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Abstract

Marine viruses play a critical role not only in the global geochemical cycles but also in the
biology and evolution of their hosts. Despite their importance, viral diversity remains under-
explored mostly due to sampling and cultivation challenges. Direct sequencing approaches
such as viromics has provided new insights into the marine viral world. As a complementary
approach, we analysed 24 microbial metagenomes (>0.2 uym size range) obtained from

six sites in the Mediterranean Sea that vary by depth, season and filter used to retrieve the
fraction. Filter-size comparison showed a significant number of viral sequences that were
retained on the larger-pore filters and were different from those found in the viral fraction
from the same sample, indicating that some important viral information is missing using only
assembly from viromes. Besides, we were able to describe 1,323 viral genomic fragments
that were more than 10Kb in length, of which 36 represented complete viral genomes includ-
ing some of them retrieved from a cross-assembly from different metagenomes. Host pre-
diction based on sequence methods revealed new phage groups belonging to marine
prokaryotes like SAR11, Cyanobacteria or SAR116. We also identified the first complete vir-
ophage from deep seawater and a new endemic clade of the recently discovered Marine
group Il Euryarchaeota virus. Furthermore, analysis of viral distribution using metagenomes
and viromes indicated that most of the new phages were found exclusively in the Mediterra-
nean Sea and some of them, mostly the ones recovered from deep metagenomes, do not
recruit in any database probably indicating higher variability and endemicity in Mediterra-
nean bathypelagic waters. Together these data provide the first detailed picture of genomic
diversity, spatial and depth variations of viral communities within the Mediterranean Sea
using metagenome assembly.

Author summary

These data provided a glimpse of the genetic diversity and variability of viral sequences
without introducing the amplification biases produced when studying viromes.
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Metagenomes contain abundant viral material due to cells retrieved while undergoing
viral lysis or as temperate viruses inserted in the chromosome. Using very stringent crite-
ria, we have managed to assemble large viral genomes from Mediterranean metagenomes.
This large-scale study using direct assembly from metagenomes, i.e. from the cellular frac-
tion, clearly shows that metagenomes are an important tool to study environmental viral
communities containing complementary information, which is missing in viromes, that
should be taken into consideration when studying viral genetic diversity. Thus, in this
study we have described more than 1,300 viral genomic fragments larger than 10Kb, of
which 36 represented complete viral genomes, including the first deep sea virophage, one
novel Marine Group II euryarchaeota virus (magrovirus) and others infecting Cyanobac-
teria, SAR11 or SAR116. All these new viral contigs were obtained from a collection of 24
metagenomes representing a broad range of geographical and ecological biomes from the
Mediterranean Sea.

Introduction

Bacteriophages (viruses that infect bacteria), often referred to as phages, are considered the
most abundant and diverse biological entities in aquatic systems [1] with an estimated popula-
tion density of 10” per ml of seawater [2]. They are not only abundant but also important
players in the energy and nutrient cycles [1,3-6] through the lysis of host microbial cells, phe-
nomenon designated as “viral shunt” [7]. Phages also play a critical role in the evolution of
bacteria, facilitating horizontal gene transfer and helping to increase genetic diversity in the
microbial community [8,9]. Despite their importance, phage genetic diversity, evolution and
distribution remains poorly characterized because phages do not share a universal marker
gene analogous to the 16S rRNA gene in bacteria and archaea and most of marine microbes
are still unculturable under laboratory conditions and therefore also their viruses [10].

Advances in next-generation sequencing have allowed developing culture-free approaches,
such as metagenomics, providing a powerful tool that has revolutionized the analysis of micro-
bial communities in several natural environments [11-14]. Large-scale metagenomic studies
of marine viruses from both surface [15] and deep ocean [16,17] have advanced in the struc-
ture of viral communities, which appears to be more diverse than previously appreciated.
Despite those major advances, since the amount of viral DNA recovered is small, viral meta-
genomes (or viromes) normally need a previous step for DNA amplification, using mostly
multiple displacement amplification (MDA), that is likely to produce highly biased samples
[18]. Alternative library preparation techniques have been recently developed [10,19].
Although these techniques require ultra-low DNA quantities and introduce only minimal
biases, they also have other drawbacks [19,20]. An alternative to all these methodologies is
using the viral DNA present in metagenomes in relatively large amounts. It has been previ-
ously reported a high presence of viral DNA (around 10% to 15%) in marine metagenomes
[21,22] likely belonging to cells that are undergoing lytic cycle [23]. Metagenomes (the frac-
tion > 0.2 pm) will also include (i) viruses using the lysogenic cycle (either integrated or as a
plasmid), (ii) viruses attached/adsorbed to particles, and (iii) viruses larger than 0.2 pm. How-
ever, the vast majority is probably the replication intermediate generated during the Iytic cycle.
This natural amplification method increases the amount of viral DNA available that can be
cloned into fosmids or assembled. Using this strategy, 206 complete marine phage genomes
were recovered from a metagenomic sample from the Mediterranean deep chlorophyll maxi-
mum [24] and twenty-eight from two deep (1,000-m and 3,000-m) Mediterranean Sea
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metagenomic libraries [25]. More recently, a complete set of genomes of a novel group of
viruses, designed as magrovirus, that seem to infect the uncultured marine group II Euryarch-
aeota were retrieved from a cross-assembly of microbial, viral, and transcriptomic datasets
[26]. It seems likely that metagenomes contain some important viral information, which is
missing in viromes.

In addition, another valuable tool that has emerged in the last decade is single cell geno-
mics. Although still expensive and unreliable, due to the amplification steps, provides the
sequences of individual microbes and, if they happen to be infected at the time of sorting,
phages as well. This allows linking the phage to the host [27]. For example, a total of 69
SUPO05-associated viruses representing five new genera within Caudovirales and Microviridae
families were identified using single-cell amplified genomes [28]. Furthermore, a new tech-
nique, “viral tagging”, for sorting cells infected by all the phages in a sample has been described
improving the analyses of virus-host interactions [29]. This method has been applied for a sin-
gle strain of Synechococcus sp. WH7803 against Pacific Ocean cyanophages, showing an
unprecedented viral diversity with at least 26 dsDNA viral populations capable of infecting
Cyanobacteria [29]. There is also other recent technological advances for understanding
dynamics of phage-host interactions such as phageFISH or microfluidic digital PCR (reviewed
in [10]). Other quantitative methods are now available to evaluate viral numbers in a sample
e.g. estimate ssDNA virus abundance [30].

The Mediterranean Sea is seasonally oligotrophic and characterized by deep convective
winter mixing and summer stratification of the water column. It is also relatively warm and
deep, maintaining a relatively high temperature (>13°C) throughout the water column [31].
We previously analysed the deep chlorophyll maximum (DCM) in a single sample taken during
fall (October) 2007 [21] by high throughput metagenomics. From the same station in the Medi-
terranean Sea at different depths of the water column including the DCM we have performed
different sampling campaigns (winter and summer) during four consecutive years (from 2012-
2015). Several new groups of microbes have been later described using assembly of Illumina
high coverage metagenomes and metagenomic fosmid clones [32-35]. Recently, we took and
sequenced samples from a depth profile every 15 meters, including also two additional samples
from 1,000 and 2,000 meters at a single site in the off-shore Western Mediterranean. By high-
throughput metagenomics, we were able to study the structure of the community, evaluate the
presence of some ecologically relevant genes and reconstruct the genomes of representative
microbes [36]. Although the purpose of these studies was only the description of the bacterial
populations, we have found a considerable proportion of assembled contigs related to viruses in
all the metagenomes. Thus, in this study we have described more than 1,300 viral genomic frag-
ments larger than 10Kb, of which 36 represented complete viral genomes. Besides, we also
included in the analysis five more samples from both, DCM and deep (aphotic zone) waters,
collected along the Eastern Mediterranean Sea. These data provided a glimpse of the genetic
diversity and variability of these putative phage sequences without any previous amplification
step. This large-scale study using direct assembly from metagenomes i.e. from the cellular frac-
tion, clearly shows that metagenomes are an important tool to study environmental viral com-
munities containing complementary information which is missing in viromes that should be
taken into consideration when studying viral genetic diversity in order to better understand the
ecological roles played by viruses in the environment.

Results and discussion

We have compared a collection of 24 metagenomes representing a broad range of geographical
and ecological biomes from the Mediterranean Sea. The samples analysed were taken from six
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sampling sites from the Eastern and Western Mediterranean and collected from different
depths (15 to 3,500 m), filter pore size, and season (stratified or mixed). Metadata of the sam-
ples are summarized in S1A and S1B Fig. Metagenomes were classified by depth into: upper
photic (UP), deep chlorophyll maximum (DCM), lower photic (LP), meso- and bathypelagic
waters (DEEP) and MIX when the water column is mixed, i.e. in winter when the water col-
umn is not thermally stratified. We have included also two viromes to compare. These viromes
were obtained from DCM depths at the same site in 2011 (MedDCM-Vir-MDA) [24] using
MDA and another in 2013 without any treatment (MedDCM-SEP2013-Vir).

As expected, the percentage of total metagenomic reads that could be annotated and attrib-
uted to the prokaryotic fraction (bacteria and archaea) in all these metagenomes was more
than 80%. Eukaryotic and viral sequences accounted for <10% of the reads while Archaea
reached up to 20% in some samples (Fig 1A). The DCM, the zone of maximal phytoplankton
concentration [37], was the region with greater abundance of viral reads (from 2.8 to 11.7%),
while in deeper waters (LP and DEEP) their presence was significantly smaller (Fig 1B). Inde-
pendently of the depth, filter pore size or water column region, we observed a dominance of
dsDNA viruses of the order Caudovirales, mostly Myoviridae, which accounted for 67%-92%
of the viral reads detected (Fig 1B).

