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Abstract: Single-virus genomics (SVGs) has been successfully applied to ocean surface samples
allowing the discovery of widespread dominant viruses overlooked for years by metagenomics, such
as the uncultured virus vSAG 37-F6 infecting the ubiquitous Pelagibacter spp. In SVGs, one uncultured
virus at a time is sorted from the environmental sample, whole-genome amplified, and sequenced.
Here, we have applied SVGs to deep-ocean samples (200–4000 m depth) from global Malaspina
and MEDIMAX expeditions, demonstrating the feasibility of this method in deep-ocean samples. A
total of 1328 virus-like particles were sorted from the North Atlantic Ocean, the deep Mediterranean
Sea, and the Pacific Ocean oxygen minimum zone (OMZ). For this proof of concept, sixty single
viruses were selected at random for sequencing. Genome annotation identified 27 of these genomes
as bona fide viruses, and detected three auxiliary metabolic genes involved in nucleotide biosynthesis
and sugar metabolism. Massive protein profile analysis confirmed that these viruses represented
novel viral groups not present in databases. Although they were not previously assembled by
viromics, global fragment recruitment analysis showed a conserved profile of relative abundance of
these viruses in all analyzed samples spanning different oceans. Altogether, these results reveal the
feasibility in using SVGs in this vast environment to unveil the genomes of relevant viruses.

Keywords: single-virus genomics; deep ocean; marine viruses

1. Introduction

Viruses have a deep impact on microbial populations in all ecosystems. They directly
regulate the microbial abundance via cell host lysis [1,2], have a direct effect on primary and
secondary production through the viral shunt [3,4], generate microbial diversity through
horizontal gene transfer [5], and even hijack the microbial metabolism by means of auxiliary
metabolic genes (AMGs) [6–8]. Over the last years, the advances in viral ecology have
broadened the knowledge on viral diversity, structure, and biogeography [9]. Nevertheless,
the full extent of diversity and microdiversity of the viral populations is yet to be discov-
ered, with a potential impact on biogeochemical cycles, highlighting the importance of
continuous exploring the virosphere [10].

The marine environment is one of the best-studied habitats in virology due to its
direct impact on planetary biogeochemical cycles. Albeit, most of these surveys, because of
their feasibility, have been carried out in epipelagic zones [11]. So far, exploring the vast
deep ocean below 1000 m depth representing nearly 65% of the Earth’s surface is yet a
challenge [12]. Remarkably, the mesopelagic zone (200 to 1000 m depth) and the deep ocean
harbor more than half of the marine viral stock [13,14]. Recent studies on these habitats
have provided some insights into viral composition by sequencing and discovering novel
viral genomes [15,16]. Nevertheless, these results have revealed the fact that our knowledge
about deep-ocean viral diversity is incipient [15,16].
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Viromics (i.e., viral metagenomics) has been the most commonly employed method to
unveil the deep-ocean virosphere, increasing our current knowledge on the global viral
diversity [6,11,17], abundance [18], and virus–host interaction [19,20]. Nevertheless, it
has been demonstrated that this valuable approach has some drawbacks. For instance,
a large sample volume (order of liters) is required, and in some cases, the recovery of
microdiverse viral populations (diversity within the same viral species) could be hindered
by inherent problems during metagenomic assembly [10,18,21]. Due to this fact, comple-
mentary methodologies have been employed to complement viromics. For instance, the
use of fosmid libraries [22] allowed the discovery of 99 bathypelagic viral contigs from two
Mediterranean Sea sampling points (1000 and 3000 m depth). Another powerful approach
has been SVGs [18,23,24], which sorts and sequences the genome of one virus at a time
directly from as low as 1 mL of seawater, or even less [18]. SVGs has been employed to
reveal novel highly microdiverse abundant viruses not only from marine samples but also
from human salivary samples [25]. In a pioneer marine SVG survey, three bathypelagic
viral single amplified genomes (vSAGs) were sequenced from the North Atlantic obtained
during the Malaspina expedition (4000 m depth) [18]. Using a similar technology as SVGs,
albeit not at the level of single viruses, a study using fluorescence-activated virus sorting
(FAVS) sequenced a pool of sorted viruses from the North Atlantic Deep Water (~2500 m)
and the Antarctic Bottom Water (~4000 m) [26].

Here, we use SVGs in bathypelagic North Atlantic Ocean, the deep Mediterranean Sea,
and the oxygen minimum zone (OMZ) in the Pacific Ocean, recovering 27 abundant deep-
ocean viruses, demonstrating the potential of this technology to recover representative
viruses from the deep-ocean virosphere from very little starting sample material.

2. Materials and Methods
2.1. Sample Collection

Samples were collected from 4 marine stations during the Malaspina and MEDIMAX
expeditions (Figure 1 and Table 1). From the global Malaspina expedition, samples were
recovered from the North Pacific Ocean (Station 114, 14◦31′43” N 118◦46′26” W) on 27 May
2011, at 200 m depth, representing the OMZ. Another two samples were collected at 4000 m
depth from the North Atlantic Ocean (stations 131 (17◦25′39” N 59◦49′43” W) and 134
(18◦19′38” N 52◦38′20.15” W)) on 26 and 29 November, respectively. The MEDIMAX expe-
dition sample was obtained from the western Mediterranean Sea (37◦21′13” N 00◦17′10” W)
at 2000 m depth on 16 October 2015.

