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SUMMARY

Marine group Il Euryarchaeota (MG-Il) are among the
most abundant microbes in oceanic surface waters
[1-4]. So far, however, representatives of MG-II
have not been cultivated, and no viruses infecting
these organisms have been described. Here, we pre-
sent complete genomes for three distinct groups of
viruses assembled from metagenomic sequence da-
tasets highly enriched for MG-II. These novel viruses,
which we denote magroviruses, possess double-
stranded DNA genomes of 65 to 100 kilobases in
size that encode a structural module characteristic
of head-tailed viruses and, unusually for archaeal
and bacterial viruses, a nearly complete replication
apparatus of apparent archaeal origin. The newly
identified magroviruses are widespread and abun-
dant and therefore are likely to be major ecological
agents.

RESULTS AND DISCUSSION

Marine members of the archaeal phylum Euryarchaeota are
divided into three groups: marine groups Il (MG-II), lll (MG-III),
and IV (MG-IV) [5]. MG-II archaea dominate the photic zone
of oligotrophic oceans [1, 2], show seasonal variation [6], and
comprise up to 90% of the total archaea and one-third of all
microbial cells during spring blooms in the Atlantic [7]. Metatran-
scriptomic analyses show that MG-Il archaea are among the
most transcriptionally active microbial groups in the coastal
Pacific Ocean, with transcription levels and patterns similar to
those of Pelagibacter ubique and SARS86 [8, 9].

Despite their high abundance and transcription activity, not
a single representative of MG-Il has been cultured. Neverthe-
less, MG-Il genomes have been assembled for MG-II [10, 11],
and the analyses suggest that MG-Il are motile, photoheterotro-
phic, and capable of degrading polymers such as proteins and
lipids [5].

To gain further insight into the diel activity of marine Euryarch-
aeota in the Red Sea, we examined metagenomic bins contain-
ing MG-Il signatures. The contigs in these bins were retrieved
from a cross assembly of microbial, viral, and transcriptomic
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samples collected at four time points during a single day in
the Gulf of Agaba in the Red Sea (ENA: PRJEB19060). Manual
inspection showed that one bin (169) contained a metage-
nome-assembled genome (MAG) (156409) carrying hallmark
viral genes including predicted major capsid protein (MCP),
portal protein, and large subunit of the terminase, as well as
DNA polymerase of the B family (DNAP). This contig contained
overlapping terminal regions, suggesting that it represents a
complete, terminally redundant viral genome.

Viruses have been previously isolated from members of
several euryarchaeal groups. Euryarchaeal dsDNA viruses
show diverse morphologies including spindle-shaped, icosahe-
dral, pleomorphic, and head-tailed viruses. The latter group re-
sembles the bacterial head-tailed phages (order Caudovirales),
both in morphology and genome organization, and is currently
classified into the families Myoviridae, Podoviridae, and Sipho-
viridae, each of which includes bacterial and archaeal viruses
[12-17]. No viruses infecting MG-Il have been isolated [12],
and despite the increasing amount of viral metagenomic data
[18, 19], candidate viral contigs from the MG-II group have not
been reported either.

The protein sequence of the predicted MCP from MAG 156409
showed significant, albeit moderate (33% identity), similarity
solely to the MCPs of haloarchaeal siphoviruses (haloviruses)
(Figure 1A). Three additional proteins encoded in MAG 156409,
namely, primase (Figure 1C), portal protein, and prohead prote-
ase (Figure S2), showed comparable levels of similarity to homo-
logs from haloviruses, indicating a relatively distant evolutionary
link. We used these protein sequences as queries in BLAST
searches against the complete Red Sea assembly dataset, in
an attempt to expand the repertoire of virus-related sequences.
This search resulted in additional nine viral MAGs (Table S1), all
showing the same pattern of homology to haloviruses.

To validate and expand our observations on Red Sea metage-
nomes, we used the same query sequences in a BLAST search
against both the original Tara Oceans assembly datasets [20, 21]
and a reassembly of the raw sequences from this project (see
Supplemental Experimental Procedures). This search yielded
15 additional putative viral genomes related to the Red Sea
MAGs (Table S1). All together, we identified 26 putative viral
MAGs from two independent metagenomic projects (Red Sea
and Tara Oceans).