Comparison based on sequence similarity using only those reads derived from viral origin
(Fig 1C and 1D) revealed four well-differentiated clusters. DCM samples from the Eastern
Mediterranean Sea (Samples 1, 2 and 3) share high level of similarity among them, probably
due to the ultraoligotrophic conditions of the easternmost part as seen in Fig 1D in which the
Eastern Mediterranean samples are located opposite to the abundance of inorganic nutrients
(phosphate and nitrate). Winter MIX samples grouped together as well, correlated with NO;”
concentration. The most distinct metagenomic samples were the viromes and deep metagen-
ome samples (Fig 1C and 1D). Chl-a was the main environmental factor that influenced both,
DCM and UP samples, as could be expected.

Comparison of viral metagenomic reads obtained from three different
filter fractions

Frequently, in marine samples, seawater is sequentially filtered using different pore-sizes to
separate different size fractions. For example, planktonic macroorganims (>20.0 um), eukary-
otic cells and particle-associated microbes (5.0-20.0 pm), free-living prokaryotic communities
(0.22-5.0 um) and finally the viral pool is concentrated by ultrafiltration. The comparison of
the size-fractionated microbial communities in marine metagenomes showed that viral DNA
was overrepresented in the particle-associated fraction [22,38]. This phenomenon has been
attributed to the presence of more eukaryotic DNA and can be interpreted as a reflection of
higher infection rate in this cellular fraction [38-41]. Using only metagenomic reads consid-
ered of viral origin obtained from the three different filter fractions (5.0-20.0 um, 0.22-5.0 pm
and <0.22 pm) from the same seawater sample collected in September 2013 from the DCM in
the western Mediterranean Sea, we could analyse the viral diversity across size fractions (S1A
and S1B Fig). The dendrogram (Fig 1C) and the principal coordinate composition (PcoA) (Fig
1D, inset) showed a clear separation between the three filter sizes at the level of the percentage
identity of individual reads among metagenomes obtained from the same place and year (Sam-
ples 13, 22 and 23). Although the predominant group of viruses in all the samples were attrib-
uted to members of the Caudovirales (dsDNA viruses), the two metagenomic samples with
larger pore size (MedDCM-SEP2013-LF (Sample 13) and MedDCM-SEP2013 (Sample22))
showed an increase in the percentage of the Myoviridae and a relative decrease in the number
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https://doi.org/10.1371/journal.pgen.1007018.g001

of Podoviridae in comparison with the virome (MedDCM-SEP2013-Vir (Sample 23)). As a
reference, we have included other virome (MedDCM-Vir-MDA (Sample 24)), obtained from
the same place in 2011. However, unlike the other, this sample was amplified by MDA and
clearly was enriched in ssDNA viruses (mainly Microviridae), not surprising since MDA sam-
ples are known to be highly biased towards the amplification of this kind of viruses [20,42].

Same results were obtained from a second group of samples (16 and 18) collected from the

same place at 20m in January (2015), during the mixing of the water column [38]. Although

this sample does not have a virome, particle-associated (Sample 16) and free-living (Sample
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13) viral community were different between them and also with the summer samples (Fig 1C
and 1D, inset). These results show that metagenomes contain some important viral informa-
tion, which is missing in the viromes and should be taken into consideration if we want to
study the complete viral genetic diversity. As previously described and shown by recruitment
[26] cellular metagenomes are an excellent source of viral DNA information. It should be
noted that these classifications based on reads have some limitations for example the relatively
few validated viral sequences deposited in public databases, and provide only a rough estima-
tion of the community. However, these data suggest that different filter sizes contain different
viral sequences.

Assembly of metagenomic viral contigs

Metagenomes were assembled individually resulting in 45,698 contigs larger than 10Kb (S1A
Fig). Only 6.7% (3,009) were assigned as putative viral contigs based on similarity to viral
sequences deposited in the NCBI nr database. However, in order to avoid chimeric assembly
and support the viral origin, we selected only the contigs that (i) contained several hallmark
viral genes (i.e terminases, portal protein, tail protein and major capsid proteins) or (ii) synte-
nic contigs with cultured viral genomes or metagenomic fosmids obtained previously from the
Mediterranean Sea [24,25]. Finally, we manually selected 1,323 metagenomic viral contigs for
further analysis, ranging from 10 to 196Kb (average contig size 23Kb; GC% range 18-55). It is
remarkable that we have found several contigs with high similarity (id > 99%) to uvMED and
uvDEEP genomes [24,25] in spite of the time elapsed between sample retrieval (S2 Fig).

A total of 39,949 open reading frames were identified and clustered based on sequence sim-
ilarity into 20,951 protein clusters, 48% (9,968) of which showed significant homology to
sequences present in the pVOGs (Prokaryotic Virus Orthologous Groups) database [16],
clearly being virus-related (S1 Table). The highest percentage was classified within the Myoviri-
dae family (order Caudovirales) including structural proteins (tail tube protein, baseplate tail
tube cap, baseplate wedge subunit) DNA metabolism (DNA endonuclease, helicase) as well as
genes involved in nitrogen metabolism during infection in cyanophages (phytanoyl-CoA-
dioxygenase and 20G-Fe(II) oxygenase) [43]. However, the comparison against several other
datasets of uncultivated viral genomes [24,25,44,45], including the viral RefSeq, showed that
ca. 30% of the protein clusters (6,198 of 20,951) were exclusive in our dataset and most of them
derived from easternmost and deep metagenomes suggesting a great diversity that remains to
be discovered in bathypelagic regions.

Putative host prediction

We constructed a phylogenetic tree using the large-subunit terminase extracted from the con-
tigs (280) in order to evaluate their diversity (S3 Fig), since it has been reported that this gene
can be used as a marker to reconstruct phylogeny in tailed bacteriophages [46]. Besides, we
included 1,220 sequences belonging to the previous metagenomic fosmid libraries from the
Mediterranean Sea [24,25] and some other references (53 Fig). Most of the terminases con-
tained a Pfam Terminase 6 domain (PF03237) and the closest relatives of the ca. 60% of the
sequences were terminases from cyanophages. Using a combination of different approaches
(see Methods) we were able to assign putative hosts to 438 contigs (ca. 33% of the total) (S2
Table and Fig 2). The most frequent host prediction (ca. 53%) were Cyanobacteria, followed
by Alphaproteobacteria, mainly SAR11. While cyanophages were recovered mostly from the
photic zone, we have obtained some pelagiphages also from bathypelagic waters. Twelve
sequences could be assigned to SAR116 and three sequences clustered together with HMO-
2011, one of the most abundant phages in the ocean [47]. This is not surprising since most of
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the metagenomes come from the UP and DCM. However, we detected some new and unchar-
acterized contigs (mostly from deep metagenomic sequences), probably belonging to new
lineages. Bathypelagic regions are one of the least understood ecosystems on Earth. They are
extreme environments highly oligotrophic and is already known that viral abundance decreases
in the deeper water column [1,48]. It is important to emphasize here the peculiar nature of Med-
iterranean bathypelagic waters due to their relatively warm temperature [31]. The Pacific Ocean
virome (POV) dataset that includes samples from the deep Pacific (1,000 to 4,300 m in depth)
[16] and more recently a larger dataset including many globally distributed deep-sea viral meta-
genomes from the Malaspina expedition [45] have provided new insights into viruses from the
bathypelagic regions. However, none of the deep samples comes from the Mediterranean Sea.
In addition, we found 50 contigs related to eukaryotic viruses with the lowest GC content (52
Table and Fig 2). These contigs were mainly related to viruses of the Phycodnaviridae family
such as Aureococcus anophagefferens, Phaeocystis globosa and Micromonas pusilla virus. Proba-
bly these metagenomic viral contigs come from sporadic blooms of marine phytoplankton since
they have only been found in a specific metagenome. For example, Phaeocystis globosa contigs
were only found in the Med-OCT2015-15m metagenome. We also found a new virophage and
a virus that putatively infects marine group II archaea (see below).

Complete genomes and Metagenome-Assembled Viral Genomes
(MAVGs)

Due to the fact that we have used several metagenomes to extract the contigs, we first grouped
all the sequences into clusters in order to avoid genome redundancy. An all-versus-all
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comparison was performed using different percentages of identity and we decided to use a cri-
terion of >20% coverage but with a nucleotide sequence identity >90% since the percentage
of contigs clustering was similar at 90 and 95% (current cut-off use for a viral population).
However, this percentage decreased below 90%. Sequence similarity of the 1,323 contigs
resulted in 927 different viral clusters (VCs); 177 with two or more representatives and 751 sin-
gletons (52 Table).

We used two different methods to identify complete genomes from VCs (i) contigs with
identical repeated sequences (>30 nt) at the 5’ and 3’ terminal regions that we called complete
genome representatives (CGRs following previous nomenclature [24]) and (ii) contigs pre-
senting relative gene order and content similar to database phage genomes that indicate com-
pleteness (designated genomic fragments GFs [24]) (Table 1). Moreover, after close manual
inspection, we were able to extend the length of some genomes since the identity among con-
tigs was higher than 99%, although they came from different years and depths. Some of these
were classified as complete viral genomes by the presence of overlapping terminal regions.
Since these complete genomes were retrieved from a cross-assembly of viral contigs belonging
to different metagenomes, we called them Metagenome-Assembled Viral Genomes (MAVGs).
Five MAVGs coming from clusters 2, 3, 4, 5 and 18 were obtained (Table 1). Fig 3 shows the
reconstruction of MAVG-2 using sequences belonging to Cluster-2 coming from different
metagenomic samples. This MAVG has been putatively classified as a new pelagiphage similar
to HTVCO008M (see below). These MAVGs showed large overlaps of nearly identical contigs
(>99%) from different samples suggesting that some phage populations can survive during
several years showing a remarkable genetic stability. A recent study by [49] using only cya-
nophage isolates collected from the same locations over a decade revealed similar results show-
ing cyanophage genomic clusters that remained genetically invariant. However, we have
shown here that this hypothesis can be extrapolated to other groups such as pelagiphages.

In the same way but with contigs from one single sample, we were able to reconstruct a
complete genome, MAVG-1, based on the similarity to Synechococcus metaG-MbCM]1, an
already described cultured phage [29] (S4 Fig).

