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ABSTRACT Nordic Seas are the subarctic seas connecting the Arctic Ocean and
North Atlantic Ocean with complex water masses, experiencing an abrupt climate
change. Though knowledge of the marine virosphere has expanded rapidly, the di-
versity of viruses and their relationships with host cells and water masses in the
Nordic Seas remain to be fully revealed. Here, we establish the Nordic Sea DNA
virome (NSV) data set of 55,315 viral contigs including 1,478 unique viral populations
from seven stations influenced by both the warm Atlantic and cold Arctic water
masses. Caudovirales dominated in the seven NSVs, especially in the warm Atlantic
waters. The major giant nucleocytoplasmic large DNA viruses (NCLDVs) contributed a
significant proportion of the classified viral contigs in the NSVs (32.2%), especially in
the cold Arctic waters (44.9%). The distribution patterns of Caudovirales and NCLDVs
were a reflection of the community structure of their hosts in the corresponding
water masses and currents. Latitude, pH, and flow speed were found to be key fac-
tors influencing the microbial communities and coinfluencing the variation of viral
communities. Network analysis illustrated the tight coupling between the variation
of viral communities and microbial communities in the Nordic Seas. This study sug-
gests a probable linkage between viromes, host cells, and surface water masses from
both the cool Arctic and warm Atlantic Oceans.

IMPORTANCE This is a systematic study of Nordic Sea viromes using metagenomic
analysis. The viral diversity, community structure, and their relationships with host cells
and the complex water masses from both the cool Arctic and the warm Atlantic
oceans were illustrated. The NCLDVs and Caudovirales are proposed as the viral char-
acteristics of the cold Arctic and warm Atlantic waters, respectively. This study pro-
vides an important background for the viromes in the subarctic seas connecting the
Arctic Ocean and North Atlantic Ocean and sheds light on their responses to abrupt
climate change in the future.
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Viruses are the most abundant acellular biological entities on earth and are a large
reservoir of genetic diversity in marine ecosystems (1, 2), with an abundance reaching

approximately 4 � 1030 virus-like particles in the global ocean (2). Marine viruses play an im-
portant role in the marine microbial loop and biogeochemical cycles through viral lysing,
which controls the microbial abundance and community structure (3). In addition, viruses
induce microbial genetic diversity and evolution through viral infection and horizontal gene
transfer (4, 5) and contribute to ocean carbon sequestration through the “microbial carbon
pump” and “biological pump” (6–8).

First applied to marine viral communities in 2002 (9), metagenomics has greatly
enhanced the understanding of viral community structure, diversity, and distribution pat-
terns (10–14). As a result of progress in DNA extraction, sequencing, assembly, annotation,
and other bioinformatic analyses, viral metagenomics has now been applied to many dif-
ferent environments and has become the most powerful method for studying viral com-
munity structure, evolution, and relationships with environmental factors at the gene and
genome levels (10–13). Through bioinformatic analysis of the metagenome data, our cur-
rent knowledge of giant nucleocytoplasmic large DNA viruses (NCLDVs) has been greatly
expanded (15, 16), and relationships between viral distribution patterns and community
structure and oceanic water masses and currents have been proposed (17–19). Although
this understanding of the diversity and distribution patterns of marine viromes has been
greatly expanded over the last decade, there are still very few reports of viromes from the
Arctic Ocean and adjacent regions (10, 20). Recently, the Tara Oceans Polar Circle (TOPC)
expedition studied the viromes of the Arctic Ocean through the sequencing of 41 samples
from 20 different sites and showed that the Arctic Ocean is a unique viral ecological zone
with high viral diversity (10). However, understanding the diversity of viromes in the Arctic
Ocean and adjacent oceans remains limited. In particular, no study identifying the relation-
ship between DNA viromes, microbial community structure, and water masses and currents
in areas with strong intermixing between different oceans, such as in the Nordic Seas, has
been performed.

The “Nordic Seas” are the subarctic seas connecting the Arctic Ocean and the North
Atlantic Ocean, located at the southern end of the Fram Strait, are the northern part of the
Greenland-Scotland Ridge and are experiencing an abrupt climate change (21). This region
facilitates the passage of heat and water mass between the Arctic Ocean and North Atlantic
Ocean (22). In summer, the surface waters of the Nordic Seas are affected by both the warm
Norwegian Atlantic Current, which flows along the Norwegian continental slope from south
to the north, and the cold East Greenland Current, which carries the outflowing Arctic water
from the western part of the Fram Strait to the south (Fig. 1) (23–26). The complex pattern of
surface water currents in the Nordic Seas provides a unique environment to study the relation-
ship between marine viromes and water masses and currents. In this study, we present a
Nordic Sea Virome (NSV) data set from seven surface seawater samples and characterize
the community structure and diversity of viruses and their relationship with host cells,
water masses, and currents in the Nordic Seas.

RESULTS
Hydrological characteristics. Seven viral DNA samples were collected from the

surface waters of different water masses of the Nordic Seas during a cruise from 2 to
26 June 2015. The detailed information of environmental factors was shown in Table
S1 in the supplemental material. Temperature was the most variable parameter and
the surface water temperatures conformed to the hydrological characteristics (Fig. 1A).
The seven stations can be categorized into two groups based on temperature. Four stations
(WB1, WB2, WC1, and WC2) were located in warmer water masses (average temperature
was 6.99 6 1.05°C) with low chlorophyll a (Chl a) (average value was 0.84 6 0.44 mg m23)
and were mainly influenced by the warm and northward Atlantic currents. Three stations
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(MW1, MW2, and CB) were located in the colder water masses (average temperature,
1.786 1.25°C) with high chlorophyll a (average, 1.796 1.28 mgm23) and were mainly influ-
enced by the cold and southward Arctic currents (Fig. 1; see also Table S1).

According to the surface water current characteristics (Fig. 1B) (27), WB1 and WB2 were
located in the stable warm waters (higher temperature and low flow speed), and WC2 and
WC1 were located on the same warm current (higher temperature, higher flow speed). MW1
and MW2 were located in mixed areas of warm and cold currents. A warm current flowing
around Jan Mayen Island split into two and merged separately with two cold currents. CB was
located in the stable cold water (lower temperature and lower flow speed) in the northern-
most basin.

