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FIG 7 Phylogenies of selected repair and nucleotide metabolism genes of the pithovirus-iridovirus-marseillevirus group that includes Loki's Castle viruses. (A)
SbcCD nuclease, ATPase subunit SbcC. (B) SbcCD nuclease, nuclease subunit SbcD. (C) Exonuclease V. (D) DNMP kinase. The numbers at the internal branches
indicate (percent) local likelihood-based support. GenBank protein identifiers (IDs), wherever available, are shown after each “@” symbol. Taxon abbreviations

(Continued on next page)
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FIG 8 Loki's Castle virophages. (A) Phylogenetic tree of virophage major capsid proteins. Reference virophages from GenBank are marked with black font (the
three prototype virophages are shown in bold); environmental virophages are shown in blue (129) and green (wgs portion of GenBank). (B) Genome maps of
Loki’s Castle virophages compared with Sputnik virophage. Green and blue triangles mark direct and inverted repeats. Pentagons with a thick outline represent

conserved virophage genes.

that are not represented among the LCV do not contain obvious counterparts to these
predicted virophage promoters (Text S6). Therefore, it appears most likely that the
hosts of these virophages are mimiviruses that are not represented in the LCV
sequence set.

Of further interest is the detection of pronounced promoter-like motifs for
pithovirus-like LCV (Text S7) and iridovirus-like LCV (Text S8). To our knowledge, no
conserved promoter motifs have been identified so far for these groups of viruses.

DISCUSSION

Metagenomics has become the primary means of new virus discovery (53, 54, 82).
Metagenomic sequence analysis has greatly expanded knowledge of many groups of
viruses such that the viruses that were identified earlier by traditional methods have
become isolated branches in the overall evolutionary trees, in which most of the
diversity comes from metagenomic sequences (83-88). The analysis of the Loki's Castle
metagenome reported here similarly expanded the Pithovirus branch of the NCLDV, and
to a somewhat lesser extent, the Marseillevirus branch. Although only one LCV genome,
that of a marseillevirus-like virus, appears to be complete and on a single contig, several
other genomes seem to be nearly complete, and overall, the LCV genomic data are

FIG 7 Legend (Continued)

are as follows: A, Archaea; B, Bacteria; E, Eukaryotes; N, NCLDV; DP, DPANN group; TA, Thaumarchaeota; Ea, Euryarchaeota; FC, Bacteroidetes; Fu, Fusobacteria;
Pr, Proteobacteria; Te, Firmicutes; un, unclassified Bacteria; Op, Opisthokonta; Pi, “Pithoviridae”; Ac, Ascoviridae; As, Asfarviridae; Ma, Marseilleviridae; Mi,

Mimiviridae; Pa, Pandoraviridae; Ph, Phycodnaviridae; V ds, double-strand DNA viruses.
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sufficient to dramatically expand the pangenome of the PIM group, to add substantially
to the NCLDV pangenome as well, and to reveal notable evolutionary trends. First, the
LCV retain all or most of the NCLDV core genes, reinforcing the previously established
monophyly analysis of this vast assemblage of large double-stranded DNA (dsDNA)
viruses infecting diverse eukaryotes (1-3, 28-31, 51). The conservation of the gene core
inherited from the common virus ancestor of the NCLDV contrasts with the dynamic
character of the NCLDV evolution, which involved extensive gene gain and loss,
yielding viruses that span a range of about 100 to about 2,500 genes (25, 31, 51). More
specifically, the results determined in the present work demonstrate the independent
origin of giant viruses in more than one clade within both the Pithovirus and the
Marseillevirus branches. Although this observation should be interpreted with caution,
given the lack of fully assembled LCV genomes, it supports and extends the previous
conclusions with respect to the evolution of the NCLDV in the genomic accordion
regime that led to the independent, convergent evolution of viral gigantism in several
or perhaps even all NCLDV families (30, 31, 51, 89). Conversely, these findings are
incompatible with the concept of reductive evolution of NCLDV from giant viruses as
the principal evolutionary mode. Another notable evolutionary trend emerging from
the LCV genome comparison is the apparent extensive gene exchange between
pithovirus-like and marseillevirus-like viruses and the members of the Mimiviridae.
Finally, note that the LCV analysis reaffirms, on a greatly expanded data set, the
previously proposed monophyly of the PIM group of the NCLDV, demonstrating
robustness of the evolutionary analysis of conserved NCLDV genes (28, 30). Further-
more, a congruent tree topology was obtained by gene content analysis, indicating
that, despite the open pangenomes and the dominance of unique genes, the evolution
of the genetic core of the NCLDV appears to track the sequence divergence of the
universal marker genes.