In previous studies where fosmid libraries were used, the length of the insert size (normally
30-40Kb) limited the maximum size of the complete genomes obtained [24,25]. However,
using metagenome assembly we have recovered 36 complete genomes with a length ranging
from 30 to 196Kb (Table 1) (GC content ranging from 27.7 to 48.8%). In order to analyse the
relationships among the complete genomes retrieved here with several phage reference
genomes available (400), including those from the Mediterranean uvMED and uvDEEP, we
performed an all-versus-all sequence similarity comparison using a previously described meth-
odology [24][25] (S5 Fig). Most of them appear to be related to previously described viruses
preying on the major components of the prokaryotic Mediterranean community such as Cya-
nobacteria, SAR11, SAR116 or Actinobacteria [21,36]. However, we found novel phages for
which the assignment of the host was not feasible (Table 1). This large collection of metagen-
omes and viral contigs provide a different method to obtain complete phage genomes from a
natural habitat complementary to viromes in order to advance in the knowledge of the struc-
ture and diversity of the viral communities as have been previously described in [17].

In a similar way as we did for the individual reads, we compared the abundance of the VCs
between the different filter fractions and sample locations. We took into consideration only
those VCs recruiting more than 10 RPKG (Reads per Kilobase of genome per Gigabase of
metagenome) of coverage with a similarity >99% in the metagenomic samples to produce the
PcoA of S6 Fig. The results showed an even more marked separation than using only individ-
ual reads. Both samples belonging to the viral fraction (<0.22 pm) were grouped together but
separated from the rest (56 Fig). The same happened for the particulate fraction samples (5.0-
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20.0 pm). However, we found four groups for the free-living prokaryotic communities (0.22-
5.0 um) (i) samples belonging to the UP, (ii) LP and DEEDP, (iii) DCM samples form the East-
ern Mediterranean Sea and (iv) winter MIX samples (S6 Fig). It should be mentioned that the
number of contigs obtained is not the same in all the samples (S1A Fig) and in some cases, as
in the deep samples, contigs do not reach the minimum value required (10 RPKG) and, as a
consequence, they cluster together. However, the same pattern of Fig 1 is repeated and we can
see a clear differentiation depending on the filter size fractions.

Table 1. General features of complete genomes and putative host assignment.

Contig name Length (bp) Contig type GC (%) #CDSs tRNA Putative host
MedDCM-OCT2015-60m-C4 196,757 2CGR 37.7 223 6 Cyanobacteria
MedDCM-SEP2014-C2 196,733 CGR 37.7 223 6 Cyanobacteria
Med-SEP2014-30m-C1 188,425 CGR 42.3 216 2 Cyanobacteria
MedWinter-DEC2013-20m-C17 188,424 CGR 42.3 216 2 Cyanobacteria
Med-OCT2015-15m-C9 175,282 CGR 41.0 214 6 Cyanobacteria
Med-lo7-70mDCM-C14 159,013 CGR 39.0 160 5 SAR11
Med-OCT2015-15m-C16 142,663 CGR 38.2 197 2 Alphaproteobacteria
Med-OCT2015-90m-C1 139,890 CGR 45.3 172 2 Marine group Il Euryarchaeota
Med-OCT2015-15m-C18 138,459 CGR 394 176 2 Alphaproteobacteria
Med-OCT2015-2000m-C282 59,668 CGR 48.1 68 0 —
Med-OCT2015-15m-C165 56,255 CGR 47.7 77 0 SAR116
Med-SEP2014-15m-C135 56,252 CGR 47.5 80 0 SAR116
Med-SEP2014-15m-C146 53,516 CGR 37.6 81 0 SAR116
Med-Ae2-600mDeep-C89 43,595 CGR 35.9 64 0 SAR11
Med-1017-3500mDeep-C421 42,312 CGR 32.6 59 0 SAR11
Med-OCT2015-15m-C356 41,737 CGR 34.9 56 0 —
MedDCM-SEP2014-C124 40,894 CGR 35.8 52 0 —
MedDCM-SEP2014-C130 40,506 CGR 34.6 53 0 Actinomarina
Med-OCT2015-30m-C129 37,918 CGR 35.1 43 0 —
Med-lo17-3500mDeep-C518 36,171 CGR 30.9 61 0 —
Med-Ae2-600mDeep-C122 35,706 CGR 39.2 122 0 —
Med-lo17-3500mDeep-C537 35,372 CGR 32.1 54 0 Alphaproteobacteria
MedDCM-JUL2012-C215 33,995 CGR 36.6 56 0 —
Med-SEP2014-15m-C363 33,348 CGR 44.6 48 0 Alphaproteobacteria
MedWinter-DEC2013-20m-C766 31,256 CGR 34.9 50 0 —
Med-OCT2015-2000m-C859 30,521 CGR 27.7 38 0 —
MedDCM-SEP2014-C140 39,830 bGF 33.1 79 0 SAR11
Med-Ae2-600mDeep-C93 43,016 GF 32.8 59 0 SAR11
MedDCM-JUL2012-C7 154,128 GF 35.9 167 1 Cyanobacteria
Med-OCT2015-15m-C662 30,619 GF 36.2 42 0 SAR11
MAVG-1 166,919 ‘MAVG 39.8 182 2 Cyanobacteria
MAVG-2 157,661 MAVG 34.0 215 2 SAR11
MAVG-3 183,855 MAVG 37.3 215 0 Cyanobacteria
MAVG-4 155,847 MAVG 34.2 208 0 SAR11
MAVG-5 164,624 MAVG 32.7 230 2 SAR11
MAVG-18 46,605 MAVG 34.0 74 0 Actinomarina

8CGR: Complete Genome Representative

PGF: GenomicFragment

°MAVG: Metagenome-Assembled Viral Genomes

https://doi.org/10.1371/journal.pgen.1007018.t001
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https://doi.org/10.1371/journal.pgen.1007018.9003

Complete genomes and their recruitment from databases

Analysis of the relative abundance of the complete phage genomes in both, cellular (0.22 um)
and viral fractions (<0.2 um) from the Tara Oceans samples, revealed that half of them did
not recruit in any station independently of the filter fraction (S7 Fig). Most of them came from
deep metagenomes (Med-Ae2-600mDeep, Med-I017-3500mDeep and Med-OCT2015-
2000m) and probably are specific from bathypelagic waters. For this reason, we analysed the
abundance also in deep-sea viral metagenomes (POV and Malaspina) but the results did not
show any difference, suggesting not only that they are specific of bathypelagic waters but also
endemic of the Mediterranean Sea. Another possibility would be that the genomic diversity in
bathypelagic waters is higher than in photic regions.

Furthermore, recruitment showed the dominance of cyanophages in metagenomic samples
(cellular fraction), consistent with previously observations [26]. However, it is important to
point out that phages, mainly cyanophages, often carry auxiliary metabolic genes (AMGs) in
order to modify host metabolism during infection. We have noted that the presence of several
versions of the same gene coming from bacteria and phages (i.e photosystem II core reaction
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centre protein D1; PsbA) sometimes breaks the assembly and also overestimate the value of
the recruitment but only at values below 90% identity (we have used only 95 and 99% to assess
recruitment).

Cyanophages. Eight of the complete genomes could be linked to Cyanobacteria (Table 1)
based on tRNA gene, all-versus-all sequence tree comparison and the presence of AMGs such
as photosystem related genes (psbA, psbD). In order to examine the phylogenetic distribution
among the complete genomes associated to cyanobacteria with 46 reference cyanophage
genomes, a maximum likelihood analysis was applied. We used a concatenation of conserved
proteins among them based on sequence similarities against the pVOG database [50] (Fig 4A).
The core genome was defined by 33 shared-genes, representing ca. 16% of the genes in the
complete genomes. Fourteen are involved in DNA metabolism (terminase, RecA, DNA poly-
merase, ATPase, DNA repair/recombination), nine encode structural proteins (tail sheath,
neck, prohead core, major head, membrane protein MbpL or base plate wedge subunit) and
nine are classified as hypothetical proteins (53 Table). Five major clusters emerged with a
topology including all except one of our genomes, MedDCM-JUL2012-C7, that appears as an
outlier. This genome was the smallest and had the lowest GC content (154Kb; GC% 36.0)
among complete cyanophages (Table 1). Based on the sequence analysis of the concatenated
core genomes, there is no differentiation between Prochlorococcus and Synechococcus phages
among the clusters. However, the reconstructed genome MAVG-3 falls in a separate branch
within Cluster-1 with three Prochlorococcus phages (P-SSM3, P-SSM4 and P-SSM7) and it is
likely to be one itself. Remarkably, we recovered two pairs of identical cyanophage genomes
coming from different samples and different years (MedDCM-OCT2015-60m-C4 and
MedDCM-SEP2014-C2; MedWinter-DEC2013-20m-C17 and Med-SEP2014-30m-C1). The
first two, MedDCM-OCT2015-60m-C4 and MedDCM-SEP2014-C2, the largest assembled
genomes with 196Kb, also represented a new cyanophage group within Cluster-4. However,
some of them clustered together with known cyanophage isolates, for example, MedDC-
M-OCT2015-15m-C9 clustered with Synechococcus phages syn19 isolated from the North
Atlantic in 1990 [43]. Both genomes were similar (ca. 90%ANI) and completely syntenic with
only small variable regions (Fig 4A, inset). Although both phages contained six tRNA genes,
only one was 100% identical, while the others were very different. These could help them to
have a wide range of hosts with different tRNA sequences. A similar case also happened with
MAVG-1 and cyanophage P-RSM1 isolated from the Red Sea but in this example the similarity
was less than 90%.

