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A viral metagenomic analysis of ve surface and two bottom wger (878 meters
below surface, mbs, and 3,357 mbs) samples from Prydz Bay, ws conducted
during February—March 2015. The results demonstrated thatmost of the DNA
viruses were dsDNA viruses (79.73-94.06%, except at PBI1, B51%). Of these,
Caudovirales Siphoviridae, Myoviridagand Podoviridae) phages were most abundant in
surface seawater (67.67—71.99%), while nucleocytoplasmiarge DNA viruses (NCLDVSs)
(Phycodnaviridag Mimiviridag and Pandoraviridae accounted for >30% of dsDNA
viruses) were most abundant in the bottom water (3,357 mbs)Of the ssDNA viruses,
Microviridaewas the dominant family in PBI2, PBI3, PBOs, and PBIl4b (57.6987.55%),
while Inoviridae(58.16%) was the dominant family in PBI1Cellulophagaphages (phi38:1
and phil0:1) andFlavobacteriumphage 11b, infecting the possible host strains af liated
with the family Flavobacteriaceae of the phylum Bacteroidetes, were abundant in
surface water dsDNA viromes. The long contig (PBI2_1_C) frothe viral metagenomes
were most similar to the genome architectures ofCellulophaga phage phil0:1 and
Flavobacteriumphage 11b from the Arctic Ocean. Comparative analysis showe that
the surface viral community of Prydz Bay could be clearly sepated from other marine
and freshwater environments. The deep sea viral community as similar to the deep sea
viral metagenome at A Long-term Oligotrophic Habitat Assesnent Station (ALOHA, at
22 45N, 158 009). The multivariable analysis indicated that nutrients poably played
an important role in shaping the local viral community struare. This study revealed the
preliminary characteristics of the viral community in PrydBay, from both the surface
and the deep sea. It provided evidence of the relationshipsétween the virome and the
environment in Prydz Bay and provided the rst data from the dep sea viral community
of the Southern Ocean.
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INTRODUCTION limited, especially in the deep seal,000 meters below surface,
mbs).
Viruses are the most abundant and genetlcally diverseudaell Prydz Bay is the third |argest embayment a|0ng the Antarctic

biological entities in the ocean and play signicant rolesmarginandis located in the Indian Ocean section of the Setrth
in microbial mortality, uctuations in microbial communf  Ocean, between 6B and 79E adjacent to the Amery Ice Shelf.
structure, and the horizontal gene transfer of genetic &g On the continental shelf the water depth is mostly between 400
between host CGllSWOmmaCk and COlWe”, 2000, Breitbart and 600 m and increases to the north to demoo()m Roden
etal., 2002; Weinbauer, 2004; Suttle, 2005, &ithough new et al., 2013; Liang et al., 2Q1There have been numerous marine
culture-independent methods, such as metagenomics anéesing microbial ecology studies in Prydz Bayéters et al., 2000;
cell genomics, have advanced the understanding of batterigearce et al., 2007, 2010; Thomson et al., R0ivever, there
and archaeal diversitySharon and Ban eld, 2013; Lasken andare still few studies on the marine viral ecologyaerson and
McLean, 201y the diversity and variability of natural viral | aybourn-Parry, 2012; Liang et al., 2).1Bhere have still been
communities is still not well documented, mostly becausthef no metagenomics studies of the viral community structurel an
lack of universal gene markers for viral communities and thejjversity in Prydz Bay. We present here a viral metagenomic
relatively recent development and application of new culturedataset, including ve surface and two bottom seawater sampl
independent methods based on high-throughput sequencing tom Prydz Bay, including both double-stranded DNA (dsDNA)
investigate viral diversity in di erent environment$(um etal.,  and single-stranded DNA (ssDNA). This study will provide the
2015; Aylward et al., 20).7 rst data on the viral diversity, community structure, nove
Since the rst marine viral metagenomic research in 200%/iruses and the relationship between viral communities tredr
(Breitbart et al., 2002 metagenomics has become as a powerfubnvironment in Prydz Bay, Antarctic.
tool to better understand viral diversity and variabilityé it
can also be used to directly resolve complicated, ””C”'t“reﬂ/lATERIALS AND METHODS
environmental viral genomesA(gly et al., 2006; Culley et al.,
2006; Hurwitz and Sullivan, 20L.Recently, viral metagenomic Sampling and Environmental Factors
surveys in the Tara Ocean expeditions identied a total ofSeven viral metagenomic seawater samples were collectad fro
15,222 epipelagic and mesopelagic dsDNA viral populationsye stations in Prydz Bay and the adjacent Southern Ocean,
representing 867 viral clusters (approximately at genus-leveluring the 31st Chinese Antarctic Scienti ¢ Expedition from
groups) @rum et al., 2015; Roux et al.,, 20).6d/%irome February 4th to March 2nd, 2015. The ve stations were lodate
information has now been recovered from many di erent marinein three di erent environments. Only surface samples were
environments through metagenomic®&rgitbart et al., 2002; collected from stations PBI1, PBI2, and PBI3, which werattxt
Angly et al., 2006; Steward and Preston, 2011; Williamsoh,et @én inner Prydz Bay. Both surface and bottom samples were
2012; Hurwitz and Sullivan, 2013; Brum et al., 2015 collected from station PBI4 (PBl4s and PBI4b), which waatked
The Southern Ocean, which connects the Pacic Oceamear the western edge of Amery Ice Shelf, and from station
the Indian Ocean and the Atlantic Ocean, plays an importanBO (PBOs and PBOb), which was located in the open Southern
role in global marine ecosystems and climate change and ad@xcean Figure 1).
as a global biological and chemical transport chanriglaps Seawater samples (300 L) were collected using Niskin bottles
and Brussaard, 2012; Wu et al., 2D1idowever, there are still mounted on a rosette frame which also held the SBE-9 plus
very few reports on viral diversity in the Southern OceanCTD sensors (SBE 911; Sea-Bird Electronics) for temperature
Currently, there have only been two Southern Ocean viraalinity, dissolved oxygen (DO), chlorophyl] and depth. One
DNA and RNA metagenomic studies and these are from thdwundred milliliter sub-samples were taken from each site to
coastal waters of the Palmer Long-Term Ecological Researdetermine nutrient concentrations; these were ltereddhgh
(PAL-LTER) Station B and Western Antarctic Peninsula (WAP)GF/F Iters (Whatman). The ltrates were poisoned by adding
(Brum et al., 2016; Miranda et al., 201@emperate viruses saturated mercuric chloride (ca. 1.510 2 v/v) and then stored
were found to dominate the DNA viruses of the PAL-LTERat 4 C until analysis within 2 weeks. Nutrient concentrations
site and there was a switch from lysogeny to Iytic replicatio{SiOs-Si, PQ-P, NHs-N, NO2>-N, and NOs-N) were measured
as the bacterial production increased. The WAP DNA viralwith an onboard nutrient auto-analyzer (SKALAR SAN plus,
assemblages were genetically distinct from those of Idatitnde ~ Netherlands). The detailed site information is presented in
assemblages, primarily driven by the temperate viral domisan Table 1
(Brumetal., 2016 It was found that RNA viruses contributed up . .
to 65% of the total virioplankton (8-65%) and this is consisten Preparation of Viral Concentrates and DNA
with the hypothesis that RNA viruses in uence diatom bloom Extraction
dynamics in WAP coastal water$/i{randa et al., 2015 These The seawater samples (300 L) were immediately Itered using a
analyses revealed the diversity and seasonal variatiotiseof 300 mm diameter cellulose membrane with ar® pore size and
dsDNA and RNA viral communities in WAP coastal waters,then Itered through a 0.22nm membrane, to remove the large
respectively. However, our knowledge of the marine pelagiorganisms, such as zooplankton, phytoplankton, and bacteria.
viral community, viral diversity and their correlations thi  The free viruses in the Itrate were concentrated to a volune o
environmental factors within the Southern Ocean is stilitgu 500 ml by the large-scale Tangential Flow Filtration (meams
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FIGURE 1 | Sampling stations and summer water currents (Revised frorRoden et al., 2013 in the Prydz Bay, Antarctic. The direction of the current (eow and solid
line), location of each sampling site (red point), and Antetic scienti c investigation station (blue block) were show in the map. Different colors represent as deep gray|
(land), light gray—light blue—deep blue (the depth from shiaw sea to deep sea). SACCF, Southern Antarctic CircumpotaCurrent Front; ASC, the Antarctic slope
current.

