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1. General Introduction

Chapter 1
General introduction

The marine environment covers 70% of the Earth’s surface and thus, marine
biogeochemical cycle such as carbon cycle plays a critical role in Earth’s habitability. In
the photic zone, phytoplankton (cyanobacteria and eukaryotic microalgae) are responsible
for the majority of oceanic primary production and comparable to approximately 50% of
earth’s primary production (Field, 1998). Approximately half of the fixed carbon through
the primary production is released from marine phytoplankton cells into the environment
as dissolved organic matters (DOMs), then catabolized and re-mineralized by
heterotrophic prokaryotes, which comprise approximately 10?° cells in the ocean (Cole et
al., 1988; Whitman et al., 1998). The heterotrophic prokaryotes are preyed by eukaryotic
unicellular phagotrophs and mixotrophs and thereby the fixed organic carbon is
channeled back to the classic food chain comprising phytoplankton, zooplankton, and
multicellular larger eukaryotes such as fish (Azam et al., 1983; Buchan et al., 2014;
Worden et al., 2015). This flux taking heterotrophic prokaryote and unicellular
eukaryotes into account is called “microbial loop” and considered as an ecologically
significant pathway of marine carbon flux (Azam et al., 1983; Falkowski et al., 2008)

The other key players in the marine biogeochemical cycling are marine viruses
(Suttle, 2005, 2007; Zimmerman et al., 2020). Viruses in the ocean are estimated to be
approximately one or two orders of magnitude more abundant than prokaryotes (~ 103
particles) (Bergh et al., 1989; Proctor and Fuhrman, 1990). The marine viruses are
estimated to contribute to 10~40% of prokaryotic cell mortality per day and give rise to

the release of their cellular compounds and metabolites to the DOM pools, which can be
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readily taken up by other microorganisms (Suttle, 1994, 2005, 2007; Breitbart et al.,
2018). The role of viruses in the biogeochemical cycle has been conceptualized as “viral
shunt” through which up to 25% of oceanic fixed organic carbon is predicted to be
recycled (Wilhelm and Suttle, 1999). Viral infection also leads to qualitative and
quantitative changes of cellular organic matters of infected cells via metabolic
reprograming for viral effective propagation (Jover et al., 2014). Thus, viruses are
responsible for the biogeochemical cycling in terms of not only quantity but also
stoichiometry and composition (Jover et al., 2014). Further, the marine viruses are
responsible for the carbon removal via cell lysis which give rise to cell debris; such
aggregated cell debris could sink and result in carbon removal from the surface layer
(Guidi et al., 2016; Zimmerman et al., 2020). This mechanism is called the “viral shuttle”
and drives the sequestration of carbon from the atmosphere to the ocean interior and
seafloor sediments (Sullivan et al., 2017; Zimmerman et al., 2020).

In line with the biogeochemical importance of prokaryotes and their viruses
introduced above, the host-specific viral infection is also believed to maintain the
diversity of host prokaryotic community. Basically, it is thought that viruses infect their
specific hosts (often restricted to strain within a species) in a frequency-dependent manner
according to the increasing encounter rate between viruses and their hosts (Fuhrman and
Suttle, 1993; Winter et al., 2010). Especially, it is postulated that the high host cell density
(>10* cells/ml) is required for effective viral propagation (Wiggins and Alexander, 1985).
Thus, viruses have a role in modulating prokaryotic diversity through host-specific
infection which prevents to their prokaryotic host populations (stain or genotype) to
become dominant and which maintains diversity among genetically closely related

prokaryotic populations through increased viral-induced mortality (Thingstad, 2000;
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Rodriguez-Valera et al., 2009). The proposed mechanism which is responsible for
maintaining diversity among genetically closely related prokaryotic populations is called
“constant diversity (CD) dynamics” (Rodriguez-Valera et al., 2009). Actually, various
mesocosm and field studies in aquatic ecosystems have supported the frequency-
dependent viral predation manner (Schwalbach et al., 2004; Bouvier and Del Giorgio,
2007; Yoshida et al., 2008; Rodriguez-Brito et al., 2010; Kuno et al., 2012; Parsons et
al., 2012; Kimura et al., 2013; Needham et al., 2013; Cram et al., 2016). If true, these
influences of viral infection introduced above seem to be more important in abundant
prokaryotic populations (Fuhrman and Suttle, 1993), however, the prediction has not yet
been comprehensively evaluated.