Pelagiphages. Based on the all-versus-all comparison, terminase phylogeny and the com-
parison with previous studies [24,25], nine of the complete genomes could be classified as new
SAR11 infecting phages (pelagiphages) (Table 1). Some of them similar to the only four pelagi-
phages isolated from seawater samples using Ca. Pelagibacter ubique HTCC1062 as a host
[51]. Cluster-153 contained two CGRs of 43Kb, Med-Ae2-600mDeep-C93 and Med-Iol17-
3500mDeep-C421, with an ANI of ca. 96% (coverage 62%) and seem to be related to the cul-
tured Pelagibacter podovirus HTVC019P [51] and the uvMED genome AP013545 [24] (S8A
Fig). Despite the fact that these new genomes were obtained from deep metagenomes (650 and
3,500m, respectively), genome organization comparison with DCM or surface reference
genomes showed that synteny was well conserved. However, we found a gap or flexible region
(7Kb) among them containing three genes encoding a tryptophanyl-tRNA synthetase, putative
internal virion protein and a pesticin domain protein (S8A Fig). Single nucleotide polymor-
phism (SNP) analyses between these two CGRs showed the major variation in two genes
encoding a phage tail fiber protein, known to be involved in host range specificity [23] and a
DNA methyltransferase. Recruitment showed that these new group of pelagiphages is not
restricted to the deep waters of the eastern Mediterranean since they also appear in the station
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Malaspina viral metagenome MSP-114 (95% identity) from the Pacific Ocean at a depth of
4,000m. In fact, a new clade of SAR11 representatives, subclade Ic, which could be potential
hosts of these phages, has been found exclusively in deep waters [52].

Contrastingly, MedDCM-SEP2014-C140 obtained from the DCM at the Western Mediter-
ranean recruited in the photic zone (UP and DCM) along the whole Mediterranean Sea in
both (cellular and viral) fractions (S9 Fig) and also in one station in the South Atlantic Ocean.
This phage showed synteny and nucleotide sequence similarity (<70%) to uvDEEP genome
KT997865, obtained from 3,000m deep in the Ionian Sea tentatively predicted to infect SAR11
representatives [25]. A metaviromic island [53] was found in all of the datasets comprising a
gene encoding a phage tail tape measure protein. This protein is critical for infection since
determines the tail length and allows the DNA injection into the cell [54].

Med-OCT2015-15m-C662 could be also classified as a new pelagiphage since it displayed
high sequence similarity as well as an unique integrase with members of G15 previously
described [24] related to HTVCO10P (S8B Fig). Recruitment showed that Med-OCT2015-
15m-C662 was found restricted only to surface waters in two viromes from the Ionian Sea
(S8B Fig). Comparison with the closely related genomes and recruitment showed a variable
region containing four genes, but no function related to host recognition could be inferred.
The other five complete genomes (Med-OCT2015-15m-C16, Med-OCT2015-15m-C18, Med-
Io7-70mDCM-C14, MAVG-2, -4 and -5) with a larger size than the previous between 138 and
164Kb (GC content range 32.7 to 39.37%) were classified based on whole genome comparison
and tRNA genes with Pelagibacter phage HTVC008M (S5 Fig and Table 1) [51].

SAR116 phages. We also detected three CGRs of putative SAR116 clade phage genomes
encompassed in two different clusters (Table 1). One of the clusters containing CGRs Med-
OCT2015-15m-C165 and sept14-15m-C135 showed high GC content (ca. 47.6%) similar to
members of the SAR116 clade while the other had only 37.6% GC content. Despite the fact
that the first SAR116 phage, HMO-2011, is considered one of the most abundant cultured
marine viruses [47], only one of the CGRs (Med-SEP2014-15m-C146) was detected in three
Tara station viromes from surface samples and only in different locations of the Ionian Sea
(S7 Fig).

Marine Euryarchaeota group II (magrovirus). CGR Med-OCT2015-90m-C1 (140Kb)
contained two tRNA sequences, with one having an exact match to an archaeal tRNA-Arg-
TCT gene found in the Marine Euryarchaeota group II Thalassoarchaea [35]. This finding
classified this CGR as a new magrovirus (MArine GROup II viruses) [26]. Three distinct
magrovirus groups comprising 26 complete genomes assembled from metagenomic datasets
have been recently described [26]. On top of that, two conserved proteins (DNA polymerase
family B and recombinase RecB) were found conserved in the CGR, all the magroviruses
described and several haloviruses selected as references (based on the pVOG database; [50]). A
phylogenetic tree clearly placed this novel head-tailed archaeal virus of about 140Kb as a new
group within these magrovirus (Fig 4B). We have analysed the global distribution of this phage
in all viromes and metagenomes used in this study and also from the Tara Oceans and Mala-
spina expeditions with a threshold of 70% identity. Interestingly, we only found reads at more
than 99% identity in Med-OCT2015-75m and Med-OCT2015-90m metagenomes showing
that we recovered a specific lineage endemic from the LP waters of the Western Mediterranean
(Fig 4C).

Virophage. In addition, from the Med-OCT2015-2000m metagenome we assembled a
virophage-like genome (Med-OCT2015-2000m-C859). As far as we know, only 18 genomes
have been described so far in a broad range of habitats worldwide [55] and this is the first
report of a complete virophage from deep seawater (2,000m). Virophages are considered a spe-
cial group of viruses that parasitize giant viruses of the family Mimiviridae [55]. Although they
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are obligate parasites, little is known about their ecological relevance, replication or dynamics.
The genome is composed of 30,521bp and contains 35 ORFs including the virophage core
genes encoding the major and minor capsid proteins, packaging ATPase, cysteine protease
and the DNA replication protein (S10A Fig). These core genes were used to reconstruct a phy-
logenetic tree. As shown in S10B Fig, Med-OCT2015-2000m clustered together with YSLV5, a
virophage identified in Yellowstone Lake through metagenomic analyses [56], despite their
differences in GC content (27.7 versus 51.1%).

Eurybathic or stenobathic

With the large collection of marine metagenomes and viromes available, it is possible to evalu-
ate not only the most abundant and widespread VCs but also their distribution in the water
column. Furthermore, datasets obtained from different years from the same location can be
used to detect patterns of temporal variation and evolution. We have used recruitment of
metagenomic reads to elucidate possible patterns of distribution of these phages in nature.

The majority of the global marine viral metagenomic studies [15] are focused on surface
samples considering the photic zone as a homogeneous compartment and taking into account
only the differences between the photic and aphotic zone. To investigate the vertical distribu-
tion of the VCs throughout the water column, we used recruitment of metagenomic reads
from a fine-scale metagenomics profile (every 15m) in a stratified and mature (early autumn)
Western Mediterranean water column [36]. Based on the vertical distribution, phages can be
categorized into two types: eurybathic (broad depth distribution) and stenobathic (restricted
to narrow depth range). We took into consideration only those VCs recruiting more than 10
RPKG of coverage with a similarity >95% in the metagenomic profile. We found 227 out of
927 VCs abundant in at least one of the metagenomes, although none of them were detected in
deeper waters (1,000 and 2,000m). It is remarkable that a large number of the VCs (ca. 89%)
appear to be found exclusively in one single specific depth or two contiguous depth metagen-
omes (S11 Fig). Moreover, this distribution was more marked in the UP and DCM where typi-
cally genomes appeared at one or the other while ca. 50% of the VCs found beyond the DCM
were present in both depths (75 and 90m) (S11 Fig). This stenobathic character is consistent
with the narrow depth distributions found in the analysis of the prokaryotic fraction in these
metagenomes [36] and suggest that most of the phages have a specialized host range (not gen-
eralist). Only two singletons (MedDCM-SEP2013-LF-C8 and Med-OCT2015-30m-C1728)
that appear related to the pelagiphage HTVCO008M recruited in all the photic metagenomes
and could be considered eurybathic phages. Regarding the remaining 11% of the VCs that
recruit in more than one of the metagenomes they did not show any decrease with depth, indi-
cating that there is no vertical viral transport in sinking particles as was previously hypothe-
sized [57].

Endemic or widespread

To assess the abundance and distribution of the novel VCs we performed fragment recruit-
ment analysis by comparing each VC to that of numerous metagenomes from Tara Oceans
datasets (cellular and viral fraction). We considered only those VCs recruiting more than 10
RPKG and present in at least two stations. Besides, we have used two very restrictive nucleotide
identity thresholds, 95 and 99%.

At 99% of identity, VCs were found mainly at their habitat of origin (Mediterranean Sea) in
both fractions, reasserting the endemicity at this level of similarity of these genomes (Fig 5 and
S12 Fig). We found some exceptions, a peak in the metagenomic sample from the station
TARA_004 a North Atlantic Ocean station, but from the region next to the Gibraltar Strait
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https://doi.org/10.1371/journal.pgen.1007018.9005

(the connection between Mediterranean Sea and Atlantic Ocean) and also two samples
TARA_132 and 133 located in the North Pacific Ocean. The prevalence of these VCs might
reflect similar conditions since these stations were located at similar latitudes than the Medi-
terranean Sea. However, we did not find the same abundance in similar regions in the Atlantic
Ocean, probably due to the stratification of the water column that is permanent in these two
Pacific samples (like in the Mediterranean during the time of sampling) while the Atlantic
samples were collected during the mixed period.

On the other hand, when identity was shifted to 95%, results indicated that these viruses are
globally widespread with the exceptions of polar latitudes and mesopelagic samples (from 280
to 800m) in both fractions (Fig 5 and S12 Fig). We found that 514 of the 927 VCs (55.4%)
recruited in more than two metagenomic or viromic datasets. In total, 208 were abundant in
both fractions, 190 were reported only in the cellular fraction and 116 in the viral fraction.
While pelagiphages were the most widely distributed group in the viral fraction, cyanophages
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were dominant in the cellular fraction (as found before [26]). The VC MedWinter-DEC2013-
20m-C2965 classified as a pelagiphage was the one found in the largest numbers of Tara sta-
tions (widespread) while the highest absolute recruitment value found for a contig was that of
the CGR MedWinter-DEC2013-20m-C17, described as a new cyanophage, which recruited
more than 480 RPKG in TARA_007 station near its isolation place. On the other hand, contigs
recovered from deep metagenomes did not recruit in any Tara metagenome or virome (most
of the datasets were collected in the photic zone). Using the same parameters, we have analysed
the abundance and distribution of these novel VCs also in the deep-sea viral metagenomes.
While at 99% of identity only a couple of VCs recruited in all the Malaspina and POV stations
when we moved to the population cut-off (95%), the numbers did not change excessively as in
the previous case with the Tara dataset. Twelve VCs were found in Malaspina and only four in
POV, most of them recovered from the Med-I0o17-3500mDeep metagenome emphasizing
their truly bathypelagic nature. The low recruitment in the deep viromes in comparison with
the ones of the photic zone can be due to the special conditions of the deep Mediterranean Sea
which is much warmer (>13°C) and contain lower concentrations of inorganic nutrients N
and P than waters of similar depth in open oceans. This special situation might allow the per-
sistence of specific microbial communities adapted to aphotic regions [31] and hence of the
viruses associated with them. These data suggest that, at least in the Mediterranean Sea, there
is a clear evidence of a local viral distribution and diversity (more marked in deep waters).