package with a total surface area of 05 Rellicom® 2 Cassette, 300m SM bu er. One hundred microliter (1 M) KCI solution
Biomax® 50 kDa; polyethersulfone) and then were concentrateavas added followed by incubation on ice for 30 mibo(ombet
further to 20 ml in plastic micro-tube by small-scale Tangaht et al., 200). Though the recovery e ciency of viruses for the
Flow Filtration (membrane package with a total surface afé®o PEG precipitation of each sample was not measured in this study,
cm?: Pellicom® XL Cassette, Biomax50 kDa; polyethersulfone) the reported recovery e ciency averaged 55% (range 28—81%)
(Sun et al., 204 After each sample concentration, the ltration (Colombetetal., 20Q7Centrifugation at 12,000 g for 10 min at
membrane cassettes were cleaned by ushing with su ciend C was used to obtain concentrated and puri ed free virus-like
deionized water, followed by circulation cleaning with B.1 particles (VLPs). The VLPs were treated with proteinase K and
NaOH for at least 30 min. The viral concentrates were ash-10% SDS at 5€ for 1 h. The viral DNA was extracted using the
frozen in liquid nitrogen and then stored at 80 C until  phenol/chloroform/isoamylol method and stored aB0 C until
processed Krussaard, 2004; Winter et al., 201Z&hough the sequencingThurber et al., 2009
recovery e ciency of each viral concentrates was not checkee
recovery e ciency averaged from 27 at the deep ocean samples irome Libraries Construction and
41% at the estuary samples using the Tangential Flow FiltraticSequencing
with polyethersulfone membrane§éi et al., 2016 The viral DNA was amplied with QIAGEN® REPLI-g
The viral concentrates were unfrozen and re- Itrated Mini Kit (phi-29 DNA polymerase), which used the whole-
through 0.22€m lters to remove any remaining cellular genome multiple displacement ampli cation (MDA) method,
microorganisms, then precipitated using polyethylene glycolor 16h in a thermal cycler, using multiple 581 reactions
(PEG-8000) (10% w/v) and NaCl (0.6% w/v) followed bycontaining 100-200 ng of the isolated DNA as a template
incubation at 4C in the dark for 24 h. The mixed samples were(Angly et al., 2006; Yilmaz et al., 2)1Qibrary construction
centrifuged at 10,500 g for 40 min at 4C and suspended in and sequencing were implemented by Novogene Bioinformatics
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TABLE 1 | Main environmental factors of seven viral metagenomic sangs in the Prydz Bay.

Sample Sample Temperature ~ Salinity DO Chla PO4-P NO;,-N SiO3-Si NO3-N NH4-N
name Depth (mbs) (O (PSV) (mmol/L) (mg/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
PBI1 5 1.26 32.21 384.43 19.72 0.24 0.54 1.86 3.13 2.24
PBI2 5 0.94 32.89 368.99 7.45 0.16 0.10 1.36 3.50 1.49
PBI3 5 0.34 32.63 381.31 19.16 0.21 0.56 6.27 9.82 0.60
PBl4s 5 0.81 33.37 307.79 3.37 0.63 0.50 21.76 8.02 5.36
PBOs 5 0.20 33.40 344.39 0.08 1.01 0.26 52.76 23.74 0.37
PBl4b 878 1.88 34.54 209.30 0.04 1.97 0.18 59.11 29.86 0.63
PBOb 3,357 0.12 34.66 223.98 0.04 2.34 0.26 110.54 34.25 0.41

mbs, meters below surface; Chla, chlorophyll a; DO, dissolved oxyge PO,4-P, phosphate; Si0z-Si, silicate; NG:-N, nitrite; NO3-N, nitrate; NH;-N, ammonium.

Technology Co. Ltd (Beijing, China). Sequencing libraviese Genome reconstruction: circular contigs and linear cositig
generated using NEBNekt Ultra™ DNA Library Prep Kit larger than 30kb obtained from the assembly were examined
for lllumina, following the manufacturer's instruction®riey,  further. Putative ORFs within contigs selected for further
an ultrasonic processor was used for carrying qualied DNAanalysis were searched against the NCBI non-redundant
fragmentation (Insert Size: 250 bp), DNA fragments were theprotein database using BLASTp (E10 3). Comparisons
end-polished, A-tailed, ligated with sequencing adapterd anwith 40 other publicly available viromes (the details of
PCR ampli ed. Finally, PCR products were puri ed (AMPure the selected viromes are shown ifable S3 were based
XP system) and the library's insert size was veri ed by Adilenon k-mer frequency bias (tetranucleotides)Vi(lner et al.,
2100 Bioanalyzer and quanti ed using real-time PCR. High-2009. The non-normalized taxonomic composition data
throughput sequencing was performed by the lllumina HiSedased on contigs best BLAST hit (threshold of 50 on the
4000 platform (Paired-End Sequencing, 250 bp). BLAST bit score) of PBOb (Project ID 8183) and ALOHA
station deep abyss (Project ID 3816) were downloaded from
MetaVir2 server and further for these two samples' comparison