Table 1. Sample information.

Station Zone Depth
(m)

vSAG
Prefix Coordinates Sampling

Date
Sorting

Date Preservation WGA %
WGA Sequenced

Characterized
Viral

Genomes

MSP
114

North Pacific
Ocean

200
(OMZ) 27 14◦31′43” N

118◦46′26” W
27 May

2011
17 April

2015 GlyTE 92 27.71 17 8

MSP
131

North Atlantic
Ocean 4000 88-3 17◦25′39” N

59◦49′43” W
26 November

2011
22 October

2015 GlyTE 17 5.12 12 11

MSP
134

North Atlantic
Ocean 4000 30 18◦19′38” N

52◦38′20” W
29 November

2011
17 April

2015 GlyTE 46 13.86 16 5

MEDI
-MAX

Mediterranean
Sea 2000 86-3 37◦21′13” N

00◦17′10” W
16 October

2015
22 October

2015 Fresh 162 48.80 15 3

vSAG prefix: Name prefix that indicates the original sample point of vSAG. Preservation: Preservation method of
the sample from the sampling to the sorting process. WGA: Number of amplified single viruses. %WGA: Percent-
age of amplified single viral genomes. Sequenced: Number of sequenced single viral genomes. Characterized
viral genomes: Bona fide identified viral genomes.

All samples were immediately filtered through 0.22 µm polyethersulfone (PES) mem-
brane filters. For the Malaspina expedition samples, after filtration, 100 µL of GlyTE buffer
(20 mL 10× TE pH 8.0, 60 mL deionized water, and 100 mL molecular-grade glycerol) was
added to 1 mL of bathypelagic seawater, and then the sample was cryopreserved at −80 ◦C
until use. For the MEDIMAX expedition samples, 150 mL of seawater was concentrated
to approximately 15 mL using tangential flow filtration system Vivaflow 200 (Sartorius)
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with 100 KDa PES filter. Concentrated seawater was filtered again by 0.2 µm PES syringe
filter, and ultraconcentrated to a final volume of 1.5 mL using the centrifugal filter Amicon
Ultra-15 (Millipore, Burligton, MA, USA). Then, the sample was conserved at 4 ◦C, due to
the short time lapse between sampling and viral sorting.

Figure 1. (A) Sampling information map. Location, date, depth and number of viral single amplified
genomes (vSAGs) are indicated for each sampling point. (B) Flow cytometry sorting plots and gates
for blanks (left panel; SYBR Gold-stained buffer TE), 2000 m depth MEDIMAX (middle panel), and
MSP114 200 m depth (right panel; OMZ) samples. P1 gate, which shows the viral population, was
employed to sort the single viruses employed in this study.

2.2. Fluorescence-Activated Viral Sorting and Whole-Genome Amplification

Detailed procedures for sorting, whole-genome amplification, and preparation have
been previously described [18,27]. Briefly, after washing, resuspended samples (500 µL)
were stained for 20 min in the dark at room temperature, adding 2.5 µL of 1000× SYBR
Gold (Invitrogen, Waltham, MA, USA). Then, the excess of SYBR Gold dye was removed
by washing samples three times with 500 µL of 0.02 µm-filtered 1X TE buffer, and finally,
concentrated stained samples were resuspended in 500 µL of this buffer. Viral sorting
(Figure 1) was carried out in a BD Influx sorter (Becton Dickinson, Franklin Lakes, NJ, USA)
as described in [18]. Single viruses and pools of viruses (n = 10 and 20, as controls) were
sorted in 384-well plates containing 0.6 µL of 16 h UV-radiated and 0.02 µm-filtered 1X TE
buffer, and plates were preserved at −80 ◦C until use. Previous to the amplification, to
release the genetic material, viral capsids were lysed by a combination of temperature and
pH shocks. For this, 384-multiwell plates were sequentially immersed, one time, in liquid
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N2 and in a 45 ◦C water bath, for 30 s each. Then, 0.7 µL of lysis buffer D2 (Qiagen) was
added for each well, and after 5 min, pH was neutralized employing 0.7 µL of Stop solution
(Qiagen). Then, whole-genome amplification was carried out by multiple displacement
amplification (MDA) using the Phi29 DNA polymerase (New England Biolab, Ipswich,
MA, USA) for 16 h at 30 ◦C [18]. Real-time whole-genome amplification was monitored by
fluorescence thanks to SYTO-9 dye that was added to the MDA reaction (see details in [18]),
allowing the identification of positive vSAG amplification during real-time MDA. Then,
MDA products were diluted 50-fold in TE buffer.

