs. Each triangle represents one virome sample. The colors of triangles

represent the virome sample from different VEZs. Because EPI-2m was quite different from VOCDs in deep water, the

orange color was only used for this sample. VOCDs included the virome samples deeper than 1000 m below surface.

(C) Relative abundance of assembled viruses and Pelagibacter phage HTVC010P in different VEZs.

(D) Read recruitment plot of three abundant assembled viral genomic fragments and Pelagibacter phage HTVC010P.

ANT, Antarctic; ARC, Arctic; EPI, temperate and tropical epipelagic; MESO, temperate and tropical mesopelagic;

BATHY, temperate and tropical bathypelagic; VOCD, the virioplankton overlaying Challenger Deep in the Mariana

Trench; UV, uncultured virus; ABYSSAL, abyssalpelagic zone.
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The vertical distribution of viral abundance and environmental factors (Figures 4B and S3A) was similar to a

previous study (11–22.250N, 142–42.750E) overlying the Challenger Deep (Nunoura et al., 2015). The first and

second CCA axes explained 56.2 and 10.0% of the variation in the viral communities, respectively, with the

variation being most influenced by depth (R2 = 0.39, p < 0.05) and PO4
3� (R2 = 0.27, p < 0.05) (Figure 2C).

Comparison between virioplankton overlaying Challenger Deep and published datasets

Virioplankton assemblages in the bathy-, abyssal-pelagic and hadal zones were clustered into a single

group close to the BATHY VEZ, defined in the GOV2.0 dataset, and bathypelagic viromes from the South

China Sea (Figure 3A); this is similar to the results of the Principal Co-ordinate analysis (PCoA) (Figure 3B)

and non-metric multidimensional scaling (NMDS) analyses (Figure S5A). The samples from the hadal zone

were clearly distinct from the other five VEZs (Figures 3B and S5A). Moreover, the viral sequences of VOCDs

were also comparable to the viral sequences predicted from the microbial metagenome data of the Marina

and Yap Trenches. The number of VOCD viral sequences was almost an order of magnitude greater than

that in the microbial metagenomes (Jian et al., 2021), reinforced the higher vOTU recovery from viromes

than from total microbial metagenomes (Ter Horst et al., 2021). The virioplankton assemblages in this study

and viral sequences from microbial metagenomes tended to group together, respectively (Figure S5B).

Genomes and putative hosts of abundant and unclassified viruses in the Mariana Trench

Three assembled uncultured viruses (uv-BATHY-MT-4 (complete), uv-HADAL-MT-1 (Genome fragment),

and uv-ABYSSAL-MT-1 (complete)) from VOCDs appear to be more abundant in MT than the Pelagibacter

phage HTVC010P, which has been reported as one of the most abundant cultured marine viruses to date

(Figure 3D) (Mizuno et al., 2016; Zhao et al., 2013). Twenty-five uncultured viruses were only recruited from

VOCDs and were not identified in the other viromes of the GOV2.0 dataset. The phylogenetic tree of the

terL gene clustered five novel viral groups from VOCDs and showed the novelty of the viruses from MT

(Figure 2B).

The putative hosts of the VCs were determined. A total of 36,371 VCs were assigned to viruses that infect

bacteria, 522 were assigned to viruses that infect eukaryotes, and only four were assigned to viruses that

infect archaea (Figure 1D). As bacteria were the predominant putative hosts of VCs in VOCDs and Altero-

monadales (mainly Alteromonas genus) and Oceanospirillales (mainly Oleibacter genus) were the domi-

nant bacterial populations comprising more than 80% of the classified bacterial communities in the hadal

zone (Liu et al., 2019), the potential VCs infecting Alteromonadales and Oceanospirillales were predicted

(Figures 2D, 2E, and S4A). In total, 676 VCs were predicted to infect bacteria in theOceanospirillales (mainly

in the genera,Oleibacter and Katobacter), and of those, 391 were from hadal samples (Figure S4B). More-

over, VCs in the bathypelagic and hadal zones were connected with more bacterial genomes than those in

the epipelagic zone (Figure S4C).

Viral-encoded auxiliary metabolic genes mediating the metabolism of hosts in Mariana

Trench

A total of 487,396 viral CDS were identified from the total 95,813 viral contigs. A total of 2,586 viral AMGs

were annotated and classified into 132 different KEGG orthologous groups. AMGs participating in cysteine

and methionine metabolism (KEGG: map00270) were abundant in all samples, such as DNA (cytosine-5)-

methyltransferase 1 (DNMT1), S-adenosylmethionine synthetase (metK), spermidine synthase (speE), ad-

enosylhomocysteine nucleosidase (mtnN), 1-aminocyclopropane-1-carboxylate deaminase (E3.5.99.7),

cysteine synthase (cysK), DNA (cytosine-5)-methyltransferase 3A (DNMT3A) (Figure 6A). The gene photo-

system II P680 reaction center D1 protein (psbA) was detected in 138 VCs in the surface sample. For the
6 iScience 25, 104680, August 19, 2022



Figure 4. Gene co-occurrence network, abundance, and productions of viruses in the Mariana Trench

(A) The co-occurrence network of viral functional genes of the virome at 8727 m in the Mariana Trench. The size of the

node represents the degree, which reflected one gene’s co-occurrence frequency, and the node color represents the

relative abundance of each functional gene in the virome sample.

(B) Vertical distribution of prokaryotic abundance, viral abundance, ratio of viruses and prokaryotes (VPR).

(C) Lytic, lysogenic, and total viral production and the lysogenic proportion at the Mariana Trench.
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abundant sulfur metabolism-related AMGs, the phosphoadenosine phosphosulfate reductase (CysH) gene

was found in four VCs from HADAL-8727m, while dissimilatory sulfite reductase alpha subunit (dsrA), meth-

anesulfonate monooxygenase subunit alpha (msmA), and cytochrome subunit of sulfide dehydrogenase

(fccA) were only found in EPI-2m. The [CysO sulfur-carrier protein]-S-L-cysteine hydrolase (mec) gene,

which is involved in the sulfur relay system, had a high percentage of counts in all samples, while molybdop-

terin-synthase adenylyltransferase (moeB) gene, belonging to sulfur carrier protein This adenylyltransfer-

ase (thiF) family, was more prevalent in surface water. The most interesting discovery was that N-Glycan

biosynthesis-related AMGs (beta-1,4-mannosyl-glycoprotein beta-1,4-N-acetylglucosaminyltransferase

(MGAT3) and carbohydrate 4-sulfotransferase 9 (CHST9)) were more frequently found in deep and hadal

oceans. Carbohydrate metabolism correlated-AMGs were the most abundant (314 counts) at the surface,

while they were uncommon in hadal zones. For nitrogenmetabolism, only two AMGs, glutamine synthetase

(glnA) and glutamate dehydrogenase (GDH2) were discovered respectively in EPI-2m and BATHY-1000m.