In the phylogenetic tree of the euryarchaeal virus and provirus
MCPs, and their environmental homologs (Figure 1A), the MAG
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Figure 1. Unrooted Maximum Likelihood Phylogenetic Trees of Conserved Magrovirus Genes

(A) Major capsid protein (MCP).

(B) DNA polymerase B (DNAP).

(C) Archaeo-eukaryotic primase (AEP).

(D) Chaperonins (thermosome subunit and GroEL).

Metagenome-assembled complete or nearly complete genomes (MAGs) of magrovirus from the Red Sea and Tara Oceans metagenomes are marked with red
and light red circles, respectively. Bootstrap support values greater than 90 are marked with gray circles. See also Figures S2 and S3.

proteins split into three distinct groups, two of which (A, B) join
in a clade affiliated with the halovirus MCPs, whereas the
third group (C) forms a long branch with an uncertain affiliation.
A similar phylogenetic pattern was observed for other hallmark
caudoviral genes of the MAGs, namely prohead protease, portal
protein, and large subunit of the terminase. Whereas groups A
and B cluster together in all these trees, the position of
group C changed from tree to tree, suggesting rapid evolution.
These findings, along with the fact that 11 MAGs are terminally
redundant linear genomes of about 100 kbp in size (Table S1),
suggest that these MAGs represent a novel family of head-
tailed archaeal viruses. Because, as shown below, these
MAGs appear to be strongly associated with MG-Il, we provi-
sionally denote them magroviruses (MArine GROup Il viruses).
We then compared the gene complements and genome orga-
nizations of the three groups of magroviruses in detail. Although,
as with many other archaeal viruses [22], most of the magrovirus

genes encode proteins without significant similarity to any se-
quences in current databases, the genomes include two readily
identifiable, compact gene blocks, the structural-morphogenetic
module and the replicative module (Figure 2). The structural
module consists of the genes encoding MCP, portal protein,
prohead protease, and terminase and closely resembles the
corresponding genomic module of haloviruses (Figure 2). The
distinctive feature of magroviruses is the presence of a suit of
genes for proteins involved in the genome replication (Figure 2B).
All 26 genomes encode DNAP, sliding clamp, clamp loader
ATPase (replication factor C), archaeo-eukaryotic primase
(AEP), replicative helicase (MCM protein), RadA-like ATPase,
single-stranded DNA-binding protein (ssb), and several nucle-
ases; all viruses except for group C also encode one or two
ATP-dependent DNA ligases (Figure 2B). Taken together, these
proteins could comprise a nearly complete archaeal-type repli-
some [23], which is unusual among currently known viruses of
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Figure 2. Genome Organization in Different Groups of Magroviruses and Haloviruses

For each group, detailed genome schemes of the replicative gene block (left, yellow to red) and the structural gene block (right, different shades of blue) are
shown. Homologous genes with predicted functions are shown using color code (see key at the bottom). Green arrows indicate thermosome genes, and gray
arrows indicate hypothetical proteins. Split DNAP genes from group B1 are marked with a narrow black arrow pointing to the regions between the split genes. See

also Figure S1 and Table S1.

archaea and bacteria, although some recently discovered bacte-
riophages also encode expansive suites of replication proteins
[24]. Haloviruses that share the morphogenetic gene block with
the magroviruses encompass a smaller complement of replica-
tive genes (Figures 2 and S1). The gene order within both the
replicative and the structural modules of magroviruses is highly
conserved, with limited rearrangements, largely in group C (Fig-
ure 2B), possibly, because operonic organization of functionally
linked genes is important for virus reproduction. No auxiliary
metabolic genes [25] could be observed in magroviruses.