Materials and methods
Sampling, sequencing, assembly and annotation

Eleven seawater samples were collected at different depths, filter pore size and season (strati-
fied or mixed) during consecutive years in the Western Mediterranean. Metadata of the sam-
ples are summarized in S1A and S1B Fig. Samples from 2012 to 2015 (MedDCM-JUL2012,
MedDCM-SEP2013, MedDCM-SEP2013-LF, MedWinter-DEC2013-20m, Med-SEP2014-
15m, Med-SEP2014-30m, MedDCM-SEP2014, MedWinter-JAN2015-20m, MedWinter-
JAN2015-20m-LF, MedWinter-JAN2015-20m, MedWinter-JAN2015-20m-LF, MedDCM-
SEP2015_HS) [34,35,38] [36] were recovered at 20 nautical miles off the coast of Alicante
(38.06851°N, 0.231994°W; bottom depth of 200 m). Additionally, in 2015 another nine sam-
ples (Med-OCT2015-15m, Med-OCT2015-30m, Med-OCT2015-45m, Med-OCT2015-60m,
Med-OCT2015-75m, Med-OCT2015-90m, Med-OCT2015-1000m and Med-OCT2015-2000m)
[36] were collected at approximately 60 nautical miles off the coast of Alicante (37.35361°N,
0.286194°W). Five more samples coming from different locations in the Eastern Mediterranean
were used [25]. Med-1016-70mDCM, Med-Io7-77mDCM and Med-Io17-3500mDeep recov-
ered from the Ionian Sea, at depths of 70, 77 and 3500 meters, respectively. Finally, two samples
collected from the Aegean Sea, at 75m (Med-Ael-75mDCM) and at 600m deep (Med-Ae2-
600mDeep) were also included in the analysis [25,34].

All seawater samples were sequentially filtered on board through 20 um nylon mesh and 5
and 0.22 pm pore size polycarbonate filters (Millipore). All filters were immediately frozen on
dry ice and stored at -80°C until processing. DNA extraction was performed from 0.22 and
5 um filters as previously described [58]. Metagenomes collected on September and October
2015 were sequenced using Illumina Hiseq-4000 (150bp, paired-end read) (Macrogen, Re-
public of Korea). The remaining metagenomes were sequenced using Illumina Hiseq-2000
(100bp, paired-end read) (BGI, Hong Kong) obtaining sequence data in a range between 15
and 20 Gb. Individual metagenomes were assembled using IDBA-UD [59]. The resulting
genes on the assembled contigs were predicted using Prodigal [60]. tRNA and rRNA genes
were predicted using tRNAscan-SE [61], ssu-align [62] and meta-rna [63]. Predicted protein
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sequences were compared against NCBI NR, COG [64] and TIGRFAM [65] databases using
USEARCHES [66] for taxonomic and functional annotation. GC content was calculated using
the GeeCee program from the EMBOSS package [67]. Proteins were clustered using CD-HIT
[68] at 60% sequence identity and > 80% alignment on the shorter sequence.

Virome sampling and sequencing

One of the viromes (MedDCM-Vir) was obtained from the DCM of the Mediterranean Sea (65 m
deep) on August 29th, 2011. DNA was amplified by MDA and sequenced by Illumina to provide
nearly 18 Gb of sequence data as was described in [24]. The other viromic sample (MetaVir-
2013) was collected from the Mediterranean DCM at 55m (38.06851°N, 0.231994°W; bottom
depth of 200 m) on 6 September 2013. Sample was processed in the same way as the other vir-
ome MedDCM-Vir [24]. However, the amount of DNA obtained was sufficient to sequence and
it was not necessary to use any amplification treatment. Phages were concentrated using tangen-
tial flow filtration (TFF) with a 30 kD polyethersulfone membrane from Vivaflow (VF20P2).
The resulting phage concentrate was ultracentrifuged (Optima XL 1000K Ultracentrifuge, Beck-
man) for 1 h at 4°C using a Type 70 Ti rotor (Beckman) at 30,000 rpm (92,600 g). The pellet was
treated with 2.5 units DNase I at 37°C for 1 hr, and 70°C for 10 min to remove bacterial DNA.
DNA was sequenced using Illumina Hiseq-2000 (100bp, paired-end read) (BGI, Hong Kong).

Viral contigs and host prediction

In order to confirm the viral origin of the contigs we performed a manual inspection based on
the resemblance to known phages similar to methods that have been previously described
[24,25]. Complete genomes were identified searching for overlapping sequences in the 3’ and
5' region (at least 30bp). These contigs were clustered using an all-versus-all BLASTN compar-
ison with a cut-off of 90% sequence identity and 20% coverage. We have used different host
prediction approaches to identify the putative host of the viral contigs. These methods have
been previously described [24] and include tRNA matches, CRISPR spacers, presence of
AMGs, all-versus-all comparison and terminase phylogeny. Furthermore, all the contigs were
annotated and assigned if a majority of genes gave best BLAST hits against the NR database
(>75% nucleotide identity and >50% coverage) to the same phage.

Taxonomic read analysis

Subsets of 20 million reads > 50bp (where applicable) were taxonomically classified against
the NR database using DIAMOND [69] with a minimum of 50% identity and 50% alignment.
The resulting alignment was later analyzed with MEGAN6 Community Edition [70], and both
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) taxonomic tree and canon-
ical correspondence analysis (CCA) were inferred with the cluster analysis option and a Bray-
Curtis ecological distance matrix.

Metagenomic read recruitments

The abundance and distribution of the VCs obtained in this study were performed using
recruitment against the complete dataset of Tara Oceans metagenomes [71] and viromes [15],
metagenomes from this study (S1 Fig and Table 1) and also deep-sea viral metagenomes from
the Malaspina expedition [45] and POV dataset [16]. Metagenomic recruitment of the reads
were compared using BLASTN [72] and hits obtained were used to compute the RPKG (reads
recruited per Kb of genome per Gb of metagenome) values that provide a normalized number
comparable across various metagenomes.
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Complete phage genome comparison

Complete phage genomes were compared to several well-classified Caudovirales (Podoviridae,
Myoviridae and Siphoviridae) reference phages downloaded from the NCBI, in addition to
known marine phage genomes and previously published marine phages (APXXX and KTXXX)
[24,25]. Dice coefficient between genomes was computed from summed calculated TBLASTX
scores as previously reported [24]. This metric was transformed to a dissimilarity metric and
values were log10 converted to reduce the distance between extreme values. A neighbour join-
ing tree was constructed from the complete distance matrix using the phangorn package [73] in
R and formatted in Dendroscope [74]. SNPs between phage genomes were identified using nuc-
mer program in the MUMmer3+ package [75].
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Viral clusters recruiting more than 10 RPKG.

(PDF)

S12 Fig. Recruitment of the Viral clusters and singletons that recruits more than 10RPKG
in at least two stations of the Tara Oceans metagenomes. Left axis indicates depth of sample.
(PDF)

S1 Table. Phage Orthologous Groups assigned to one representative of each protein viral
cluster.
(XLSX)

S2 Table. Complete list of all phage contigs described in this study.
(XLSX)

§3 Table. pVOG categories associated to the 33 conserved proteins among the 54 cyanoph-
age genomes compared.

(XLSX)

Author Contributions

Conceptualization: Mario Lopez-Pérez, Francisco Rodriguez-Valera.

Data curation: Mario Lopez-Pérez, Jose M. Haro-Moreno, Rafael Gonzalez-Serrano, Marcos
Parras-Molto.

Formal analysis: Mario Lopez-Pérez, Jose M. Haro-Moreno, Rafael Gonzalez-Serrano, Marcos
Parras-Molto.

Funding acquisition: Francisco Rodriguez-Valera.

Investigation: Mario Lopez-Pérez, Francisco Rodriguez-Valera.

Methodology: Mario Lopez-Pérez, Jose M. Haro-Moreno.

Project administration: Francisco Rodriguez-Valera.

Resources: Francisco Rodriguez-Valera.

Software: Jose M. Haro-Moreno, Rafael Gonzalez-Serrano, Marcos Parras-Molto.
Supervision: Mario Lopez-Pérez, Francisco Rodriguez-Valera.

Validation: Mario Lopez-Pérez, Jose M. Haro-Moreno, Francisco Rodriguez-Valera.

Visualization: Mario Lopez-Pérez, Jose M. Haro-Moreno, Rafael Gonzalez-Serrano, Marcos
Parras-Molto, Francisco Rodriguez-Valera.

Writing - original draft: Mario Lopez-Pérez, Francisco Rodriguez-Valera.

Writing - review & editing: Mario Lopez-Pérez, Jose M. Haro-Moreno, Francisco Rodriguez-
Valera.