For the three stations (MW1, MW2, and CB) located in the colder water masses, high
concentrations of Chl a (3.15 and 1.62 mg m23, respectively) and primary production
(1,999 and 1,237 mg C m22 day21, respectively) were detected in the mixed water bodies
because the merging can accelerate vertical convection (Zeu values [i.e., the depth of the
euphotic zone] were 20.2 and 26.6 m, respectively) (28). Low concentrations of Chl a

FIG 1 Nordic Sea Viromes (NSVs) and relationships with temperature. (A) Map of sampling stations with surface hydrological characteristics information. (B)
Percentages of viral families of each metagenomic site in the Nordic Sea. The direction of flow velocity (arrow), warm current (solid line), cold current
(dashed line), and locations of each sampling site (red point) are shown. Surface seawater samples (150 liters) were collected for each viral metagenomic
sample during the cruise in June 2015 in Nordic Seas. The information of hydrological characteristics is revised from Wang et al. (27). Different colors
represent the following: deep gray, land and light gray to light blue to deep blue (the depths from shallow to deep sea). All contigs were aligned with the
viral reference protein sequence database (BLASTx, E value , 10–3, the best BLAST hit number) on MetaVir. The percentage refers to the proportion of
relative abundances of all viral populations in the seven samples. Different colors refer to different viral groups shown in the legend on the right side.
(Map created using Ocean Data View software [76].) (C and D) Relationships between surface water temperatures and the percentages of Caudovirales (C)
and NCLDVs (D). Gray shading indicates the 95% confidence interval.
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(0.61 mg m23) and primary production (587 mg C m22 day21) were detected in the north-
ernmost CB station, with the lowest temperature (0.34°C) and deepest depth of the
euphotic zone (40.4 m) (see Table S1).

Data set for NSVs. A total of 182,559 contigs (longer than 1,000 bp) were assembled
from 35.0 Gb of sequencing data across the seven surface water samples. The total length of
all the assembled contigs was 375.29 Mbp. Other statistical data of the assembly results were
shown in the Table 1. A total of 453,556 open reading frames (ORFs) were predicted from the
assembled contigs, with the total length of 93.79 million amino acids and an average length
of 207 amino acids (see Table S2). Detailed information for the predicted ORFs in each sample
is shown in Table S2.

After BLAST with the reference viral genome sequence data set, a total of 55,315
contigs (30.3% of total contigs) were hit with specific viral genome sequences. Interestingly,
the BLAST hit percentages of contigs to viral genome sequences in warmer water (WC1,
37.56%; WB1, 39.36%; WC2, 39.66%; WB2, 29.39%) were higher than that in colder water
(MW1, 23.73%; CB, 23.80%; MW2, 24.24%) (analysis of variance [ANOVA], P , 0.01; see Fig.
S1). This percentage was related to the temperature (linear regression, R2 = 0.58; see Fig. S1).

Taxonomic composition and diversity of DNA viral communities in NSVs. The
taxonomic analysis showed that most of the viral populations predicted were double-stranded
DNA (dsDNA) viruses (97.84%); only 0.16% single-stranded DNA (ssDNA) viruses were
detected. Most of the viral populations in the NSVs were classified into the order Caudovirales
(average, 59.22% [ranging from 45.68 to 69.51%]), which included the families Myoviridae
(26.11%), Podoviridae (20.94%), and Siphoviridae (11.07%). Interestingly, the Phycodnaviridae
(16.65%), Mimiviridae (8.71%), and Pandoraviridae (2.60%) families, which belong to the
NCLDVs and contain giant viruses infecting eukaryotes (29), were much more abundant than
in other oceanic viromes (10, 11). As with the viral hit percentage (see Fig. S1), the abundance
of Caudoviraleswas significantly correlated with a decline in temperature (Fig. 1C, linear regres-
sion, R2 = 0.59, P = 0.03). However, the reverse trend was seen in NCLDVs, which declined in
abundance in warmer water (Fig. 1B). The abundance of the NCLDV taxa at each site was neg-
atively correlated with water temperature (linear regression, R2 = 0.50, P = 0.04; Fig. 1D).

The 10 most abundant viral populations are shown in Fig. 2A. The most abundant, with
a greatest abundance in WB1 (7.95%), was predicted to be Pelagibacter phage HTVC008M
(5.45%). The top three abundant viral populations—HTVC008M, Puniceispirillum phage
HMO-2011 (rank 2, 5.03%), and Cellulophaga phage phi38:1 (rank 3, 4.28%)—all belong to
the Caudovirales, as well as Bacillus phage G (rank 6, 2.67%), Prochlorococcus phage P-
TIM68 (rank 9, 1.95%), and Cellulophaga phage phi14:2 (rank 10, 1.86%). Micromonas sp. strain
RCC1109 virus MpV1 (rank 4, 3.21%) and Chrysochromulina ericina virus (CeV; rank 7, 2.03%)
were classified into Phycodnaviridae. For the Mimiviridae, Megavirus chiliensis (2.84%) and
Cafeteria roenbergensis virus BV-PW1 (2.01%) were ranked 5 and 8, respectively. The top 10 vi-
ral populations were thus all classified into the Myoviridae, Podoviridae, Phycodnaviridae, or
Mimiviridae. Correlation analysis between themost abundant 10 viral populations and environ-
mental factors indicated that Micromonas sp. strain RCC1109 virus (MpV1) was significantly
positively correlated with latitude (R = 0.83, P, 0.05) (Fig. 2B). Cafeteria roenbergensis virus
BV-PW1 was significantly negatively correlated with longitude (R = 20.88, P , 0.01), and

TABLE 1 Assembly information of seven samples of Nordic Sea Viromesa

Site Total length (Mbp) GC content (%) No. of contigs Avg length (bp) N50

Length (bp)

Read ratiob (%)Longest Shortest
CB 71.36 46.06 31,626 2,218 2,489 33,618 1,000 19.51
MW1 42.78 48.77 24,476 1,718 1,686 25,951 1,000 7.62
MW2 51.07 51.37 28,027 1,791 1,780 40,991 1,000 10.83
WB1 45.48 43.81 21,023 2,127 2,240 54,441 1,000 9.82
WB2 63.25 42.34 31,341 1,984 2,027 82,375 1,000 14.58
WC1 60.76 45.56 27,406 2,180 2,311 92,674 1,000 12.36
WC2 40.59 40.51 18,660 2,139 2,267 50,916 1,000 8.49
aAbbreviations: bp, base pair; Mbp, million base pairs; GC, guanine and cytosine.
bRead ratio refers to the percentage of the reads used for assembly.
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Prochlorococcus phage P-TIM68 were significantly positively correlated with net primary
productivity (NPP) (R = 0.77, P, 0.05) (Fig. 2B).