The arsenate reductase (ArsC) gene, however, was common in VOCDs from deeper waters (Figure 6C).

Moreover, one antibiotic-related gene (prnA, gene encoding tryptophan halogenase, the first step of pyr-

rolnitrin biosynthesis) was found in HADAL-8727m.

Life strategies of viral assemblages

In the virome samples from the deep sea and hadal zones, Phage_integrase was the hub gene (Figure 4A),

while in the surface sample, ‘‘DnaB_C00 domain (Pfam: PF03796) was used as a hub gene in the network (Fig-

ure S6). The vertical distribution of functional genes showed that the proportion of Phage_integrase
iScience 25, 104680, August 19, 2022 7



Figure 5. Distribution and phylogenetic analysis of functional genes of the virioplankton overlaying Challenger

Deep (VOCDs) in the Mariana Trench

(A) top-30 genes in VOCDs from different depths. Abundance proportion (%) represents the proportion of the relative

abundance of each gene to the number of mapped reads in each virome sample.

(B). The abundance distribution of different Pfam families (rve, Pfam: PF00665 and rve_3, Pfam: PF13683) of integrase core

domain, Phage_integrase, and RVT genes in VOCDs. x axis is the abundance ratio of marker genes. Abundance pro-

portion (%) represents the proportion of the relative abundance of each gene to the number of mapped reads in each

virome sample.

(C) The maximum-likelihood phylogenetic tree of the rve gene (core domain of retroviral integrase, PF00665). The color of

the inner clade represents different homology clades. The color of viral name shows the viral family of rve sequences. The

color of outside circular ring indicates the protein families. All viral clades with bootstrap value > 0.9 are indicated by

orange nodes. The tree scale showed the evolutional distance.
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significantly increased with depth (Figures 5A and 5B) Additionally, uv-BATHY-MT-4, the most abundant

assembled viral genome from the Mariana Trench (Figure 3C), contained a CDS of phage integrase (Fig-

ure S2B). These results suggest that viruses might prefer a lysogenic life strategy in the deep sea and hadal

zones.

The distribution of viral abundance and lysogenic and lytic viral production with depth is shown in

Figures 4B and 4C. The abundance of viruses decreased from 1.83 3 106 virus-like particles (VLP)/mL at
8 iScience 25, 104680, August 19, 2022
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the surface to 0.26 3 106 VLP/mL in the BATHY-1000m sample. The abundance of viruses was lowest at

0.13 3 106 VLP/mL in the bathypelagic samples and then it slightly increased to 0.29 3 106 VLP/mL in

the HADAL-8727m sample (Figure 4B). The vertical distribution of lytic viral production was similar to the

viral abundance and decreased from 4.26 3 105 VLP/mL/h at the surface to 0.46 3 105 VLP/mL/h in the

HADAL-8727m sample (Figure 4C). However, the vertical pattern of lysogenic viral production was different

and varied from 1.77 3 105 VLP/mL/h at the surface to 5.26✕105 VLP/mL/h in the BATHY-1759m sample

(Figure 4C). The proportion of lysogenic viral production to the total viral production (The sum of lytic

and lysogenic viral productions) in bathy-to hadal-zones (30.85–55.56%) was significantly higher than at

the surface (4.05%) (Figure 4C).

Higher proportion of the rve gene relating to the horizontal gene transfer in the deep sea and

hadal zones

Interestingly, another important gene—rve (Integrase core domain, Pfam: PF00665) was abundant at

bathypelagic, abyssalpelagic, and hadal depths. (Figures 5A and 5B). The rve family is the core domain

in both the retroviral integrase of retroviruses and the transposase of non-retroviruses (mainly caudovi-

ruses) (Braid et al., 2004; Fogg et al., 2011; Kaneko et al., 1997; Pourcel et al., 2016; Ulycznyj et al., 1995).

The phylogenetic tree of rve genes shows that most of the rve genes in VOCDs were clustered with the

transposases in the cultured caudoviruses and had little homology with reported retroviral integrase genes

from retroviruses (Figure 5C). Furthermore, the pn/ps = 0.65, which was less than 1, demonstrates that rve

was conserved in VOCDs (except EPI-2m) and evolving under purifying selection which implies that the

deleterious mutations were eliminated to selectively retain the function of rve (DePristo et al., 2011; Sim-

mons et al., 2008).

DISCUSSION

Virioplankton overlaying Challenger Deep contain unique viral assemblages distinct from

those reported in the ocean viromes

This study shows undiscovered virioplankton assemblages from the Challenger Deep, (Figures 1E, 2A, and

S1), especially from the abyssalpelagic and hadal zones, which are poorly represented in the current deep

ocean virome datasets (Figures 3A, 3B, and S5B) (Roux et al., 2016). Furthermore, the Mariana Trench vir-

ioplankton assemblages contained viral populations that were distinct from other microbial metagenomes

(Figure S5B), which is consistent with results from the epipelagic zone and soil samples (López-Pérez et al.,

2017; Luo et al., 2020; Santos-Medellin et al., 2021), indicating that microbial metagenomes were only the

complement methods for the virioplankton studies. And, the distribution of virioplankton in MT is

unique based on the relative abundance and recruitment of the abundant viral MAGs of VOCDs

(Figures 3C and 3D).