References

1. Suttle CA. Viruses in the sea. Nature. 2005; 437: 356—-361. https://doi.org/10.1038/nature04160 PMID:
16163346

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007018 September 25, 2017 19/23


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007018.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007018.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007018.s013
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007018.s014
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1007018.s015
https://doi.org/10.1038/nature04160
http://www.ncbi.nlm.nih.gov/pubmed/16163346
https://doi.org/10.1371/journal.pgen.1007018

@'PLOS | GENETICS

Viral diversity in the Mediterranean Sea

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Wommack KE, Colwell RR. Virioplankton: viruses in aquatic ecosystems. Microbiol Mol Biol Rev. 2000;
64: 69—-114. https://doi.org/10.1128/MMBR.64.1.69-114.2000 PMID: 10704475

Fuhrman JA. Marine viruses and their biogeochemical and ecological effects. Nature. 1999; 399: 541—
8. https://doi.org/10.1038/21119 PMID: 10376593

Weitz JS, Wilhelm SW. Ocean viruses and their effects on microbial communities and biogeochemical
cycles. F1000 Biol Rep. 2012; 4: 17. https://doi.org/10.3410/B4-17 PMID: 22991582

Weinbauer MG, Rassoulzadegan F. Are viruses driving microbial diversification and diversity? Environ-
mental Microbiology. 2004. pp. 1-11. https://doi.org/10.1046/j.1462-2920.2003.00539.x PMID:
14686936

Breitbart M, Thompson L, Suttle C, Sullivan M. Exploring the Vast Diversity of Marine Viruses. Ocean-
ography. 2007; 20: 135—139. https://doi.org/10.5670/oceanog.2007.58

FuhrmanJ a., Noble RT. Viruses and protists cause similar bacterial mortality in coastal seawater. Lim-
nol Oceanogr. 1995; 40: 1236—1242. https://doi.org/10.4319/10.1995.40.7.1236

Rohwer F, Thurber RV. Viruses manipulate the marine environment. Nature. 2009; 459: 207-212.
https://doi.org/10.1038/nature08060 PMID: 19444207

Rodriguez-Valera F, Martin-Cuadrado A-B, Rodriguez-Brito B, Pasi¢ L, Thingstad TF, Rohwer F, et al.
Explaining microbial population genomics through phage predation. Nat Rev Microbiol. 2009; 7: 828—
836. https://doi.org/10.1038/nrmicro2235 PMID: 19834481

Brum JR, Sullivan MB. Rising to the challenge: accelerated pace of discovery transforms marine virol-
ogy. Nat Rev Microbiol. 2015; 13: 147—159. https://doi.org/10.1038/nrmicro3404 PMID: 25639680

Tseng CH, Tang SL. Marine microbial metagenomics: From individual to the environment. International
Journal of Molecular Sciences. 2014. pp. 8878-8892. https://doi.org/10.3390/ijms 15058878 PMID:
24857918

Daniel R. The metagenomics of soil. Nat Rev Microbiol. 2005; 3: 470—-478. https://doi.org/10.1038/
nrmicro1160 PMID: 15931165

Cho |, Blaser MJ. The human microbiome: at the interface of health and disease. Nat Rev Genet. 2012;
13: 260-270. https://doi.org/10.1038/nrg3182 PMID: 22411464

Gawad C, Koh W, Quake SR. Single-cell genome sequencing: current state of the science. Nat Rev
Genet. 2016; 17: 175-88. https://doi.org/10.1038/nrg.2015.16 PMID: 26806412

Brum JR, Ignacio-Espinoza JC, Roux S, Doulcier G, Acinas SG, Alberti A, et al. Ocean plankton. Pat-
terns and ecological drivers of ocean viral communities. Science (80-). 2015; 348: 1261498. https://doi.
org/10.1126/science.1261498 PMID: 25999515

Hurwitz BL, Sullivan MB. The Pacific Ocean Virome (POV): A Marine Viral Metagenomic Dataset and
Associated Protein Clusters for Quantitative Viral Ecology. PLoS One. 2013; 8. https://doi.org/10.1371/
journal.pone.0057355 PMID: 23468974

Paez-Espino D, Eloe-Fadrosh EA, Pavlopoulos GA, Thomas AD, Huntemann M, Mikhailova N, et al.
Uncovering Earth’s virome. Nature. 2016; 536: 425—430. https://doi.org/10.1038/nature 19094 PMID:
27533034

Haible D, Kober S, Jeske H. Rolling circle amplification revolutionizes diagnosis and genomics of gemi-
niviruses. J Virol Methods. 2006; 135: 9—-16. https://doi.org/10.1016/j.jviromet.2006.01.017 PMID:
16513183

Hayes S, Mahony J, Nauta A, Van Sinderen D. Metagenomic approaches to assess bacteriophages in
various environmental niches. Viruses. 2017. https://doi.org/10.3390/v9060127 PMID: 28538703

Kim KH, Bae JW. Amplification methods bias metagenomic libraries of uncultured single-stranded and
double-stranded DNA viruses. Appl Environ Microbiol. 2011; 77: 7663—7668. https://doi.org/10.1128/
AEM.00289-11 PMID: 21926223

Ghai R, Martin-Cuadrado A-B, Molto AG, Heredia IG, Cabrera R, Martin J, et al. Metagenome of the
Mediterranean deep chlorophyll maximum studied by direct and fosmid library 454 pyrosequencing.
ISME J. 2010; 4: 1154—1166. https://doi.org/10.1038/ismej.2010.44 PMID: 20393571

DelLong EF, Preston CM, Mincer TJ, Rich V, Hallam SJ, Frigaard N, et al. Community Genomics
Among Stratified Microbial Assemblages in the Ocean’s Interior. Science. 2006; 311: 496-503. https://
doi.org/10.1126/science.1120250 PMID: 16439655

Rodriguez-Valera F, Mizuno CM, Ghai R. Tales from a thousand and one phages. Bacteriophage.
2014; 4: e28265. https://doi.org/10.4161/bact.28265 PMID: 24616837

Mizuno CM, Rodriguez-Valera F, Kimes NE, Ghai R. Expanding the Marine Virosphere Using Metage-
nomics. PLoS Genet. 2013; 9. https://doi.org/10.1371/journal.pgen.1003987 PMID: 24348267

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007018 September 25, 2017 20/23


https://doi.org/10.1128/MMBR.64.1.69114.2000
http://www.ncbi.nlm.nih.gov/pubmed/10704475
https://doi.org/10.1038/21119
http://www.ncbi.nlm.nih.gov/pubmed/10376593
https://doi.org/10.3410/B4-17
http://www.ncbi.nlm.nih.gov/pubmed/22991582
https://doi.org/10.1046/j.1462-2920.2003.00539.x
http://www.ncbi.nlm.nih.gov/pubmed/14686936
https://doi.org/10.5670/oceanog.2007.58
https://doi.org/10.4319/lo.1995.40.7.1236
https://doi.org/10.1038/nature08060
http://www.ncbi.nlm.nih.gov/pubmed/19444207
https://doi.org/10.1038/nrmicro2235
http://www.ncbi.nlm.nih.gov/pubmed/19834481
https://doi.org/10.1038/nrmicro3404
http://www.ncbi.nlm.nih.gov/pubmed/25639680
https://doi.org/10.3390/ijms15058878
http://www.ncbi.nlm.nih.gov/pubmed/24857918
https://doi.org/10.1038/nrmicro1160
https://doi.org/10.1038/nrmicro1160
http://www.ncbi.nlm.nih.gov/pubmed/15931165
https://doi.org/10.1038/nrg3182
http://www.ncbi.nlm.nih.gov/pubmed/22411464
https://doi.org/10.1038/nrg.2015.16
http://www.ncbi.nlm.nih.gov/pubmed/26806412
https://doi.org/10.1126/science.1261498
https://doi.org/10.1126/science.1261498
http://www.ncbi.nlm.nih.gov/pubmed/25999515
https://doi.org/10.1371/journal.pone.0057355
https://doi.org/10.1371/journal.pone.0057355
http://www.ncbi.nlm.nih.gov/pubmed/23468974
https://doi.org/10.1038/nature19094
http://www.ncbi.nlm.nih.gov/pubmed/27533034
https://doi.org/10.1016/j.jviromet.2006.01.017
http://www.ncbi.nlm.nih.gov/pubmed/16513183
https://doi.org/10.3390/v9060127
http://www.ncbi.nlm.nih.gov/pubmed/28538703
https://doi.org/10.1128/AEM.00289-11
https://doi.org/10.1128/AEM.00289-11
http://www.ncbi.nlm.nih.gov/pubmed/21926223
https://doi.org/10.1038/ismej.2010.44
http://www.ncbi.nlm.nih.gov/pubmed/20393571
https://doi.org/10.1126/science.1120250
https://doi.org/10.1126/science.1120250
http://www.ncbi.nlm.nih.gov/pubmed/16439655
https://doi.org/10.4161/bact.28265
http://www.ncbi.nlm.nih.gov/pubmed/24616837
https://doi.org/10.1371/journal.pgen.1003987
http://www.ncbi.nlm.nih.gov/pubmed/24348267
https://doi.org/10.1371/journal.pgen.1007018

@'PLOS | GENETICS

Viral diversity in the Mediterranean Sea

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

43.