With the exception of the DNAP, AEP, and ligases, the replica-
tive proteins of magroviruses show low sequence similarity to
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homologs from cellular organisms that could be detected only
through sensitive profile-profile searches. Nevertheless, most
of these proteins show signs of archaeal origin as indicated by
the provenance of the closest homologs. Due to the low
sequence conservation, informative phylogenetic analysis was
feasible only for DNAP and AEP. In the phylogenetic tree of
DNAPs, the magrovirus polymerases cluster with the halovirus
DNAPs [17, 26], and, together, these viral polymerases are
related to archaeal DNApoIB Il that is involved in lagging strand
replication (Figure 1B). This gene is apparently subject to
frequent horizontal transfer among archaea that is likely to be
at least partially mediated by viruses [27, 28], so that the



DNApolIB Ill phylogeny does not follow the archaeal evolutionary
tree. Groups A and C that were delineated by analysis of
morphogenetic genes retain monophyly in the DNAP tree
(Figure 1B), whereas group B splits between two branches,
one of which is affiliated with group A (Figure 1B). This discrep-
ancy between the MCP and DNAP phylogenies suggests
genetic exchange among diverse magroviruses. In addition
to groups A, B, and C, a putative new group (labeled “?” in
Figures 1B and 1D) was observed in the DNAP tree. The
MAGs encoding this group of DNAPs (tentatively, group D) are
not represented in the Red Sea metagenomes but are present
among scaffolds originating from the Tara Oceans project.
Group D genomes contain genes for DNAP (Figure 1B), thermo-
some (Figure 1C), resolvase, and DNA-dependent RNA poly-
merase A, all with the highest similarity to archaeal homologs.
So far no closed genomes of this group were assembled, and
a morphogenetic gene block was not identified. Therefore,
although a connection to magroviruses is apparent, the nature
of group D (virus, provirus, mobile element, megaplasmid, or un-
cultured archaea) remains to be determined.

Notably, seven group B magroviruses possess a split DNAP
gene, whereas in all other viral MAGs, the DNAP gene is uninter-
rupted (Figures 2B and S3). The split is located within the
sequence encoding the catalytic domain, similarly to the DNAP
genes of the cyanophage P-SSP7 [29] and Methanobacterium
thermoautotrophicum. Interrupted DNAP genes are also found
in other Euryarchaeota in which the inserts consist of post-
transcriptionally excised inteins [30, 31]. The positions of
the splits in these archaeal polymerases and the group B magro-
virus DNAP are similar, but not identical, suggesting indepen-
dent, convergent evolutionary events resulting in gene fragmen-
tation. Regardless of the exact evolutionary scenario, the split
DNAP is so far unique among archaeal viruses and supports
the monophyly of magrovirus group B.

The phylogenetic tree of the AEP supports the monophyly of all
three groups of magroviruses as well as the common origin of
primases in magroviruses and haloviruses; in this case, however,
magrovirus groups A and C cluster with haloviruses, suggesting
the possibility of gene exchange between these archaeal viruses
(Figure 1C).

Except for group C, all magroviruses encode a DnaQ-like
exonuclease that can be implicated in proofreading during viral
genome replication. Unlike most of the other magrovirus genes,
this nuclease shows significant sequence similarity only to bac-
terial homologs. Thus, somewhat unexpectedly, magroviruses
appear to have acquired genes not only from archaea but also
from bacteria.

A notable feature of magroviruses is the presence of two
genes encoding distinct ATP-dependent DNA ligases in
groups A and B, one within the replicative module and the
other one, unexpectedly, embedded in the structural module
(Figure 2B). The provenances of these ligases are different
as indicated by phylogenetic analysis: the ligase encoded
within the structural module represents a distinct family that
along with the magrovirus proteins includes ligases from
uncharacterized bacteria; the ligase in the replicative block
of group B is a typical archaeal variety, whereas the one in
group A replicative block belongs to the distinct family known
as “thermostable ligases” (Figure S1). Thus, apparently, li-

gases have been acquired by magroviruses on three indepen-
dent occasions.