For the viral populations infecting the specific hosts, Cellulophaga phages (19 popula-
tions; average, 8.46%) and Pelagibacter phages (four populations; average, 7.79%) were the
most abundant (Fig. 2C). In addition, Bacillus phages (110 populations; average, 5.69%),
Synechococcus phages (41 populations; average, 4.74%), and Prochlorococcus phages (16
populations; average, 4.49%) were also abundant. It is worth noting thatMicromonas viruses
(3 populations, 4.35%), Pandoravirus (3 populations, 2.60%), Cafeteriavirus (1 population,
2.01%), and Acanthamoeba polyphaga mimiviruses (2 populations; average, 1.76%), which
belong to NCLDVs, also accounted for a large percentage (total 10.71%).Micromonas viruses
and pandoraviruses, were significantly more abundant in colder water than in warmer water
(ANOVA, P , 0.05). This was especially clear at the coldest water site near the Arctic Ocean
(CB in the Greenland Basin) (Fig. 2C). This pattern is similar to that of Phycodnaviridae. The
brown tide algae viruses (2.95%), including Aureococcus anophagefferens virus, Ectocarpus sili-
culosus virus, and Feldmannia virus, were unexpectedly abundant. Other viral taxonomic
groups, such as Chlorella viruses, Ostreococcus viruses, Vibrio phages, and archaeal viruses,

FIG 2 Abundant viral populations in the NSVs and their correlations with environmental factors. (A and B) Percentage of relative abundance of top 10 viral populations
to the total viral populations in each sample (A) and their correlations with environmental factors (B). (C) Percentage of total abundance of specific viral populations
classified by the classification of hosts. (D) Correlation of top 11 most abundant viral populations (genus level) with environmental factors. The numbers in brackets for
specific viral populations indicate the total viral population numbers found in all stations. Stations are ranged from cold water (left) to warm water (right) in order. All
the contigs were aligned with a viral reference protein sequence database (BLASTx, E value , 1023, best BLAST hit number) on MetaVir. Different colors refer to
different viral populations in panels A and C. The most abundant populations are ordered by the percentage of total populations in all stations and are not represented
in the order of the populations for each sample. The most abundant populations to the tenth were listed from the bottom to peak of the columns. Different colors
refer to the different stations indicated in the legend at the bottom. The colors and sizes of the boxes in panels B and D represent the correlation values.
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were also abundant. Interestingly, NCLDV-associated virophages (6 populations, including
Phaeocystis globosa virus virophage, Sputnik virophage, Yellowstone Lake virophages 5 to 7,
and Zamilon virophage; average, 0.12%) were found in the NSVs. Pithovirus sibericum, an “an-
cient NCLDV” that was first discovered in an ice core more than 30,000 years old in Siberian
permafrost (30), was detected in each of the NSV samples. Pithovirus sibericum was more
abundant in the colder Arctic waters (0.70%) than in the warmer Atlantic waters (0.65%).
Correlation analysis between the most abundant viral populations infecting the specific host
taxonomies and environmental factors showed thatMicromonas virus (MpV1 and Prasinovirus)
was significantly positively correlated with latitude (R = 0.83, P , 0.05) (Fig. 2B and D).
Cafeteriavirus was significantly negatively correlated with longitude (R =20.88, P, 0.01) (Fig.
2B), and Pandoravirus was significantly negatively correlated with temperature (R = 20.87,
P, 0.05) and positively correlated with latitude (R = 0.87, P, 0.05) (Fig. 2D).

The viral diversity (Shannon-Weaver biodiversity index and Pielou’s J9 evenness index) of
each sample was calculated from the annotated viral populations (see Table S3). A total of
1,478 viral populations from the MetaVir database were detected; the populations were
greatest at WC1 (n = 982) and lowest at MW1 (n = 703). The Shannon H9 index was highest
at WC2 (5.591) and lowest at WC1 (5.33), which is similar to the results from the Northeast
Atlantic section of the Arctic Ocean but lower than for other regions of the Arctic Ocean
(10). Combined with the Shannon H9 diversity of surface virome samples in the GOV 2.0, the
Arctic Ocean could be divided into areas of high diversity (ARC-H, mainly located in the
Pacific Arctic region, the Arctic Archipelago, and the Davis-Baffin Bay) and low diversity
(ARC-L, mainly located in the Kara-Laptev Sea, the Barents Sea, and subarctic areas). The
Nordic Seas were classified into the ARC-L region of Arctic Ocean (Fig. 3A). If only the ARC-L
region is considered, a significant latitudinal pattern in diversity is observed (Cubic regres-
sion, R2 = 0.72; Fig. 3B). If the ARC-L region is excluded, the Arctic Ocean diversity increases
(cubic regression, R2 = 0.34, Fig. 3C), which is similar to the results of GOV 2.0 (10).

Phylogenetic analysis of caudoviruses and NCLDVs. The terminase large subunit
(terL, PF03237) and major capsid protein (mcp, PF04451) were used to construct the
maximum likelihood phylogenetic tree of viral contigs in the NSVs. The phylogenetic
tree of terL (Fig. 4A) showed that the Caudovirales contigs from the NSVs were more likely
related to myoviruses and podoviruses. A new viral cluster (cluster I, in light yellow) was
found in the study. The evolutionary position of cluster I was between two groups of podo-
viruses; Caudovirales was close to three Pseudomonas phages (Fig. 4A). For NCLDVs, the phy-
logenetic tree of mcp (Fig. 4B) showed that the NSV sequences were closely related to
Prasinovirus (Phycodnaviridae) infecting the Prasinophyceae Micromonas pusilla, Micromonas
sp., Osterococcus lucimarimus, and Osterococcus tauri, and the unclassified viral cluster (deep
blue) was below one of the clusters of the prasinoviruses. Two new NCLDV viral clusters
(clusters II and III) were found located close to the root of the tree.