Although the reasons why the virioplankton assemblages in the deep sea and hadal zones overlying

Challenger Deep are so different, are not fully understood and several possible reasons include: 1) As

viruses require host cells to replicate, the viral community structure is influenced by the host populations’

ability to adapt to environmental conditions (Brum and Sullivan, 2015). The Challenger Deep is located in

an oligotrophic ocean, geographically isolated from other western Pacific Ocean deep-sea trenches, such

as the Japan Trench, which is located in the eutrophic northwest Pacific Ocean. Different distribution

patterns of microbial communities have been observed in the deep sea and hadal zones of Japan and

Mariana Trenches (Nunoura et al., 2015, 2016). For example, potential chemolithotrophic populations

(SAR324 and MGI Thaumarchaeota) dominated in the meso- to abyssal-pelagic zones in the Mariana

Trench, whereas potential heterotrophic populations (Bacteroidetes and ‘‘Ca. Marinimicrobia’’ (SAR406))

were abundant from the bathypelagic zone to hadal zone in the Japan Trench. In hadal waters, Nitrospira

was more abundant in the Japan Trench than in the Challenger Deep, dominating the nitrite-oxidizing

bacterial populations of the Japan Trench (Nunoura et al., 2015, 2016). Thus, the different microbial com-

munity structures in the Challenger Deep might structure the viral assemblage in the deep sea and hadal

zones; (2) The unusual funnel-shaped morphology of the trenches not only enhances the accumulation of

sinking organic matter from the sea surface (Luo et al., 2017b) but also possibly introduces terrestrial

organic matter sources (Angly et al., 2006), facilitating lateral transportation from trench rims and slopes.

The accumulation of organic matter, such as hydrocarbons, promotes the predominance of hydrocar-

bon-degrading bacteria in the order Oceanospirillales (accounting for >50% of classified bacteria) in the

hadal zone of Challenger Deep (Liu et al., 2019) and induces the growth of associated viruses infecting

the hydrocarbon-degrading bacteria (Figures 2D, 2E and S4). The accumulation of organic matter in the
iScience 25, 104680, August 19, 2022 9



ll
OPEN ACCESS

iScience
Article
hadal zone (Glud et al., 2013) may be the reason for the higher microbial and viral biodiversity and

abundance in the hadal zone than that in the abyssalpelagic zone, which also induced the bimodal vertical

distribution of water chemistry and community composition of the Challenger Deep (Figures S3A and 4B).

This bimodal pattern is similar to the previous study in the Mariana Trench (Nunoura et al., 2015); 3) The

extremely high pressure might also influence the microbial communities in the abyssalpelagic and hadal

zones (Guo et al., 2018; Liu et al., 2019; Nunoura et al., 2015) and indirectly influence the viral assemblages

in these extreme environments. Previous analyses of microbial abundance in the Mariana Trench have

shown robust distribution patterns with depth (Liu et al., 2019; Nunoura et al., 2015, 2016; Xu et al.,

2018). Some marine bacteria were able to produce dimethylsulfoniopropionate to protect themselves

against the high hydrostatic pressures that exist in the hadal trenches (Zheng et al., 2020). The high pres-

sure, low temperature, and low light levels in hadal zones likely decrease viral decay rates and increase their

persistence (De Corte et al., 2011; Liang et al., 2017). Variations in VOCDs were significantly correlated with

depth (Figure 2C), which is consistent with the results from the GOV 2.0 dataset (Gregory et al., 2019). As

depth was the most important factor structuring the five VEZs and their virus and hosts interactions (Greg-

ory et al., 2019), the extremely high pressure (depth) in the hadal zone was probably responsible for much of

the differences between the hadal viromes in MT and the other five VEZs; 4). In addition, although viruses

from shallower waters might be directly exported to the deep oceans via sinking organic matter (Guidi

et al., 2016; Kaneko et al., 2020), the extreme water depth might reduce the direct and indirect exportation

from the shallower waters and expand the differences between the hadal zone and the overlying shallower

waters. Undoubtedly, the community structure of microorganisms could potentially structure the viral

assemblage in the deep sea and hadal zone overlying Challenger Deep. This study reinforces the notion

that global marine viral assemblages are under-sampled, especially from hadal zones overlying trench

environments, and shows the unique composition of VOCDs relative to other oceanic viromes

(Figures 3A, 3B, and S5).
High levels of lysogeny and potential horizontal gene transfer in Mariana Trench

The life strategy of viruses in the abyssalpelagic and hadal zones remains an enigma, though viral studies of

the deep sea show evidence of the prevalence of lysogenic viral life strategies in the bathypelagic zone,

based on an analysis of the vertical distribution of lytic and lysogenic viral production and marker genes

of lysogenic infection (for example, integrases and excisionases) through the metagenomic analysis of

deep sea samples (Coutinho et al., 2017; Labonte et al., 2015; Luo et al., 2017a; Mizuno et al., 2016;

Weinbauer et al., 2003; Williamson et al., 2008). A conceptual model of viral life strategies throughout

the oceans based on a phage co-occurrence network and host prediction of metagenomic assembled viral

contigs has been proposed (Coutinho et al., 2017). Both Pelagiphages and Cyanophages, which prefer a

lytic life strategy, comprise the most abundant viral populations in the euphotic zone, while in the cold

aphotic zone, viruses infecting heterotrophic bacteria, which prefer a lysogenic life strategy, aremost abun-

dant (Coutinho et al., 2017). In this study, the life strategies of viruses in the abyssalpelagic and hadal zones

were analyzed, based on similar methods (Shapiro et al., 2018). The vertical distribution of lytic and lyso-

genic viral production shows that lysogenic viral production takes over from lytic viral production in the

abyssalpelagic and hadal zone, suggesting the prevalence of a lysogenic viral life strategy in this extreme

environment (Figures 4A and 4C). Consistent with the distribution of viral production, the proportion of

Phage_integrase, an enzyme that participates in lysogenic recombinationmediating sequence recombina-

tion between phages and their hosts, and a prominent marker gene for temperate phages (Groth and

Calos, 2004; Kwon et al., 1997), was more abundant in the abyssalpelagic and hadal zones than at the sur-

face of MT (Figures 5A and 5B). In addition, gene co-occurrence networks of viral functional genes might

also reflect the possible life strategies of viruses at different depths from another perspective (Coutinho

et al., 2017; Liu et al., 2020; Shapiro et al., 2018). Phage_integrase was the hub gene for VOCDs in the

deep sea and hadal zone overlying the Mariana Trench (Figures 4A and S6). These results all suggest

that viruses might prefer a lysogenic life strategy to adapt to a labile nutrient-poor hadal environment

with low host abundance. It is in accordance with the higher proportion of lysogenic microbial OTUs

and proviruses in the hadal seawater microbial metagenomes (average 41.75%) than that in the

epi- (average 22.92%) and abyssal-pelagic (average 30.58%) zones (Jian et al., 2021).