2.3. Sequencing, Viral Identification, and Fragment Recruitment Analysis

A total of 60 out of 317 successfully amplified vSAGs (~20%) were further selected for
Illumina sequencing using the Nextera XT DNA library in a MiSeq sequencer (2 × 250 bp)
according to the manufacturer’s protocol. Reads were trimmed using trimmomatic [28]
(trimmomatic-x.xx.jar SE -phred33 amplicons_seqX_zoneX.fastq.gz amplicons_seqX_
sampleX._trimmed.fastq.gz LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:
150), and assembled with SPAdes (CITA) using k-mers (-k) 33,55,77,99,127, single-cell MDA
data (–sc) data option, and careful (–careful) mode.

To identify confident viral contigs, the viral sequence identification standard operat-
ing procedure (SOP) with VirSorter2 V.2 from protocols.io (https://dx.doi.org/10.17504
/protocols.io.btv8nn9w (accessed on 10 May 2022)) was employed, combining VirSorter2,
CheckV, and DRAMv, following the standard procedure for all the assembled contigs longer
than 2500 bp. Annotated proteins from the identified viral contigs were compared with the
IMG/VR database v3, containing the proteins from 2,332,702 viral genomes, using BLASTP
with a cutoff of amino acid similarity >80% and query coverage >90%. Additionally, to
detect the presence of similar viruses within the novel vSAGs, all these proteins were com-
pared in an all-versus-all protein BLASTP, using the same above-described BLASTP cutoffs.

Global abundance of the recovered vSAGs was estimated in silico by a metagenomic
and viromic fragment recruitment. This analysis was performed as previously described
in [18], but employing a less-restrictive nucleotide identity threshold (nucleotide identity
cutoff ≥80%) in order to estimate the abundance of the viral populations at the genus level.
Viromes from the South Pacific, North Pacific, and North Atlantic bathypelagic regions
during the Malaspina expedition (from 3008–4018 m depth) used here for viromic fragment
recruitment have been previously reported [6] (see Supplementary Table S1). In addition,
two metagenomes from the Mediterranean Sea (Adriatic Sea (1000 m depth) and the Ionic
Sea (3000 m depth) [22] were also employed to estimate the relative viral abundance and
potential activity in the cell fractions.

3. Results

For this study, a total of 1328 virus-like particles were sorted by fluorescence-activated
viral sorting (FAVS) from the four samples located in the Mediterranean Sea (2000 m
depth), North Atlantic (4000 m depth), and North Pacific (OMZ, 200 m depth) Oceans,
during the MEDIMAX and Malaspina expeditions (Figure 1, Table 1). Real-time MDA
allowed the efficient whole-genome amplification (WGA) of nearly one-quarter (23.87%)
of the total sorted single viruses (Table 1). The maximum efficiency of this amplification
was obtained in the Mediterranean Sea samples (48.80% of single sorted particles), while
the minimum was obtained for the North Atlantic Ocean samples (5.12% of sorted viral
particles; station MSP131, 4000 m depth). To check the feasibility of the SVGs method to sort
and amplify the genomes of single viruses from long-preserved deep-ocean samples, we
randomly selected a representative vSAG population (n = 60 vSAGs, ~20%) of these viral
single amplified genomes (vSAGs) for Illumina sequencing from all analyzed bathypelagic
samples (Table 1). After assembling, 138 contigs longer than 2500 bp were obtained from
54 of these sequenced vSAGs (Supplementary Figure S1, Supplementary Table S1). As
each vSAG is sequenced and assembled separately, different contigs can be assigned to the
corresponding vSAG. The largest contig for each genome was between 3356 and 37,461 bp,
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with a mean length of 16,081 bp per genome (Supplementary Table S1). Bioinformatic tools
using VirSorter2, CheckV, and DRAMv programs along with a manual curation allowed
us to confidently identify 27 of these assembled genomes as bona fide viruses (Table 1)
containing terminases, phage lysozymes, or structural viral proteins among other common
viral proteins (Supplementary Table S2). Remarkably, three AMGs were also found, such
as a glycosyl transferase (vSAG 27-M11), and two genes involved in the biosynthesis of the
inosine monophosphate (vSAG 27-M11) and the pyrimidine deoxyribonucleotide (vSAG
30-J17) (Supplementary Table S3). Unfortunately, protein annotation and clustering did
not allow a proper and confident taxonomic classification for most of the viruses mainly
due to their novelty and divergence as discussed below. As rather conservative and strict
criteria were used in order to identify bona fide viruses (see methods for details), several
sequenced vSAGs did not show known viral hallmark genes; thus, they were not finally
characterized as viral genomes.

To check the novelty of the bona fide viruses (n = 27), their protein profile was com-
pared with the comprehensive viral database IMG/VR v3.0 (n = 2,332,702 viral genomes) [9].
This analysis (Figure 2) confirmed these vSAGs as novel viruses, not sequenced before
by any other methodology. Most of them shared (amino acid similarity >80% and query
coverage >90%) less than 15% of their proteins with previously known viruses (mean = 6%,
Figure 2A, Supplementary Table S4). vSAG 86-3-K18 (length = 13,776 bp) obtained from
2000 m depth in the Mediterranean Sea was the unique vSAG that exceeded this value
(mean = 38% of shared proteins) (Figure 2A). We found that the most similar previously
known virus in databases was a viral contig obtained from a Mediterranean Sea virome
(3511 m depth, DOE’s Joint Genome Institute scaffold ID: Ga0114898_1000086), sharing 60%
of the vSAG 88-3-J13 genome (from the North Atlantic Malaspina station 131, 4000 m depth)
(Figure 2B). The closest viruses for the rest of the vSAGs showed a lower percentage of
shared proteins (see data in Figure 2B and Supplementary Table S5 for each closest relative
virus and vSAG pair).