The structural modules of all magroviruses also contain
another inserted gene that in different groups encodes distinct
nucleases (Figure 2B). In groups A, B, and D, this is a homing
endonuclease (LAGLI-DADG family) homologous to nucleases
of group | self-splicing introns and inteins, which are also present
in many bacteriophages. In contrast, in group C, the inserted
gene encodes a homolog of the exonuclease subunit of the
archaeal DNA polymerase D [32]. An intriguing possibility is
that the two nucleases play analogous roles in magrovirus repli-
cation. In addition to the conserved replicative genes, several
genes implicated in replication are found in individual groups of
magroviruses, e.g., ribonucleotide reductase in group B and
SNF2 family helicase in group A.

Apart from the replicative and structural-morphogenetic pro-
teins, 12 of the 26 magroviruses encode either a bacterial-type
chaperonin GroEL (groups B, B1, and C) or a thermosome sub-
unit, the archaeal homolog of GroEL (groups A and D) (Figure 2B).
Unlike the replicative genes, these magrovirus proteins are
highly similar to the archaeal and bacterial homologs. Phyloge-
netic analysis confirmed the sharp split between GroEL and
thermosome subunits (Figure 1D). The thermosome subunits
of magroviruses group with homologs from MG-II, which is
compatible with relatively recent acquisition of these genes by
the viruses. A subset of MG-Il archaea encode GroEL instead
of the thermosome subunit, conceivably owing to displacement
of the ancestral archaeal chaperonin by a bacterial homolog.
Although the magrovirus GroEL do not group with those of
MG-II in the phylogenetic tree, this could be due to the acceler-
ated evolution in the viruses; acquisition of this gene from MG-II
archaea remains likely. Comparison of the topology of the
chaperonin tree with those of the MCP, DNAP, and AEP trees
suggests that the common ancestor of the magroviruses ac-
quired a GroEL gene that was replaced by the thermosome sub-
unit in group A. Chaperonins are not encoded by any known
archaeal viruses but have been detected in several bacterio-
phages [33, 34]. Notably, these phages do not encode the co-
chaperonin GroES, and GroES is not required for the phage
chaperonin activity [35]. This is likely to be the case for the
magrovirus chaperonins as well. Given that, in magroviruses,
the chaperonin genes reside in the replicative gene cluster, the
chaperonins might facilitate folding of the replicative proteins
and replisome assembly.

Mapping reads from the Red Sea and from the Tara Oceans on
the 26 magrovirus genomes indicate that these viruses are glob-
ally widespread, with high abundance in the Indian Ocean, the
Red Sea, and the South Pacific and Atlantic Oceans (Figures
3A and 3B), and are composed of different ecotypes (Figure 3A).
Magroviruses are highly abundant in the marine environment,
third only to SAR11 phages [36] and cyanophages (Figure 4).
Surprisingly, the overall abundance of magroviruses was found
to be higher than that of SAR116 phages (Figure 4), previously
identified as the second most abundant phage group in the
oceans [37].

So far, based on microscopic measurements [26], head-
tailed viruses appeared to be the least abundant morphotype
of archaeal viruses. However, our abundance estimates for
magroviruses suggest that these previously uncharacterized
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head-tailed viruses dominate the archaeal virome in surface ma-
rine environments. In contrast to the cyanophages, and the
SAR11 phages, normalized counts of magroviruses are almost
negligible in the microbial fraction (>0.2 um) but high in the vi-
rus-enriched fraction (<0.2 um) (Figure 4). Thus, the principal
source of the magrovirus reads appear to be free virus particles
rather than cell-associated viruses, proviruses or megaplasmids.
A possible explanation to this observation is that MG-Il show

seasonal blooming patterns [6]. However, the analysis was
done with samples spanning multiple seasons and regions.
The low magrovirus signal in the microbial fraction raises inter-
esting questions on how magrovirus virions are maintained in
the marine surface waters for long periods of time.

