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Abstract

Viruses are the most abundant biological entities on Earth and have fundamental ecological
roles in controlling microbial communities. Yet, although their diversity is being increasingly
explored, little is known about the extent of viral interactions with their protist hosts since
most studies are limited to a few cultivated species. Here, we exploit the potential of single-
cell genomics to unveil viral associations in 65 individual cells of 11 prevalent uncultured
stramenopiles lineages sampled during the Tara Oceans expedition. We identified viral
signals in 57% of the cells covering nearly every lineage and with narrow host specificity
signal. Only 7 out of the 64 detected viruses displayed homologies to known viral sequences.
A search for our viral sequences in global ocean metagenomes showed that they were
preferentially found at the DCM and within the 0.2-3 um size fraction. Some of the viral
signals were widely distributed, while others geographically constrained. Among the viral
signals we detected an endogenous mavirus virophage potentially integrated within the
nuclear genome of two distant uncultured stramenopiles. Virophages have been previously
reported as a cell’s defense mechanism against other viruses, and may therefore play an
important ecological role in regulating protist populations. Our results point to single-cell
genomics as a powerful tool to investigate viral associations in uncultured protists, suggesting
a wide distribution of these relationships, and providing new insights into the global viral

diversity.

Keywords: Single-cell genomics; viral associations; protists; uncultured stramenopiles;

viruses; virophages.
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Introduction

Viruses are major players in marine biogeochemical cycles (Jover, Effler, Buchan, Wilhelm,
& Weitz, 2014) and constitute the most abundant biological entities in the oceans, ranging
from about 10* to 10" mI™ (Danovaro et al., 2011; Suttle, 2005). They are known to be a
major cause of microbial (bacteria, archaea and protists) mortalities (Munn, 2006), leading to
approximatively 10%° infection events every day (Brussaard et al., 2008) and causing the
release of 10%-10° tons of biogenic carbon per day (Brussaard et al., 2008; Suttle, 2005).
Furthermore, they are main vectors of gene transfer in the oceans (Middelboe & Brussaard,
2017), impacting microbial community dynamics, diversity and evolution (Breitbart, 2012;

Jover et al., 2014; Weitz & Wilhelm, 2012).

Our knowledge of marine viral diversity and biogeography has been constantly expanding
during this last decade with the advent of viral metagenomics (e.g., Coutinho et al., 2017;
Mizuno, Rodriguez-Valera, Kimes, & Ghai, 2013; Paez-Espino et al., 2016). Multiple studies
unveiled a large novel diversity of uncultured viruses, indicating their key roles in nutrient
cycling and trophic networks (Brum et al., 2015; Roux et al., 2016). Unfortunately, despite
these fruitful advances in viral ecology, our understanding of virus-host interactions is still in
its infancy. The question of ‘who infects whom’ within marine microbial communities has
always been central, and the assessment of the true extent of host specificity among marine
viruses remains challenging (Brum & Sullivan, 2015). For a long time, studies investigating
virus-host interactions were limited to cultured host cells, restricting our knowledge to the
0.1-1% of host cells that are in culture (Rappé & Giovannoni, 2003; Swan et al., 2013), and

biasing our knowledge towards virulent lytic viruses (Brissow & Hendrix, 2002; Swan et al.,
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2013). Thus, many viruses are still uncharacterized and novel culture-independent approaches

are needed to overcome these methodological limitations.

Several methods have been developed to investigate putative interactions between viruses and
uncultured hosts reviewed by Brum & Sullivan (2015) and Breitbart, Bonnain, Malki, &
Sawaya (2018). These include analyses by metaviromics (Bolduc, Wirth, Mazurie, & Young,
2015; Brum et al., 2015), matching CRISPR spacers (Anderson, Brazelton, & Baross, 2011;
Berg Miller et al., 2012), phageFISH (Fluorescence In Situ Hybridization; Allers et al., 2013),
viral tagging (Deng et al., 2012, 2014), the polony method (Baran, Goldin, Maidanik, &
Lindell, 2018), the use of microfluidic digital PCR (Tadmor, Ottesen, Leadbetter, & Phillips,
2011) and single-cell genomics (SCG) (e.g., Labonté et al., 2015 and Roux et al., 2014). From
these, SCG emerged as a powerful complement to cultivation and metagenomics by providing
genomic information from individual uncultured cells (Stepanauskas, 2012). Furthermore, it
has an incredible potential for cell-specific analyses of organismal interactions, such as
parasitism, symbiosis and predation (Krabbergd, Bjorbeekmo, Shalchian-Tabrizi, & Logares,
2017; Stepanauskas, 2012), giving comprehensive insights of in situ virus-host associations.
Indeed, this effective approach has revealed new associations between viruses and bacterial
(Labonté et al., 2015; Roux et al., 2014) or archaeal cells (Chow, Winget, White, Hallam, &
Suttle, 2015; Labonté et al., 2015; Munson-McGee et al., 2018). However, the application of
SCG to protist cells is relatively recent and there is still a limited number of Single-cell
Amplified Genomes (SAGs) from microeukaryotes (e.g., Bhattacharya et al., 2012; Heywood,
Sieracki, Bellows, Poulton, & Stepanauskas, 2011; Mangot et al., 2017; Roy et al., 2015;
Troell et al., 2016; Vannier et al., 2016), with only one study that has so far explored virus-

host interactions (Yoon et al., 2011).
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In the present work, we use SCG to uncover putative interactions between viruses and
uncultured protists using 65 SAGs produced during the Tara Oceans expedition (Karsenti et
al., 2011). These cells were affiliated to 11 stramenopile lineages belonging to MArine
STramenopiles (MASTSs), Chrysophyceae, Dictyochophyceae and Pelagophyceae, that are
known to be important components of marine pico- and nanosized eukaryotic assemblages (1-
5 um, Massana, 2011). Initially detected in molecular diversity surveys, MASTSs are formed
by at least 18 independent groups of essentially uncultured protists (Massana, del Campo,
Sieracki, Audic, & Logares, 2014), some of which display a widespread distribution in
sequencing data sets (Lin et al., 2012; Logares et al., 2012; Seeleuthner et al., 2018) and are
abundant in microscopy counts (Massana, Terrado, Forn, Lovejoy, & Pedros-Alio,
2006).Within these MASTSs, we analyzed SAGs from three clades, MAST-3, MAST-4 and
MAST-7 (Massana et al., 2014). We also report the putative linkages between viruses and
SAGs from the uncultured chrysophyte lineages G and H, formed by pigmented and colorless
cells respectively, which are abundant in molecular diversity surveys (del Campo & Massana,
2011; Seeleuthner et al., 2018). Finally, we screened for viral signatures in SAGs from a
cultured pelagophyte (Pelagomonas calceolata) and an uncultured dictyochophyte within the

order Pedinellales.