Like other giant viruses, several LCV encode multiple translation system compo-
nents. Although none of them rivals the nearly complete translation systems encoded
by klosneuviruses (48), orpheoviruses (19), and, especially, tupanviruses (65), some are
comparable, in this regard, to the mimiviruses (30). The diverse origins of the translation
system components in LCV suggested by phylogenetic analysis are compatible with the
previous conclusions on the piecemeal capture of these genes by giant viruses as
opposed to inheritance from a common ancestor (30, 46).

The 23 NCLDV genome bins reconstructed in the present study represent only a
small fraction of the full NCLDV diversity as determined by analysis of DNA polymerase
sequences present in marine sediments (Fig. 1). Notably, sequences closely matching
the sequences in the NCLDV genome bins were identified only in the Loki's Castle
metagenomes and not in Tara Oceans water column metagenomes or Earth Virome
sequences. Thus, the deep sea sediments represent a unique and unexplored habitat
for NCLDVs. Further studies targeting deep sea sediments will bring new insights into
the diversity and genomic potential of these viruses.

Identification of the host range is one of the most difficult problems in metaviromics
and also in the study of giant viruses, even by traditional methods. Most of the giant
viruses have been isolated by cocultivation with model amoeba species, and the
natural hosts remain unknown. Notable exceptions are the giant viruses isolated from
the marine flagellates Cafeteria roenbergensis (12) and Bodo saltans (38). The principal
approach for inferring the virus host range from metagenomics data is the analysis of
co-occurrence of virus sequences with those of potential hosts (90, 91). However,
virtually no 18S rRNA gene sequences of eukaryotic origin were detected in the Loki’s
Castle sediment samples, in sharp contrast to the results of analysis of rich prokaryotic
microbiota (63, 64). The absence of potential eukaryotic hosts of the LCV strongly
suggests that these viruses do not reproduce in the sediments but rather might
originate from virus particles that precipitate from different parts of the water column.
So far, however, no closely related sequences have been found in water column
metagenomes (Fig. 1). The eukaryotic hosts might have inhabited the shallower
sediments, and although they would have decomposed over time, the resilient virus
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particles remain as a “fossil record.” Clearly, the hosts of these viruses remain to be
identified. An obvious and important limitation of this work—as in any such metag-
enomic study—is that the viruses discovered here (we are now in a position to refer to
the viruses without quotation marks, given the recent decisions of the International
Committee on Taxonomy of Viruses [ICTV]) have not been grown in a host culture.
Accordingly, our understanding of their biology is limited to the inferences made from
the genomic sequence which, perforce, cannot yield the complete picture. In the case
of the NCLDV, the effects of these limitations are exacerbated by the fact that their
genomic DNA is not infectious; therefore, even the availability of the complete genome
does not enable growth of the virus. The metagenomic analyses must complement
rather than replace traditional virology and newer culturomic approaches.

Although the sediment samples used in this study have not been dated directly,
determinations of sedimentation rates in nearby areas show that these rates range
between 1 and 5cm per 1,000 years (92, 93). With the highest sedimentation rate
considered, the sediments could be over 20,600 years old at the deepest level (103 cm).
Considering that Pithovirus sibericum and Mollivirus sibericum were revived from 30,000-
year-old permafrost (17, 20), it might be possible to resuscitate some of the LCVs using
similar methods. Isolation experiments performed with giant viruses from deep sea
sediments, now that we are aware of their presence, would be the natural next step in
learning more about their biology.