Despite the abundance of MG-II in the oceans and their
apparent ecological importance, no viruses infecting these or-
ganisms have been identified so far. Here, using metagenomic

Figure 4. Total Abundance of Magroviruses
The abundance of the Magrovirus reads in Red
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approaches, we describe three distinct groups of viruses asso-
ciated with MG-Il. Unequivocal demonstration of the virus-host
relationship between magroviruses and MG-Il is currently unfea-
sible due to the lack of cultivable MG-II representatives. Never-
theless, several lines of evidence strongly suggest that MG-II
archaea are indeed the hosts of magroviruses. First, our abun-
dance estimates show that MG-Il is the dominant archaeal group
in the samples from which the magrovirus genomes were
assembled (Figures 3A and 3B). Second, most of the replicative
genes of magroviruses and especially the viral chaperonins
show clear signs of archaeal provenance, and in some cases,
a specific connection with homologs from MG-II. Furthermore,
group B magroviruses encode two tRNAs (tRNA-®" and tRNA*9)
that are most similar to the respective tRNAs of MG-Il archaea.
Some of the marine Euryarchaeal fosmids deposited in GenBank
lack 16S rDNA genes, therefore their affiliation is not resolved,
and they are deposited in GenBank as MG-II/Ill. In addition,
some representatives of MG-IIl are abundant in surface waters
[38], therefore we cannot rule out the possibility that MG-III are
the hosts of (some) magroviruses.

The discovery of the magroviruses is part of the growing trend
in virology whereby viruses are recognized solely from metage-
nomics sequence analysis, as recently formalized by the Interna-
tional Committee for Taxonomy of Viruses [39]. Genome analysis
of the magroviruses is consistent with modular evolution of vi-
ruses whereby the structural and replicative modules have
distinct origins. Magroviruses are unusual among viruses of
bacteria and archaea in that they encode an elaborate, appar-
ently (almost) self-sufficient replication apparatus. Given the
high abundance of both MG-II archaea and magroviruses,
the latter are likely to be important ecological agents, similar
to cyanophages or archaeal viruses that apparently infect
Thaumarchaeota [40].

While this paper was in revision, identification of a group of pu-
tative viruses overlapping with the magrovirus set described
here has been reported independently [41].
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Figure S1: Detailed genomic maps of Magroviruses and haloviruses (related to Figure
2)

Genomic Maps of the replication gene cluster (upper panel) and viral structural gene cluster
(lower panel) in selected Magroviruses and the haloviruses HCTV-5, HRTV-5, HRTV7,
HCTV-1.
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Metagenome-assembled genomes (MAGs) from this study are marked with the
group name they belong to. Purple sequences are from Archaeal proviruses. Green
sequences are from Haloviruses.
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Figure S3: Multiple Sequence alignment of the DNA polymerase family B catalytic
domain (related to Figure 1B)

Orange boxes mark splits. Gene abbreviations: 1GroupA, gene26_contig_156409; 2GroupA,
gene_66_SAMEA2621061_122; 1GroupC, gene_32_contig_172037; 2GroupC,
gene_88_contig_155057; 1GroupX, gene_114_SAMEA2620879_23; 2GroupX,

gene_50_contig_155773; 1GroupB, gene_19 17 _786803042; 2GroupB,
gene_38_37_777660975; 3GroupB, gene_104_107_871648617; 4GroupB,
gened9 _62_contig_154592; 5GroupB, gene_90_87_contig_154680; 6GroupB,
gened6_62_contig_154676; 7GroupB, gene_16_15 772041692; 8GroupB,

gene_43 45 837327169; M_arbor, Methanobrevibacter arboriphilus gi|757148798 and
gi|757150045; M_therm, Methanothermobacter thermautotrophicus gi|499179292 and
gi|[499178307