Interestingly, another important gene—rve (Integrase core domain, Pfam: PF00665), which is a core domain

of integrase, was very abundant in the bathy-, abyssal-pelagic and hadal zones (Figures 5A and 5B). The rve

family are contained in both the retroviral integrase and transposase (Braid et al., 2004; El-Gebali et al.,

2019; Fogg et al., 2011; Kaneko et al., 1997; Pourcel et al., 2016; Ulycznyj et al., 1995). The phylogenetic
10 iScience 25, 104680, August 19, 2022
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tree of rve genes shows that most of the rve genes in VOCDs were unique and had little homology with

reported integrase genes from retroviruses (Figure 5C). The rve genes of non-retroviruses (mainly caudo-

viruses) function as transposases, which could mediate the horizontal gene transfer (Braid et al., 2004; Cue-

cas et al., 2017; Fogg et al., 2011; Garcia-Vallvé et al., 2000; Kaneko et al., 1997; Pourcel et al., 2016; Ulycznyj

et al., 1995). Transposases, key elements involved in genomic DNA rearrangements, were used to detect

and analyze horizontal gene transfer events that influenced microbial evolution and genome plasticity

(Cuecas et al., 2017; Qu et al., 2008; Sansevere and Robinson, 2017). Recently, Tycheposons, a new site-spe-

cific transposon were found in, containing streamlined genomes with frequent gene exchange and highly

enriched in the extracellular vesicles and phage particles in the ocean (Hackl et al., 2020). Hence, it is pro-

posed that the abundant rve genes in the deep sea and hadal zone overlying Challenger Deep might

mediate the horizontal gene transfer to adapt to this extreme environment. The above results suggest

that the viruses from deep sea and hadal zones not only prefer a lysogenic life strategy but might also

play an unexpected role in horizontal gene transfer between viruses and their hosts through the transpo-

sase-like genes.

Proposed roles of viruses from the surface to the hadal zone overlying the Mariana Trench

Viruses infecting eutrophic bacterial groups, including Prochlorococcus, Synechococcus, and Pelagibacter

are abundant and favor a lytic infection life cycle in surface waters (Figures 4C and S1A) (Coutinho et al.,

2017; Lara et al., 2017). As depth increases, light becomes unavailable and the temperature, concentration

of organic carbon, and primary productivity all decrease, leading to lower bacterial growth rates (De Corte

et al., 2010). Viruses tend to prefer a lysogenic life strategy to adapt to the high pressure and oligotrophic

conditions, although the precise reasons are not fully understood (Mizuno et al., 2016). Viruses mediated

the metabolism of bacteria using AMGs. Viruses on the surface mainly mediated the carbon metabolism.

While viruses in deep and hadal zones flexibly encoded N-linked Glycan synthesis gene, ABC transporters,

and CysH gene to mediate the metabolism of hosts to adapt to the extreme environment (Figure 6B).

N-Glycan biosynthesis is prevalent in eukaryotes (Kelly et al., 2006), while the function, structure, and ge-

netic information of N-linked glycosylation in bacteria and archaea remains unveiled. The ABC trans-

porters, an important virulence factors in the bacterial genome, participate in the nutrient uptake, secretion

of toxins, and antimicrobial agents (Davidson and Chen, 2004). CysH gene is proposed to involve in the

assimilatory sulfate reduction, detected in VCs from the hypoxia water columns (Mara et al., 2020), cold

seep sediments (Li et al., 2021), and sulfidic mine tailings (Gao et al., 2020), and suggested to promote

the biosynthesis of amino acids and aid the capacity of nitrogen fixation in the cold seep microbial popu-

lations (Dekas et al., 2009; Li et al., 2021). Except participating in the energy metabolism, viruses also

encode unique antibiotic gene (PrnA) and virulence factors for bacterial immune reaction (Figures 6B

and 6C). In addition, viruses in deep and hadal zones might be involved in the arsenic-related biological

process (Figure 6), which was recently detected in the metagenomic assembled microbial genomes and

proposed to relate to the biotransformation of arsenate for energy gain in the hadal sediments (Zhou

et al., 2022). Comprehensive, viruses might influence the hadal microbial community structure and meta-

bolism through the expression of AMG relating to antibiotic biosynthesis and nutrient metabolism to

elevate the microbial adaption to the extreme environment in the hadal oceans (Figure 6).

In the hadal zones, the enhanced accumulation of hydrocarbon promotes the abundance of hydrocarbon-

degrading bacteria of the orderOceanospirillales (Liu et al., 2019). The number of viruses infecting bacteria

in the orders Oceanospirillales and Sphingomonadales increases (Figures 2D and 2E). In addition, the po-

tential VCs infecting another abundant bacterial class, Alteromonadales, were also abundant in the deep

sea and hadal zone of MT (Figures 2D and 2E), suggesting a tight coupling between viruses and host cells.

Furthermore, the gene-sharing network between viruses and bacteria and the vertical distribution of total

and average bacterial genomes connected to viruses, suggests that viruses in hadal zones have a wider

host range (Figures 2D, 2E, 6, and S5). This is in accordance with the characteristic of Siphoviruses to

have a wide host range (Suttle, 2005). Here, it is predicted that viruses in hadal zones will also have a wider

host range, preferring a lysogenic life strategy and facilitating horizontal gene transfer by transposase-like

genes to adapt to extreme environments (Hackl et al., 2020).

Limitations of the study

Viral databases have continued to develop for decades. IMG/VR 2.0 was presented for cultured and uncul-

tured viruses (Paez-Espino et al., 2019), and NCBI viral genome Refseq database was updated frequently.

Consequently, this study combined the viral identification results from Virsorter, CAT, and Virfinder to
iScience 25, 104680, August 19, 2022 11



Figure 6. Counts of each AMGs discovered in different VOCDs

(A) the counts of the AMGs in each KEGG pathway module detected by VIBRANT.

(B) the counts of the AMGs detected by VIBRANT.