Regardless, the discovery of the LCV substantially expands the known ocean mega-
virome and demonstrates the previously unsuspected high prevalence of pithovirus-
like viruses. Given that all this diversity comes from a single site on the ocean floor, it
appears clear that the megavirome is large and diverse and that metagenomics analysis
of NCLDV from other sites will bring many surprises.

MATERIALS AND METHODS

Sampling and metagenomic sequencing. In the previous studies of microbial diversity in the deep
sea sediments, samples were retrieved from three sites about 15 km northeast of the Loki's Castle
hydrothermal vent field (see Table S1 in Text S1 in the supplemental material) by gravity (GS10_GC14 and
GS08_GC12) and by piston coring (GS10_PC15) (63, 94, 95).

DNA was extracted and sequenced, and metagenomes were assembled as part of the previous
studies (63 [for GS10_GC14], Dharamshi et al. [submitted] [for GS08_GC12 and GS10_PC15]), resulting in
the assemblies LKC75, KR126, K940, K1000, and K1060. Contiguous sequences (contigs) longer than 1 kb
were selected for further processing.

Identification of viral metagenomic sequences. Protein sequences of the metagenomic contigs
were predicted using Prodigal v.2.6.3 (96) in the metagenomics mode. A collection of DNAP sequences
from 11 NCLDV was used to query the metagenomic protein sequence with BLASTP (97) (see Table S1
in Text S1). The BLASTP hits were filtered according to E value (maximum, 1e—>), alignment length (at
least 50% of the query length), and identity (greater than 30%). The sequences were aligned using
MAFFT-LINSI software (98). Reference NCLDV DNAP sequences were extracted from the NCVOG collec-
tion (28). Highly divergent sequences and those containing large gap insertions were removed from the
alignment, followed by realignment. The terminal regions of the alignments were trimmed manually
using Jalview (99), and internal gaps were removed using trimAl (v.1.4.rev15 [100]) with the option
“gappyout.” IQTree version 1.5.0a (101) was used to construct maximum likelihood (ML) phylogenies with
1,000 ultrafast bootstrap replications (102). The built-in model test (103) was used to select the best
evolutionary model according to the Bayesian information criterion (LG+F+1+G4; see Fig. S1 in Text S1).
Contigs belonging to novel NCLDVs were identified and used for binning.

Composition-based binning (ESOM). All sequences of the KR126, K940, K1000, and K1060 assem-
blies were split into fragments of minimum lengths of 5 or 10 kb at intervals of 5 or 10 kb and were
clustered using tetranucleotide frequencies and Emergent Self Organizing maps (ESOM [104]), generat-
ing one map per assembly (see Text S1). Bins were identified by viewing the maps using the Databionic
ESOM viewer (http://databionic-esom.sourceforge.net/) and manually choosing the contigs clustering
together with the putative NCLDV contigs in an “island” (see Fig. S3 in Text S1).

Differential coverage binning of metagenomic contigs. Differential coverage (DC) bins were
generated for the KR126, K940, K1000, and K1060 metagenomes, according to the method of Dharamshi
et al. (submitted). Briefly, Kallisto version 0.42.5 (105) was used to get the differential coverage data for
each read mapped onto each focal metagenome, with CONCOCT version 0.4.1 used to collect sequences
into bins (106). CONCOCT was run with three different contig size thresholds (2 kb, 3 kb, and 5 kb), and
longer contigs were cut up into smaller fragments (10 kb), to decrease coverage and compositional bias,
and merged again after the CONCOCT binning (see Dharamshi et al. [submitted] for further details). Bins
containing contigs with the viral DNAP were selected and refined in mmgenome (107). Finally, to resolve
overlapping sequences in the DC bins, the reads of each bin were extracted using seqtk (version
1.0-r82-dirty; https://github.com/lh3/seqtk) and the read-mapping files generated for mmgenome and
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were reassembled using SPAdes (3.6.0, multi-cell, —careful mode [108]). The coverage and quality of the
data corresponding to the bins from KR126 were too low, and the data were discarded from further
analysis.