Mathematical models of viral and host abundance have described that a
prokaryotic species (or lineage) with a faster growth rate than others is susceptible to viral
infection (Thingstad, 2000). The idea often explained the relationship of viral and its host
abundance in the marine environment in connection with r-/K- selection theory, which
describes the trade-off between population growth rate (r, intrinsic rate of natural
increase) and its sustainable maximum population size (K, carrying capacity) (Andrews
and Harris, 1986; Suttle, 2007). In the explanation, r-strategists (e.g. members of
Flavobacteriaceae) having higher growth rate and higher metabolic activities undergo
more frequent viral infection, eventually leading to their relatively low abundance and/or
frequent fluctuation (Suttle, 2007). In contrast, K-strategists (e.g. SAR11) having lower
growth rates and lower metabolic activities would be more resistant to viral infection and
become dominant in a given ecosystem (Suttle, 2007). However, the discovery of SAR11
viruses as the most abundant marine viruses raised a question to the prediction (Zhao et

al., 2013; Zhang et al., 2020). Thus, it is still unknown whether the viral infection
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generally occurs in K-strategist populations and whether viral infection is prevalent in
abundant prokaryotic populations according to their density.

Measuring the abundance of viruses infecting each prokaryotic population in the
environment is difficult because of the complex interactions among diverse prokaryotes
and their viruses (Brum and Sullivan, 2015). So far, sequencing of the 16S rRNA gene of
the environmental prokaryotic community has revealed over 35,000 species-level
operational taxonomic units (OTUs, based on 97% sequence identity) in the ocean
(Sunagawa et al., 2015). Although most oceanic prokaryotic species fall into 13 major
lineages corresponding to phyla (or class for proteobacteria) such as a-proteobacteria (e.g.
SAR11 clade, SAR116 clade, and Roseobacter clade), y-proteobacteria (e.g. SAR86
clade and SAR92 clade), Bacteroides (e.g. members of Flavobacteriaceae), and
Cyanobacteria (e.g. Synechococcus) (Pommier et al., 2006; Sunagawa et al., 2015),
metabolic capacity, physiologies, and ecology among these species are highly divergent
and often distinct between interspecies-level populations (strains or genotypes) (Chafee
et al., 2018; Sieradzki et al., 2019; Van Rossum et al., 2020).

The vast majority of marine prokaryotes could not be cultivated using standard
techniques (Rappé and Giovannoni, 2003) and approximately 50% of the class to genus-
level taxonomic groups still remain uncultivated (Lloyd et al., 2018). Thus, only a limited
number of culture-based marine virus-host model systems have been studied except for
picocyanobacteria-virus systems, which have characterized more than 100 viruses (Rappé
and Giovannoni, 2003; Brum and Sullivan, 2015; Lloyd et al., 2018). Accordingly, the
diversity of marine viruses remains to be underrepresented by culture-based approaches
(Brum and Sullivan, 2015). Furthermore, cultivation-independent studies for

environmental viruses also had a limitation to evaluate its diversity because viruses lack
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a universally conserved marker gene in contrast with 16S rRNA gene for prokaryotes
(Edwards and Rohwer, 2005).

Recently, high-throughput sequencing offers metagenomic-based studies to
investigate viral genomic information on a community-wide scale (Edwards and Rohwer,
2005). Nevertheless, the majority (63-93%) of sequences in marine viral metagenomes
did not have closely related genomes in public databases, indicating the majority of
uncultured viruses were distantly related to cultured ones (Hurwitz and Sullivan, 2013).
Therefore, determining which virus infects which host populations was difficult on the
basis of similarity with cultured viruses (so-called Who infects whom problem, Brum and
Sullivan, 2015). For example, a previous study characterized 1,811 circular viral genomes
from the marine viromes, however, 78.4% (1,420 genomes) of them were not assigned
with their putative host (Nishimura, Watai, et al., 2017). Therefore, the influence of viral
infection on abundant marine prokaryotes in environments remains to be not well
understood.