Mizuno CM, Ghai R, Saghai A, Lopez-Garcia P, Rodriguez-Valeraa F. Genomes of abundant and wide-
spread viruses from the deep ocean. MBio. 2016; 7. https://doi.org/10.1128/mBio.00805-16 PMID:
27460793

Philosof A, Yutin N, Flores-Uribe J, Sharon |, Koonin E V., Béja O. Novel Abundant Oceanic Viruses of
Uncultured Marine Group Il Euryarchaeota. Curr Biol. 2017; 27: 1362—1368. https://doi.org/10.1016/j.
cub.2017.03.052 PMID: 28457865

Labonté JM, Swan BK, Poulos B, Luo H, Koren S, Hallam SJ, et al. Single-cell genomics-based analysis
of virus—host interactions in marine surface bacterioplankton. ISME J. 2015; 9: 2386—2399. https://doi.
org/10.1038/ismej.2015.48 PMID: 25848873

Roux S, Hawley AK, Beltran MT, Scofeld M, Schwientek P, Stepanauskas R, et al. Ecology and evolu-
tion of viruses infecting uncultivated SUP05 bacteria as revealed by single-cell- and meta-genomics.
Elife. 2014;2014. https://doi.org/10.7554/eLife.03125.001

Deng L, Ignacio-Espinoza JC, Gregory AC, Poulos BT, Weitz JS, Hugenholtz P, et al. Viral tagging
reveals discrete populations in Synechococcus viral genome sequence space. Nature. 2014; 513: 242—
245. https://doi.org/10.1038/nature 13459 PMID: 25043051

Roux S, Solonenko NE, Dang VT, Poulos BT, Schwenck SM, Goldsmith DB, et al. Towards quantitative
viromics for both double-stranded and single-stranded DNA viruses. Peerd. 2016; 4: e2777. https://doi.
org/10.7717/peerj.2777 PMID: 28003936

Martin-Cuadrado AB, Lépez-Garcia P, Alba JC, Moreira D, Monticelli L, Strittmatter A, et al. Metage-
nomics of the deep Mediterranean, a warm bathypelagic habitat. PLoS One. 2007; 2. https://doi.org/10.
1371/journal.pone.0000914 PMID: 17878949

Ghai R, Mizuno CM, Picazo A, Camacho A, Rodriguez-Valera F. Metagenomics uncovers a new group
of low GC and ultra-small marine Actinobacteria. Sci Rep. 2013; 3: 2471. https://doi.org/10.1038/
srep02471 PMID: 23959135

Mizuno CM, Rodriguez-Valera F, Ghai R. Genomes of planktonic acidimicrobiales: Widening horizons
for marine actinobacteria by metagenomics. MBio. 2015; 6. https://doi.org/10.1128/mBio.02083-14
PMID: 25670777

Haro-Moreno JM, Rodriguez-Valera F, Lopez-Garcia P, Moreira D, Martin-Cuadrado A-B. New insights
into marine group Ill Euryarchaeota, from dark to light. ISME J. 2017; 1-16. https://doi.org/10.1038/
ismej.2016.118

Martin-Cuadrado A-B, Garcia-Heredia I, Molté AG, Lopez-Ubeda R, Kimes N, Lépez-Garcia P, et al. A
new class of marine Euryarchaeota group Il from the mediterranean deep chlorophyll maximum. ISME
J. 2015; 9: 1619-1634. https://doi.org/10.1038/isme].2014.249 PMID: 25535935

Haro-Moreno JM, Lopez-Perez M, de la Torre J, Picazo A, Camacho A, Rodriguez-Valera F. Fine Strati-
fication Of Microbial Communities Through A Metagenomic Profile Of The Photic Zone. bioRxiv. 2017;
Available: http://biorxiv.org/content/early/2017/05/05/134635.abstract

Estrada M, Marrase C, Latasa M, Berdalet E, Delgado M, Riera T. Variability of deep chlorophyll maxi-
mum characteristics in the northwestern Mediterranean. Marine Ecology Progress Series. 1993. pp.
289-300. 10.3354/meps092289

Lopez-Perez M, Kimes NE, Haro-Moreno JM, Rodriguez-Valera F. Not all particles are equal: The
selective enrichment of particle-associated bacteria from the mediterranean sea. Front Microbiol. 2016;
7. https://doi.org/10.3389/fmicb.2016.00996 PMID: 27446036

Allen LZ, Allen EE, Badger JH, McCrow JP, Paulsen IT, Elbourne LD, et al. Influence of nutrients and
currents on the genomic composition of microbes across an upwelling mosaic. ISME J. 2012; 6: 1403—
1414. https://doi.org/10.1038/ismej.2011.201 PMID: 22278668

Ganesh S, Parris DJ, DeLong EF, Stewart FJ. Metagenomic analysis of size-fractionated picoplankton
in a marine oxygen minimum zone. ISME J. 2014; 8: 187-211. https://doi.org/10.1038/isme}.2013.144
PMID: 24030599

Dupont CL, McCrow JP, Valas R, Moustafa A, Walworth N, Goodenough U, et al. Genomes and gene
expression across light and productivity gradients in eastern subtropical Pacific microbial communities.
ISME J. 2015; 9: 1076—1092. https://doi.org/10.1038/ismej.2014.198 PMID: 25333462

Marine R, McCarren C, Vorrasane V, Nasko D, Crowgey E, Polson SW, et al. Caught in the middle with
multiple displacement amplification: the myth of pooling for avoiding multiple displacement amplification
bias in a metagenome. Microbiome. 2014; 2: 3. https://doi.org/10.1186/2049-2618-2-3 PMID:
24475755

Sullivan MB, Huang KH, Ignacio-Espinoza JC, Berlin AM, Kelly L, Weigele PR, et al. Genomic analysis
of oceanic cyanobacterial myoviruses compared with T4-like myoviruses from diverse hosts and envi-

ronments. Environ Microbiol. 2010; 12: 3035-3056. https://doi.org/10.1111/j.1462-2920.2010.02280.x
PMID: 20662890

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007018 September 25, 2017 21/23


https://doi.org/10.1128/mBio.00805-16
http://www.ncbi.nlm.nih.gov/pubmed/27460793
https://doi.org/10.1016/j.cub.2017.03.052
https://doi.org/10.1016/j.cub.2017.03.052
http://www.ncbi.nlm.nih.gov/pubmed/28457865
https://doi.org/10.1038/ismej.2015.48
https://doi.org/10.1038/ismej.2015.48
http://www.ncbi.nlm.nih.gov/pubmed/25848873
https://doi.org/10.7554/eLife.03125.001
https://doi.org/10.1038/nature13459
http://www.ncbi.nlm.nih.gov/pubmed/25043051
https://doi.org/10.7717/peerj.2777
https://doi.org/10.7717/peerj.2777
http://www.ncbi.nlm.nih.gov/pubmed/28003936
https://doi.org/10.1371/journal.pone.0000914
https://doi.org/10.1371/journal.pone.0000914
http://www.ncbi.nlm.nih.gov/pubmed/17878949
https://doi.org/10.1038/srep02471
https://doi.org/10.1038/srep02471
http://www.ncbi.nlm.nih.gov/pubmed/23959135
https://doi.org/10.1128/mBio.02083-14
http://www.ncbi.nlm.nih.gov/pubmed/25670777
https://doi.org/10.1038/ismej.2016.118
https://doi.org/10.1038/ismej.2016.118
https://doi.org/10.1038/ismej.2014.249
http://www.ncbi.nlm.nih.gov/pubmed/25535935
http://biorxiv.org/content/early/2017/05/05/134635.abstract
https://doi.org/10.3389/fmicb.2016.00996
http://www.ncbi.nlm.nih.gov/pubmed/27446036
https://doi.org/10.1038/ismej.2011.201
http://www.ncbi.nlm.nih.gov/pubmed/22278668
https://doi.org/10.1038/ismej.2013.144
http://www.ncbi.nlm.nih.gov/pubmed/24030599
https://doi.org/10.1038/ismej.2014.198
http://www.ncbi.nlm.nih.gov/pubmed/25333462
https://doi.org/10.1186/2049-2618-2-3
http://www.ncbi.nlm.nih.gov/pubmed/24475755
https://doi.org/10.1111/j.1462-2920.2010.02280.x
http://www.ncbi.nlm.nih.gov/pubmed/20662890
https://doi.org/10.1371/journal.pgen.1007018

@'PLOS | GENETICS

Viral diversity in the Mediterranean Sea

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Roux S, Hallam SJ, Woyke T, Sullivan MB. Viral dark matter and virus—host interactions resolved from
publicly available microbial genomes. Elife. 2015; 4: 1-20. https://doi.org/10.7554/eLife.08490 PMID:
26200428

Roux S, Brum JR, Dutilh BE, Sunagawa S, Duhaime MB, Loy A, et al. Ecogenomics and potential bio-
geochemical impacts of globally abundant ocean viruses. Nature. 2016; 537: 689-693. https://doi.org/
10.1038/nature19366 PMID: 27654921

Casjens SR, Gilcrease EB, Winn-Stapley DA, Schickimaier P, Schmieger H, Pedulla ML, et al. The gen-
eralized transducing Salmonella bacteriophage ES18: Complete genome sequence and DNA packag-
ing strategy. J Bacteriol. 2005; 187: 1091—1104. https://doi.org/10.1128/JB.187.3.1091-1104.2005
PMID: 15659686

Kang I, Oh H-M, Kang D, Cho J-C. Genome of a SAR116 bacteriophage shows the prevalence of this
phage type in the oceans. Proc Natl Acad Sci U S A. 2013; 110: 12343-8. https://doi.org/10.1073/pnas.
1219930110 PMID: 23798439

Suttle C a. Marine viruses—major players in the global ecosystem. Nat Rev Microbiol. 2007; 5: 801—
812. https://doi.org/10.1038/nrmicro1750 PMID: 17853907

Marston MF, Martiny JBH. Genomic diversification of marine cyanophages into stable ecotypes. Envi-
ronmental Microbiology. 2016. https://doi.org/10.1111/1462-2920.13556 PMID: 27696643

Grazziotin AL, Koonin E V., Kristensen DM. Prokaryotic Virus Orthologous Groups (pVOGs): A
resource for comparative genomics and protein family annotation. Nucleic Acids Res. 2017; 45: D491—
D498. https://doi.org/10.1093/nar/gkw975 PMID: 27789703

Zhao'Y, Temperton B, Thrash JC, Schwalbach MS, Vergin KL, Landry ZC, et al. Abundant SAR11
viruses in the ocean. Nature. 2013; 494: 357—60. https://doi.org/10.1038/nature11921 PMID: 23407494

Thrash JC, Temperton B, Swan BK, Landry ZC, Woyke T, DeLong EF, et al. Single-cell enabled com-
parative genomics of a deep ocean SAR11 bathytype. ISME J. 2014; 8: 1440-51. https://doi.org/10.
1038/ismej.2013.243 PMID: 24451205