Coassembly binning of metagenomic contigs. CLARK (109), a program for classification of reads
using discriminative k-mers, was used to identify reads belonging to NCLDV in the metagenomes.
A target set of 10 reference genomes that represented klosneuviruses, Marseilleviridae, and “Pitho-
viridae” (see Table S2 in Text S1), as well as the 29 original bins, was used to make a database of
spaced k-mers which CLARK used to classify the reads of the K940, K1000, and K1060 metagenomes
(full mode, k-mer size 31). Reads classified as related to any of the targets were extracted, and the
reads from all three metagenomes were pooled and reassembled using SPAdes (3.9.0 [108]). Because
CLARK removes k-mers that are not discriminatory, the reads for sequences that are similar between
the bins might not have been included. Therefore, the reads from each original bin that were used
for the first set reassemblies were also included and were pooled with the CLARK-classified reads
before reassembly.

Four SPAdes modes were tested: metagenomic (-meta), single-cell (-sc), multicell (default), and
multicell careful (-careful). The quality of the assemblies was tested by identifying the contigs containing
NCVOGO0038 (DNA polymerase), using BLASTP (97). The multicell careful assembly had the longest
DNAP-containing contigs and was used for CONCOCT binning.

CONCOCT was run as described above, except that only reads from the coassembly were used as the
input. Bins containing NCVOG0038 were identified by BLASTP. The smaller the contig size threshold,
the greater the number of ambiguous and potentially contaminating sequences observed; therefore, the
CONCOCT 5-kb run was chosen to extract and refine new bins. The bins were refined by using
mmgenome as described below.

Quality assessment and refinement of metagenomic NCLDV bins. General sequence statistics
were calculated by Quast (v. 3.2 [110]). Barrnap (v 0.8 [111]) was used to check for the presence of rRNA
genes, with a length threshold of 0.1. Prokka (v1.12 [110]) was used to annotate open reading frames
(ORFs) of the raw bins. The presence or absence of a megavirus marker gene in each metagenomic bin
was estimated by using the micomplete pipeline (https://bitbucket.org/evolegiolab/micomplete) and a
set of the 10 conserved NCLDV genes (see Table S3 in Text S1). This information was used to assess
completeness and redundancy. The presence of two or more copies of each marker gene was considered
an indication of potential contamination or of the presence of two or more copies of viral genomes per
bin, and such bins were further refined.

The mmgenome was used to manually refine the metagenomic bins by plotting coverage and GC
content, showing read linkages, and highlighting contigs with marker genes (107) (see Text ST and S4).
Overlap of the ESOM binned contigs and the DC bins was also visualized. Bins containing only one
genome were refined by removing contigs with different compositions and levels of coverage. In cases
in which several genomes were represented in the same CONCOCT bin, they were separated into
different bins when distinct clusters were clearly visible (see the supplemental materials and methods in
Text S1 for examples of the refining process).

Read linkages were determined by mapping the metagenomic reads onto the assembly using
bowtie2 (version 2.3.2 [112]) and samtools (version 1.2 [113]) to index and convert the mapping file into
bam format; finally, a script provided by the CONCOCT suite was used to count the number of read pairs
that mapped to the first or last kilobase of two different contigs (bam_to_linkage.py, -regionlength
1000).

Diamond aligner BLASTP (114) was used to query the protein sequences of the refined bins
against the NCBI nonredundant protein database (latest date of search, 13 Febuary 2018), with a
maximum E value of 1e~5. Taxonomic information from the top BLASTP hit for each gene was used
for taxonomic filtering. Contigs that had 50% or more bacterial or archaeal hits (compared to an
absence of significant hits) and no viral or eukaryotic hits were identified as likely contaminants and
removed.

The assemblies of the DC and CA bins were compared by aligning the contigs with nucmer (part of
MUMmer3.23 [115]), using an in-house script for visualization (see Text S1 for more details).