: . analysis.
Metagenomlc and Genomic Analyses L Functional analysis of dsDNA viral communities was
High-quality reads were selected from raw reads giving 47—

o . performed with Meta Genome Rapid Annotation using
94 million (clean data rate>0.90) 150 bp paired-end reads. Subsystem Technology (MG-RAST) servéreger et al.,

The paired-end reads were ltered by adopting the following; 44" y.//metagenomics.anl.gov/, MG-RAST ID 4747904.3,
conditions: (1) contained more than 10% N; (2) were of 87,7053, 4747906.3, 4747909.3, 4747910.3, 4747913, a
low quality (40% reads length, Q5); (3) with the adapter. 4749478.3). The aliated dsDNA virus contigs processed by

?;alh(t)y' Iterl;a_d rea(;sB\_Nere azsosétesmglecjt)_u3|n? Yelge(t)g%’ﬂS'oMG-RAST were compared to the SEED Subsystems database
-2.10) Zerbino and Birney, ; Zerbino et al., 2008fter using a maximurnE-value of 10°, a minimum identity of 60%,

assemblmgf,ttr?e contlgs.wnh Iengthhs?OO?;b\;ve;eTlte(iretd ouF. A and a minimum alignment length of 15. A owchart depicting
summary of the seven viromes is shownTable 2 To determine < contigs was shownFigure S1

the relative abundance of viral contigs, the quality- Itenehds

from each metagenome were mapped back to the assembled

contigs with Bowtie2 (version 2.1.0)gngmead and Salzberg, Statistical Analysis

2012 and SAMtools (version: 1.1) (et al., 200Q The average dsDNA viral communities cluster analysis and statisticallgsia

abundance was calculated as DNA-reads per kilobase of theere performed using PRIMER v5 (PRIMER E, Ltd, UK)

transcript (gene) per million reads mapped (DNA-RPKM; equal(Relative abundance of virus in each sample represent the

to the number of reads mapped to the contig and normalized byiont number). Canonical correspondence analysis (CCA) and

the contig length and per million mappable read§)a(usinska redundancy analysis (RDA) were performed in R v. 3.5.1 (R

etal., 201p Development Core Team) using CCA and RDA functions from
The assembled contigs were uploaded to the MetaVirthe “vegan” package v2.5-@fsanen et al., 20) 8o investigate

server Roux et al., 2004(http://metavir-meb.univ-bpclermont. the relationships between viral species and environmental

fr, project ID 8183, 8184, 8185, 8186, 8187, 8188, and 8189). variables. A matrix of the total viral species (1,225 species )
Taxonomic annotation: open reading frames (ORFs) wer@nderwent factor analysis. A total of 10 environmental vialés

rst predicted for each contig through MetaGeneAnnotator were used to assess the variation of viral species, including

(Noguchi et al., 2008&nd then compared to the RefSeq completedepth, salinity, temperature, DO, GhHINO3z-N, NO2-N, NH4-

viral genomes protein sequence database from NCBI (reldaseM, POs-P, and, Si@-Si. All variables were logarithmically

2017-01-11) using BLASTp (threshold of 50 on the BLAST bitbase 10) transformed before CCA to reduce the in uence of

score). Contigs with multiple ORFs were taxonomically assign extreme values on ordination scores and to normalize data

according to the lowest common ancestor (LCA) a liation. distribution.
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TABLE 2 | Data summary of seven viral metagenomic samples in the Prydgay.

Sample Total length GC Longest  N50 Average Number of Af liated Af liated Af liated Reads
name (kbp) content (bp) length contigs contigs dsDNA viruses ssDNA viruses mapped
(%) (bp) (>300 bp) contigs contigs
PBI1 7,201,486 54.22 130,439 443 506 14,184 2,037 1,393 544 25,558,846
(34.31%)
PBI2 15,913,696 47.95 64,194 472 521 30,482 4,547 4,024 260 11,947,719
(25.54%)
PBI3 26,757,818 55.46 95,664 620 591 45,162 5,827 5,458 130 23,780,237
(29.88%)
PBl4s 895,331 50.75 20,377 420 460 1,938 256 235 3 2,188,596
(04.63%)
PBOs 10,755,196 53.93 40,732 444 479 22,366 2,315 2,053 131 17,433,201
(18.60%)
PBIl4b 11,628,812 56.79 71,333 518 540 21,491 2,245 1,919 217 18,379,075
(31.99%)
PBOb 1,172,928 46.46 10,477 433 465 2,512 270 215 38 2,889,990
(04.84%)

Af liated contigs: contigs were assigned to be of viral origin base on LCA af liation via MetaVir2. Reads mapped: number of reads mapped back to thessembled contigs (% of reads
used for the assembly).

Accession Number comparison of the ratio of a liated contigs to una liated contis
All the viral reads data in this study were submitted to NCBlis shown inFigure S3 The number of contigsX300 bp) varied
Sequence Read Achieve (SRA). The SRA accession numbsym 1,938 at PBIl4s to 45,162 at PBI3, with the average length

SRP085759 (study). being between 460 and 591 bp. Only 4.63-34.31% of the reads

could be mapped back to the assembled contigs. PBl4s and PBOb

RESULTS ha-d lower gssembled contigs (1,938 gnd 2,512, respegtively)
_ a liated contigs (256 and 270, respectively) and the ratids o

Environmental Factors mapped reads (4.63 and 4.84%, respectively) than other samples

The main environmental factors against which the sevenl virgranging from 14,184 to 45,162, 2,037 to 5,827 and 18.60 to
metagenomic samples were correlated are showfable 1 34.31%, respectively) in Prydz Bay.