Our results revealed a large diversity of viral sequences associated to protist cells, the vast
majority of which correspond to previously unidentified viral lineages. Using global ocean
metagenomes from the TARA Oceans expedition, we looked at the geographical distribution
of the identified viral sequences in epipelagic waters by fragment recruitment analysis,
finding that some SAG-associated viruses were widely distributed while others are restricted
to certain areas. Finally, special attention was paid to a particular virophage sequence

retrieved in two distinct stramenopile lineages that is highly similar to the endogenous
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Cafeteriavirus-dependent mavirus, known to be integrated within the nuclear genome of their
host (Fischer & Hackl, 2016). Overall, our approach constitutes an initial attempt to determine

virus-host associations within protists using culture-independent single-cell genomics.

Materials and methods

Sample collection and single cell sorting

Samples for single-cell sorting were collected during the circumglobal Tara Oceans
expedition (2009-2013) (Karsenti et al., 2011) and processed as described in Alberti et al.,
2017. Flow cytometry cell sorting on cryopreserved samples and genomic DNA amplification
by multiple displacement amplification (MDA) were performed at the Single Cell Genomics
Center in the Bigelow Laboratory (https://scgc.bigelow.org). SAGs from phototrophic
(plastidic) and heterotrophic (aplastidic) cells were screened by PCR using universal
eukaryote DNA primers and taxonomically assigned. A total of 65 SAGs affiliated to 11
stramenopiles lineages (Table S1) were selected for sequencing. Sequence data is available at

ENA (http://www.ebi.ac.uk/services/tara-oceans-data) under the accession codes listed in

Table S2. Main sample-associated environmental data are reported in Table S3, and more

details can be found in PANGAEA (Pesant et al., 2015).
SAG sequencing and assembly

After purification of MDA products, 101 bp paired-end libraries were prepared from each
single cell as described in Alberti et al., 2017 and cells were independently sequenced on a

18™ Illumina HiSeq lane at the Oregon Health & Science University (US) or at the National
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Sequencing Center of Genoscope (France). Reads from SAGs were assembled using SPAdes
3.1 (Nurk et al., 2013). In all assemblies, contigs shorter than 500bp were discarded. Quality
profiles and basic statistics (genome size, number of contigs, N50, GC content) of each SAG
assemblies were generated with Quast (Gurevich, Saveliev, Vyahhi, & Tesler, 2013).
Estimations of genome recovery were done with BUSCO (Benchmarking Universal Single-

Copy Orthologs; Siméo, Waterhouse, loannidis, Kriventseva, & Zdobnov, 2015).

Detection and identification of viral signals in SAGs

Putative viral sequences were retrieved from each assembled SAG using VirSorter v1.0.3
(Roux, Enault, Hurwitz, & Sullivan, 2015) with default parameters and both the RefSeqABVir
and Virome databases through the CyVerse Discovery Environment (Devisetty, Kennedy,
Sarando, Merchant, & Lyons, 2016). Contigs identified by VirSorter at all three levels of
confidence (from the more to the less confident predictions), categorized as viruses and
prophages, were used in subsequent analyses. Sequence similarity between identified full
length viral contigs was checked via pairwise BLASTn v2.2.28 (Altschul, Gish, Miller,
Myers, & Lipman, 1990). Contigs with sequence similarity >95%, coverage >80% and e-
value of <107 were clustered together. Only one representative contig (i.e., the longest one)
for each non-redundant SAG-associated viral sequence of each cluster (here after unique

contig) was kept for further analysis.

Taxonomy of SAG-associated viral contigs was inferred using the webserver ViPTree
(Nishimura et al., 2017). Proteomic trees of each unique contig were generated based on
genome-wide sequence similarities computed by tBLASTX. A measure of genomic similarity
based on a normalized bit score of tBLASTX (Sg) was calculated against a set of reference

viral genomes database, the GenomeNet Virus—Host Database (Mihara et al., 2016). Since
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MDA does not amplify RNA viruses, only ssDNA and dsDNA viruses and
virophage/satellites were considered in that analysis. SAG-associated viruses showing a Sg
>0.15 with a reference viral genome were assumed to belong to the same viral genus

(Nishimura et al., 2017).

Finally, protein-coding genes of each unique SAG-associated viral sequences were predicted
using Prodigal v2.6.3 (Hyatt et al., 2010) and annotated with BLASTp v2.7.1 (e-value 0.001,

max. 10 hits) using the NCBI’s nr database (updated 09 Feb 2019).

Biogeography of SAG-associated viral contigs assessed by fragment recruitment analysis.

The global distribution of each unique SAG-associated virus was estimated by fragment
recruitment analysis against metagenomes from the Ocean Microbial Reference Gene Catalog
(OM-RGC; Sunagawa et al., 2015) were estimated using an approach similar to Swan et al.,
2013. A total of 128 metagenomes from two depths (surface and Deep Chlorophyll Maximum
[DCM]) targeting both <0.22 um (n = 48) and 0.22-3 um (n= 80) size fractions were
analyzed. Metagenomic reads were prior randomly subsampled without replacement to the
minimum number of reads within each depth and size fraction using reformat.sh from bbtools
suite (https://sourceforge.net/projects/bbmap/). BLAST+ v2.7.1 was then used to recruit reads
from the OM-RCG database to each viral sequence (n=64) using default parameter values,
except for: -perc_identity 70 -evalue 0.0001. The percentage of unique recruits (~100 bp long
and >95% identity) from each metagenome matching to each viral sequence was normalized
by viral sequence length. SAG-associated viral sequence abundances for each metagenome

were calculated from the BLAST output and plotted using custom R scripts.
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Identification of virophage contigs and detection/reconstruction of the mavirus integration

site

The SAG-associated viral contig SV11, determined by ViPTree in the previous analyses, was
highly similar to the virophage genome Maverick-related virus (also referred as mavirus,
NC_015230, Fischer & Hackl, 2016), which share an evolutionary origin with a class of self-
synthesizing DNA transposons called Maverick/Polinton elements (Fischer & Suttle, 2011).
Mavirus was recently found integrated within the nuclear genome of the protist Cafeteria
roenbergensis in multiple sites, where the endogenous virophage genome (named
Cafeteriavirus-dependent mavirus and here referred as endogenous mavirus, KU052222) was
flanked on either side by terminal inverted repeats (TIRs) (Fischer & Hackl, 2016). However,
in comparison with the sequence of the endogenous mavirus, SV11 virophage sequence was
partially incomplete. To determine if the incomplete SAG-associated virophages were
potentially integrated within their respective host genome, we proceeded as follows. We first
identified putative virophage contigs that could have not been detected with VirSorter because
this automated tool was only applied on contigs >500bp, and requires a minimum of two
predicted genes per contig to identify it as viral. Consequently, for each SAG containing an
associated putative virophage sequence (within chrysophyte-G1 and MAST-3A), all contigs
(including fragments <500 bp) were searched by a BLASTn analysis against a manually
curated sequence of the endogenous mavirus including the TIRs sequences. For each SAG,
contigs with a minimum similarity of 95% and maximal e-value of 10 with the curated
endogenous mavirus genome were assumed to belong to the virophage genome and were
aligned to the primarily detected virophage contig using ClustalwW (Larkin et al., 2007) as
implemented in the Geneious package v10.2.2 (Kearse et al., 2012). Then, to increase the

completeness of the SAG-associated virophage genome, a fragment recruitment analysis was
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performed using BLASTn against all identified virophage contigs in each SAG and reads with
at least 99% identity and a maximal e-value of 10 were kept and assembled to the virophage
genome using the Geneious de novo assembler with a minimum overlap of 50bp and a
minimum identity of 95% (Kearse et al., 2012). Gene prediction of the obtained SAG-
associated virophage assemblies was done using Prodigal v2.6.3 and annotated with BLASTp

v2.2.28 (e-value 0.001, max. 10 hits) against NCBI's nr database (updated 06 Jun 2017).