contig name contig Group notes Extended ext. genome %GC
length, contig name contig
nt length
SAMEA2621061_122 | 106637 | GroupA no ext in wgs 39.29
contig_156409 118049 | GroupA complete 51.1
(circular)
gi| 871648617 78671 GroupB extended by gi|870181751, 871648617_complete 100277 | complete 32.84
gi|871648619, gi|870131030, (circular)
gi| 868862040
contig_154592 96096 GroupB1 | no extinwgs 43.78
contig_154676 53712 | GroupB1l | no extin wgs. tRNA™ and tRNA™® 34.24
contig_155057 63764 GroupC complete 46.5
(circular)
contig_172037 61133 GroupC complete 44.55
(circular)
SAMEA2620879_23 93879 GroupB2 complete 35.36
(circular)
contig_155773 84959 GroupB2 | noextinwgs 35..89
SAMEA2619923_17 102781 | GroupA no ext in wgs 43.94
SAMEA2621085_65 102641 | GroupA no ext in wgs 44.74
SAMEA2621151_40 108353 | GroupA no ext in wgs 52.47
contig_154566 105939 | GroupA complete 48.06
(circular)
contig_155688 125638 | GroupA complete 45.17
(circular)
gi| 772041692 36978 GroupBl1 | noextinwgs 32.53
gi| 777660975 64966 GroupB1 | extended up to 97754 nt by 777660975_ext 97754 nearly 36.64
gi| 774121447, gi| 774778739, complete
gi| 774839755, gi| 775082829,
gi| 775114504, gi| 775117949,
gi| 776721548, gi| 776810293,
gi| 776811288, gi| 777672392
gi| 786803042 22546 GroupB1 | noextinwgs 33.34
gi|837327169 50367 GroupB1 | extended a bit (~1200 nt) by 837327169_ext 51368 43.24
gi| 765915719, gi|837063603
contig_154680 102054 | GroupBl1l | 250 nt "insert" complete 37.88
(circular)
gi| 766270197 50189 GroupC extended by gi| 789589345 766270197_ext 57681 41.06
gi| 775118401 60429 GroupC extended by gi|777632841, 775118401 _ext 71480 44.46
gi| 776868392
gi| 778722464 66608 GroupC circular, suported by gi| 786717538 complete 43.11
(circular)
gi| 786772955 70925 GroupC circular, suported by gi| 789713218 complete 43.76
(circular)
contig_154940 60318 GroupC no ext in wgs 47.03
SAMEA2620078_38 94102 GroupB2 | no extin wgs 30.14
SAMEA2621151_104 | 92290 GroupB2 | completed by 7 gi| 96655877 SAMEA2621151_104_ext | 99445 complete 32.84
(circular)

Table S1: Metadata on genomes reported in this study (related to Figure 2)




Supplemental Experimental Procedures

The scripts and analyses files used in our data analyses are available on github:

https://github.com/BejalLab/Magrovirus

Sample Collection and processing

Sampling was performed on October 12", 2012 at the Gulf of Agaba, Station A
(exact location). Four time points were collected during this single day: 06:00, 12:00,
18:00 and 24:00. At each time point three fractions were collected after 2.8um pre-
filtration: metagenomic (gDNA, >0.22 pm), transcriptomic (cDNA, >0.22 ym) and
viral (vDNA, <0.22 ym). DNA was extracted using alkaline-lysis protocol. For the viral
fraction, two sampling methods were used: 1) 60L of the flow-through the 0.22 pym
filters were concentrated with a TFF filter (Millipore); 2) Iron-Chloride (FeCls)
precipitation of viral particles as described by [S1]. The precipitate was collected on
a 0.22 pm Durapore filter (Millipore) and washed with 10mL of the following solution:
0.1M Na;EDTA, 0.1M MgCl,, 0.125 M Tris, 0.125 M Oxalate at pH ~6. The washed
precipitate was further concentrated using a Centricon filter (30 kDa cutoff). Both the
TFF and FeCl; samples were further purified on a CsClI gradient followed by DNase
treatment and DNA extraction as described in [S2] with the exception of not using
phi29 for whole genome amplification. The transcriptomic fraction was collected onto
multiple 0.22 um durapore filters (Millipore) using a four head peristaltic pump. After
collection, the filters were immediately transferred to a screw cap tube containing 1
mL of RNAlater (Ambion) and frozen in liquid nitrogen. Total handling time was less
than 15 min, total RNA extraction was done using mirVana RNA isolation kit
(Ambion), followed by DNA removal with Turbo DNase (Ambion) and cleanup using
RNeasy MinElute Kit (QIAGEN). 10 filters from each time point were extracted
separately and then pooled together for sequencing.