(C) Counts of viral AMGs by manual search through Pfam and COG annotation.
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overcome the shortcomings in viral taxonomy and metagenomics (Ren et al., 2017; Roux et al., 2015; von

Meijenfeldt et al., 2019). Additionally, it might not fully annotate the viral sequences and affiliate viruses

with putative hosts as the tools and databases are primarily targeted for the phage (Paez-Espino et al.,

2019). Owing to insufficient DNA for sequencing and the immaturity of low-input library preparation for

the high-throughput sequencing,MDA amplification was applied in this study. ThoughMDA can sufficiently

increase the amount of viral DNA for metagenomic analyses, it showed bias in preferentially amplifying ge-

nomes of ssDNA, extreme GC, and an uneven coverage (Thoendel et al., 2017). Fortunately, the major find-

ings of our study, including unique viral assemblages, AMGs, and viral-host linkage, will only have been
12 iScience 25, 104680, August 19, 2022
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slightly influenced by the known bias of the MDA method, as there were few ssDNA viruses identified in

VOCDs. In addition, several signatures also suggested a minor bias from the MDA in this study, including:

(1). In this study, we used the proven best choice for the MDA kit to minimize the bias from the background

contaminating DNA, the Qiagen REPLI-g kit (Thoendel et al., 2017); (2) Only a limited impact on the beta

diversity of human saliva viromes induced byMDA bias has been reported (Parras-Moltó et al., 2018), hence

MDA might have a smaller than expected impact on the beta diversity comparisons between VOCDs and

GOV2.0 dataset; (3) As the main MDA bias is the over-amplification of the circular ssDNA viruses (Jin

et al., 2019), and as there were few ssDNA viruses in the classified viral populations of VOCDs, then MDA

amplification might only slightly impact VOCDs; (4) The strong similarity of nucleotide frequency between

the deep sea and hadal zones of VOCDs and the deep sea viromes without amplification (BATHY viromes

from GOV2.0 and South China Sea) suggests that there was only a slight influence on the nucleotide fre-

quency of VOCDs from the MDA amplification. Though MDA amplification can be considered as a method

for the study of viral communities, especially when the volume of samples is limited, the direct sequencing

method without any amplification is still the first choice to study the actual viral community in the future,

especially with the rapid technological progress of low-input library preparation for the high-throughput

sequencing (such as NexteraXT and NebNext UltraII kits).
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Critical commercial assays

QIAGEN R REPLI-g Mini Kit QIAGEN phi-29 DNA polymerase

Deposited data

Viromes of the Mariana Trench This paper NCBI: PRJNA668558

Global Ocean Viromes Roux et al., 2016 IntegratedMicrobial Genomes (IMG) with Joint

Genome Institute – see Table S2 for details

viromes from epipelagic and bathypelagic

South China Sea

Liang et al., 2019 NCBI: PRJNA535364

bathypelagic Pacific and Atlantic viromes De Corte et al., 2019 DDBJ: DRA008218

Software and algorithms

Cutadapt-1.14 Martin, 2011 https://cutadapt.readthedocs.io/en/stable/

IDBA_UD-1.1.2 Peng et al., 2012 https://github.com/loneknightpy/idba

Bowtie2-2.3.2 Langmead and Salzberg, 2012 https://sourceforge.net/projects/bowtie-bio/

files/bowtie2/2.3.2/

Virsorter-1.0.5 Roux et al., 2015 https://github.com/simroux/VirSorter

VirFinder-1.0.0 Ren et al., 2017 https://github.com/jessieren/VirFinder

CAT-4.5 von Meijenfeldt et al., 2019 https://github.com/dutilh/CAT

Samtools-0.1.19 Li et al., 2009 https://sourceforge.net/projects/samtools/

files/samtools/

DIAMOND-0.9.24 Buchfink et al., 2015 https://github.com/bbuchfink/diamond

Pfamscan El-Gebali et al., 2019 http://ftp.ebi.ac.uk/pub/databases/Pfam/

Tools/

Eggnog-mapper v2 Huerta-Cepas et al., 2016 http://eggnog-mapper.embl.de/

Prodigal-2.6.3 Hyatt et al., 2010 https://github.com/hyattpd/Prodigal

Gephi-0.9.2 Mathieu et al., 2009 https://gephi.org/users/download/

Vegan (R package) Dixon, 2003 https://cran.r-project.org/web/packages/

vegan/index.html

CANOCO 5 Lep�s and �Smilauer, 2003

CLUSTALW-2.1 Thompson et al., 1994 http://www.clustal.org/download/current/

PHYLIP-3.697 Shimada and Nishida, 2017 https://evolution.genetics.washington.edu/

phylip.html

FastTree 2 Price et al., 2010 http://www.microbesonline.org/fasttree/

iTOL Letunic and Bork, 2007 https://itol.embl.de/

RAST Server Aziz et al., 2008 https://rast.nmpdr.org/

Easyfig-2.2.3 Sullivan et al., 2011 http://easyfig.sourceforge.net/

ParaAT-2.0 Zhang et al., 2012 https://github.com/jdebarry/paraat/tree/

master/ParaAT2.0

KaKs_Calculator 2.0 Wang et al., 2010 https://sourceforge.net/projects/

kakscalculator2/files/latest/download

VIPCAL Luef et al., 2009 http://www.univie.ac.at/nuhag-php/vipcal

ggcor-0.9.7 (R package) Huang et al., 2020 https://gitee.com/dr_yingli/ggcor

blast 2.7.1 Camacho et al. 2009 https://ftp.ncbi.nlm.nih.gov/blast/

executables/blast+/2.7.1/
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CheckV Nayfach et al., 2021 https://bitbucket.org/berkeleylab/checkv/src/

master/

VIBRANT v.1.2.1 Kieft et al., 2020 https://github.com/AnantharamanLab/

VIBRANT/

TBtools v1.098696 Chen et al., 2020 https://github.com/CJ-Chen/TBtools/releases

vContact2 Bin Jang et al., 2019 https://bitbucket.org/MAVERICLab/

vcontact2/src/master/

Other

SBE-9 plus CTD- sensors Sea-Bird Electronics SBE 911

onboard nutrient auto-analyzer Netherlands SKALAR SAN plus

tangential flow filtration (TFF) MA, USA 50-kDa cartridge ,Millipore
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Min Wang.