Phylogenetic and comparative genomic analysis of the virophages

Phylogenetic analyses of the new SAG-associated virophages were performed with a set of
reference virophage sequences from the literature. These include the virophage sequences
isolated from cultures such as Sputnik (La Scola et al., 2008), Sputnik 2 (Desnues et al.,
2012), Sputnik 3 (Gaia et al., 2013), Zamilon (Gaia et al., 2014) and mavirus (Fischer &
Suttle, 2011), combined with sequences assembled from environmental surveys such as
Yellowstone Lake (YLSV1-4 (Zhou et al., 2013) and YLSV5-7 (Zhou et al., 2015), Qinghai
Lake (QLV, (Oh, Yoo, & Liu, 2016)), Dishui Lake (Dishui, (Gong et al., 2016)), Organic
Lake (OLV, (Yau et al., 2011)), Ace Lake (ALM, (Zhou et al., 2013)), Trout Bog epilimnion

and hypolimnion (TBE and TBH, Roux et al., 2017) and Mendota (Roux et al., 2017).

As proposed by Roux et al., 2017, phylogenetic trees were built based on a concatenated
alignment using four core genes (major capsid protein [MCP], minor capsid protein [mCP],
DNA packaging enzyme [ATPase], and cysteine protease [CysProt]) from all virophage
genomes, except for the virophage TBE_1002136, which lacked the ATPase. For this last,
only 3 genes were included in the multi-marker alignment. For each virophage core gene,
individual alignments were generated with MAFFT v7.305b (L-INS-I algorithm, (Katoh &

Standley, 2013)), automatically curated to remove all non-informative positions using trimAl

10
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v1.2 (Capella-Gutierrez, Silla-Martinez, & Gabaldon, 2009) and evaluated for optimal amino
acid substitution models using ProtTest v3.4.2 (Darriba, Taboada, Doallo, & Posada, 2011).
The concatenation of the four core genes alignments was performed using a supermatrix
approach with a custom python script
(https://github.com/wrf/supermatrix/blob/master/add_taxa_to_align.py). Maximum-likelihood
trees of each four individual core genes alignments and the concatenated alignment were
constructed with RAXML v. 8.2.9 (Stamatakis, 2014) with 100 trees for both topology and
rapid bootstrap analyses, and using the evolutionary models LG+I+G+F (ATPase, CysProt
and mCP) and RtREV+1+G+F (MCP).Trees were generated using the ape (Paradis, Claude, &
Strimmer, 2004) and ggtree packages (Yu, Smith, Zhu, Guan, & Lam, 2017) in R 3.5.1. (R
Development Core Team, 2016), and rooted using QLV. To verify the topology of the trees,
bayesian phylogenies on each alignment were also generated with MrBayes v3.2.6 (2,000,000

generations; Ronquist et al., 2012).

Finally, whole-genome synteny comparisons between chrysophyte-G1 and MAST-3A SAG-
associated virophages and their closest published relatives (endogenous Cafeteriavirus-
dependent mavirus and Ace Lake mavirus) were performed with EasyFig v.2.2.2 (Sullivan,
Petty, & Beatson, 2011) using tBLASTx and filtering of small hits and annotations option.
Since all chrysophyte-G1 SAG-associated virophage are highly similar (mean identity of
99%), only one representative sequence (i.e., longest assembly) per stramenopile lineage are

displayed (AB233-L11 for chrysophyte-G1 and AA240-G22 for MAST-3A).

Results

11
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Detection of viral contigs in protist SAGs

We used a total of 65 SAGs from photosynthetic and heterotrophic stramenopiles selected
from four Tara Oceans stations located in the Mediterranean Sea and Indian Ocean (Table
S3): 6 from two lineages of MAST-3 (clades A and F), 27 from three MAST-4 lineages
(clades A, C and E), 6 from a lineage of MAST-7 (clade A), 15 from three lineages of
Chrysophyceae (clades G1, H1 and H2), 4 from an uncultured clade of Dictyochophyceae and
7 affiliated to Pelagomonas calceolata (Table 1, Table S1). Using a relatively similar
sequencing depth (mean of 4.99 + 0.81 Gbp), assembly sizes were variable among the SAGs,
averaging from 3.6 (x 2.8) Mbp in Dictyochophyceae to 11.0 (+ 8.0) Mbp in MAST-3F
(considering contigs >500 bp; Table 1). The variation in assembly completeness was also
important, ranging on average from about 1% (in Pelagophyceae and Dictyochophyceae) to
10% (in MAST-3, MAST-4 and chrysophyte-G1; Table 1). Finally, the number of contigs
assembled and their respective N50 also varied among SAGs and stramenopile lineages

(Table 1).

We first investigated the presence of viral contigs in the 65 stramenopile SAGs assemblies,
identifying a total of 79 putative viral sequences in 37 SAGs (~57%) distributed among most
analyzed lineages, with the exception of Pelagomonas calceolata (Figure. 1a, Table S1). Only
two lineages (MAST-4C and MAST-4E) showed less than half of their cells harboring viral
contigs (Figure 1a, Table S1). Interestingly, a significant fraction of the SAG-associated
viruses (~50%) was found in cells affiliated to chrysophytes (8, 24 and 12 viral contigs in
chrysophyte-G1, -H1 and -H2, respectively; Figure 1a) with only one cell without any viral
sequence detected out of the 15 analyzed cells (Fig 1a). Furthermore, the isolated chrysophyte

cells were very rich in viral sequences, with up to 9 viral contigs retrieved in a single SAG of

12
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chrysophyte-H1 (AA538_K19; Table S1). However, this was an exception, since in general

we detected from 1 to 3 viral contigs per cell (Table S1).