The vDNA and gDNA samples were sheared using Covaris E220 with the
following parameters: 10% Duty factor, 45 sec duration time, 200 cycles per burst,
175W peak incident power and a temperature of 6 °C. Libraries were constructed
with 50 ng of DNA per sample using lllumina's TrueSeq Nano library construction kit
according to protocol. Eight PCR cycles were performed in the construction of the
gDNA libraries and 15 cycles in the vDNA samples.



The three sample types were loaded on three separate lanes of lllumina
HiSeq. Both vDNA sample types (TFF and FeClI3) per time point were barcoded
separately. All samples were paired-end (PE) sequenced, the gDNA and vDNA at
150bp from each end and the cDNA 100bp from each end. Sequencing was
performed by the Technion Sequencing center on lllumina Hiseq 2500.

Bioinformatic Analyses
The files and scripts used in our data analysis are available in the Github repository

found at: https://github.com/BejaLab/Magrovirus

Quality Control of Raw Reads

lllumina adapters were first removed from the Raw reads using Trimmomatic [S3]
0.32 (TruSeq3PE.fa; 2:30:10, LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15).
The paired-ends were then interleaved and short sequences and orphans were
removed with Biopieces (www.biopieces.org). Fastx
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used to remove low quality
bases from the ends of the reads.

Following QC, digital normalization and graph partition using the Khmer
package [S4-S6], were applied on each sample. Briefly, the interleaved files were
normalized by median coverage (normalize-by-median.py -C 20 -k 21 -x 64e9 -N 4 -
p) and afterwards filtered by abundance (filter-abund.py -C 100 -x 64€9 -N 4 -V) and
then paired reads were extracted (extract-paired-reads.py). The resulting files were
assembled as described later. In addition, these files were partitioned with Khmer
[S6] into disconnected de Bruijn graph components in order to assemble each
partition separately. The partitioning was done as follows: first the graph was loaded
(load-graph.py -k 32 —N 4 —x 60e9) then partitioned (partition-graph.py -s 10e6)
merged (merge-partitions.py --ksize 32) and annotated (annotate-partitions.py).
Finally, the partitions were extracted (extract-partitions.py) and assembled as
described later.

Each sample, post QC, was analyzed with KRAKEN [S7] using the genome
databases refseq viral and refseq microbial (http://www.ncbi.nlm.nih.gov/refseq/) at
kmer size of 21 to find candidate genomes to map against and to remove vector and

other contaminations (such as human sequences and reagent contamination).



Assembly of Red Sea samples

Following QC, contaminations were removed from the samples and the samples
were diginormed and partitioned as described above. At first, each sample was
assembled separately with IDBA-ud [S8] (Kmers 20-120, steps of 4). In addition, the
diginormed and partitioned files were assembled in the same manner with Velvet
[S9] (Kmers 21-99, steps of 4). Then, the entire fraction (JDNA, vDNA or RNA) was
concatenated (e.g. all four vDNA samples) and then assembled with IDBA-ud
(Kmers 20-120, steps of 4). All the assemblies from each fraction were then pooled
together and de-replicated using derep_fulllength option in VSEARCH
(https://github.com/torognes/vsearch). The entire de-replicated assembly of each
fraction was then used as an input to CONCOCT [S10]. CONCOCT performs

unsupervised binning of metagenomic contigs using a Gaussian mixture model

incorporating both coverage and nucleotide composition from multiple samples along
with linkage data from the paired end reads. The samples from each fraction were
mapped back to the assembled contigs using Bowtie2 and mean coverage was
calculated using genomeCoverageBed from the BedTools package [S11]. Linkage
information was then generated and served as an input along with the mean
coverage data to the CONCOCT program. The resulting bin clusters were visualized
in an interactive PCA plot (using a modification of ClusterPlot.R from the CONCOCT
package). Each bin was taxonomically annotated using BLASTn against NCBI nr.
The interactive PCA plot was then inspected manually and fastq files of close
taxonomical groups were extracted and assembled separately with IDBA-ud. These
assemblies were later pooled together with the reset of the assemblies and were de-
replicated with VSEARCH. After using this assembly process for each fraction
(vDNA, gDNA and cDNA) and for a pool of all fractions, the assemblies were de-
replicated with VSEARCH and merged with the AMOS suite program minimus2
[S12].