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The raw datasets analyzed during the current study are available in the NCBI repository, the BioProject

accession is PRJNA668558.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request
METHOD DETAILS

Sample collection

Seven virome samples collected for metagenomic analysis were collected from the sea surface to the hadal

zone of the Challenger Deep (11。220 N, 142。180 E), Mariana Trench, during January, 2016 (Table S1). The

deepest seawater sample was from 8727 m, which is the deepest hadalpelagic virome ever collected. 20–

50 L seawater of each virome sample was collected with Niskin bottlesmounted on a rosette, which held the

SBE-9 plus CTD-sensors (SBE 911, Sea-Bird Electronics) for temperature, salinity, pH, dissolved oxygen

(DO). Hundred milliliter sub-samples were collected from each sample for nutrient analysis (PO4
3�,

SiO3
2�, NH4

+, NO2
�, and NO3

�) using an onboard nutrient auto-analyzer (SKALAR SAN plus, Netherlands).

The samples were sequentially filtered through a 20 mm mesh, a 3 mm and 0.22 mm pore size filters. The vi-

ruses in the filtrates were concentrated by a two-step tangential flow filtration (TFF) with 50-kDa cartridge

(Millipore, MA, USA) to a final volume of about 50 mL and stored at�80�C until processed (Brussaard et al.,

2004; Gong et al., 2018).

DNA extraction and sequencing

The viral concentrates were allowed to melt and then re-filtered through 0.22 mmpore size filters to remove

the remaining cellular microorganisms, then precipitated using polyethylene glycol (PEG-8000) (10% w/v)

and NaCl (0.6% w/v) followed by incubation at 4�C in the dark for 24 h. The samples were then centrifuged

at 8,000 g for 80 min at 4�C and suspended in 200 mL SM buffer. Finally, DNA of each virome sample was

extracted using the phenol/chloroform/isoamyl method and stored at�80�C until sequencing (Gong et al.,

2018; Thurber et al., 2009). The viral DNA of each sample (100–200 ng DNA as a template) was amplified

with QIAGEN R REPLI-g Mini Kit (phi-29 DNA polymerase), which used the whole genome multiple

displacement amplification (MDA) method (Angly et al., 2006; Yilmaz et al., 2010). High-throughput
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sequencing of each sample was performed by Biozeron Biotechnology Co. Ltd (Shanghai, China) using Il-

lumina Hiseq X ten platform (Paired End sequencing, 2 3 150 bp).

Quality control and assembly

Raw sequencing reads that contained adapters were removed with Cutadapt (v.1.14) using –max-n 0 –min-

imum-length 120 –pair-filter = both (Martin). Low quality reads (those which contained R30 bp for

Phred score %20 and at least 45 bp for Phred score %30) were abandoned. Subsequently, virome assem-

blages, using IDBA_UD (v.1.1.2) (Peng et al., 2012) (with parameters –mink 40 –maxk 100 –no_local –step 10

–min_contig 500 –pre_correction), were performed to obtain high quality and long virus contigs. Clean

reads were randomly subsampled for assembly to avoid the influence of micro-diversity. A subset of

each sample was randomly selected to 1% of reads (repeated 75 times), 5% (503), 10% (503), 25%

(253), 75% (253), and 100% (13) (Coutinho et al., 2017). The repeat selection was aimed at avoiding

decreasing biodiversity. This strategy reduces the confusion caused by highly similar genomes and bal-

ances the abundant and less abundant members’ assembly performance (de Cárcer et al., 2014). Contigs

were later dereplicated by Blastn (v.2.7.1) (Camacho et al., 2009) with the identity >95%, e_value < 0.01, and

a minimum alignment coverage of 80% of the shorter contig. Contigs shorter than 1 kb were removed.

Reads were then mapped back to the contigs using Bowtie2 with default parameters for each sample

(Langmead and Salzberg, 2012). Unmapped reads to the contigs were merged to implement the cross-

sample assemblages with IDBA_UD (Peng et al., 2012). After assembly, a total of 536,853 contigs (longer

than 1000 bp) were obtained, which recruited 59.5% of the reads (Table S3). The purpose of executing

the cross-sample assemblages was to improve the utility of the reads and achieve more genome informa-

tion from the less abundant viruses. Finally, contigs from each sample and cross-sample assembly (Gregory

et al., 2019) were combined and removed from the replication.

Detection of viral contigs

Firstly, VirSorter (v.1.0.5) (Roux et al., 2015), a software package that uses a similarity based approach of

HMM against known virus databases to find virus hallmark genes and to determine virus sequence, was

applied with default parameters for the non-redundant contigs of each sample. Complementary,

VirFinder (v.1.0.0) (Ren et al., 2017), a machine learning-based approach that uses k-mer frequency was

also performed with default parameters. Contigs were classified as viral (i) the contigs sorted by Virsorter

(categories 1 and 2), with VirFinder score >0.9 and p<0.05, (ii) contigs identified as viral by both VirSorter in

categories 1-6 and VirFinder score >0.7 and p<0.05, and (iii) contigs detected as virus by CAT (v.4.5) (von

Meijenfeldt et al., 2019) with –d 2019-01-08_CAT_database –t 2019-01-08_taxonomy, which utilizes last

common ancestor (LCA) of conservative ORFs to determine the taxon. A total of 95,813 non-redundant viral

contigs (VCs, 31,719 VCs R 2,500 bp; 9,665 VCs R 5,000 bp) were identified using multiple tools, such as

VirSorter (Roux et al., 2015), VirFinder (Ren et al., 2017), and Contig Annotation Tool (CAT) (von Meijenfeldt

et al., 2019). Circular contigs were identified by VirSorter (Roux et al., 2015).The quality of VCs were also

assessed by CheckV with quality_summary program (Nayfach et al., 2021).