We next explored the uniqueness of the detected viral contigs based on a pairwise comparison
of their full-length sequences. Of the 79 viral sequences initially identified, we determined 64
non-redundant (i.e., unique) sequences (Table 2), ranging from 1 to 48.5 kbp in length
(median = 5.7 kbp; Table 2). From the 64, 61 were associated to a single stramenopile lineage
(~95%), and only 3 viral sequences (~5%) were either shared between two (SV11 and SV28)
or four lineages (SV2) (Figure 1b): SV2 was found in MAST-4 (clades A and E), MAST-7
and chrysophyte-H1, whereas SV11 was detected in chrysophyte-G1 and MAST-3A, and
SV28 in MAST-4 clades A and E (Table 2). With respect to the 61 viral contigs present in
only one specific lineage, about 98% of them were reported in only one specific cell (Figure
1b), with the exceptional case of SV51 present in triplicate in the same chrysophyte-H1 cell
(AA538 K19, Table S1). Only one viral contig (SV13) was found in two different

chrysophyte-H2 cells (Figure 1b, Table 2).

Diversity and distribution of the SAG-associated viral sequences across the sunlit oceans

The 64 unique viral sequences were compared with a set of reference viral genomes (Mihara
et al., 2016). On the basis of high genomic sequence similarity (Sg > 0.15), 7 of the 64 viruses
identified in the SAGs could be putatively assigned to four different viral families. These
viruses were two virophages (SV11, SV46), three viruses of Phycodnaviridae (SV27, SV35,
SV50), one virus of Myoviridae (SV48) and one virus of Podoviridae (SV64; Table 2). Other
viruses showed lower sequence similarities (n = 48; Sg < 0.15) or lacked detectable similarity
by tBLASTn (n=9) to reference viral genomes, thus being uncertain for their classification at

the genus level (Table 2). None of the assigned viral genomes were complete (or circular) but

13



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

one particular virus, SV11, which seemed nearly complete based on the similarity to a
reference genome. This virus of 15.5 kbp in length was highly similar (98.3%, Sg = 0.96) to
the Maverick-related virus genome (mavirus, GenBank accession number: NC_015230) and
likely belong to the virophage genus of Mavirus (Lavidaviridae; Table 2). The remaining
identified viral signals includes a set of short genome fragments (from 1 to 6.4 kbp) with
intermediate genomic similarities (40-53%) to either an unclassified virophage (SV46 with
YLV6), eukaryotic viruses (SV27 and SV50 with Phycodnaviridae), or phages (S48 and
SV64) (Table 2). We further predicted protein-coding genes in the 64 unique viral sequences.
Of the total of 619 predicted genes (median = 6 predicted genes per SV; Table 2), about ~60%
(n=363) had a close relative in the NCBI’s nr database and 103 genes were related to

eukaryotic viral functions (Table S4).

In order to address the occurrence of these putative viruses in marine epipelagic waters, we
performed a fragment recruitment analysis of the viral signals in the Tara Oceans OM-RGC
database (Sunagawa et al., 2015). Our findings show that the viral contigs were found
preferentially at the DCM, and at the 0.2-3 um size fraction rather than in the <0.2 um size
fraction (Figure 2 and Figure S2). Regarding their geographic distribution, the SAG-
associated viruses displayed some differences. On the one hand, some of them showed a
cosmopolitan distribution with different degrees of occurrence. For example, some viral
contigs (SV1 and SV2) show a high presence in all oceanic basins and in both size fractions,
while others (e.g., SV34) were highly present in the 0.2-3 pm size fraction but absent from the
<0.2 pm size fraction (Figure 2). On the other hand, other SAG-associated viruses appeared to
be constrained to a lower number of oceanic basins, with some of them showing some
biogeography preferences (e.g., SV16 and SV32), whereas others were restricted to few

locations with a low presence (e.g., SV53, SV54 and SV55) (Figure 2 and Figure S2).
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Genome reconstruction and phylogenetic analysis of SAG-associated virophages

We next focused on five SAG-associated viral contigs (the non-redundant SAG-associated
viral contig SV11), retrieved from one MAST-3A (AB240-G22) and from four different
chrysophyte-G1 cells (AB233-D06, AB233-L11, AB233-005 and AB233-P23; Table 2 and
Table S1), which were highly similar to mavirus (i.e., Maverick-related virus; Table 2), an
endogenous virophage (“provirophage”) integrated in the genome of Cafeteria roenbergensis.
To the best of our knowledge, mavirus constitutes the only case of integration of a Mavirus
virophage in a protist genome revealed to date by a culture-based approach. However, the
virophage genomes identified in each SAG were incomplete compared to mavirus, noting the
remarkable lack of two genes coding for an integrase and an helicase, as well as the TIRs,
which indicate genome linearity and, therefore, a potential integration into the host genome
(Fischer & Hackl, 2016; Roux et al., 2017). After the identification of the putative virophage
contigs and a read recruitment analysis within each SAG, to increase the completeness of the
SAG-associated virophage genomes (see methods section), we were able to reconstruct the
entire SAG-associated virophage genomes of the five stramenopiles cells. This includes the
presence of both DNA replication genes and TIRs on either side of all SAG-associated
virophage genomes, confirming that SAG-associated mavirus genomes were linear and
potentially inserted in the stramenopile host genomes. For the reassembly, from 5 (AB233-
005) to 14 contigs (AB240-G22), ranging from 0.2-0.3 to 7.2-15.5 kbp in length, were

necessary to reconstruct the 5 SAG-associated virophage genomes.

To better assess the phylogenetic position of these newly identified SAG-associated mavirus
genomes among the virophages, we established a concatenated marker tree using four

virophage core genes (mCP, MCP, ATPase and CysProt; Fig 3), including all the available
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virophage genomes retrieved from culture, metagenomes and the five new SAG-associated
virophages. We found that the newly identified virophage sequences form a clade among the
genus Mavirus together with the mavirus virophage but distinct from the Ace Lake mavirus
(ALM (Zhou et al., 2013), a partial Mavirus genome retrieved from an environmental
sequencing survey) (Figure 3). Similar phylogenetic placements were found when each core

gene was analyzed separately (Fig. S1).

Finally, we compared the general genome organization of the identified SAG-associated
mavirus in MAST-3A (SV11_AB240_G22) and chrysophyte-G1 (SV11_AB233 L11) and
their closest published relatives, the endogenous mavirus and Ace Lake mavirus. As expected
from the previous analysis, the two SAG-associated mavirus displayed remarkable sequence
similarity with the endogenous mavirus integrated within the nuclear genome of Cafeteria
roenbergensis and exhibited clear differences with the Ace Lake mavirus (Figure 4). The
main differences between the two SAG-associated mavirus and the endogenous mavirus are
the presence of an extra gene coding for an unknown function (gene 11, 71 amino acids) in
the two SAG-associated mavirus and the absence in SV11 AB233 L11 mavirus of the gene
20 (152 amino acids, unknown function) of the endogenous mavirus genome (Figure 4).
Interestingly, we also retrieved an exon structure of one adjacent host gene of unknown
function (gene 22, 177 amino acids) in the MAST-3A genome (Figure 4). Although this
putative host sequence is relatively short (~ 1kbp), we were able to observe a significant
difference in its overall GC content compared with the mavirus sequence (60% vs 35%,

respectively; Figure 4).