Comparison of viromes and relationships with environmental factors. According to
the results of hierarchical clustering of Bray-Curtis dissimilarity distances (Fig. 4C), the
seven viromes in the NSVs could be robustly assigned to two groups: (i) MW1, MW2,
and CB and (ii) WC1, WC2, WB1, and WB2, which is consistent with the two different
water masses (Fig. 1A and B). To assess the relationship between viral community com-
position and environmental factors, a Bioenv test with Spearman rank correlations was
applied to the viral population profile (96, 102). This Bioenv analysis showed the varia-
tion of viral populations was mainly explained by latitude and pH (best variable combi-
nation: R = 0.6234, P , 0.001), while the R value between viral populations and lati-
tude, pH, and flow speed was 0.6156 (P, 0.001; Table 2).

Taxonomic composition and diversity of bacterial and microbial eukaryotic
communities in Nordic Seas. A total of 427 bacterial operational taxonomic units
(OTUs) were assigned from the seven samples at 3% dissimilarity threshold. These
OTUs were classified into 21 phyla, 28 classes, 84 orders, 139 families, and 200 genera.
The dominant phyla were Proteobacteria (64.68%, mainly including classes
Gammaproteobacteria at 38.55% and Alphaproteobacteria at 26.13%), Bacteroidota
(22.31%), and Cyanobacteria (10.31%). The dominant genera with relative abundances
higher than 5% were Psychrobacter (7.8%) and SUP05_cluster (6.5%) (Fig. 5A). The
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abundance of Psychrobacter was low in CB and MW samples. Nitrincolaceae were less
abundant in the WB samples than in other samples.

After eliminating 22 animal OTUs, 232 microbial eukaryotic OTUs were identified from
the seven samples. The OTUs were classified into 11 phyla, 37 classes, 55 orders, 71 fami-
lies, and 108 genera. The dominant classes or phyla were Intramacronucleata (27.87%),
Mamiellophyceae (25.16%), Prymnesiophyceae (2.99%), Dinophyceae (2.89%), and the SAR
supergroup (i.e., Stramenopiles, Alveolata, and Rhizaria). Intramacronucleata and
Mamiellophyceae were least abundant in MW2. The dominant genera were Micromonas
(33.41%) and Strombidium (26.48%). The abundance of Micromonas spp. varied slightly in
different samples. The abundance of Strombidium spp. was slightly lower in MW2 than in
other samples (Fig. 5B).

Correlation analysis between the most abundant bacterial genera, microbial eukaryotic
genera, and environmental factors indicated that the relative abundances of eukaryotic gen-
era were significantly positively correlated with flow speed (R = 0.82;0.98, P , 0.05), while
the results for bacterial genera were more complicated (Fig. 5C and D). NS5 marine group
and Cryomorphaceae were positively correlated with flow speed (R = 0.85 and 0.89, P ,

0.05). Planktomarina and Aurantivirga were negatively correlated with temperature (R =
–0.87 and 0.91, P , 0.01) and positively correlated with latitude (R = 0.81 and 0.86,
P , 0.05). Flavobacteriaceae and OM182_clade were significantly positively correlated with
Chl a, NPP, particular organic carbon (POC), and dissolved oxygen (DO) (R = 0.76;0.96,
P, 0.05).

FIG 3 Different latitudinal patterns of surface viral diversity in the global ocean. (A) Global distribution of
surface viral diversity in the ocean. The green oval represents the low-diversity region of the Arctic Ocean.
(Map created using Ocean Data View software [76].) (B and C) For the relationship between viral diversity and
latitude, only the low-diversity regions of the Arctic Ocean were included (B), and only the high-diversity
regions of Arctic Ocean were considered (C). To distinguish the results of the low- and high-diversity regions of
the Arctic Ocean separately, the data in the ovals of panels B and C were excluded from the cubic regression
analysis. Abbreviations: GOV, Global Ocean Viromes; Arc-H, high-diversity regions in the Tara Oceans Polar
Circle; Arc-L, low-diversity regions in the Tara Oceans Polar Circle; NSVs, Nordic Sea Viromes.
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FIG 4 Maximum-likelihood phylogenetic tree of viral contigs in NSVs and hierarchical clustering of NSVs based on amino acid sequences hit with the
terminase large subunit (TerL, PF03237) (A) and the major capsid protein (mcp, PF04451) (B). All ORFs were predicted from contigs of each virome and
aligned with the viral marker genes TerL and mcp based on BLASTp (E value , 10–3). ORFs with highly aligned result (score . 300 and length . 150
amino acids for TerL; score . 150 and length . 150 amino acids for mcp) were selected to analyze phylogenetic relations. The text of reference sequences
is indicated in boldface and highlighted in different colors. The bootstrap values are presented from minimum (light gray) to maximum (black) on the
branches. All TerL reference sequences belonged to the complete genome of Caudovirales, and all mcp reference sequences belonged to the complete
genome of NCLDVs. (C) Distance based on the Bray-Curtis dissimilarity was scored in a matrix based on the dissimilarity frequency of the tetranucleotide. A
dashed line divides the seven viromes into several groups based on 0.025 dissimilarity. The colors of each site represent different waters as follows: blue
point, warm basin; purple point, warm current; green point, mixed water; and red point, cold basin.
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Network analysis of the relationship between viruses and hosts. The ecological
network analysis, based on the Pearson index, was applied to determine the relationship
between viruses and microbial eukaryotic and bacterial communities in the Nordic Seas. A
total of 16,157 correlations were detected. Of these, 11,936 virus-host linkages were posi-
tively related, which indicated that the covariations of most viruses with their hosts (Fig. 6A).
The most abundant viral populations were linked to Micromonas and Calanoida (Fig. 6B).
Siphoviridae, Myoviridae, and Podoviridae comprised most of the viruses in this network. The
relationship between viruses and their hosts, with relative abundances higher than 0.14%,
are shown in Fig. 6B.

The ecological network analysis was applied to the total (see Fig. S2A) and to the most
abundant viral populations (see Fig. S2B). All curves of network connectivity were fitted
with the power-law model (R. 0.9). As with the relative abundance of viral populations in
the NSVs (Fig. 1B), the viral populations from Myoviridae, Podoviridae, Phycodnaviridae, and
Mimiviridae were found to comprise the hub nodes in the networks (see Fig. S2). Positive
connections dominated the interactions between viral populations (see Fig. S2), suggest-
ing that the effects of mutualism might dominate viral networks in the Nordic Seas.