To this end, | aimed to examine whether the viral infection is prevalent in
uncultured, abundant marine prokaryotic populations. For this purpose, first, | improved
in silico host prediction methods for uncultured viruses to overcome the limitation to
predict virus-host interactions in environments. As a model case, | focused on the viruses
infecting marine Bacteroidetes, which is one of the most abundant heterotrophic
prokaryotic phyla in marine ecosystems. | developed methods of in silico prediction of
putative Bacteroidetes viruses from recently reported 1,811 marine viral genomes, by
using microbial metagenome-assembled genomes (MAGS). This provided novel 81
genomes that were newly recognized as Bacteroidetes virus including those

phylogenetically distant from the cultured marine viruses. Second, | applied the host
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prediction method to diverse marine prokaryotic taxa. Then, | examined the temporal
dynamics of the prokaryotes and viruses based on the host prediction at Osaka Bay for 2
years. To investigate whether the viral infection increased according to the putative host
frequency, | analyzed the statistical association of the dynamics of viruses and their
putative host by co-occurrence network analysis. Viral abundance increased with the
increasing of putative host abundance between the predicted pairs, suggesting that
frequency-dependent viral infection prevailed in the abundant populations of marine
prokaryotes. Further, the faster temporal succession of the viral community than
prokaryotes suggests that different viruses can infect a continuously dominated K-

strategist host population at different time points.
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Chapter 2
In silico prediction of virus-host interactions for marine Bacteroidetes

with the use of metagenome-assembled genomes

Abstract

Bacteroidetes is one of the most abundant heterotrophic bacterial taxa in the ocean and
play crucial roles in recycling phytoplankton-derived organic matter. Viruses of
Bacteroidetes are also expected to have an important role in the regulation of host
communities. However, knowledge on marine Bacteroidetes viruses is biased towards
cultured viruses from a few species, mainly fish pathogens or Bacteroidetes not abundant
in marine environments. In this study, | investigated the recently reported 1,811 marine
viral genomes to identify putative Bacteroidetes viruses using various in silico host
prediction techniques. Notably, | used microbial metagenome-assembled genomes
(MAGs) to augment the marine Bacteroidetes reference genomic data. The examined
viral genomes and MAGs were derived from simultaneously collected samples. Using
nucleotide sequence similarity-based host prediction methods, | detected 31 putative
Bacteroidetes viral genomes. The MAG-based method substantially enhanced the
predictions (26 viruses) when compared with the method that is solely based on the
reference genomes from NCBI RefSeq (7 viruses). Previously unrecognized genus-level
groups of Bacteroidetes viruses were detected only by the MAG-based method. | also
developed a host prediction method based on the proportion of Bacteroidetes homologs
in viral genomes, which detected 321 putative Bacteroidetes virus genomes including 81
that were newly recognized as Bacteroidetes virus genomes. The majority of putative

Bacteroidetes viruses were detected based on the proportion of Bacteroidetes homologs
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in both RefSeq and MAGs; however, some were detected in only one of the two datasets.
Putative Bacteroidetes virus lineages included not only relatives of known viruses but
also those phylogenetically distant from the cultured viruses, such as marine Far-T4 like
viruses known to be widespread in aquatic environments. The MAG and protein
homology-based host prediction approaches enhanced the existing knowledge on the
diversity of Bacteroidetes viruses and their potential interaction with their hosts in marine

environments.
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Introduction

Marine heterotrophic prokaryotes are responsible for processing almost half of
the organic matter that is fixed by marine phytoplankton, thus playing an important role
in the global carbon cycle (Azam and Malfatti, 2007). Members of the phylum
Bacteroidetes are the most abundant heterotrophic prokaryotes in the ocean along with
those belonging to Proteobacteria (Glockner et al., 1999; Kirchman, 2002). Bacteroidetes
inhabit various marine environments ranging from coastal water to open ocean habitats
(Alonso et al., 2007; Pommier et al., 2006). They are especially abundant during and after
the phytoplankton blooms and believed to have an important role in the decomposition
and remineralization of the phytoplankton biomass (Teeling et al., 2012). A previous
study suggests that there are 1,200 species of marine planktonic Bacteroidetes and only
about half of their global diversity has been described by cultivation (Alonso et al., 2007).
Despite being the abundant species during phytoplankton blooms, isolated marine
Bacteroidetes strains are rarely observed in environment; therefore, most abundant
lineages of marine Bacteroidetes remain poorly characterized (Unfried et al., 2018).