Mizuno CM, Ghai R, Rodriguez-Valera F. Evidence for metaviromic islands in marine phages. Front
Microbiol. 2014; 5. https://doi.org/10.3389/fmicb.2014.00027 PMID: 24550898

Cumby N, Reimer K, Mengin-Lecreulx D, Davidson AR, Maxwell KL. The phage tail tape measure pro-
tein, an inner membrane protein and a periplasmic chaperone play connected roles in the genome injec-
tion process of E.coli phage HK97. Mol Microbiol. 2015; 96: 437—447. https://doi.org/10.1111/mmi.
12918 PMID: 25532427

Bekliz M, Colson P, La Scola B. The expanding family of virophages. Viruses. 2016. https://doi.org/10.
3390/v8110317 PMID: 27886075

Zhou J, Sun D, Childers A, McDermott TR, Wang Y, Liles MR. Three novel virophage genomes discov-
ered from yellowstone lake metagenomes. J Virol. 2015; 89: 1278-85. https://doi.org/10.1128/JVI.
03039-14 PMID: 25392206

Hurwitz BL, Brum JR, Sullivan MB. Depth-stratified functional and taxonomic niche specialization in the
“core” and “flexible” Pacific Ocean Virome. ISME J. 2015; 9: 472—484. https://doi.org/10.1038/isme;j.
2014.143 PMID: 25093636

Martin-Cuadrado A-B, Rodriguez-Valera F, Moreira D, Alba JC, Ivars-Martinez E, Henn MR, et al. Hind-
sight in the relative abundance, metabolic potential and genome dynamics of uncultivated marine
archaea from comparative metagenomic analyses of bathypelagic plankton of different oceanic regions.
ISME J. 2008; 2: 865—-886. https://doi.org/10.1038/isme}.2008.40 PMID: 18463691

Peng Y, Leung HCM, Yiu SM, Chin FYL. IDBA-UD: A de novo assembler for single-cell and metage-
nomic sequencing data with highly uneven depth. Bioinformatics. 2012; 28: 1420—-1428. https://doi.org/
10.1093/bioinformatics/bts174 PMID: 22495754

Hyatt D, Chen G-L, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: prokaryotic gene recogni-
tion and translation initiation site identification. BMC Bioinformatics. 2010; 11: 119. https://doi.org/10.
1186/1471-2105-11-119 PMID: 20211023

Lowe TM, Eddy SR. TRNAscan-SE: A program for improved detection of transfer RNA genes in geno-
mic sequence. Nucleic Acids Res. 1996; 25: 955-964. https://doi.org/10.1093/nar/25.5.0955

Nawrocki EP, Eddy SR. Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics. 2013; 29:
2933-2935. https://doi.org/10.1093/bicinformatics/btt509 PMID: 24008419

Huang Y, Gilna P, Li W. Identification of ribosomal RNA genes in metagenomic fragments. Bioinformat-
ics. 2009; 25: 1338-1340. https://doi.org/10.1093/bioinformatics/btp161 PMID: 19346323

Tatusov RL, Natale DA, Garkavtsev | V, Tatusova TA, Shankavaram UT, Rao BS, et al. The COG data-
base: new developments in phylogenetic classification of proteins from complete genomes. Nucleic
Acids Res. 2001; 29: 22-8. https://doi.org/10.1093/nar/29.1.22 PMID: 11125040

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007018 September 25, 2017 22/23


https://doi.org/10.7554/eLife.08490
http://www.ncbi.nlm.nih.gov/pubmed/26200428
https://doi.org/10.1038/nature19366
https://doi.org/10.1038/nature19366
http://www.ncbi.nlm.nih.gov/pubmed/27654921
https://doi.org/10.1128/JB.187.3.1091-1104.2005
http://www.ncbi.nlm.nih.gov/pubmed/15659686
https://doi.org/10.1073/pnas.1219930110
https://doi.org/10.1073/pnas.1219930110
http://www.ncbi.nlm.nih.gov/pubmed/23798439
https://doi.org/10.1038/nrmicro1750
http://www.ncbi.nlm.nih.gov/pubmed/17853907
https://doi.org/10.1111/1462-2920.13556
http://www.ncbi.nlm.nih.gov/pubmed/27696643
https://doi.org/10.1093/nar/gkw975
http://www.ncbi.nlm.nih.gov/pubmed/27789703
https://doi.org/10.1038/nature11921
http://www.ncbi.nlm.nih.gov/pubmed/23407494
https://doi.org/10.1038/ismej.2013.243
https://doi.org/10.1038/ismej.2013.243
http://www.ncbi.nlm.nih.gov/pubmed/24451205
https://doi.org/10.3389/fmicb.2014.00027
http://www.ncbi.nlm.nih.gov/pubmed/24550898
https://doi.org/10.1111/mmi.12918
https://doi.org/10.1111/mmi.12918
http://www.ncbi.nlm.nih.gov/pubmed/25532427
https://doi.org/10.3390/v8110317
https://doi.org/10.3390/v8110317
http://www.ncbi.nlm.nih.gov/pubmed/27886075
https://doi.org/10.1128/JVI.03039-14
https://doi.org/10.1128/JVI.03039-14
http://www.ncbi.nlm.nih.gov/pubmed/25392206
https://doi.org/10.1038/ismej.2014.143
https://doi.org/10.1038/ismej.2014.143
http://www.ncbi.nlm.nih.gov/pubmed/25093636
https://doi.org/10.1038/ismej.2008.40
http://www.ncbi.nlm.nih.gov/pubmed/18463691
https://doi.org/10.1093/bioinformatics/bts174
https://doi.org/10.1093/bioinformatics/bts174
http://www.ncbi.nlm.nih.gov/pubmed/22495754
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
https://doi.org/10.1093/nar/25.5.0955
https://doi.org/10.1093/bioinformatics/btt509
http://www.ncbi.nlm.nih.gov/pubmed/24008419
https://doi.org/10.1093/bioinformatics/btp161
http://www.ncbi.nlm.nih.gov/pubmed/19346323
https://doi.org/10.1093/nar/29.1.22
http://www.ncbi.nlm.nih.gov/pubmed/11125040
https://doi.org/10.1371/journal.pgen.1007018

@'PLOS | GENETICS

Viral diversity in the Mediterranean Sea

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Haft DH, Loftus BJ, Richardson DL, Yang F, Eisen J a, Paulsen IT, et al. TIGRFAMs: a protein family
resource for the functional identification of proteins. Nucleic Acids Res. 2001; 29: 41-3. https://doi.org/
10.1093/nar/29.1.41 PMID: 11125044

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26:
2460-2461. https://doi.org/10.1093/bicinformatics/btq461 PMID: 20709691

Rice P, Longden |, Bleasby A. EMBOSS: The European Molecular Biology Open Software Suite.
Trends Genet. 2000; 16: 276—277. https://doi.org/10.1016/j.cocis.2008.07.002 PMID: 10827456

Li W, Godzik A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics. 2006; 22: 1658—1659. https://doi.org/10.1093/bioinformatics/btl158 PMID:
16731699

Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using DIAMOND. Nat Methods.
2015; 12: 59-60. https://doi.org/10.1038/nmeth.3176 PMID: 25402007

Huson DH, Beier S, Flade |, G??rska A, El-Hadidi M, S, et al. MEGAN Community Edition—Interactive
Exploration and Analysis of Large-Scale Microbiome Sequencing Data. PLoS Comput Biol. 2016; 12.
https://doi.org/10.1371/journal.pcbi.1004957 PMID: 27327495

Sunagawa S, Coelho LP, Chaffron S, Kultima JR, Labadie K, Salazar G, et al. Structure and function of
the global ocean microbiome. Science (80-). 2015; 348: 1261359. https://doi.org/10.1126/science.
1261359 PMID: 25999513

Altschul SF, Madden TL, Schéffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-
BLAST: A new generation of protein database search programs. Nucleic Acids Research. 1997. pp.
3389-3402. https://doi.org/10.1093/nar/25.17.3389 PMID: 9254694

Schliep KP. phangorn: Phylogenetic analysis in R. Bioinformatics. 2011; 27: 592-593. https://doi.org/
10.1093/bioinformatics/btq706 PMID: 21169378

Huson DH, Richter DC, Rausch C, Dezulian T, Franz M, Rupp R. Dendroscope: An interactive viewer
for large phylogenetic trees. BMC Bioinformatics. 2007; 8: 460. https://doi.org/10.1186/1471-2105-8-
460 PMID: 18034891

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. Versatile and open soft-
ware for comparing large genomes. Genome Biol. 2004; 5: R12. https://doi.org/10.1186/gb-2004-5-2-
r12 PMID: 14759262

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1007018 September 25, 2017 23/23


https://doi.org/10.1093/nar/29.1.41
https://doi.org/10.1093/nar/29.1.41
http://www.ncbi.nlm.nih.gov/pubmed/11125044
https://doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
https://doi.org/10.1016/j.cocis.2008.07.002
http://www.ncbi.nlm.nih.gov/pubmed/10827456
https://doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699
https://doi.org/10.1038/nmeth.3176
http://www.ncbi.nlm.nih.gov/pubmed/25402007
https://doi.org/10.1371/journal.pcbi.1004957
http://www.ncbi.nlm.nih.gov/pubmed/27327495
https://doi.org/10.1126/science.1261359
https://doi.org/10.1126/science.1261359
http://www.ncbi.nlm.nih.gov/pubmed/25999513
https://doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1093/bioinformatics/btq706
https://doi.org/10.1093/bioinformatics/btq706
http://www.ncbi.nlm.nih.gov/pubmed/21169378
https://doi.org/10.1186/1471-2105-8-460
https://doi.org/10.1186/1471-2105-8-460
http://www.ncbi.nlm.nih.gov/pubmed/18034891
https://doi.org/10.1186/gb-2004-5-2-r12
https://doi.org/10.1186/gb-2004-5-2-r12
http://www.ncbi.nlm.nih.gov/pubmed/14759262
https://doi.org/10.1371/journal.pgen.1007018