DISCUSSION
Abundant NCLDVs in NSVs might be the viral characteristic of cold Arctic water

mass. The NCLDVs (the Phycodnaviridae, Mimiviridae, and Pandoraviridae families)
were abundant in the Nordic Seas viromes (Fig. 1 and 2), especially in the cold Arctic
waters (44.9%) (Fig. 1B); this distribution is similar to that of other viromes in Arctic
(Arctic 2002 virome on MetaVir) and Antarctic waters (31). NCLDVs were also present
as hub nodes in the ecological network (see Fig. S2). The higher GC contents and lon-
ger lengths of contigs in colder Arctic waters (CB; Table 1) might be a result of the
abundance of NCLDVs sequences, which have both high GC content (20, 32–34) and
large genomes (35); this is confirmed by the higher proportion of NCLDVs in the CB in
the NSV data sets (Fig. 1B and Fig. 2) and in the Arctic Ocean near Svalbard (34).
However, the lowest BLAST percentage (23.80%) also occurred in CB, which suggests
that a large proportion of unknown viruses was present in the Arctic, with a smaller
proportion in the East Greenland Current. These results indicate that Nordic Seas might
be a previously unrecognized hot spot of giant viruses.

Micromonas sp. RCC1109 virus MpV1 and Chrysochromulina ericina virus (CeV) were
the most abundant Phycodnaviridae taxa in the NSVs (Fig. 2). This is possibly explained by
the cooccurrences of these viruses with their potential hosts (Fig. 6B). Both Micromonas and
Haptolina (Chrysochromulina) are common and abundant phytoplankton genera in
Norwegian coastal waters (34, 36) and the Nordic Seas (Fig. 5B) (37). Micromonas pusilla, a
cold-adapted alga with an optimum growth temperature of 2 to 6°C, is more abundant in
the Arctic due to climate-induced changes (38–40). The mixing of warm Norwegian Atlantic
Current and cold East Greenland Current probably provides a suitable environment for
Micromonas and its associated viruses (Fig. 5B).

TABLE 2 Bioenv test results, along with Spearman rank correlations between viral
populations and environmental factors

Rank R Environmental variable(s) P
1 0.6234 Latitude, pH 0.001
2 0.6156 Latitude, pH, flow speed 0.001
3 0.5649 Latitude, NPP, pH, flow speed 0.001
4 0.4571 Latitude 0.001
5 0.4416 Latitude, NPP, POC, pH, flow speed 0.001
6 0.3299 Latitude, longitude, NPP, temp, pH, flow speed 0.001
7 0.2701 Latitude, longitude, NPP, temp, salinity, pH, flow speed 0.001
8 0.1987 Latitude, Chl a, NPP, POC, Zeu, temp, pH, flow speed 0.001
9 0.1065 Latitude, Chl a, NPP, POC, Zeu, temp, DO, pH, flow speed 0.001
10 0.0143 Latitude, PAR, Chl a, NPP, POC, Zeu, temp, DO, pH, flow speed 0.001
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FIG 5 Abundance of bacterial and microbial eukaryotic community in the NSVs and their correlations with environmental
factors. (A) Heatmap of top 40 abundant bacterial taxonomies at the genus level. The color of the block represents the

(Continued on next page)
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Megavirus chiliensis and Cafeteria roenbergensis virus BV-PW1 (CroV) within the family
Mimiviridae were abundant in the NSVs (Fig. 2) but not in the waters around Svalbard (79 to
82.6°N, 1 to 22°E) and outer Oslofjorden (59.17°N, 10.69°E) (34, 36). CroV was first isolated
from the marine environment (41); using bioinformatics analysis, it was detected in Global
Ocean Sampling (GOS) marine metagenomes and predicted to be an abundant viral group
(42–44). CroV has a large genome (;730 kb of dsDNA), which could infect a major marine
microflagellate grazer (41) and be infected by its virophage Mavirus (45), which was also
detected in the NSVs with low relative abundance.

Several “ancient NCLDVs” infecting amoebas, such as Pithovirus sibericum (30),
Acanthamoeba polyphaga moumouvirus, and Acanthamoeba polyphaga mimivirus,
were detected in each of the NSV samples (Fig. 2). This may be because their hosts—
amoebas—are present in most marine environments and because they have a broad host
range, being able to infect different species of amoebas frommany different areas (15, 46).

Two new NCLDV viral clusters were detected at the root of the phylogenetic tree of
mcp (Fig. 4B). This might indicate that the two clusters are from very old viruses and
that the diversity of the NCLDVs was high. Most of the mcp sequences (Fig. 4B) were
related to prasinoviruses infecting the Prasinophyceae, which are one of the most
abundant picoeukaryotes in Nordic Seas (Fig. 5B) (37, 47). Using metabarcoding analy-
sis, prasinoviruses were reported as the dominant Phycodnaviridae in the Arctic Ocean
near Svalbard (34), and the results of the phylogenetic analysis suggest a close cooc-
currence of viruses and their host cells in Nordic Seas (Fig. 2, 5, and 6).

The Nordic Seas is an area of mixing between the Arctic and Atlantic Oceans (Fig. 1). The
cold-water mass is from the Arctic, while the warm water mass represents the waters of the
Atlantic. The NCLDVs groups might be an indicator of cold Arctic water viral groups (Fig. 1
and 2). The proportion of NCLDVs (Phycodnaviridae,Mimiviridae, and Pandoraviridae families)
decreased from the colder Arctic waters to the warmer Atlantic waters and was significantly

FIG 6 Correlation of viruses and hosts (bacterial and microbial eukaryotic community). (A) Correlation network of viruses and
hosts. The blue edge means that two nodes are positively correlated, whereas the orange edge means that two nodes are
negatively correlated. (B) Subnetwork that only contains nodes whose abundance is .0.14%. The node size represents the
taxonomy. Top 10 abundant hosts for eukaryotes and bacteria, respectively, are illustrated.