Water temperature ranged from 1.88 C at 878 mbs to 0.9€

at the surface (PBI2). Chlorophydiconcentration in the surface Taxonomic Composition of Prydz Bay

samples (3.37-19.72mg 1) were naturally higher than in the dsDNA and ssDNA Viral Communities
bottom waters (0.04 mg L) except in PBOs (0.08 mg £). The  Most of the contigs of the viral metagenomic data (85.08—
salinity in the bottom samples (34.54-34.66) were a littther  89.65%) were una liated; the majority of the a liated contigs
than that at the surface (32.21-33.40)<F0.002). The DO in  were a liated to dsDNA viral contigs (68.38—93.67%gure S3.
the bottom samples (209.30-2231@810l L ') was lower than The most abundant viral groups [relative abundance after
those at the surface (307.79-384m8ol L ) (P< 0.002). The normalization (DNA-RPKM)] were dsDNA viruses (79.73—
concentrations of P@P, SiQ-Si, and NQ-N in the adjacent 94.06%), except in PBI1 where they accounted for 37.51%
Southern Ocean (PBOs and PBOb) and PBI4b were higher thgfigure S4. The order Caudovirales contained the most
that in other samples in the inner bay (°0.05). abundant dsDNA viruses in the surface samples and the bottom
The PBl4s and PBOb samples had some site-speci§ample (PBI4b), which was collected from the edge of the Amery
characteristics. PBl4s, which was apparently in uenced &gigl  |ce Shelf (ranging from 67.67% at PBI2 to 71.99% at PBOSs).
meltwater, had high Ni-N but low DO and Chaconcentrations  within the CaudoviralesSiphoviridag29.34—34.78%) was more
compared to other surface samples. PBOb had the highes?O apundant than Myoviridae (17.60—21.30%) andPodoviridae
SiGs-Si, and NQ@-N concentrations. (10.37-18.58%)Fgure 2). Interestingly, Cellulophagaphages
According to the cluster analysis of environmental factor®  and Flavobacteriunphage 11b (NC_006356.2) were abundant
major groups were identi ed, group | (PBI1, PBI2, PBI3) andijn the surface dsDNA viromesCellulophagaphage phi38:1
group Il (PBOs, PBI4b, PBOb, and PB14s). PBI4s was separaffC_021796.1) was most abundant and second most abundant

from the other three samples within group IFigure S3. in PBI2 (3.95%) and PBI3 (3.37%), respectivélgllulophaga

. . . phage phil0:1 (NC_021802.1) was dominant in PBOs (6.44%).
Metavirome Production and Contig Flavobacteriunphage 11b was abundant in PBOs (3.61%) and
Assembly PBI2 (1.36%) Table S). Although both PBI4b and PBOb were

The assembled contigs data were analyzed using MetaVir2 andllected from the bottom, there was a signi cant di erence i
the statistical data of each sample can be seefalble 2 A  the viral community structure between these two samples. The
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viral community in PBI4b was similar to the surface samples2.66%), andCafeteria roenbergensisus BV-PW1 (CrV, 1.71%)
but PBOb was clearly di erent from all other samplésdure 2.  were dominant in PBOb.

In PBOb, while the proportion of Caudovirales (28.47%) was Regarding the main host classi catiorSellulophaggphages
lower than in the other samples, tlighycodnavirida€l8.74%), (around 4.93%),Pseudomonagphages (around 3.20%), and
Mimiviridae (7.84%), andandoraviridag¢4.28%) families, which Vibrio phages (around 3.24%) were responsible for the high
belong to the nucleocytoplasmic large DNA viruses (NCLDVspercentage in the surface samples. In the bottom samples,
and known to contain giant viruses infecting eukaryotég{erie  howeverAcanthamoeba polyphagauses (5.93% for PBOb and
etal., 200y were much more abundant than in the other sample2.46% for PB4b) and Pandoravirus (4.28% for PBOb), which
(Figure 2). Within the Phycodnaviridae Chrysochromulina are giant viruses belonging to NCLDVs, comprised the largest
ericina virus (CeV, classied within genufPrymnesiovirys proportion of the dsDNA viral community Tables S1S2.
6.78%)Aureococcus anophage ereirsis (AaV, classi ed within The taxonomic composition of the sSDNA viral communities
genus Phaeovirus 4.99%), Ostreococcus lucimarinusrus 2  (PBl4s and PBOb are not shown here because of the limited
(OIV2, classied within genudPrasinovirus 2.23%),Emiliania  number of a liated ssDNA virus contigsTable 2 was mostly
huxleyivirus 86 (EhV86, classi ed within gen@occolithovirus comprised of theMicroviridag Inoviridag Geminiviridaeand
1.75%), andPhaeocystis globos@us (PgV, classied within  Circoviridaefamilies Figure 3). Microviridaewas the dominant
genusPrymnesiovirys0.84%) were dominant in PBOb. Within ssDNA virus family in PBI2 (67.89%), PBI3 (73.59%), PBOs
the Mimiviridae, Acanthamoeba polyphaga moumouvirug57.09%), and PBIl4b (87.55%). However, the majority of
(ApMoV, 3.27%) Acanthamoeba polyphaga mimivir(BpMiV,  ssDNA viruses weréoviridae (58.16%) in PBI1. Furthermore,

. Siphoviridae - Phycodnaviridae - Unclassified dsDNA phages
[] myoviridae B M™imiviridae [l Unclassified dsDNA viruses
|:| Podoviridae . Pandoraviridae . Other dsDNA viruses

D Unclassified Caudovirales . Other NCLDV

FIGURE 2 | Taxonomic composition of annotated dsDNA viromes in the Pdz Bay, Antarctic. The pie charts show a global representaiin of dsDNA viral groups for
all seven samples from the Prydz Bay. Different colors reféo different viral groups showed in the legend on the bottom.
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&

1205“‘.

. Microviridae I:l Circoviridae
I:l Inoviridae

. Unclassified ssDNA viruses
I:l Geminiviridae

FIGURE 3 | Taxonomic composition of annotated ssDNA viromes in the Pdz Bay, Antarctic. The pie charts show a global representaiin of sSDNA viral groups for
ve samples (except PBl4s and PBOb) from the Prydz Bay. Differe colors refer to different viral groups showed in the legethon the bottom.

according to the taxonomic ranking by species, the mosmetagenomic samples, which ranged from 30 to 130.4kb. The
abundant viral species amongst all samples was the marimeain characteristics of the 23 linear contigs longer tharkiz0

gokushovirus (19.27-46.68%). and the ve circular contigs are presented irable 3 Among

) ] ) these long contigs, eighteen were assigned to Caudovirales
Functional Annotation of dsDNA Viral and eight showed similarity to NCLDVsMimiviridae and
Communities in Prydz Bay Phycodnaviridde

The predicted protein features for dsDNA viral contigs and An in-depth analysis was conducted on the two selected long
their functional distribution are presented iRigures 4A,B For ~ contigs (PBI2_1_C and PBI4b_7_L) as well as for those that
dsDNA viral contigs, 59.21-77.63% of the predicted protein@ere identi ed as marine phages infectiBgcteroidetesacteria.
could be functionally annotated Figure 4A). Five highly ~These two long contigs were 34,336 bp (PBI2_1_C) and 40,544
representedX 5%) functional categories were classi ed in PBI1bp (PBI4b_1_L), with a GC C content of 35.30 and 35.00%,
PBI2, PBI3, PBOs, and PBI4b, including “Clustering-basetgspectively. Circular contig PBI2_1_C contained 58 ORFs and
subsystems” (unknown function) (15.06-17.41%), “Phagekgpresents a putativgiphoviridagohage. This is because 23 ORFs
Prophages, Transposable elements, and Plasmids” (7.99£PBI2_1_C showed a similarity #lavobacteriunphage 11b
15.59%), followed by “DNA Metabolism” (7.51-11.36%)(NC_006356.2) an€ellulophagghage phi10:1 (NC_021802.1)
“Protein Metabolism” (7.72-9.83%), and “Miscellaneous’26.1 (Figure 5A), which are both marine members of tigphoviridae
7.91%). PBOb had the highest proportion (26.45%) of functiondmily (Borriss et al., 2007; Holmfeldt et al., 2).1Most genes
categories of “Phages, Prophages, Transposable elemedts, #h PBI2_1_C with assigned function (fourteen of eighteen)