Discussion
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365 In this study, we used SCG to characterize potential virus-protist interactions. With the

366  exception of Pelagomonas calceolata, we found evidence of virus associations in almost all
367  studied protist cells. Indeed, the relatively high frequency of viral associations with protists
368  cells (~57%), retrieved from SAG assemblies with low genome recovery (<10%), suggests
369 that viral association levels are much higher. Same observations were previously made for
370  prokaryotic cells in marine environments (Labonté et al., 2015; Munson-McGee et al., 2018;
371 Roux etal., 2014), implying that (nearly) all microbial cells are susceptible to be infected or
372  tocarry viruses. In the case of Pelagomonas calceolata cells, the lack of viral signals in their
373  respective SAGs is probably due to the very low assembly coverage (0.5 + 0.4%) rather than
374  to the absence of any virus. We have not yet observed any significant correlation between
375 genome completeness and the number of viral contigs among SAGs (Table 1). Similar
376  findings were previously reported in bacterioplankton (Labonté et al., 2015), suggesting
377  that the probability to detect viruses among SAGs is independent of the retrieved host
378  genome assembly. The variation in SAG genome coverage may depend on intrinsic

379  properties of selected cells, their DNA integrity, as well as multiple displacement

380 amplification (MDA) biases (Pinard et al., 2006; Stepanauskas, 2012; Woyke et al., 2009).
381  Several methods have been developed to improve genome recovery of uncultured cells such
382  asusing partial SAG assemblies to recruit metagenome reads and/or contigs (Saw et al.,

383  2015), sorting multiple natural cells to perform a targeted metagenomic analysis (Cuvelier et
384  al., 2010; Rinke et al., 2013; Vaulot et al., 2012) or co-assembling short reads from multiple
385 SAGs (Mangot et al., 2017; Seeleuthner et al., 2018). However, the application of these

386  approaches to characterize virus—host interactions will miss intraspecific genetic variability of
387  Dboth actors. More recently, several new MDA-like methods, such as WGA-X (Stepanauskas

388 etal., 2017), TruePrime (Picher et al., 2016) or REPLI-g (Ahsanuddin et al., 2017) have been
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developed for improving the genome recovery from single environmental cells (bacterial,
archaeal and protists) and viral particles with high GC-content genomes. Compared with
the conventional MDA, these amplification alternatives may provide a better genome
recovery of microbial taxa, including some not amenable to standard MDA (Stepanauskas et

al., 2017).

Using VirSorter (Roux et al., 2015) we were able to identify 64 unique viral contigs in 37
stramenopiles cells. We chose VirSorter over VirFinder (Ren, Ahlgren, Lu, Fuhrman, & Sun,
2017) because it has been shown that the later may misclassify eukaryotic sequences as viral.
Some other approaches have been recently developed to retrieve viral signals from (meta-)
genomic data, such as MARVEL (Amgarten, Braga, da Silva, & Setubal, 2018) and VirMiner
(Zheng et al., 2019), but they have been developed to detect viral genomes in prokaryotes.
From the 64 viral contigs retrieved in the protist cells, the narrow host range of these viruses
was remarkable given that >95% of the detected viral sequences (n=61) were specific to one
stramenopile lineage and just a few were shared between lineages (n=3). This is contrary to
previous findings on prokaryotic SAGs showing that nearly 50% of the detected viral types
were found in more than 2 lineages (Munson-McGee et al., 2018), suggesting that viruses
infecting protists are likely more specialist than viruses infecting prokaryotes. Furthermore,
while an important fraction (~54%) of cells with viral signals was associated to only one viral
sequence, we also retrieved several putative co-infections among the remaining cells, with up
to 7 unique (i.e., non-redundant) viral contigs in a single chrysophyte cell. Nonetheless, the
risk of a putative accidental co-sorting of a free viral particle with a protist cell during the
single-cell sorting process exists. To assess the risk of a possible “viral contamination”, we
estimated the frequency of such events based on previous estimates made on prokaryotic cells

(Labonté et al., 2015) by adapting the calculations to the cell size range of our studied
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stramenopile cells (2-3 um). We obtained that the frequency of free environmental viral
particles present in the cells’ shade was less than 1 in 5,000. This reinforces the view that the
viruses detected in our study were truly and directly associated to the analyzed protist cells.
These associations may consist on i) lytic and/or temperate (i.e. non-lytic) viruses adsorbed in
the cell membrane, ii) a temperate virus or a virophage integrated into the host genome, iii) a
virus replicating inside the cell, iv) a grazed prokaryote or protist carrying a temperate virus
or with an active infection, or v) a predated free virus. A combination of these different
scenarios probably explains the high number of viral sequences detected in the chrysophyte
cells. For now, our current data set, including mostly fragments of viral sequences rather than
complete viral genomes, does not allow us to decipher which mode of virus-host association

prevail among the targeted protist cells.

Only 7 (~10%) viral contigs detected in protist cells were taxonomically assigned to known
viruses (Table 2), which include some close hits to viruses belonging to the Phycodnaviridae
family, known as a pathogen of marine eukaryotic algae (e.g., Brussaard, Short, Frederickson,
& Suttle, 2004; Derelle et al., 2008), and others to bacteriophages and cyanophages. This
suggests that a non-negligible part of the identified viral signals might come from putative
infected (bacterial and/or picoeukaryotic) preys grazed by the stramenopiles. Indeed, the
analyzed stramenopile lineages are mostly small free-living bacterivorous (Massana et al.,
2006; Piwosz, Wiktor, Niemi, Tatarek, & Michel, 2013), with some groups (e.g., MAST-4)
showing the ability to also eat picoalgae in grazing experiments (Massana et al., 2009).
Nevertheless, previous studies working with a subset of our SAGs (Mangot et al., 2017;
Seeleuthner et al., 2018) have shown that genes from bacteria and photosynthetic eukaryotes
only represent a very small fraction of the genome assemblies (< 0.3% of fragmented contigs

(Mangot et al., 2017)). A search for 16S rDNA genes in the SAGs where bacteriophages were
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retrieved was unfruitful (data not shown), making difficult the association of these phages to
putative grazed bacteria. It is also possible that some of the detected viral signals come from
grazed viruses, since it is well-known that heterotrophic protists can graze on viruses
(Fuhrman, 1999; Gonzélez & Suttle, 1993). However, another plausible explanation for the
identification of bacteriophages as closest hits to some SAGs associated virus is the
overrepresentation of bacteriophage genomes compared to viruses in reference databases
(Klingenberg, ABhauer, Lingner, & Meinicke, 2013), which is supported by the low sequence
similarity between the viral signals and the bacteriophages sequences (Table 2). Although
taking all together it is difficult to elucidate which virus-host associations prevail among the
targeted protist cells, the geographic distribution of the viral signals supports the view that the
detected virus-protists associations reflect in many cases true interactions, because viral
signals coming from MAST-4A, MAST-4C and chrysophyte-H1 were ubiquitous (e.g. SV1,
SV7 and SV28), while those viral signals coming from MAST-4E, MAST-3A, MAST-3F and
chrysophyte-H2 were geographically constrained (e.g. SV12, SV32 and SV54) (Figure 2), in

agreement with the biogeography of these stramenopiles (Seeleuthner et al., 2018).