Reads from each sample were mapped back to the final contigs with BWA-
MEM [S13] and then binned using MetaBAT [S14], with the “superspecific” option.
The resulting bins were then analyzed with CheckM [S15]. Bins were assigned
taxonomy with Diamond [S16] and blast2lca from the MEGANS5 package [S17]
[https://ab.inf.uni-tuebingen.de/software/megan5]. Bins were then inspected

manually.



Re-assembly of Tara Oceans data

The Tara Oceans microbiome [S18] and virome [S19] data sets were assembled
using the IDBA-UD [S8] assembler providing higher quantity of longer scaffolds than
previously reported [S18]. Errors in the assembly were corrected using two read-
mapping based in-house tools (Sharon et al., in prep). The initial fragment from
group D was extended using mini-assembly technique as described in [S20]. This
process lead to the recruitment of other fragments of the same genome until no
further elongation could be done.

Mapping of reads back to assembled contigs

Following assembly, the reads from each sample were mapped back to assembled
contigs using bowtie2 [S21]. PE Reads were counted as mapped (+1) if both end
mapped perfectly to the same contig or if only one of the ends mapped to a contigs.
For visualization, BEDTOOLS [S11] was used to generate bedgraph files from raw
BAM files and plots of read coverage depth were created with the R package SUSHI
[S22].

Abundance of Magroviruses in environmental metagenomic samples

A reference collection composed by 257 FASTA sequences from magroviruses, MG-
Il, archaeal, cyanobacterial, SAR11, and SAR116 hosts and viral genomes or
contigs (available on github) was used to estimate and compare the distribution and

abundance of the magroviruses.

Paired-end lllumina raw reads from the Red-Sea samples (this report), Tara
Oceans expedition microbiome [S18] and virome [S19] data sets (Accession: EBI-
ENA: PRJEB402), were mapped on each one of the reference sequences using
Bowtie2 [S21] version 2.2.6 with settings “-a --very-sensitive-local”. The alignments
were converted to BAM format using SAMTools [S23] and stored.

The BAM files were processed using custom python scripts based on HTSeq-
count [S24] namely a parser (bamParser.py) that filters the alignments according to
the percent-identity of each read to the sequence used as reference, with a cutoff
value of 90% identity over an alignment length of at least 80 nt, and readCounter.py



which counts how many reads mapped to a reference sequence by comparing the
alignments' percent-identity similarity and Bowtie2 alignment score of the mapped

alignments.

The counts were normalized by calculating genome fragments per kilobase
reference sequence per million library reads (GFPM) as described in the Jupyter
Notebooks deposited in the Github repository.

Metagenomic database screening

The MCP and DNAp sequences of the Magrovirus MAGs detected in Red Sea
metagenomes were used as queries in a PSI-BLAST search [S25] of the Whole
Genome Shotgun database (WGS) at the NCBI [S26]. The collected metagenomic
sequences were extended whenever possible using alternating cycles of BLASTN

searches and assembly with Geneious ((www.geneious.com).

Protein sequence analysis

All MAGs, both from Red Sea and WGS, were translated by MetaGeneMark [S27].
The resulting protein sequences were used as queries to search the nr database
using PSI-BLAST, the Conserved Domain Database (CDD) using RPS-BLAST
[S28], and the CDD and Pfam databases using HHpred [S29].

Phylogenetic analysis

Magrovirus protein sequences were pooled with their respective best hits from the nr
and/or CDD databases. Protein sequences were aligned using MUSCLE [S30].
Gapped columns (more than 30% of gaps) and columns with low information content
were removed from the alignment [S31]. A preliminary tree was constructed using
the FastTree program with default parameters [S32]. The final maximum likelihood
tree was calculated using the PhyML program [S33], the latest version of which



(http://www.atgc-montpellier.fr/phyml-sms/) includes automatic selection of the best-

fit substitution model for a given alignment.
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