Plasmids” amongst all sampldSgure 4B). encoded proteins related to viral structural and packagirfie T
_ terminase large subunit (TerL) gene showed a 40% amino
Genome Reconstruction acid similarity to the corresponding protein ¢flavobacterium

Reconstruction of dsDNA viral genomes from metagenomighage Fpv5 (NC_031921.1) and the major capsid protein (MCP)
sequences of each individual library was undertaken. 838,1gene showed a 57% amino acid similarity to the gene of
contigs, ranging from 301 to 130,439 bp, were uploaded t&lavobacteriunphage 11b (NC_006356.2).

the MetaVir2 server for annotation and comparison with other Linear contig PBI4b_7_L from the bottom sample probably
publicly available viral genomes. The 52 long contigs, idlg  also came from a member of tt&iphoviridagamily. Sixty-two

ve circular contigs, were reconstructed from the sevenalir ORFs were predicted within PBI4b_7_L, and no partially ORFs
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70% A
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PBI1 PBI2 PBI3  PBl4s PBOs PBl4b PBOb
B
M Other
100% A
M Member transport
90% M Stress Response
— M Cell Division and Cell Cycle
80% A | M Regulation and Cell signaling
e — | M Virulence, Disease and Defense
70% 9 — == f— )
|:| RNA Metabolism
60% - Nucleosides and Nucleotides
Cell Wall and Capsule
50% ~ Carbohydrates
Amino Acids and Derivatives
40% o
Cofactors, Vitamins,
Prosthetic Groups, Pigments
30% A )
| Miscellaneous
20% - I Protein Metabolism
DNA Metabolism
10% A M Clustering-based subsystems
M Phages, Prophages,
- Transposable elements,
PBI1 PBI2 PBI3 PBl4s PBOs PBl4b PBOb Plasmids
FIGURE 4 | Functional analysis of annotated dsDNA viromes in the Pryd&ay, Antarctic. (A) Total predicted protein features of annotated dsDNA viromeand (B) the
different subsystems categories of annotated protein featres. Different colors refer to different functions showeth the legend on the right side.

were detected at either endrigure 5B). On the basis of the explained 50% of the total variability. The CCA showed that
analysis of TerL, this phage could be classi ed as beingeslat there were three clear groups of dsDNA viromes and the viromes
to the Persicivirggphage P12024L (NC_018272.Ka(ig et al., of PBOb and PBIl4s were clearly di erentiated from the other
2012; the structural ORFs were similar ©ellulophagghage samples. Most of surface dsDNA viromes (PBI1, PBI2, PBI3, and
phi19:1 (NC_021799.1HpImfeldt et al., 201)3and Polaribacter PBOs) were closely related to the concentrations o&@hd DO.
phage P12002S (NC_028763.Kaifg et al., 2005 All the  The dsDNA viromes of PBIl4s were related to N, while the
matched phages' host bacterial strains belonged to the marirdsDNA viromes of PBOb were most closely related to the water
phylum Bacteroidetes depth and nutrient concentrationd={gure 6). The RDA results
were similar to the results of the CCAigure S§.
Relationship Between Viral Community _ _ _ _
Structure and Environmental Factors Comparison With the Published Aquatic

Multivariate regression analysis was used to determine &% b Viromes

predictor variables to explain the variation of the dsDNA Vira In order to compare the Prydz Bay viromes with previously
community structure in the surface and deep sea of the Prydgublished data sets, 39 aquatic viromes and one soil virome
Bay Figure 6). The rst CCA axis explained 28% of the total of dierent environments: seawater (20), freshwater (15),
variability in the dsDNA viral community and the rst two ase hypersaline (3), estuarine water (1), and Antarctic hyperari
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TABLE 3 | Analysis of selected contigs in the Prydz Bay viromes.

Contig ID Length No of ORF No of ORF Contig best BLAST hit af liation Terminase large subunit (Te rL) af liation
(bp)/type identi ed af liated
PBI1_1_L 130,439/linear 126 24 Myoviridag Bacillus phage 0305phi8-36 N/a
PBI1_2 L 51,889/linear 53 6 Mimiviridae Cafeteriaroenbergensis virus N/a
BV-PW1
PBI1_3_L 48,832/linear 53 12 Podoviridag Streptococcus phage 315.1 N/a
PBI1_4_L 43,547/linear 46 5 Myoviridae Bacillusvirus G N/a
PBI1_5_L 43,488/linear 33 10 Siphoviridag Streptomyces phage 1zzy N/a
PBI2_1_L 64,194/linear 86 33 Siphoviridae Vibrio phage VpKK5 Siphoviridae Streptomyces phage mul/6
PBI2_2_L 63,085/linear 65 13 Mimiviridag Megaviruschiliensis N/a
PBI2_3_L 45,901/linear 69 20 Siphoviridag Burkholderiavirus phi6442 Siphoviridag Burkholderiavirus phi6442
PBI2_4 L 45,864/linear 77 29 Podoviridae Bordetellavirus BPP1 N/a
PBI2_5_L 41,659/linear 53 6 Phycodnaviridag Aureococcus N/a
anophagefferens virus
PBI2_6_L 40,234/linear 73 19 Unclassi ed dsDNA phagessSul tobacter Unclassi ed dsDNA phages; Sul tobacter
phage NYA-2014a phage NYA-2014a
PBI3_1_L 95,664/linear 88 19 Myoviridae Bacillusvirus G N/a
PBI3_2_L 83,424/linear 83 16 Mimiviridag Acanthamoeba polyphaga N/a
mimivirus
PBI3_3_L 50,110/linear 59 8 Phycodnaviridae Aureococcus N/a
anophagefferens virus
PBI3_4_L 46,251/linear 58 30 Podoviridag Enterobacteriaphage Min27 Myoviridae Clostridium phage phiCD505
PBI3_5_L 43,879/linear 54 10 Phycodnaviridag Chrysochromulinaericina N/a
virus
PBI4b_1 L 71,333/linear 68 10 Mimiviridag Acanthamoeba polyphaga N/a
mimivirus
PBl4b 2 L 70,252/linear 67 14 Myoviridae Bacillusvirus G N/a
PBl4b_3 L 68,047/linear 70 14 Podoviridae Streptococcus phage 315.1 N/a
PBI4b_4 L 56,330/linear 69 13 Phycodnaviridag Chrysochromulinaericina N/a
virus
PBI4b 5 L 51,529/linear 55 9 Myoviridag Escherichiaphage PBECO 4 N/a
PBI4b_6_L 42,027/linear 36 5 Myoviridag Bacillus phage 0305phi8-36 N/a
PBl4b_7_L 40,544/linear 62 22 Podoviridae Edwardsiellaphage KF-1 Unclassi ed dsDNA phages;Persicivirgaphage
P12024L
PBI2_1_C 34,336/circular 58 25 Siphoviridae Flavobacteriumphage 11b Unclassi ed phages; Flavobacteriumphage
Fpv5
PBI2_2_C 33,525/circular 40 27 Unclassi ed dsDNA phagesMarinomonas Unclassi ed dsDNA phages; Marinomonas
phage P12026 phage P12026
PBI2_3_C 40,537/circular 63 23 Podoviridag Edwardsiellaphage KF-1 Unclassi ed dsDNA phages;Persicivirgaphage
P12024L
PBI3_1_C 41,598/circular 83 19 Siphoviridae Idiomarinaceaephage PhilM2-2 Siphoviridag Idiomarinaceaephage PhilM2-2
PBOs_1 C 40,652/circular 66 23 Podoviridag Burkholderiavirus Bcep22 Podoviridag Vibriophage PVA1