Some of the taxonomically assigned viral contigs were affiliated to known virophages and,
more particularly, in the case of SV11 to Lavidaviridae (Krupovic, Kuhn, & Fischer, 2016).
This virophage family, encompassing the two genera of Mavirus and Sputnikvirus, comprises
obligate parasites of giant DNA viruses of the Mimiviridae family (Fischer & Hackl, 2016).
Furthermore, virophages encode integrase genes, and provirophages have been reported in the
nuclear genome of the marine alga Bigelowiella natans (Blanc, Gallot-Lavallée, & Maumus,
2015), and the protozoan Cafeteria roenbergensis (Fischer & Hackl, 2016). Provirophages
putatively act as a host defense mechanism against giant viruses, in which some cells are

sacrificed to protect their kin (Blanc et al., 2015; Fischer & Suttle, 2011). In this study, we
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identified the presence of endogenous mavirus virophages in the assembly of five cells
affiliated to chrysophyte-G1 and MAST-3A. These SAG-mavirus are highly similar to the
Cafeteriavirus-dependent mavirus, a parasite of the giant Cafeteria roenbergensis virus
(CroV) (Fischer, Allen, Wilson, & Suttle, 2010) integrated within the genome of Cafeteria
roenbergensis (Fischer & Hackl, 2016). The presence of TIRs in the SV11 AB233 L11 and
SV11 AB240 G22 virophages, as well as the exon structure of a putative adjacent host gene
in the SV11 _AB240 G22 sequence (Figure 4), suggests the putative integration of the
mavirus in the host genome. This is also confirmed by the lack of any CroV signal in our
assembly, whose presence is incompatible with a virophage in its lysogenic stage (Fischer &
Hackl, 2016). This finding constitutes the first report of the presence of a putative
provirophage isolated from environmental samples using SCG. Only slight differences were
observed between the different provirophage genomes, located notably at genomic regions of
low conservation (gene 11 in the two SAG-associated mavirus). Little is known about the
importance of mavirus provirophage in protist populations as its study is limited to few cases.
It is somewhat surprising that the same mavirus virophage was found in three
phylogenetically distant lineages (chrysophyte-G1, MAST-3A and C. roenbergensis),
pointing to a global and important ecological role of virophages in protist populations.
Mavirus host cell recognition is carried out through specific receptor interactions, while
Sputnik is done through phagocytosis of a composite of the virophage and the giant virus they
parasitize (Duponchel & Fischer, 2019). Therefore, a possible explanation for finding mavirus
in the different lineages, is that the capsid proteins are evolutionary conserved and have
evolved independently of the giant virus infecting the host cell. On the contrary, although the
host cells from Sputnik and Zamilon are phylogenetically closer, these virophages may have

co-evolved with their corresponding giant virus. This hypothesis is supported by the finding
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that Sputnik can infect the groups A, B and C of the Mimiviridae group while Zamilon is
unable to infect the group A (mimi- and mamavirus) (Gaia et al., 2014). Virophages are
repeatedly detected in genomic studies, with different gene content and abundance profiles,
likely suggesting that they occupy different ecological niches (Desnues & Raoult, 2012; Roux
etal., 2017; Yau et al., 2011). Although the role of virophages in protist populations is still
enigmatic, they may play a role in regulating the giant virus population dynamics and virus-
host interactions, influencing the ecosystem function and probably the whole microbial food
web in aquatic environments (Desnues & Raoult, 2012). Our findings provide new insights
into the potential importance of mavirus in the ecology of marine protists, and reinforce the

need for more studies to elucidate the role of these fascinating viruses in the environment.

In summary, this work shows the benefits of single-cell genomics to increase our
understanding of virus-host associations in natural protist communities. Although our
knowledge of the marine viral diversity is constantly expanding since the development of
metagenomics (Coutinho et al., 2017; Mizuno et al., 2013; Paez-Espino et al., 2016), it has
been estimated that the majority (63-93%) of viral sequences in marine metagenomes are not
represented in public databases (Hurwitz & Sullivan, 2013), emphasizing the need for further
isolation, characterization and sequencing of specific marine viruses (Middelboe & Brussaard,
2017). A minute fraction of protist viruses is annotated to date (~100 sequenced genomes
(~0.6% of all viral genomes) in NCBI Genome database (July 2018), explaining the majority
of unassigned viral sequences in our study. Thus, in addition to the ever-increasing
knowledge on viral diversity by metagenomic approaches, the incorporation of SAG analysis
will allow the specific matching of viruses and their hosts as well as to determine the host

range of individual viruses without cultivation. Our findings suggest that protist cells are
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susceptible to interact with predominantly specialist viruses and hint to the potential

importance of provirophages in protist populations.
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FIGURE LEGEND

FIGURE 1 Occurrence and specificity of viral contigs in 65 marine stramenopiles SAGs. (a)

Barplots show the number of SAGs with or without any viral contig detected in their
assembly. For each lineage, the total number of SAG-associated viral contigs retrieved in
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SAGs are indicated on top of each bar. (b) Pie charts display the percentage of viral contigs
present in only one or shared among 2 or 4 lineages (upper left corner), and the percentage of
SAGs that shared a viral contig for those that were lineage-specific (lower right corner).
Chryso-G1, Chryso-H1, Chryso-H2, Dictyo and Pelago correspond to the chrysophyte clades
G1, H1 and H2, Dictyochophyceae and Pelagomonas calceolata, respectively.

FIGURE 2 Biogeographical distribution of SAG-associated viruses, as determined by
metagenomic fragment recruitment. Viral contigs are shown in the y-axis and epipelagic
metagenome stations along the x-axis. The scale bar indicates the percentage of read
sequences recruited normalized of aligned metagenome sequences with alignments >100 bp
long and >95% identity, normalized by the length of each SAG-associated virus sequence.
Results for metagenomes from the <0.2 um (left panels) and 0.2-3 um size fractions (right
panels) were displayed for both surface (upper panels) and DCM stations (lower panels).
Stations where metagenomes were not available are shown in grey (No Data). Color bars
represent the different oceanic basins, abbreviations: North Pacific Ocean (NP), South Pacific
Ocean (SP), North Atlantic Ocean (NA), South Atlantic Ocean (SA), Southern Ocean (SO),
Mediterranean Sea (M), Read Sea (RS) and Indian Ocean (IND).