Assessment of NCLDV diversity. Environmental sequences, downloaded in March 2017 from Tara
Oceans (116) (https://www.ebi.ac.uk/ena/about/tara-oceans-assemblies) and from EarthVirome (59)
(https://img.jgi.doe.gov/vr/), were combined with the metagenomic sequences from Loki's Castle (see
Table S1 in Text S1) and screened for sequences related to the Loki’'s Castle NCLDVs using BLASTP
searches with the bin DNAP sequences as queries. The BLASTP hits were filtered according to E value
(maximum, 1e~3), high-scoring segment pair (HSP) length (at least 50% of the query length), and identity
above 30%. The sequences were extracted using blastdbcmd, followed by alignment and phylogenetic
tree reconstruction performed as described above (Fig. 1).

Sequence annotation and phylogenetic analysis. The sequences of the selected bins were
translated with MetaGeneMark (117). tRNA genes were predicted using tRNAscan-SE online (118).
Predicted proteins were annotated using their best hits to the NCVOG, cdd, and nr databases. In addition,
pithovirus-, marseillevirus-, and iridovirus-related bins were annotated using protein clusters constructed
as described below. Reference sequences were collected from corresponding NCVOG and cdd profiles,
and from GenBank, using BLASTP searches initiated using the Loki's Castle NCLDV proteins. Reference
sequences for Loki's Castle virophages were retrieved by BLAST and tBLASTn searches against genomic
(nr) and metagenomic (environmental whole-genome sequence [wgs]) parts of GenBank, with the
predicted Loki's Castle virophage MCP as queries. The retrieved environmental virophage genome
fragments were translated with MetaGeneMark. Homologous sequences were aligned using MUSCLE
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(119). For phylogenetic reconstruction, gapped columns (more than 30% gaps) and columns with low
information content were removed from the alignments (120); the filtered alignments were used for tree
reconstructions using FastTree (121). The alignments of three conserved NCLDV proteins were concat-
enated and used for phylogenetic analysis with PhyML (122) (http://www.atgc-montpellier.fr/phyml
-sms/) The best model identified by PhyML was LG +G + |+F (LG substitution model, gamma distributed
site rates with gamma shape parameter estimated from the alignment; fraction of invariable sites
estimated from the alignment; and empirical equilibrium frequencies).

Protein sequence clusters. Two sets of viral proteins, namely, pithovirus-iridovirus-marseillevirusvirus
group proteins (PIM clusters; ftp://ftp.ncbi.nih.gov/pub/yutinn/Loki_Castle_NCLDV_2018/PIM_clusters/)
and NCLDV proteins (NCLDV clusters; ftp:/ftp.ncbi.nih.gov/pub/yutinn/Loki_Castle_NCLDV_2018/NCLDV
_clusters/), were used separately to obtain two sets of protein clusters, using an iterative clustering and
alignment procedure, organized as follows.

(i) Initial sequence clustering. Initially, sequences were clustered using UCLUST (123) with a
similarity threshold of 0.5; clustered sequences were aligned using MUSCLE, and singletons were
converted to pseudoalignments consisting of just one sequence. Sites containing more than 67% gaps
were temporarily removed from alignments, and the pairwise similarity scores were obtained for clusters
using HHSEARCH. Scores for a pair of clusters were converted to distances {the d,; = —logls, s/
min(s, ,,55,5)] formula was used to convert scores s to distances d}, and a unweighted pair group method
using average linkages (UPGMA) guide tree was produced from a pairwise distance matrix. A progressive
pairwise alignment of the clusters at the tree leaves was constructed using HHALIGN (124), resulting in
larger clusters. The procedure was repeated iteratively until all sequences with detectable similarity over
at least 50% of their lengths were clustered and aligned together. Starting from this set of clusters,
several rounds of the following procedures were performed.