Figure 2. Novel deep-ocean viruses obtained from single-virus genomics. (A) Percentage of shared
proteins (amino acid similarity >80% and query coverage >90%) between vSAGs and viruses from
IMG/VR v3.0 database. “n” represents the number of known viruses sharing at least one protein
with the corresponding vSAG. (B) Percentage of shared proteins for each vSAG versus its closest
viral relative found in the IMG/VR v3.0 database. Detailed data about each comparison (e.g., number
of proteins, similarity, coverage, and Scaffold ID for each similar virus found in the IMG/VR v3.0)
can be found in the Supplementary Table S5).
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To ascertain the relativeness between the recovered vSAGs from the different ana-
lyzed samples, a pairwise comparison of all vSAGs was performed. The protein-sharing
(amino acid similarity >80% and query coverage >90%) analysis showed 14 links
(presence of similar proteins) between two vSAGs, and one triple interaction (Figure 3,
Supplementary Figure S2). The highest similarities were found between the vSAGs 86-3-
K18 and 86-3-D22 from the MEDIMAX expedition. Genome alignment showed a perfect
alignment and synteny (100% nucleotide identity) between different contigs of both viruses
(Supplementary Figure S2), revealing that both correspond to the same virus. Similar re-
sults were found for vSAGs 88-3-H13 and 88-3-J13 from the North Atlantic Ocean (MSP131
sampling point), which also exhibited a perfect gene synteny and nucleotide identity
(Figure 3, Supplementary Figure S2).

Figure 3. Shared proteins between vSAGs. Each circle represents two (or three) vSAGs sharing at
least one protein. The area of the circle is related with the number of shared proteins.

To analyze the abundance of the vSAGs in the global deep-ocean virosphere, we
performed a metagenomic and viromic fragment recruitment, using metagenomes from
the deep Mediterranean Sea (600 and 3200 m depth) [22] and from the Malaspina expe-
dition [6]. A nucleotide identity cutoff ≥80% was employed to target similar viruses,
putatively within the same genus [10,18]. A homogeneous profile of relative abundance
of analyzed vSAGs was observed in the different deep-ocean viromes (Figure 4). Overall,
those vSAGs obtained from the North Atlantic (station MSP131) were the most abundant,
and in particular, vSAG 88-3-B13 and 88-3-G20 obtained the highest recruitment rates in
all analyzed viromes (Figure 4). This higher abundance of both viruses was also observed
in the two Mediterranean Sea metagenomes used in this analysis, although significantly
lower abundance values for all the vSAGs were observed in these cell metagenomes.
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Figure 4. Abundance of vSAGs along different oceans. Abundance (as recruited kilobases per
kilobases of vSAG genome length and gigabase of metagenome/virome, KPKGs) is calculated
using two metagenomes (MS: Mediterranean Sea), and 12 bathypelagic viromes from the Malaspina
expedition (MSP).

4. Discussion

SVGs allows the recovery of thousands of viral particles from low sample volume
(in the order of mL) [18], which makes this approach suitable for precious biological
samples in which the available amount of sample is limiting. In addition, SVGs can also be
effectively applied to samples with low concentration of viruses. In this work, with only
1 mL from Malaspina expedition samples, we were able to sort hundreds of VLPs from
bathypelagic regions, where viral load was one order of magnitude less than in surface
seawater [13]. The whole-genome amplification (WGA) success rate was, as a mean, ~24%,
slightly higher than those values obtained for surface seawater in a previous SVGs survey
(17.22%) [18]. Variation in this rate was observed between the different samples, probably
generated by the different preservation methods (Table 1) as previously discussed [29]. The
best WGA successful rates were obtained from a fresh sample (Mediterranean Sea; WGA
success rate = 48.80%) while lower values were obtained in cryopreserved samples with
the cryoprotectant glycerol Tris-EDTA (GlyTE) (WGA success rate = 15.56%), commonly
used in single-cell genomics. This variation in the WGA success rate is in accordance with
a previous SVG benchmarking study, in which the efficiency of the SVGs methodology
was tested using different preservation methods [29]. Nevertheless, results of this work
demonstrate the ability of SVGs to efficiently recover the genome from long-preserved
samples (sorting and amplification performed ~4 years apart from sampling). Likely, the
use of fresh unfixed samples, along with short periods of time from sampling to sorting,
guarantee a better genome recovery in SVGs [29].