Taxonomy and abundance of viral contig

ORFs for contigs from each sample were predicted using Prodigal (v.2.6.3) (Hyatt et al., 2010) with default

parameters. VCs were annotated to viral taxonomic classification based on the scores of last common

ancestor of ORFs through CAT (v.4.5) (von Meijenfeldt et al., 2019). The classified VCs without family infor-

mation were manually searched against the NCBI taxonomy website (https://www.ncbi.nlm.nih.gov/

taxonomy/) to correct the taxonomic information. VCs were blasted against the IMG/VR 2.0 database

(Paez-Espino et al., 2019) to identify the vOTUs. Contigs were designated as annotated to IMG/VR 2.0

when the alignment length was at least 60% of its length and the identity was greater than 85%. For

each VOCD, reads were aligned to the VCs by Bowtie2 (Langmead and Salzberg, 2012), the mapped reads

were selected by Samtools (Li et al., 2009), and the reads count of each VC was calculated. The relative

abundance was normalized by the contig length (/kb), and the proportion was equal to normalization

the relative abundance similar to Transcripts Per Kilobase Million (TPM).

Detection of ORFs

The viral proteins predicted by Prodigal using default parameter were blasted against the NCBI nr data-

base using DIAMOND (v.0.9.24) (Buchfink et al., 2015), with default parameters. Pfamscan (El-Gebali

et al., 2019) was applied by comparing viral ORFs to the PFAM domain database (e-value <0.01, score >30).
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An ORF was assigned to the gene that had the most significant sequence similarity (highest score value).

The COG of the viral protein functional categories were identified by eggnog-mapper v2 (web version:

http://eggnog-mapper.embl.de/) (Huerta-Cepas et al., 2016), using default parameters. Reads were map-

ped back to the viral ORFs with Bowtie2 (Langmead and Salzberg, 2012) with default parameters and reads

count of each ORF was calculated using the mapped reads selected using Samtools (v.0.1.19) (Li et al.,

2009). Finally, the relative abundance of genes was normalized by the gene’s length (/kb), and the

proportion of relative abundance was computed as TPM. To further understand how viruses might affect

the marine biogeochemistry of Challenger Deep, all viral contigs encoding AMGs were examined based

on VIBRANT (v.1.2.1) (Kieft et al., 2020) annotations. And, the category of COG as ‘‘metabolism’’ was

also chosen as the AMGs manually.

Virus–host prediction

VCs were blasted against the IMG/VR 2.0 database (Paez-Espino et al., 2019) to identify the host domain.

Additionally, viral hosts were predicted by the gene sharing network for all of the microbial community. A

gene sharing network of the bacterial community and viruses was constructed. As Oceanospirillales has

been reported as the dominant bacterial population in the hadal zone of Mariana Trench, virus–host pre-

diction ofOceanospirillales was also analyzed using the gene-sharing analysis between virus and hosts (Liu

et al., 2019; Shapiro et al., 2018). Bacterial contigs assembled from themicrobial metagenomes of the same

expedition were identified using CAT (von Meijenfeldt et al., 2019). The bacterial ORFs were predicted us-

ing Prodigal (Hyatt et al., 2010). Pairwise Viral-Bacterial ORFs were blasted against each other, those with

identity >95% and coverage>80% were considered homologous sequences The interaction between

virus/bacteria was considered if they shared one or more homologous genes (Shapiro et al., 2018). The net-

works were visualized by Cytoscape (v.3.8.2) (Shannon et al., 2003) and Gephi (v.0.9.2) (Mathieu et al., 2009).

The number of connected bacteria for each virus was counted, and the average was calculated as the total

number of bacterial nodes to which viruses were connected divided by the total number of the viruses in

each depth zone.

Gene co-occurrence network analysis

Viral genes predicted by Pfamscan, occurring in the same contig, were defined as an interaction. The node

pairs of gene co-occurrence network were determined if two genes were detected in the same VCs (Shapiro

et al., 2018). The edges of the co-occurrence network were weighted by the frequency of co-occurrence (Liu

et al., 2020; Shapiro et al., 2018). Hub genes and average clustering coefficient were then identified using

Gephi (Mathieu et al., 2009).

Virome comparison analysis

To avoid different assembly and batch affects, raw data from the five different GOV ecological zones were

included (Table S2), including 10 epipelagic (EPI), 10 mesopelagic (MES), 10 Arctic (ARC), 5 Antarctic (ANT)

fromNCBI and 10 bathypelagic (BATHY) from JGI (Roux et al., 2016). 100,000 reads were randomly selected

from each sample (Martı́n-Cuadrado et al., 2007) for tBLASTx (Camacho et al., 2009) (e-value<10�5).

The scores of the top High Scoring Pairs (HSPs) of virome A against virome B were then summed (SAB).

Ultimately, the similarity scores for each pair of viromes were normalized as the distance matrix (dis =

1-log(SAB)/log(SAA)) for performing PCoA and NMDS analysis using the Vegan R package (Dixon, 2003;

Yang et al., 2019). Additionally, 10 viromes from epipelagic and bathypelagic South China Sea and 32

bathypelagic Pacific and Atlantic viromes were also downloaded for comparing (De Corte et al., 2019;

Liang et al., 2019). The nucleotide frequency (including Dinucleotide frequency to Tetranucleotide fre-

quency) of all the downloaded viromes and VOCDs was calculated and then the heatmap was drew by

TBtools (v1.098696) (Chen et al., 2020) according to Euclidean distance. The VCs longer than 5 kb of

VOCDs were compared with viral sequences of microbial metagenome using vContact2 (Bin Jang et al.,

2019).

Correlation calculation

Canonical correspondence analysis (CCA) was used to investigate the relationships between viral commu-

nity structure and environmental factors. Canonical correspondence analysis was implemented using

CANOCO 5 (Lep�s and �Smilauer, 2003), which utilized the abundance of vOTUs and environmental factors

to calculate the correlation between viral diversity and environmental factors. Biodiversity of VOCDs were

measured by the Shannon index (computed with Vegan (Dixon, 2003), from the R package). In addition, the
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correlation (Pearson correlation) between environmental factors and dominant classified species was

calculated and illustrated by R package ‘‘ggcor’’ (Huang et al., 2020).
Phylogenetic tree construction

All viral rve genes (core domain of retroviral integrase, PF00665) from Pfam database were downloaded.

The maximum-likelihood phylogenetic tree of rve and terL gene from Pfam database and VOCDs was built.

Multiple alignment was conducted using CLUSTALW (Thompson et al., 1994). PHYLIP (Shimada and

Nishida, 2017) was then undertaken for bootstrap resampling, setting a bootstrap value of 1000. Finally,

maximum-likelihood phylogenetic trees were conducted by FastTree2 (Price et al., 2010) using JTT model.