FIGURE 3 Phylogenetic placement of the new putative SAG-associated mavirus among
virophages. The tree topology was inferred from a maximum-likelihood analysis of a
concatenated alignment of four core genes (minor [MCP] and major [MCP] capsids proteins,
DNA packaging enzyme [ATPase] and Cysteine Protease [CysProt]). Bayesian posterior
probabilities (BPP) and bootstrap percentages (BS) are provided at each node (BPP/BS) when
support values were higher than 0.7 and 70%, respectively. Black dots indicate maximal
support for both posterior probabilities (1.0) and maximum-likelihood bootstraps (100%) at
the respective nodes. The five new SAG-associated virophages are highlighted in bold. The
origin (culture, metagenome sequencing or SAG) and genome type (linear with TIRs, circular
or partial) of each virophage genome are pointed out in the tree. Abbreviated names for
virophages are detailed in the Materials and Methods section.

FIGURE 4 Comparison of the SAG-associated mavirus genomes and their closest known
relatives. Linear genomic maps show synteny between the mavirus genomes found in
chrysophyte-G1 and MAST-3A SAGs (SV11_AB233_L11 and SV11_AB240_G22,
respectively) and their closest published relatives, endogenous mavirus and ALM (Zhou et al.,
2013). When present, TIRs and exon structures of putative adjacent host genes are displayed
to highlight the putative integration of mavirus genomes within their respective host genomes.
The main differences between the two SAG-associated mavirus and the endogenous mavirus
are indicated with asterisks (f: presence of an extra coding gene [gene 11], i: absence of
coding gene [gene 20]). Additionally, a GC content plot based on a 100 bp sliding window is
shown for SV11_AB240 _G22.
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TABLE 1 General characteristics (mean (+ standard error)) of the 65 draft stramenopiles SAGs obtained by single-cell genomics

Group Name

Chrysophyceae Chrysophyte-G1
Chrysophyte-H1"
Chrysophyte-H2"

Dictyochophyceae unc. dictyochophyte

MAST-3 MAST-3A
MAST-3F
MAST-4 MAST-4A
MAST-4C
MAST-4E
MAST-7 MAST-7A

Pelagophyceae  Pelagomonas calceolata

Number
of cells

7

Sequencing depth
(Gbp)

5.5(x0.5)
4(£0.7)
42 (£1.0)
4.6 (£0.1)
5.1 (x0.5)
5411
5(+1.8)
5.4 (+0.6)
4.7 (£0.8)
55(x1.3)
5.6 (x0.5)

Assembly size Total number of

(Mbp)

93 (£52)
4.0 (£2.1)
43 (£2.4)
3.6 (£2.8)
75(=1.9)
11.0 (£ 8.0)
10.2 (£ 4.9)
83 (+2.3)
6.7 (£2.6)
5.6(£3.2)
8.1 (+0.8)

contigs

3,597 (& 2,009)
1,425 (£518)
1,928 (+ 1,073)
15,567 (+ 948)
2,272 (+ 409)
3,576 (£ 2,414)
3,195 (+ 1,393)
2,389 (+ 579)
1,928 (+ 607)
2,002 (+1,233)
271 (+ 186)

BUSCO
completeness
(%)
11.6 (+8.2)
6.1 (+3.4)
33(*1.9)
1.0 (+ 1.0)
11.4 (+3.4)
11.7 (£9.8)
12.6 (£7.5)
11.8 (+3.8)
8.6 (£3.9)
3.8 (+2.1)
0.5 (£ 1.0)

GC content
(%)

402 (£0.2)
45.1 (£0.8)
477 (=1.7)
46.8 (£2.5)
42.5(£0.3)
34.1 (£0.3)
33.0 (+ 1.0)
403 (£0.2)
44.0 (£0.7)
44.7 (£ 4.8)
47.5 (£7.6)

N50
(kbp)

5.1 (£0.4)
8.6 (+3.4)
4.1 (£0.2)
42 (£1.4)
8.6 (= 1.1)
77(£02)
93 (£2.7)
14.0 (£ 1.3)
93 (+1.9)
7.0 (£3.2)
13.0+

Abbreviations: SAG, Single Amplified Genome; MAST, Marine Stramenopiles; unc., uncultured; BUSCO, Benchmarking Universal Single-Copy Orthologs; N50,

length of the shortest contig from the minimal set of contig representing 50% of the assembly size.

" The 18S rRNA genes of these chrysophytes-H SAGs clustered into two distinct lineages (clades -H1 and -H2).



TABLE 2 Summary and taxonomic assigment of the 64 SAG-associated viral contigs

SAG-associated viral contigr

Viral SAG lineage (number of SAGs)
contig
SV1 MAST-4A (1)

sV2 MAST-4A (1), MAST-4E (1),
MAST-7 (4), Chryso-H1 (1)

SV3 MAST-4A (1)
SV4 Chryso-H2 (1)
SVs Chryso-H1 (1)
SV6 MAST-3A (1)
SV7 Chryso-H1 (1)
SV8 MAST-4E (1)
SV9 Chryso-H1 (1)
SV10 Chryso-H1 (1)
SVI1  Chryso-G1 (4), MAST-3A (1)
SVi2 MAST-4C (1)
SViI3 Chryso-H2 (2)
SVi4 MAST-4A (1)
SVis MAST-4A (1)
SV16 MAST-3A (1)
SV17 Chryso-G1 (1)
SVig Chryso-H1 (1)
SV19 MAST-4E (1)
SV20 MAST-7 (1)
sv2i Chryso-H1 (1)
sv22 Chryso-G1 (1)
Sv23 MAST-7 (1)
Sv24 Chryso-HI1 (1)
Sv2s Dictyo (1)
SV26 Chryso-HI1 (1)
sv27 Chryso-H2 (1)
SV28  MAST-4A (2), MAST-4E (2)
SV29 Chryso-H1 (1)
SV30 Dictyo (1)
Sv31 Chryso-H1 (1)
SV32 MAST-3A (1)
SV33 Chryso-G1 (1)
SV34 MAST-4A (1)
SV3s MAST-3F (1)
SV36 Chryso-H1 (1)
SV37 Chryso-H1 (1)
Sv38 Chryso-H2 (1)
SV39 Chryso-H1 (1)
SV40 Dictyo (1)
SVl Chryso-H2 (1)
Sv42 MAST-3A (1)
Sv43 Chryso-H1 (1)
SV44 MAST-3A (1)
SV4s MAST-4A (1)
SV46 Chryso-H1 (1)
SV47 Chryso-H1 (1)
SV48 Chryso-G1 (1)
SV49 Chryso-H2 (1)
SV50 MAST-7 (1)
SVs1 Chryso-H1 (1)
SVs2 Chryso-H1 (1)
SVs3 Chryso-H2 (1)
SVs4 Chryso-H2 (1)
SVss Chryso-H2 (1)
SV56 Chryso-H1 (1)
SV57 MAST-4A (1)
SVs8 MAST-7 (1)
SV59 Chryso-H1 (1)
SV60 Chryso-HI1 (1)
SV61 MAST-4A (1)
SV62 Chryso-H2 (1)
SV63 Chryso-H1 (1)
SV64 MAST-4A (1)