In this pilot SVG survey of the deep-ocean environment, we have identified 25 novel
viruses (two of them were independently retrieved and captured in two different vSAGs)
(Table 1, Supplementary Figure S1, and Supplementary Table S1). The application of SVGs
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in surface seawater in a prior study highlighted the limitation of viromics to unveil the
genetic diversity of microdiverse viral populations [18,21], which play a major role in
the microbial biosphere [10]. In this way, the current state of the art of SVGs should be
understood as a complementary tool to other existing viromic methodologies, allowing
the recovery of key pieces from the complex virosphere jigsaw. The refinement of the viral
sorting and sequencing methodologies and large-scale analysis will show the real scope of
SVGs in the deciphering of the global virosphere [24].

In addition to these 27 vSAGs identified as confident viral contigs, other amplified
genomes (n = 33) were also sequenced with an uncertain origin (Table 1, Supplementary Table S2).
The lack of a universal conserved viral gene makes the unequivocal identification of
genomes as viruses a challenge. These other amplified genomes were not finally consid-
ered after performing a refined analysis based on VirSorter2 [30], CheckV, and vDRAM
programs that analyze the potential viral origin, quality, and gene annotation of assembled
contigs [31,32]. Despite the advances of these in silico tools, some novel bona fide viral
genomes could have been discarded here, due to no similarities with current databases
and a lack of known viral hallmark genes. The main reason for this is that these tools are
constrained by the current knowledge of the virosphere. Nevertheless, we have preferred
to choose a conservative approach. Recent works have showed that the deep-ocean viral
communities are highly underrepresented in the databases [15,16], which makes the proper
identification and characterization of novel viruses very difficult. Another important fac-
tor during the viral identification is the presence of microbial genes in the viral genome.
Some viruses contain host genes that directly regulate the microbial metabolism, favoring
the infective process, (i.e., AMGs [33]), and, for instance, AMGs have been described in
deep-ocean viruses [34] as well. Here, we found two viral genomes containing proteins
related to the purine and pyrimidine metabolism (Supplementary Table S3). It has been
reported that viral genes involved in these metabolism pathways are among the most
common AMGs founded in viromes [35] favoring the nucleotide synthesis during viral
replication [35]. In our study, we have also found an AMG related with lipopolysaccharide
synthesis (Supplementary Table S3). In addition to AMGs in viruses, it has also been re-
ported that some viruses also contain several microbial genes that compensate the infection
forming branched pathways [36]. These microbial gene features truly present in viral
genomes hinder bioinformatic tools to carry out a proper discrimination between viral
genomes and microbial contamination [30,32].

Overall, none of the vSAGs sequenced in this study were present in the comprehensive
IMG/VR v3.0 database, which contains more than 2 million viral contigs (Figure 2) [9]
and 200,000 marine viral populations from different locations, including those used here
in this SVG study [6,11]. Unfortunately, a CRISPR spacer–protospacer search using a
comprehensive database containing more than 10 million spacers [37] did not shed any
light into the virus–host interactions for the recovered deep-ocean viruses.

Metagenomic fragment recruitment is a common method to analyze, in silico, the
relative abundance of viruses using viromes or cell metagenomes along different ocean
sampling points [18,22]. Results (Figure 4) show dominant populations (vSAGs 88-3-B13
and 88-3-G20) of viruses obtained from the North Atlantic Ocean (MSP131 sampling site)
that were widespread and abundant in the rest of ocean samples as well, despite being
collected thousands of kilometers away and years apart (Figure 4). This is in accordance
with previous works, in which a widespread common core set of viruses between remote
bathypelagic regions was observed [22,34], which could be related to the global overturning
circulation [26]. Despite the abundance of some of the deep-ocean viruses retrieved in this
study by single-virus genomics, high-throughput viromics has not been able to “capture”
these viral populations in previous surveys [6,11]. This result highlights the importance of
SVGs to assemble putative ecologically relevant viral populations; for instance, as in the
case of the microdiverse vSAG 37-F6-like pelagiphages, which are very abundant on the
surface [18]. Our data also reveal the feasibility and potential of this technology. For a more
complete discussion about limitations of this technology, we suggest a review on SVGs that
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addresses all pros and cons of this approach in comparison with viromics and other existing
technologies [24]. Regarding some interesting advantages, when SVGs is combined with
BONCAT-click technology, it can target and unveil the identity of active viral populations
in a sample, since only active viruses are fluorescently labelled and, therefore, sorted and
sequenced using the SVG pipeline [24]. In the same way, as for viromics and its advances
over the last 20 years [37] SVGs has a promising perspective to complement existing viromic
technologies that will aid in better deciphering the vast ocean virosphere.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v14071589/s1, Figure S1: vSAG contigs information; Figure S2:
Genome alignment between related vSAGs; Table S1: vSAG information; Table S2: vSAG annotation;
Table S3: AMGs; Table S4: Related viruses to vSAGs; Table S5: Related vSAGs.

Author Contributions: F.M.-H.: Led the analyses and interpretation of data and wrote the manuscript.
M.M.-G.: Conceived, supervised the study, wrote the manuscript, and provided funds. O.F.: partici-
pated in the flow cytometry experiments. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science and Innovation (RTI2018-
094248-B-I00), and Generalitat Valenciana (ACIF/2015/332 and APOSTD/2020/237).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Assembled genomes from analyzed vSAGs in this study are available
in the JGI IMG/MER (Integrated microbial genomes and microbiomes, https://img.jgi.doe.gov/)
under the IMG Genome IDs: 2818991326—2818991413.