FIG 5 Legend (Continued)
abundance. (B) Heatmap of the top 40 abundant microbial eukaryotic taxonomies at the genus level. (C) Correlation of
bacterial community with environmental factors. (D) Correlation of microbial eukaryotic with environmental factors. “##” and
“**” represent the corresponding viruses of these bacteria and the microbial eukaryotic genera, respectively, detected in the
NSVs.
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correlated with temperature (Fig. 1B and D), which reflects the abundance of NCLDVs
sequences in cold Arctic waters (32, 33). For the most abundant viral populations, the per-
centage of Micromonas virus showed similar patterns to the total NCLDVs (Fig. 2A and C)
and was positively correlated with latitude (Fig. 2B and D). This pattern could be a reflection
of the distribution of their host cells (Fig. 5B) (37, 47). CeV and CroV were positively corre-
lated with flow speed (Fig. 2B and D), which suggests that the two NCLDVs might be charac-
teristic viral groups for water currents.

Caudovirales in NSVs might be characteristic of warm Atlantic water masses.
Caudovirales were the dominant dsDNA viruses in the NSVs (Fig. 1B), which is consistent with
those found in the Global Ocean Virome 2.0 for the Indian Ocean and Monterey Bay (10, 48,
49). The lower abundance of Caudovirales in the Nordic Seas compared to the viromes in trop-
ical and subtropical waters might be explained by a higher abundance of NCLDVs (Fig. 1B).

The dominant viruses in the NSVs were the viruses infecting the most abundant
bacterial groups (Fig. 2), such as Pelagibacter phage HTVC008M infecting SAR11 clade (50–52),
Puniceispirillum phage HMO-2011 infecting SAR116 clade (53, 54), Cellulophaga phage infect-
ing Bacteroidetes (55), and cyanophages infecting cyanobacteria (Fig. 2 and Fig. 5A). This is sim-
ilar to the results from other marine viromes (10–12, 18, 20, 31, 46). Since SAR11 and SAR116
clades contain a number of genes associated with dimethylsulfide production and dimethyl-
sulfoniopropionate degradation and play important roles in the global sulfur cycle (54, 56),
their phages might indirectly influence the sulfur cycle by infecting and lysing both clades.
Cellulophaga phages, which correspond to viral cluster 5 (VC_5) and VC_47 in the Tara Ocean
expedition, were recently reported as diverse, ubiquitous, and abundant phage genera in
global oceans (11, 55, 57). Cyanophages are unexpectedly abundant in the NSV data set (Fig.
1B and Fig. 2), especially for the cyanophages infecting Prochlorococcus. Prochlorococcus,
although the most abundant autotrophic bacterial group in the tropical and subtropical
oceans, is uncommon or absent from polar regions (58), although it has been identified as far
north as 60°N in the North Atlantic Ocean (59, 60). Here, all seven stations were located farther
north than 69°N (Fig. 1). Although Prochlorococcus was not abundant in the study area (Fig.
5A), Prochlorococcus phages were both detected and abundant (Fig. 2). Two possible hypothe-
ses are suggested for this observation: (i) Prochlorococcus phages can be transported from the
midlatitude North Atlantic by the warm North Atlantic Drift, and these could persist in the
Nordic Seas without their corresponding host cells; and (ii) Prochlorococcus phages (especially
myoviruses) might have a broader host range and be be able to infect other groups of cyano-
bacteria, such as Synechococcus. Large abundances of Synechococcus CC9902, which is a
Parasynechococcus closed toward Prochlorococcus, have been detected in the Nordic Seas (Fig.
5B), although it is uncommon in the Arctic Ocean (34, 61).

Compared to the NCLDVs, the proportion of Caudovirales (Myoviridae, Podoviridae, and
Siphoviridae) in the NSV data set significantly increased from the colder Arctic waters to the
warmer Atlantic waters (Fig. 4 and Fig. 1C). This pattern might reflect the distribution and
abundance of bacteriophage sequences in the warm Atlantic water (10, 17). Viruses infecting
specific host groups, e.g., Bacillus phages, Synechococcus phages, Cellolophaga viruses, and
Pseudomonas phages, increased from the colder Arctic waters to the warmer Atlantic waters
(Fig. 2C). This might be the result of the dominance of the corresponding bacterial groups in
the warmer Atlantic waters (Fig. 5A) (62, 63). These Caudovirales groups might thus be a char-
acteristic of viral groups associated with the warmer Atlantic waters (Fig. 1 and 2).

Different latitudinal patterns of surface viral diversity in the global ocean. To
compare the viral diversity of NSVs with the surface viromes of GOV2.0, two different
latitudinal patterns of surface water viral diversity were observed in the global ocean
(Fig. 3). In the open ocean areas of the global ocean, the Shannon H’ diversity of marine viruses
was highest at lower latitudes and decreased poleward (Fig. 3B), a pattern similar to that for
most flora and fauna from both terrestrial and marine environments (64, 65) but different
from the viral diversity of the TOPC (10). Gregory et al. reported that viral diversity increased to-
ward the Arctic Ocean and the Arctic Ocean could be divided into areas of high diversity
(ARC-H, mainly located in the Pacific Arctic region, the Arctic Archipelago, and the Davis-Baffin
Bay) and low diversity (ARC-L, mainly located in the Kara-Laptev Sea, the Barents Sea, and sub-
arctic areas, including Nordic Seas; Fig. 3) (10). This is consistent with their biogeography and
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the observed Redfield ratio (N*), which reflects deficiency in dissolved inorganic nitrogen and
acts as a geochemical tracer of Pacific and Atlantic water masses (10). These authors hypothe-
sized that the strong denitrification in the Bering Strait (66) and the oligotrophy in the
Beaufort Gyre might increase the host diversity (67) and indirectly cause the high viral diversity.
However, we hypothesize here that the water depth, water currents, and primary production
might be additional parameters influencing the viral diversity in the Arctic Ocean. Most of the
low-diversity regions are located above deep open ocean areas (Fig. 3A) and are associated
with the warm Norwegian Atlantic Current (25) and high primary production (see Table S1)
(68). The warm Norwegian Atlantic current might raise primary production levels in summer in
the Nordic Seas and Barents Sea (68). High primary production might decrease phytoplankton
diversity (69) and indirectly cause the low viral diversity in the summer (Fig. 3A).

Methodological considerations. Almost all of the contigs in the NSV data set
belonged to dsDNA viruses. This is reasonable since the extracted viral DNA was
sequenced directly without amplification (MDA/LASL), which excludes the bias of preferen-
tial amplification of ssDNA viruses (70, 71). The NSV samples were concentrated using the
routine method of TFF method after filtering through 0.22-mm-pore-size filters, which
excludes most of the prokaryotic and eukaryotic cells and viruses larger than 0.22 mm (11,
17, 31); this might underestimate the proportion of NCLDVs in the NSV data set (31, 72, 73).