Sequence
length (kbp)
48.5
22.8

221
212
20.5
18.9
17.9
16.7
16.7
16.2
15.5
15.0
14.3
13.1
12.7
12.6
10.2
10.0

Number of
genes

44
48

25
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Best viral group hit (GenBank accession number)

Cellulophaga phage (KC821612)
Prochlorococcus phage (NC_006883)

YSLVS (NC_028269)
Synechococcus phage (NC_026928)
YSLV6 (NC_028270)

Paramecium bursaria Chlorella virus (NC_009898)
Pseudomonas phage (NC_028980)
Phaeocystis globosa virus virophage (NC_021333)
YSLV6 (NC_028270)

YSLV6 (NC_028270)
Maverick-related virus (mavirus, NC_015230)
Rhodothermus phage (NC_004735)
Chrysochromulina ericina virus (NC_028094)
YSLV6 (NC_028270)

Yellowstone lake phycodnavirus (NC_028110)
Mycobacterium phage (NC_028662)
Bacillus phage (NC_006945)

Vibrio phage (NC_021529)
Cronobacter phage (NC_019398)
Phaeocystis globosa virus virophage (NC_021333)
Synechococcus phage (NC_015286)
Acanthocystis turfacea Chlorella virus (NC_008724)
Pseudomonas phage (NC_026600)
Aureococcus anophagefferens virus (NC_024697)
Cellulophaga phage (KC821612)

YSLV6 (NC_028270)

Ostreococcus tauri virus (NC_010191)
YSLV6 (NC_028270)

Phaeocystis globosa virus (NC_021312)
Anomala cuprea entomopoxvirus (NC_023426)
Aureococcus anophagefferens virus (NC_024697)
Yellowstone lake phycodnavirus (NC_028110)
YSLV6 (NC_028270)

YSLV6 (NC_028270)
Enterobacteria phage (NC_005066)
Phaeocystis globosa virus virophage (NC_021333)
Enterobacteria phage (NC_019526)
YSLVS (NC_028269)
Campylobacter phage (NC_027997)
YSLV7 (NC_028257)

Aureococcus anophagefferens virus (NC_024697)
Erwinia phage (HQ728263)

YSLV6 (NC_028270)

YSLV6 (NC_028270)

Escherichia phage (NC_025447)

Ectocarpus siliculosus virus (NC_002687)
YSLV6 (NC_028270)

YSLV6 (NC_028270)
Synechococcus phage (NC_015289)
Enterobacteria phage (NC_012740)

YSLV7 (NC_028257)

YSLV6 (NC_028270)

Microcystis phage (NC_029002)
YSLV5 (NC_028269)
Planktothrix phage (NC_016564)

'Net Virus—Host Database (Mihara et al., 2016)

Viral family Known host group
Podoviridae Bacteroidetes
Myoviridae Cyanobacteria
Unclassified virophage N/D
Myoviridae Cyanobacteria
Unclassified virophage N/D
Phycodnaviridae Ciliophora
Siphoviridae Gammaproteobacteria
Unclassified virophage Haptophyta
Unclassified virophage N/D
Unclassified virophage N/D
T avidavie - .
Myoviridae Bacteroidetes
Phycodnaviridae Haptophyta
Unclassified virophage N/D
Phycodnaviridae N/D
Podoviridae Actinobacteria
Tectiviridae Firmicutes
Myoviridae Gammaproteobacteria
Myoviridae Gammaproteobacteria
Unclassified virophage Haptophyta
Myoviridae Cyanobacteria
Phycodnaviridae Chlorophyta
Myoviridae Gammaproteobacteria
Phycodnavirid Pel hy
Podoviridae Bacteroidetes
Unclassified virophage N/D
Phycodnaviridae Chlorophyta
Unclassified virophage N/D
Phycodnaviridae Haptophyta
Poxviridae Arthropoda
Phycodnaviridae Pelagophyceae
Phycodnaviridae N/D
Unclassified virophage N/D
Unclassified virophage N/D
Myoviridae Gammaproteobacteria
Unclassified virophage Haptophyta
Myoviridae Gammaproteobacteria
Unclassified virophage N/D
Myoviridae Epsilonproteobacteria
Unclassified virophage N/D
Phycodnaviridae Pelagophyceae
Myoviridae Gammaproteobacteria
Unclassified virophage N/D
Unclassified virophage N/D
Mpyoviridae Gammaproteobacteria
Phycodnaviridae Phaeophyceae
Unclassified virophage N/D
Unclassified virophage N/D
Myoviridae Cyanobacteria
Myoviridae Gammaproteobacteria
Unclassified virophage N/D
Unclassified virophage N/D
Myoviridae Cyanobacteria
Unclassified virophage N/D
Podoviridae Cyanobacteria

Abbreviations: SAG, Single Amplified Genome; MAST, Marine Stramenopiles; Chryso, Chrysophyte; Dictyo, Dictyochophyceae; YSLV, Yellowstone Lake virophage.

¥ Statistics are computed on the longuest

when SAG

d viral

were retrieved in several cell.

* SG tBLASTx score. In bold, SAG-associated viral sequence that can be affiliated to the same genus level than their reference best hit (SG > 0.15).

N/D Non Determined. Sequence were isolated from environmental surveys.

Viral signal without

are shown by the symbol (-)

SG*

0.06
0.07

<0.01

<0.01
0.04
0.04
0.06
0.01
0.07
0.08
0.96
0.02
0.04

0.02

<0.01

0.06
0.04

0.2

Similarity
(%)
40.8
432

319
42.0
424
39.2
58.7
423
41.5
40.0
98.3
39.6
66.6
37.6
52.6
38.5
36.1
49.0
Sik2)
353
49.7
54.9

43.1

524

43.8

40.4
47.0
49.1



Number of SAGs

[l 5%Gs without viral cantigs (n=28)
[ 5AGs with viral contigs (n=37)

Stramenopiles lineages

(b)

Number of lineages

Number of cells
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Virophage origin  Genome type

. Culture . Circular -

B Metogenome  Linear (TIR)
SAG Partial

- ‘Mendota_2320000189

-SV11_AB233 D06
“SV11_AB233 005
“SV11_AB233 111
“SV11_ABI33 PZ3
-SV11 AB240 G222
-mavirus

- .AI_M

Mavirus

Mendota_2001693

ST
<-TBH_10005660

TBH_10005622

- -Sputnik2

Sputnik3 Sputnikvirus

- Sputnik
- Zamilon

Mendota_ 1002202

--TBE_1001871

TBH_10002641

--TBE_1000887
<-TBE_1002136

YSLVS

=~TBH_10002729

TBE_1001087

-+ =-Mendata_1002731
Y53 Candidate genus 1

Dishui

=-Mendata_402

2 "
Mendata_2367002401 |candidate genus 2

Mendota 157001142

Mendota,_ 2256000135 |Candidate genus 3

Y52

QL

=SS

YSLVE
YLVl
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