The trees were visualized using the interactive Tree of Live (iToL) tool (https://itol.embl.de/) (Letunic and

Bork, 2007).
Unique uncultured viruses from VOCDs and its comparison of viral genomes

An all-vs-all pairwise BLASTn (Camacho et al., 2009) analysis of the uncultured viruses which contained 139

circular VCs and 103 VCs longer than 36 kb (containing terminase gene) was performed from VOCDs. Short

viral genomes with an identity >95% and a coverage >80% were excluded from the unique uncultured

names’ lists. A total 168 redundant and unique VCs was left and defined as uncultured viral genomes. In

order to measure the distribution of the uncultured viruses from MT (uv-MTs), reads from 45 GOV viromes

were mapped using BLASTn (Camacho et al., 2009) with an identity >95%, alignment length >50 bp and

e-value < 1e-05 (Mizuno et al., 2016). The number of recruited reads per kb of all uv-MTs was then

calculated as relative abundance of each uv-MT and normalized by the total mapped reads for each

zone (Mizuno et al., 2016).

The top three most abundant uv-MTs, were selected for genome structure comparison. Nucleotide

sequence annotation of these three uv-MTs was performed using RAST (Aziz et al., 2008). Then, a multiple

alignment and genome structure prediction was calculated and exhibited by Easyfig (v. 2.2.3) (Sullivan

et al., 2011).
Measure of selective constraint on marker genes

The accumulation of non-synonymous polymorphisms (pN) relative to synonymous polymorphisms (pS)

was calculated to evaluate the selective forces on rve genes. The nucleotide sequence of rve genes corre-

sponding to the start and end position of their ORFs was obtained. As with dN/dS, pN/pS, the evolution

direction and selection pressure for sequences from multiple species without haplotype assignment was

estimated (Schloissnig et al., 2013). pN/pS was calculated as the rate of accumulation of non-synonymous

polymorphism (pN) over the rate of synonymous polymorphism (pS). Simply, if pN/pS < 1, genes tend to be

under a purifying selection, which indicate that deleterious mutations were eliminated to selectively retain

the gene’s function (Kieft et al., 2021). if pN/pS > 1, it indicates that genes are evolving under positive pres-

sure (DePristo et al., 2011; Kieft et al., 2021; Romero Picazo et al., 2019; Simmons et al., 2008). ParaAT (v.2.0)

(Zhang et al., 2012) was used for preprocessing, CLUSTALw (v.2.1) (Thompson et al., 1994) for multiple

alignment and KaKs_Calculator2.0 (Wang et al., 2010) for calculating the pN/pS.
Viral and bacterial abundance

Viral and bacterial abundances were enumerated following the method of Marie et al. (1999) (Marie et al.,

1999) and Brussaard (2004) with modification (Brussaard, 2004). Briefly, samples (1.5 mL) were fixed with

glutaraldehyde (final concentration: 0.5%), shock-frozen in liquid nitrogen and stored at �80�C until anal-

ysis. Frozen samples were thawed at 37�C, stained with the SYBR Green I (final concentration of 10�4, Mo-

lecular Probes, Invitrogen, USA) for 15 min in the dark at room temperature prior to analysis. Bacteria were

identified on an FACS Calibur flow cytometer (BD Bioscience, USA) in a plot of green fluorescence versus

side scatter.

Viral abundance was measured by flow cytometry after SYBR Green I staining (Brussaard, 2004). Briefly,

frozen samples were thawed at 37�C, diluted 5- to 50-fold with 0.02-mm filtered Tris-EDTA buffer (Sigma-

Aldrich, Germany) and stained with the SYBR Green I (final concentration of 0.5 3 10�4, Molecular Probes,

Invitrogen, USA) in the dark at 80�C for 10 min and cooled at room temperature for 5 min prior to analysis.

Viruses were enumerated on a FACSCalibur flow cytometer (BD Bioscience, USA) for viral abundance.
22 iScience 25, 104680, August 19, 2022

https://itol.embl.de/


ll
OPEN ACCESS

iScience
Article
Viral production

Lytic and lysogenic viral productions were estimated by the dilution approach (De Corte et al., 2012;

Wilhelm et al., 2002). Per sample, 50 mL of the bacterial concentrate (obtained by Millipore pellicon XL

tangential-flow filtration casette durapore 0.2 mm) was added to 450 mL of virus-free seawater from the

same sample (obtained by Millipore pellicon XL tangential-flow filtration casette durapore 30 kDa). This

approach resulted in bacterial abundances similar to the in situ abundance. The experiments were per-

formed in triplicate (50 mL) in the dark at in situ temperature in dry bath incubators with and without the

addition of mitomycin C (final concentration 1 mg mL�1; SIGMA, USA) (Ortmann et al., 2002). Mitomycin

C was used to induce the lytic cycle of lysogenic viruses. Subsamples were collected to enumerate bacteria

and viruses at time 0 and 3-h intervals over 24 h of incubation.

The lytic and lysogenic viral production rate was assumed to be equal to the rate of viral accumulation in the

24 h incubations with reduced natural viral abundance (Wilhelm et al., 2002). Rates of viral production were

calculated using the online program VIPCAL (http://www.univie.ac.at/nuhag-php/vipcal/ (Luef et al.,

2009)), amending the deviation of the different piecewise-linear curves of concentration over time. The lytic

viral production was estimated from incubations without mitomycin C addition. Lysogenic viral production

represents the difference between the viral production obtained in the mitomycin C added samples and

the viral production in the treatments without mitomycin C.
QUANTIFICATION AND STATISTICAL ANALYSIS

PCoA and NMDS analysis of VOCDs compared with GOV, viromes from South China Sea and Pacific and

Atlantic viromes were performed using Vegan R package (Dixon, 2003; Yang et al., 2019; De Corte et al.,

2019; Liang et al., 2019). The nucleotide frequency of all the downloaded viromes and VOCDs was used

for clustering using TBtools (v1.098696) (Chen et al., 2020) according to Euclidean distance.

Canonical correspondence analysis (CCA) was implemented using CANOCO 5 (Lep�s and �Smilauer, 2003)
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