Contigs longer than 40 kb or circular contigs are presented. N/a, néerminase large subunit (TerL) gene found.

desert soil (1) were selected. The details of the seleateches were quite dierent from the Antarctic freshwater virome

are shown infable S3 (Antarctic Lake Summer; the ultra-oligotrophic freshwater
Overall, the viromes appear to be clustered depending ofake Limnopolar in the WAP) I[(6pez-Bueno et al., 20D9

the dierent sampling environmentsHigure 7). The viromes Interestingly, the PBOb sample is quite similar to a deep

could be classied into Prydz Bay viromes, marine viromessea virome from Station ALOHA (ALOHA station deep

freshwater viromes, polar freshwater viromes, and hypemsali abyss), which is located in the North Pacic Gyre (28N,

viromes. Generally, the Prydz Bay viromes were closelyectla 158 0CAW).

to the Arctic Ocean virome (Arctic Vir—2002; Arctic Ocean)

(Angly et al., 2005 the Arctic freshwater viromes (Arctic

contigs, Arctic lakes in SpitsbergenC4rcer et al.,, 2035 DISCUSSION

and the Antarctic desert soil virome (Antarctic open soil

contigs; Miers Valley, Ross Dependency in eastern Antarctic#jithough marine viruses are recognized as the most abundant

(Zablocki et al., 2004 However, the Prydz Bay viromes entities in the sea and play important roles in the marine
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FIGURE 5 | Genome analysis of putative complete viral genomes identié&from the viral metagenomes in the Prydz Bay, AntarctiqA) Comparisons of putative
phage PBI2_1_C withCellulophagaphage phi10:1 (NC_021802.1) andrlavobacteriumphage 11b (NC_006356.2).(B) Genome map of putative phage PBI4b_7_L.
Arrows represent predicted ORFs. The color code for predietd gene function is provided at the bottom of the gure. Homol@ous ORFs are connected by blue lines.
%-id (aa)D amino acid identity.

ecosystemsJuttle, 200§ our knowledge about viral diversity, Diversity of DNA Viromes in Prydz Bay

community structure and biogeography remains elusiveln this study, with the exception of the PBI1 sample, the
especially in the Southern Ocean. Currently, only the s@rfactaxonomic analysis of a liated DNA viromes showed that most
RNA and DNA viromes from the coastal waters of Palmerviruses were classi ed as dsDNA virus@alfle 2 Figure S9,
Station, Antarctic Peninsula, have been identied througheven when the viral DNA pool was randomly ampli ed using the
metagenomic analysi&(um et al., 2016; Miranda et al., 2016 MDA, which is known to increase the ampli cation of sSDNA
Here, the rst overview of the Prydz Bay viromes (includingmoleculesi{im and Bae, 2011; Marine et al., 201iis suspected
both surface and deep sea samples) is presented, showing thzt sSDNA viruses were not generally abundant in Prydz Bay.
dsDNA viruses dominated the DNA viromes and Caudoviraleghis study, as the DNA content obtained from the samples was
and NCLDVs dominated the dsDNA viral population of the quite limited, the DNase/RNase pretreatment of viral samples
surface and bottom waters, respectively. wasn't applied, which could bring in the viral and prophage
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DNA in the prokaryotic cells during the viral ltration and
concentration Gteward and Preston, 2011; Winter et al., 2014
The viral concentrates were ash-frozen in liquid nitrogand
then stored at 80 C until processedErussaard, 2004; Winter
et al., 201 This viral storage approach is a typical protocol
and veri ed as the best choice for viral conservati@m(ssaard,
2009.