(ii) Cluster merging and splitting. PSI-BLAST (125) searches using the cluster alignments to
construct Position-Specific Scoring Matrices (PSSMs) were run against the database of cluster consensus
sequences. Scores for pairs of clusters were converged to a distance matrix as described above, UPGMA
trees were cut using at the threshold depth, and unaligned sequences from the clusters were collected
and aligned together. An approximate ML phylogenetic tree was constructed from each of these
alignments using FastTree (WAG evolutionary model, gamma-distributed site rates). The tree was split
into subtrees to minimize paralogy and maximize species (genome) coverage. Formally, for a subtree
containing k genes belonging to m genomes (k = m) in the tree with the total of n genomes (n = m)
genomes, the “autonomy” value was calculated as (m/k)(m/n)(a/b)"/¢ (where a is the length of the basal
branch of the subtree and b is the length of the longest internal branch in the entire tree). This approach
gives an advantage to subtrees with the maximum representation of genomes and the minimum
number of paralogs and that are separated by a long internal branch. In cases in which a subtree with
the maximum autonomy value differed from the complete tree, it was pruned from the tree and recorded
as a separate cluster, and the remaining tree was analyzed again.

(iii) Cluster cutting and joining. Results of PSI-BLAST searches whereby the cluster alignments were
used as PSSMS and run against the database of cluster consensus sequences were analyzed for instances
where a shorter cluster alignment had a full-length match to a longer cluster containing fewer
sequences. This situation triggered cutting the longer alignment into fragments matching the shorter
alignment(s). The alignment fragments were then subjected to the merge-and-split procedure described
above. If the fragments of the cluster that was cut did not merge into other clusters, the cut was rolled
back, and the fragments were joined.

(iv) Cluster mapping and realignment. PSI-BLAST searches performed using the cluster alignments
as PSSMs were run against the original database. Footprints of cluster hits were collected, assigned to the
respective highest-scoring query clusters, and aligned, forming the new set of clusters mirroring the
original set.

(v) Postprocessing. The PIM group clusters were manually curated and annotated using the NCVOG,
CDD, and HHPRED matches as guides. For the NCLDV clusters, the final round clusters with strong
reciprocal PSI-BLAST hits and with compatible phyletic patterns (using the same autonomy value criteria
as described above) were combined into clusters of homologs that maximized genome representation
and minimized paralogy. The correspondence between the previous version of the NCVOGs and the
current clusters was established by running PSI-BLAST with the NCVOG alignments as PSSMs against the
database of cluster consensus sequences.

Genome similarity dendrogram. Binary phyletic patterns of the NCLDV clusters (where 1 indicates
the presence of the given cluster in the given genome) were converted to intergenomic distances using
the equation d,, = —log[N,,/(NyN,)"2], where N, and N, are the numbers of COGs present in genomes
Xand Y, respectively, and N, , is the number of COGs shared by these two genomes. A genome similarity
dendrogram was reconstructed from the matrix of pairwise distances using the neighbor-joining method
(126).

Conserved motif search. The sequences from the LCV genomic bins were searched for potential
promoters as follows. For every predicted ORF, upstream genome fragments (from 250 nucleotides
upstream to 30 nucleotides downstream of the predicted translation start codons) were extracted, short
fragments (i.e., those with fewer than 50 nucleotides) were excluded, and the resulting sequence sets
were searched for recurring ungapped motifs using MEME software, with the motif width set to 25, 12,
or 8 nucleotides (127). The putative LCV virophage promoter was used as a template to search upstream
fragments of LCMIACO1 and LCMiACO02 with the FIMO online tool (127). The motifs were visualized using
the Weblogo tool (128).
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Additional supplemental material. More supplemental material can be found at ftp://ftp.ncbi.nih
.gov/pub/yutinn/Loki_Castle_NCLDV_2018/.
Data availability. The metagenomic nucleotide sequence bins analyzed in this work are available in
GenBank under the accession numbers MK500278-MK500613 (BioProject PRINA504765).

Raw sequence reads have been deposited to the NCBI Sequence Read Archive repository under
BioProject PRINA504765. Whole Genome Shotgun projects for metagenome assemblies KR126, K940,
K1000, and K1060 have been deposited at DDBJ/ENA/GenBank under the accession numbers
SDBU00000000, SDBV00000000, SDBS00000000, and SDBT00000000, respectively. The versions de-
scribed in this paper are versions SDBU01000000, SDBV01000000, SDBS01000000, and SDBT01000000.
The NCLDV genome bins analyzed in this work are available in GenBank under the accession numbers
MK500278-MK500613.
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