Acknowledgments: We thank Francisco Rodriguez-Valera and Pep Gasol for providing us access to
the MEDIMAX campaign and Malaspina samples, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zeng, Q.; Chisholm, S.W. Marine Viruses Exploit Their Host’s Two-Component Regulatory System in Response to Resource

Limitation. Curr. Biol. 2012, 22, 124–128. [CrossRef] [PubMed]
2. Rohwer, F.; Thurber, R.V. Viruses Manipulate the Marine Environment. Nature 2009, 459, 207–212. [CrossRef] [PubMed]
3. Danovaro, R.; Dell’Anno, A.; Corinaldesi, C.; Magagnini, M.; Noble, R.; Tamburini, C.; Weinbauer, M. Major Viral Impact on the

Functioning of Benthic Deep-Sea Ecosystems. Nature 2008, 454, 1084–1087. [CrossRef] [PubMed]
4. Suttle, C.A. Marine Viruses—Major Players in the Global Ecosystem. Nat. Rev. Microbiol. 2007, 5, 801–812. [CrossRef]
5. McDaniel, L.D.; Young, E.; Delaney, J.; Ruhnau, F.; Ritchie, K.B.; Paul, J.H. High Frequency of Horizontal Gene Transfer in

the Oceans. Available online: https://www.science.org/doi/10.1126/science.1192243?url_ver=Z39.88-2003&rfr_id=ori:rid:
crossref.org&rfr_dat=cr_pub%20%200pubmed (accessed on 10 May 2022).

6. Roux, S.; Brum, J.R.; Dutilh, B.E.; Sunagawa, S.; Duhaime, M.B.; Loy, A.; Poulos, B.T.; Solonenko, N.; Lara, E.; Poulain, J.; et al.
Ecogenomics and Potential Biogeochemical Impacts of Globally Abundant Ocean Viruses. Nature 2016, 537, 689. [CrossRef]

7. Hurwitz, B.L.; Brum, J.R.; Sullivan, M.B. Depth-Stratified Functional and Taxonomic Niche Specialization in the ‘Core’ and
‘Flexible’ Pacific Ocean Virome. ISME J. 2015, 9, 472–484. [CrossRef]

8. Gazitúa, M.C.; Vik, D.R.; Roux, S.; Gregory, A.C.; Bolduc, B.; Widner, B.; Mulholland, M.R.; Hallam, S.J.; Ulloa, O.; Sullivan, M.B.
Potential Virus-Mediated Nitrogen Cycling in Oxygen-Depleted Oceanic Waters. ISME J. 2021, 15, 981–998. [CrossRef]

9. Roux, S.; Páez-Espino, D.; Chen, I.-M.A.; Palaniappan, K.; Ratner, A.; Chu, K.; Reddy, T.B.K.; Nayfach, S.; Schulz, F.; Call, L.; et al.
IMG/VR v3: An Integrated Ecological and Evolutionary Framework for Interrogating Genomes of Uncultivated Viruses. Nucleic
Acids Res. 2021, 49, D764–D775. [CrossRef]

10. Martinez-Hernandez, F.; Diop, A.; Garcia-Heredia, I.; Bobay, L.-M.; Martinez-Garcia, M. Unexpected Myriad of Co-Occurring
Viral Strains and Species in One of the Most Abundant and Microdiverse Viruses on Earth. ISME J. 2022, 16, 1025–1035. [CrossRef]

11. Marine DNA Viral Macro- and Microdiversity from Pole to Pole: Cell. Available online: https://www.cell.com/cell/fulltext/
S0092-8674(19)30341-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867419303411%
3Fshowall%3Dtrue (accessed on 10 May 2022).

12. Jannash, H.W.; Taylor, C.D. Deep-Sea Microbiology. Annu. Rev. Microbiol. 1984, 38, 487. [CrossRef]
13. Lara, E.; Vaqué, D.; Sà, E.L.; Boras, J.A.; Gomes, A.; Borrull, E.; Díez-Vives, C.; Teira, E.; Pernice, M.C.; Garcia, F.C.; et al. Unveiling

the Role and Life Strategies of Viruses from the Surface to the Dark Ocean. Sci. Adv. 2017, 3, e1602565. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/v14071589/s1
https://www.mdpi.com/article/10.3390/v14071589/s1
https://img.jgi.doe.gov/
http://doi.org/10.1016/j.cub.2011.11.055
http://www.ncbi.nlm.nih.gov/pubmed/22244998
http://doi.org/10.1038/nature08060
http://www.ncbi.nlm.nih.gov/pubmed/19444207
http://doi.org/10.1038/nature07268
http://www.ncbi.nlm.nih.gov/pubmed/18756250
http://doi.org/10.1038/nrmicro1750
https://www.science.org/doi/10.1126/science.1192243?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.science.org/doi/10.1126/science.1192243?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
http://doi.org/10.1038/nature19366
http://doi.org/10.1038/ismej.2014.143
http://doi.org/10.1038/s41396-020-00825-6
http://doi.org/10.1093/nar/gkaa946
http://doi.org/10.1038/s41396-021-01150-2
https://www.cell.com/cell/fulltext/S0092-8674(19)30341-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867419303411%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(19)30341-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867419303411%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(19)30341-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867419303411%3Fshowall%3Dtrue
http://doi.org/10.1146/annurev.mi.38.100184.002415
http://doi.org/10.1126/sciadv.1602565
http://www.ncbi.nlm.nih.gov/pubmed/28913418