Conclusion. The viral community of the Nordic Seas had specific features that were
closely associated with the hydrological characteristics. Although Caudovirales was the domi-
nant viral group, NCLDVs also comprised a large component of the known sequences, which
was consistent with other polar viromes. Several viral groups, such as NCLDVs, showed signifi-
cant differences between water masses. However, unknown viruses are still abundant in NSVs,
especially in the water near the Arctic cold current. Temperature, latitude, and flow speed
were the main drivers of microbial community structure and codrivers of the viral community
structure of NSVs. Correlation of viruses and hosts indicated that abundance of viruses varied
with the growth and decline of hosts, reflecting the variation of water masses and currents.
Future studies of both viral and host community structures at a large number stations of
Nordic Seas, especially from the cold waters near Arctic Ocean, could give us a clearer linkage
between viruses, host cells, and water masses and currents.

MATERIALS ANDMETHODS
Sampling. Sampling stations are shown in Fig. 1. These stations include (i) warm basin (WB), with WB1

(Norwegian Basin) and WB2 (Lofton Basin), which are surrounded by the warm Faroe Current; (ii) warm current
(WC), with WC1 and WC2, which are located on a branch of the Faroe Current (warm current); (iii) mixed water
(MW), with MW1 and MW2, which are comprised of mixed water with both warm current and cold current
influences near Jan Mayen Island; and (iv) cold basin (CB), which is surrounded by a cold current (Greenland
Basin). Portions (150 liters) of surface water from each site were sampled by using a submerged pump in June
2015. The samples were immediately filtered through a 300-mm-diameter cellulose membrane filter with a 3-
mm pore size; this was followed by filtration through a 0.22-mmmembrane filter to remove the bigger cellular
organisms, such as zooplankton, phytoplankton, and bacteria. Free viruses in the final filtrate were concen-
trated into 500 ml with a middle-size tangential flow filtration unit (membrane package: Pellicon 2 Cassette,
Biomax 50 kDa; polyethersulfone) and then concentrated further into 10-ml plastic microtubes by small-size
tangential flow filtration (membrane package: Pellicon XL Cassette, Biomax 50 kDa; polyethersulfone) (31, 74).
The highly concentrated samples were instantly frozen in liquid nitrogen and stored at280°C for further DNA
extraction (31, 75). It took about 4 to 5 h from collecting the sample to freezing the sample.

Environmental factors. Temperature, conductivity, salinity, dissolved oxygen, and pH were measured
using a CTD (YSI QUATRO, Professional). The site map and surface temperatures were plotted by Ocean Data
View (version 4.6.4) (76). Chlorophyll a, photosynthetically active radiation (PAR), POC, and the depth of the
euphotic zone (Zeu) of each station, during the sampling month and year, were retrieved from the monthly
averaged MODIS/Aqua level 3 data with a resolution ratio of 4 km � 4 km (http://oceandata.sci.gsfc.nasa.gov/).
The primary production of each station during the sampling month and year was retrieved from the standard
product of the Ocean Productivity website (http://www.science.oregonstate.edu/ocean.productivity/), which
determined estimates using the vertically generalized production model (77).

Flow speed between two stations (Geostrophic current flow velocity) was calculated by the dynamic
height method, according the following equation (78):

V1 2 V0 ¼ 1
fL
DD � 1

fL

Xp0
p1

aBDp2
Xp0
p1

aADp

0
@

1
A

where V is the flow speed, f is the Coriolis parameter, L is the distance between two stations, DD is the

Nordic Sea Viromes Applied and Environmental Microbiology

November 2021 Volume 87 Issue 22 e01160-21 aem.asm.org 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
18

 J
un

e 
20

22
 b

y 
24

08
:8

21
4:

4d
12

:d
05

0:
7d

09
:7

51
7:

41
7b

:8
26

6.

http://oceandata.sci.gsfc.nasa.gov/
http://www.science.oregonstate.edu/ocean.productivity/
https://aem.asm.org


dynamic height between the two isobaric surfaces, Dp is the pressure difference, and a is the average
value of specific volume in scale Dp.

DNA extraction. Genomic DNA of the bacterial and microbial eukaryotic community was extracted
using an E.Z.N.A. soil DNA kit (Omega Bio-Tek, Norcross, GA) from the 0.2-mm cellulose membrane filter.
The agarose gel (1%) was then used to check the extract. DNA concentration and purity were deter-
mined with NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wilmington, DE). The DNA so-
lution of the microbial and microbial eukaryotic samples was stored at280°C.

The frozen viral metagenomic samples were bathed at 37°C to melt them. Polyethylene glycol (PEG;
10% final concentration) and NaCl (0.6% final concentration) were added to the viral subsample, fol-
lowed by incubation at 4°C in the dark for 24 h. The mixed sample was centrifuged at 10,500 r/min
(11,827 � g) for 40 min at 4°C, using an H3-20KR with rotor 1 (20,500 rpm) and rotor 9 (12,000 rpm), and then
resuspended in 300 ml of SM buffer. Next, 100 ml of KCl (1 M) solution was added, followed by incubation on
ice for 30 min. The samples were then centrifuged at 12,000 rpm (15,450 � g) for 10 min at 4°C. Then, 10 ml
of proteinase K and 20ml of 10% SDS solution were added, and the samples were placed in a 56°C bath for 1
h. DNA was extracted using phenol-chloroform and precipitated with ethanol. The viral DNA solution was
stored at 280°C before sequencing (79). The DNA of cellular microorganisms in the 0.22-mm membrane was
extracted using a FastDNA spin kit for soil for 16S and 18S sequencing.

PCR amplification, sequencing, and sequence processing of 16S/18S rRNA genes. Triplicate sam-
ples of the hypervariable region V3-V4 of the bacterial 16S rRNA genes were amplified using the primer
pairs 338F (59-ACTCCTACGGGAGGCAGCAG-39) and 806R (59-GGACTACHVGGGTWTCTAAT-39). Triplicate
samples of the hypervariable region V2-V3 of the microbial eukaryotic 18S rRNA genes were amplified
with 82F (59-GAAACTGCGAATGGCTC-39) and 516R (59-ACCAGACTTGCCCTCC-39). The PCRs were per-
formed by using an ABI GeneAmp 9700 PCR thermocycler (ABI, Oakland, CA), and the purified PCR prod-
ucts were then sequenced using an Illumina MiSeq PE300 platform (Illumina, San Diego, CA).