For dsDNA virusesCaudoviraleswhich includes the families
Myoviridae Siphoviridag and Podoviridag was the dominant
group (67.67-71.99%) in the surface waters of Prydz Bay
(Figure 2). This result is similar to the ndings of other marine
viral metagenomic studies, such as Monterey Bay (65%), the
Indian Ocean (95.3%), the Baltic Sea and the Antarctic Patans
region of the Southern Ocean 80%) Gteward and Preston,
2011; Williamson etal., 2012; Brum et al., 2016; Allen e2@1.7.
Caudoviralesvere reported to infect a wide range of microbial
hosts, includingProteobacterisand Bacteroideteswhich are FIGURE 6 | Canonical correspondence analysis of the relationship bateen
dominant bacterial phyla in marine environments. Interesily, the relative viral abundance of viral species and environmeal factors. DO,
CeIIquphagephages (phi38:1 and philOZl) aRthvobacterium dissolved oxygen; Ché&, chlorophylla; NO3-N, nitrate; NH-N, ammonium.
phage 11b, infecting the host strai@ellulophaga balticand
Flavobacterium hibernunrespectively, were abundant in the
surface dsDNA viromes of Prydz B&Bacteroidetdsacteria were NCLDVs were widespread in Prydz Bay. However, PBOb had the
abundant and active members of bacterial communities irdBry highest proportion ofPandoraviridag4.28%) andMimiviridae
Bay but are also present in other environments, such as Atitarc (including ApMoV and ApMiV infectingA. polyphaga, 5.93%)
soil, surface, and deep ocean waters, étccliman et al., 2005; and there was also a relatively high proportiorRaindoraviridae
Aislabie et al., 2006; Gonzalez et al., J00hese bacteria are and Mimiviridae in PBI4b (2.46%); these were higher than in
thought to be important, as they are responsive to maringhe surface seawatefdbles S1S2. Both Pandoraviridaeand
phytoplankton blooms and involved in degrading biopolymers,Acanthamoeba polyphagauses, which are giant viruses within
killing phytoplankton and recycling of phytoplankton-derived NCLDVs, infect amoebae and are also known as “ancient virus”
organic matter Fernandez-Gomez et al., 2013; Holmfeldt et al.(Yutin and Koonin, 2012; Legendre et al., 2D14 this study,
2013. In Prydz Bay, diatom and dino agellate blooms are oftenthe viral metagenomic samples were collected accordingeo th
associated with the melting of the sea ice and a temperatsee ritraditional viral concentration methods, which combinetlet
(Zhang et al., 204 In this study, the seawater samples were.22mm pore size ltration and the tangential- ow ltration,
collected at the end time of the main summer phytoplanktonwhich is not speci cally considered for NCLDV$i(irwitz and
bloom. Therefore, it is hypothesized thAacteroideabundance Sullivan, 2013; Winter etal., 2017 he proportion of NCLDVs in
increased during the phytoplankton bloom, which releasedhe viral metagenomic samples might have been underestimate
organic matter into the surface waters and fueled the growtlby the using of the 0.22m pore size ltration.
of Bacteroide¢Fernandez-Gomez et al., 2013; Holmfeldt et al., In PBI4b, the most abundant viral species vigsychrobacter
2013. SubsequenthBacteroideteghages also became abundantphage Psymv2 (NC_023734.1) (4.02%). This is a temperate
in the dsDNA viromes of the Prydz Bay surface waters. bacteriophage from the Antarctic Dry Valleys (D8°S, 16345,

Interestingly, NCLDVs PhycodnaviridaeMimiviridae, and  Miers Valley in the McMurdo Dry Valleys, South Victoria Land,
Pandoravirida were more abundant in the deep samplesAntarctica) soil isolatePsychrobactesp. MV2 (Meiring et al.,
(18.74, 7.84, and 4.28% for PBOb and 8.80, 3.92, amm1). The host bacteria strains of this phage include some
0.98% for PBI4b, respectively) than in the surface samplesembers of the genuBsychrobactewhich have been isolated
(3.54-8.66, 1.37-4.08, and 0.17-1.20%, respectiFayy€¢ 2). from a wide range of habitats, including surface and deep sea
Within PhycodnaviridaegPrymnesiovirus (CeV and PgV contain waters, deep sea sediments and soil, especially from thecdtictar
large genomes of 510 and 560kb, respective®aeovirus region, and are also widespread in cold Antarctic environtaen
(AaV), PrasinovirugOIV2), and CoccolithovirugEhV86) were (Romanenko et al., 2002; Zhang et al., 2007; Meiring et al.)2012
dominantin PBOb. This study, however, did not provide thealat Data presented here suggest that the Prydz Bay seawaterend th
to explain the high proportion oPhycodnavirida& the deep sea McMurdo Dry Valleys of eastern Antarctic soil might contain
as compared with that of that in the aphotic zone. However, Basesimilar viruses and that there are also a large number of cold-
on other studies, possible explanations might include theglonadapted®sychrobactéracteria in the bottom waters of Prydz Bay.
survival times and higher sedimentation rate of NCLDVsksig  In the future, it will be necessary to analyze the host comrtyuni
of the senescent algal bloom to the deep sea and subsequstructure simultaneously to verify the speculated relattup
release of high abundancesRtiycodnaviridaéDanovaro et al., between the virus and the viral potential host cells.

2005; Borin et al., 2008; Corinaldesi et al., 2014; Antuhes,e Of the ssDNA viruses, marine gokushovirus (19.27-46.68%)
2015. In the present studyRPandoraviridaeand Mimiviridae of ~ were ubiquitous in Prydz Bay. Gokushoviruses belong to the
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FIGURE 7 | Comparison between DNA viromes in the Prydz Bay and other eimonmental DNA viromes based on k-mer frequency bias (tetracleotides). Forty
environmental DNA viromes available on MetaVir2 were sefecl from different kinds of environments, including seawat (20), freshwater (15), hypersaline (3),
estuarine water (1), and Antarctic hyperarid desert soil (1The number represented the project ID. The details of the $ected viromes are shown inTable S3. Different
colors refer to different environments showed in the legendn the top left.

subfamily Gokushovirinaewithin the Microviridae, which are allowed the assembly of long contigs and the complete asalysi
well represented in sequences found in metagenomic databas# predicted proteins instead of short reads, most ORFs are still
(Labonté and Suttle, 20).3These metagenomic studies indicateunknown. In future, the incorporation of robust viral genomic
that Gokushoviruses are genetically diverse and widespreadformation from viral isolates and metagenomic data inteet
members of marine ssDNA viral communities; they are alswiral taxonomy will be a major contribution to research onalir
ubiquitous in the Prydz Bay. diversity and will lead to a better understanding of the egglo

It should be noted that the viral diversity and community history, and impact of global viromeS{mmonds et al., 20).7
structure found in Prydz Bay was determined from the a liate
contigs, which only represented a small fraction of the pdssib Novel Assembled Genomes
viral contigs (10.35-14.92%igure S3. The una liated contigs  Two novel genomes (PBI2_1 C in circular and PBI4b_7_L in
contain a high proportion of unknown genes, which are mostlinear) were assembled and selected for detailed analysis f
likely linked to environmentally-speci ¢ viruses from they@lz  the DNA viral metagenomic libraries; these will contribtbeour
Bay ecosystem. These ndings support the hypothesis that mudinowledge of the marinBacteroidetgshage genomes$/iranda
of the global marine viral diversity remains uncharactedz et al., 201F The genomic structural and TerL phylogenetic
Similar results have been reported from other published a@quatanalysis of PBI2_1 C showed the highest relationship with
DNA viromes @reitbart et al., 2002; Steward and Prestonthe viral isolates Klavobacteriunphage 11b andCellulophaga
2011; Williamson et al., 2012; Winter et al., 2014; Brum et alphage phil0:1) from th€ellulophagand Flavobacteriunhost
2016; Cai et al., 2016; Roux et al., 2016b; Skvortsov et @ells, which belong to the phyluacteroidete$lavobacterium
2019. Because there are too many uncultured viral species iphage 11b an@€ellulophag@hage phi10:1. These were originally
the marine environments, the reference genome database figolated from Arctic sea-ice and the strait of Oresund, lesw
viral metagenomic analysis is still far from complete and arBweden and DenmarkHplmfeldt et al., 2018 and had a
extraordinary amount of uncharacterized viral “dark matte high genome similarity to each otheFlavobacteriumphage
still exists in seawater. Although metagenomic approaches hallb belongs to the tail dsDNA phage famiiphoviridae
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FIGURE 8 | Comparison of viral taxonomic compositions between PBOb ad deep sea sample of ALOHA station. The non-normalized taxamic composition data
based on contigs best BLAST hit (threshold of 50 on the BLASTibscore) of PBOb (Project ID 8183) and ALOHA station deep abgqProject ID 3816) were
downloaded from MetaVir2 server. Different colors refer tdifferent viral groups showed in the legend on the right side