Viruses 2022, 14, 1589 10 of 10

14. Danovaro, R.; Corinaldesi, C.; Rastelli, E.; Dell’Anno, A. Towards a Better Quantitative Assessment of the Relevance of Deep-Sea
Viruses, Bacteria and Archaea in the Functioning of the Ocean Seafloor. Aquat. Microb. Ecol. 2015, 75, 81–90. [CrossRef]

15. Prevalence of Temperate Viruses in Deep South China Sea and Western Pacific Ocean—ScienceDirect. Available online: https:
//www.sciencedirect.com/science/article/pii/S0967063720301904?via%3Dihub (accessed on 10 May 2022).

16. Zhang, R.; Li, Y.; Yan, W.; Wang, Y.; Cai, L.; Luo, T.; Li, H.; Weinbauer, M.G.; Jiao, N. Viral Control of Biomass and Diversity of
Bacterioplankton in the Deep Sea. Commun. Biol. 2020, 3, 1–10. [CrossRef] [PubMed]

17. Paez-Espino, D.; Eloe-Fadrosh, E.A.; Pavlopoulos, G.A.; Thomas, A.D.; Huntemann, M.; Mikhailova, N.; Rubin, E.; Ivanova, N.N.;
Kyrpides, N.C. Uncovering Earth’s Virome. Nature 2016, 536, 425–430. [CrossRef] [PubMed]

18. Martinez-Hernandez, F.; Fornas, O.; Lluesma Gomez, M.; Bolduc, B.; de la Cruz Peña, M.J.; Martínez, J.M.; Anton, J.; Gasol,
J.M.; Rosselli, R.; Rodriguez-Valera, F.; et al. Single-Virus Genomics Reveals Hidden Cosmopolitan and Abundant Viruses. Nat.
Commun. 2017, 8, 15892. [CrossRef]

19. Davison, M.; Treangen, T.J.; Koren, S.; Pop, M.; Bhaya, D. Diversity in a Polymicrobial Community Revealed by Analysis of
Viromes, Endolysins and CRISPR Spacers. PLoS ONE 2016, 11, e0160574. [CrossRef]

20. Nayfach, S.; Páez-Espino, D.; Call, L.; Low, S.J.; Sberro, H.; Ivanova, N.N.; Proal, A.D.; Fischbach, M.A.; Bhatt, A.S.; Hugenholtz,
P.; et al. Metagenomic Compendium of 189,680 DNA Viruses from the Human Gut Microbiome. Nat. Microbiol. 2021, 6, 960–970.
[CrossRef]

21. Aguirre de Cárcer, D.; Angly, F.E.; Alcamí, A. Evaluation of Viral Genome Assembly and Diversity Estimation in Deep
Metagenomes. BMC Genom. 2014, 15, 989. [CrossRef]

22. Mizuno, C.M.; Ghai, R.; Saghaï, A.; López-García, P.; Rodriguez-Valera, F. Genomes of Abundant and Widespread Viruses from
the Deep Ocean. mBio 2016, 7, e00805-16. [CrossRef]

23. Allen, L.Z.; Ishoey, T.; Novotny, M.A.; McLean, J.S.; Lasken, R.S.; Williamson, S.J. Single Virus Genomics: A New Tool for Virus
Discovery. PLoS ONE 2011, 6, e17722. [CrossRef]

24. Martínez Martínez, J.; Martinez-Hernandez, F.; Martinez-Garcia, M. Single-Virus Genomics and Beyond. Nat. Rev. Microbiol. 2020,
18, 705–716. [CrossRef]

25. De la Cruz Peña, M.J.; Martinez-Hernandez, F.; Garcia-Heredia, I.; Lluesma Gomez, M.; Fornas, Ò.; Martinez-Garcia, M.
Deciphering the Human Virome with Single-Virus Genomics and Metagenomics. Viruses 2018, 10, 113. [CrossRef]

26. De Corte, D.; Martínez, J.M.; Cretoiu, M.S.; Takaki, Y.; Nunoura, T.; Sintes, E.; Herndl, G.J.; Yokokawa, T. Viral Communities in
the Global Deep Ocean Conveyor Belt Assessed by Targeted Viromics. Front. Microbiol. 2019, 10, 1801. [CrossRef]

27. Rinke, C.; Lee, J.; Nath, N.; Goudeau, D.; Thompson, B.; Poulton, N.; Dmitrieff, E.; Malmstrom, R.; Stepanauskas, R.; Woyke, T.
Obtaining Genomes from Uncultivated Environmental Microorganisms Using FACS-Based Single-Cell Genomics. Nat. Protoc.
2014, 9, 1038–1048. [CrossRef]

28. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data|Bioinformatics|Oxford Academic. Available online: https:
//academic.oup.com/bioinformatics/article/30/15/2114/2390096 (accessed on 18 May 2022).