The raw 16S and 18S rRNA gene reads were quality controlled by fastp (version 0.20.0) and merged using
FLASH software (version 1.2.7) (80). Low-quality reads that contained unknown nucleotides (Ns) and reads
that were truncated shorter than 50 bp with a 50-bp sliding window were discarded. When their overlapping
sequences were longer than 10 bp, the reads were assembled producing a mismatch ratio of the overlap
region that was lower than 0.2. Quality-controlled sequences were analyzed using UPARSE (version 7.1) (81)
according to the standard operating procedure. The chimeric sequences were filtered. Sequences were clus-
tered in OTUs at 97% sequence divergence using the furthest neighbor algorithm and classified with the
SILVA 138 SSU Ref NR database (https://www.arb-silva.de/).

Virome library construction, sequencing, and assembly. Library construction and sequencing
were implemented by Annoroad Gene Technology (Beijing) Co., Ltd. DNA samples were inspected by
performing the following steps: (i) 1% agarose gel detection of degradation and contamination, (ii)
nano-photometer spectrophotometer DNA purification detection, and (iii) Qubit 2.0 fluorometer DNA
concentration detection. An ultrasonic processor was used to carry out qualified DNA fragmentation.
The mean length of the inserted DNA fragments was ;500 bp. Terminal repair, adenine addition,
sequence adapter addition, purification, and PCR amplification were then completed for library prepara-
tion. The library concentration was diluted to 1 ng/ml. The insert size of the library was verified by using
an Agilent 2100. Finally, Q-PCR analyses were undertaken to ensure the effective quantitative concentra-
tions of the library. High-throughput sequencing was performed using an Illumina HiSeq 2500 (paired
end sequencing, 2 � 250 bp). High-quality reads were selected from raw reads (clean data rate . 0.90).
Paired-end reads were removed based on one or more of the following conditions: (i) the reads con-
tained .5% N, (ii) the reads included low-quality reads (50% read length, Q # 5), and (iii) there was an
adapter present.

Assembly was performed using the Velvet program (version 1.2.10); the parameters were set as “vel-
veth file_folder 45 -shortPaired -fastq -separate *_1.fq *_2.fq, velvetg file_folder -cov_cutoff 3 -ins_length
450 -exp_cov auto” (82, 83). After assembly, contigs shorter than 1,000 bp were filtered out. The
sequence information was extracted by a program written in Perl and Python.

Taxonomic composition analysis. The assembled sequences were aligned with the viral reference
sequence protein database (84) on the MetaVir website by using BLASTx (E value , 1023; the composi-
tion type was the best BLAST hit number) (85). Viral taxonomic composition analysis was computed by
GAAS (86). The average abundance was calculated as DNA reads per kilobase of the transcript (gene) per
million reads mapped (DNA-RPKM; this is equal to the number of reads mapped to the contig and normalized
by the contig length and per million mappable reads) (87) using Bowtie2 (version 2.1.0) (88) and SAMtools
(version 1.1) (89). The abundances of all contigs annotated into one viral population were added as the viral
population’s abundance. The 10 most abundant viral populations and specific viral groups were ranked by
their total relative abundance of all seven stations. Specific viral groups were clustered by the classification of
their corresponding hosts.

Functional analysis and phylogenetic analysis. ORF prediction was completed using MetaGeneMark
(version 2.10) (90). The ORFs were aligned to the COG data set for functional gene annotation based on
BLASTp (E value , 1023) on the WebMGA website (91). The cd-hit program (version 4.6) was used to
remove redundant ORFs (95% identity) (10, 92, 93). Two conserved domains, viral terminase large subu-
nit (terL, PF03237) for Caudovirales and the major capsid protein (mcp, PF04451) for the NCLDVs, were
searched in nonredundant ORFs by BLASTp (E value , 1023). The aligned ORFs with fewer than 150
amino acids or a total score of ,300 (terL)/150 (mcp) were filtered out. Maximum-likelihood phyloge-
netic trees were constructed using the Jones-Taylor-Thornton substitution model and modified by using
MEGA (version 6.06) (94). The bootstrap (100 iterations) method was used to test phylogeny.
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Comparison of viromes and statistical analysis. Viromes were compared to each other on MetaVir
(32, 86). The dissimilarity matrix was based on the tetranucleotide frequency variation (32). The Bray-Curtis dis-
tance was then calculated using R software (version 3.3.0). A dendrogram was plotted using the CLUSTER pack-
age (95).

To compare the alpha-diversity of seven NSVs to other marine viromes, the Shannon H9 diversity of
the surface viromes (61 samples) of the GOV2.0 data set was collected from the iVirus, which is a subpro-
ject of iMicrobe (http://data.imicrobe.us/).

One-way ANOVA was used to analyze the differences among different groups of factors (SPSS). Linear regres-
sion and Pearson correlation analysis were used to analyze the relationship between viruses and environmental
factors. Cubic regression was used to analyze the relationship between the Shannon H9 diversity of the 68 surface
viromes and latitude. Bioenv analysis and the Mantel test were performed using the VEGAN package (96).

Network analysis. Potential interactions between viral populations and hosts were determined
through the modeling of the viral and host community in a network structure (97–99). All possible pair-
wise correlations (Spearman) between those viral populations and host OTUs were calculated using the
“psych” package in R software (100). Only robust (R . 0.8 or R , 20.8) and statistically significant
(P , 0.01) correlations were included into the network analysis. Network visualization was performed
with Gephi version 0.9.2 (101). In a network graph, each node represents a viral population or host OTU
indicating an individual taxon. The edge of two nodes represents positive or negative correlations
between the viral populations and host OTUs.

Data availability. All reads in this study were submitted to NCBI Sequence Read Achieve (SRA). The
SRA accession numbers of viromes are SRR4131952, SRR4131953, SRR4131954, SRR4131955, SRR4131956,
SRR4131957, and SRR4131958. The project accession number of 18S rRNA genes is PRJNA703440. The pro-
ject accession number of 16S rRNA genes is PRJNA703722.
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