The comparative genome analysis of PBI2_1Fl@yobacterium Arctic freshwater virome (Arctic contigs) and the Arctic €an
phage 11b andCellulophagaphage phil0:1 showed that they viromes (Arctic Vir—-2002) but they were dierent from the
shared similar structural modules at the gene le¥g(re 5A).  Antarctic freshwater virome (Antarctic Lake Summer). The
The high genome similarity between these two isolated phagdésctic freshwater viral community was reported to be di erent
and the assembled Antarctic viral contig shows that Anfar@hd  from that of the Arctic Ocean, and shared viral taxonomic
Arctic waters might contain similar viruses, potentiallyfésting communities with Antarctic freshwater ecosystems (thougthw
cold-adapted microorganisms. very low ne-grain genetic overlap)CQércer et al.,, 20)5To
some extent, the results presented here demonstrated thia the
c . were correlations between the dsDNA viral communities ie th
_omparlson Between_the Prydz B_ay Antarctic and the Arctic. It also re ected that there was a queax
Viromes and the Published Aquatic relationship between polar freshwater and marine viromes.
Viromes It was also found that the Prydz Bay viromes were closely
In this study, some interesting results were found by compgri related to the Antarctic desert soil virome (Antarctic opegils
the viromes in Prydz Bay with other published viromes. Incontigs; Miers Valley)4ablocki et al., 2004 A large number of
the MDS biplot, the Prydz Bay viromes were similar to thePsychrobactgghage Psymv2, which was isolated from the Miers
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Valley (Meiring et al., 201}, was also found in the Prydz Bay analysis and its relationship with environmental factorsDHA
viromes. These results provide some evidence for the study efromes dominated the local DNA viral community structure;
the origin and distribution of viruses in the Antarctic regi  Caudovirales and NCLDVs were the most abundant dsDNA
and the relationship between the marine and Antarctic desewiromes at the surface and in the deep sea, respectivelyougth
environments. the reason for the abundance of NCLDVs in the deep sea
The dsDNA viral community in the bottom waters of Prydz is not yet known, data presented here suggest that NCLDVs
Bay (PBOb) were quite di erent from those of the surface wateare an abundant component of deep sea viral communities
viromes Figures 2 6). In PBOb, thePhycodnaviridaand giant around the Antarctic. In future, the simultaneously study of
virusesMimiviridae,which were within NCLDVs, were abundant the 16S rRNA, 18S rRNA genes, and viral pro les of the same
(Figure 2). Interestingly, such a large proportion of NCLDVs seawater samples should provide an insight into the detailed
in the deep waters (PBO; 3,000 mbs, 30.74%) was similarrelationship between viruses and their possible hosts in the
to the one deep sea virome at ALOHA (34.44Fagure 8).  Antarctic.
Knowledge of deep sea Antarctic viromes is very limited and
here possible mechanisms for the dominance of NCLDVs in

the deep sea viromes are suggested. Firstly, it is possible A THOR CONTRIBUTIONS

the phytoplankton blooms in the surface waters of Prydz BaX/I ) )
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Methodological Considerations About the manuscript,

Whole Genome Ampli cation (WGA)

The MDA, one of the most commonly used WGA methods

was used to get sucient DNA for viral metagenomic FUNDING

sequencing in this study. Though MDA is known to result

in ampli cation biases and to increase the amplication This study was funded by Scientic and Technological

of ssDNA molecules Kim and Bae, 2011; Marine et al., Innovation Project Financially Supported by Qingdao

2019, MDA has been successfully used in many viraNational Laboratory for Marine Science and Technology (No.
metagenomic studies in di erent environmentﬁmwy et al., 2016ASKJ14), National Natural Science Foundation of China
2006: Labonté and Suttle, 2013: Zablocki et al., 2014: Raix et (No. 41076088, 31500339, and 41606153), National Key Rlesear
2016H. and Development Program of China (2017YFA0603200),

To avoid the in uences caused by the MDA ampli cation, Fundamental Research Funds for the Central University
several measures have been chosen, including: (1). The®iagf Ocean University of China (Grant Nos. 201812002,
REPLI-g kit, which was proved to be the ideal choice for the01762017, 201562018), and the Marine S&T Fund of
WGA kit, was used in this studyThoendel et al., 20)7(2) This Shandong Province for Pilot National Laboratory for
study paid primary attention on the dsDNA viral communities Marine Science and Technology (Qingdao) (No. 2018SDKJ
that were less aected by MDA; (3) For comparison with 0406-6).
other published aquatic viromes, a viral metagenomic sty t
carried out MDA and performed MetaVir2 for the comparisons
among di erent samples were referred ®oux et al. (2016h)

In addition, a rec_en_t stu_dy reported that the_ b|as_. induced bXNe sincerely thank Prof. Curtis A. Suttle for his construetiv
WGA has only a limited impact on the beta diversity of humancomments which enhanced the quality of the manuscript. We

saliva viromes farras-Molto et al., 20)8hence MDA might are grateful to the captain and crews of the RV Xuelong

hgve a smaller than expected impact on the compansons amongl 4 ihe 3%t Chinese Antarctic Scienti c Expedition for their
di erent samples. Though MDA could be considered as an

. . . assistance on board the ship and providing the samplin
acceptable method for the study of viral community, the direc opportunity P P 9 piing
sequencing method without ampli cation is still the rst clice '
to illustrate the actual viral community in the future, esfly

with the rapid technological progress on the high-throughputSUPPLEMENTARY MATERIAL

sequencing.
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Figure S3 | Afliated and unaf liated contigs in Prydz Bay. Af liated contgs:
contigs were assigned to be of viral origin; af liated dsDNAivuses contigs:
contigs were assigned to be of dsDNA viruses.

Figure S4 | Relative abundances of viral contigs after normalizatioDNA-RPKM).

Figure S5 | Redundancy analysis of the relationship between the relat viral
abundance of viral species and environmental factors. DO, igsolved oxygen;
Chla, chlorophylla; NO3-N, nitrate; NHz-N, ammonium.
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