29. Garcia-Heredia, I.; Bhattacharjee, A.S.; Fornas, O.; Gomez, M.L.; Martínez, J.M.; Martinez-Garcia, M. Benchmarking of Single-Virus
Genomics: A New Tool for Uncovering the Virosphere. Environ. Microbiol. 2021, 23, 1584–1593. [CrossRef]

30. VirSorter2: A Multi-Classifier, Expert-Guided Approach to Detect Diverse DNA and RNA Viruses|Microbiome|Full Text. Avail-
able online: https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00990-y (accessed on 18 May 2022).

31. Nayfach, S.; Camargo, A.P.; Schulz, F.; Eloe-Fadrosh, E.; Roux, S.; Kyrpides, N.C. CheckV Assesses the Quality and Completeness
of Metagenome-Assembled Viral Genomes. Nat. Biotechnol. 2021, 39, 578–585. [CrossRef]

32. Shaffer, M.; Borton, M.A.; McGivern, B.B.; Zayed, A.A.; La Rosa, S.L.; Solden, L.M.; Liu, P.; Narrowe, A.B.; Rodríguez-Ramos, J.;
Bolduc, B.; et al. DRAM for Distilling Microbial Metabolism to Automate the Curation of Microbiome Function. Nucleic Acids Res.
2020, 48, 8883–8900. [CrossRef]

33. Breitbart, M.; Bonnain, C.; Malki, K.; Sawaya, N.A. Phage Puppet Masters of the Marine Microbial Realm. Nat. Microbiol. 2018,
3, 754–766. [CrossRef]

34. Winter, C.; Garcia, J.A.L.; Weinbauer, M.G.; DuBow, M.S.; Herndl, G.J. Comparison of Deep-Water Viromes from the Atlantic
Ocean and the Mediterranean Sea. PLoS ONE 2014, 9, e100600. [CrossRef]

35. Enav, H.; Mandel-Gutfreund, Y.; Béjà, O. Comparative Metagenomic Analyses Reveal Viral-Induced Shifts of Host Metabolism
towards Nucleotide Biosynthesis. Microbiome 2014, 2, 9. [CrossRef]

36. He, T.; Li, H.; Zhang, X. Deep-Sea Hydrothermal Vent Viruses Compensate for Microbial Metabolism in Virus-Host Interactions.
mBio 2017, 8, e00893-17. [CrossRef]

37. Roux, S.; Adriaenssens, E.M.; Dutilh, B.E.; Koonin, E.V.; Kropinski, A.M.; Krupovic, M.; Kuhn, J.H.; Lavigne, R.; Brister, J.R.;
Varsani, A.; et al. Minimum Information about an Uncultivated Virus Genome (MIUViG). Nat Biotechnol 2019, 37, 29–37. [CrossRef]

http://doi.org/10.3354/ame01747
https://www.sciencedirect.com/science/article/pii/S0967063720301904?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0967063720301904?via%3Dihub
http://doi.org/10.1038/s42003-020-0974-5
http://www.ncbi.nlm.nih.gov/pubmed/32444696
http://doi.org/10.1038/nature19094
http://www.ncbi.nlm.nih.gov/pubmed/27533034
http://doi.org/10.1038/ncomms15892
http://doi.org/10.1371/journal.pone.0160574
http://doi.org/10.1038/s41564-021-00928-6
http://doi.org/10.1186/1471-2164-15-989
http://doi.org/10.1128/mBio.00805-16
http://doi.org/10.1371/journal.pone.0017722
http://doi.org/10.1038/s41579-020-00444-0
http://doi.org/10.3390/v10030113
http://doi.org/10.3389/fmicb.2019.01801
http://doi.org/10.1038/nprot.2014.067
https://academic.oup.com/bioinformatics/article/30/15/2114/2390096
https://academic.oup.com/bioinformatics/article/30/15/2114/2390096
http://doi.org/10.1111/1462-2920.15375
https://microbiomejournal.biomedcentral.com/articles/10.1186/s40168-020-00990-y
http://doi.org/10.1038/s41587-020-00774-7
http://doi.org/10.1093/nar/gkaa621
http://doi.org/10.1038/s41564-018-0166-y
http://doi.org/10.1371/journal.pone.0100600
http://doi.org/10.1186/2049-2618-2-9
http://doi.org/10.1128/mBio.00893-17
http://doi.org/10.1038/nbt.4306

	Introduction 
	Materials and Methods 
	Sample Collection 
	Fluorescence-Activated Viral Sorting and Whole-Genome Amplification 
	Sequencing, Viral Identification, and Fragment Recruitment Analysis 

	Results 
	Discussion 
	References