Marine viruses are being increasingly recognized as important factors affecting
the structure and function of the prokaryotic community through diverse virus-host
interactions, which drive the global biochemical cycle in the ocean (Suttle, 2007; Yoshida
et al., 2019). Considering the importance of Bacteroidetes in the marine biochemical
cycle, their viruses also likely have significant impact on the process. To date, 58 genomes
have been reported for Bacteroidetes viruses isolated from aquatic environments (Puig
and Girones, 1999; Borriss et al., 2007; Cheng et al., 2012; Kang, Jang, et al., 2012; Kang,
Kang, et al., 2012; Holmfeldt et al., 2013; Luhtanen et al., 2014; Castillo et al., 2014;

Kang et al., 2015, 2016; Laanto et al., 2015; Castillo and Middelboe, 2016; Mihara et al.,
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2016). However, their hosts cover only seven species of Bacteroidetes. Moreover, the
host species of these viruses were biased toward coastal rare taxa (e.g., Cellulophaga
baltica) or fish pathogen Flavobacterium. Therefore, our understanding on marine
Bacteroidetes viruses brought by cultivation-based approaches are limited to less
abundant taxa in the ocean..

Owing to the recent development of sequencing technology, viral metagenomes
(viromes) have become a powerful tool to characterize the diversity of viruses as an
alternative of the classical cultivation strategy (Brum and Sullivan, 2015). For example,
Nishimura et al. (2017) recently constructed 1,600 complete environmental viral genomes
(EVGs) from marine viromes. Among them, the authors identified 239 viral genomes
which were classified into two groups, referred to as groups 1 and 2, likely infecting
Flavobacteriaceae, a major group of marine Bacteroidetes(Nishimura, Watai, et al.,
2017). Although these groups include highly diverse viruses (representing 29 and 25
genus-level OTUs (gOTUs) based on genomic similarity), they showed a significant
genomic similarity with the cultured siphoviruses infecting Nonlabens (group 1) or the
podovirus phi38:1 infecting Cellulophaga baltica (group 2; one of the most globally
abundant type of virus in the oceans), respectively (Roux et al., 2016; Nishimura, Watai,
et al., 2017). Thus, our knowledge of the genome repertoire of marine Bacteroidetes
viruses are still limited to the relatives of cultured Bacteroidetes viruses even after the
application of viral metagenomics approaches.

Since viromes revealed enormous diversity of viruses with no isolated relatives,
linking these viruses with their putative hosts by culture independent methods has become
important to gain insights into the ecology of viruses. Recently, several in silico host

prediction approaches using viral and microbial genomes have been developed
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(Edwards et al., 2016; Ahlgren et al., 2017). These methods detect virus-host signals in
viral and microbial genomes, which are shaped by virus-host co-evolutionary processes
such as acquisition of CRISPR spacer sequences (Edwards et al., 2016). However,
genomic information of uncultured microorganisms is still limited (Rappé and
Giovannoni, 2003; Locey and Lennon, 2016) and represents a major hurdle to expand our
knowledge of virus-host interaction even though such in silico approaches.

Recently, metagenome assembled genomes (MAGSs), which can aid us in
overcoming this limitation, are receiving increasing attention. Development of
metagenomic assembly, binning, and curation techniques have enabled us to construct
nearly complete genomes of uncultured microorganisms from various environments
(Anantharaman et al., 2016; Bowers et al., 2017; Parks et al., 2017; Tully et al., 2017,
2018; Delmont et al., 2018; Stewart et al., 2018; Almeida et al., 2019; Nayfach et al.,
2019; Pasolli et al., 2019). Recent studies have reported over 3000 microbial MAGs
including over 500 putative Bacteroidetes MAGs (Tully et al., 2017, 2018; Delmont et
al., 2018) from metagenomic samples obtained from the Tara Oceans expedition
(Sunagawa et al., 2015).

In this study, | performed a computational host prediction analysis for a thousand
of EVGs, using the Bacteroidetes MAGs as potential host genomes, to overcome the
bottleneck of viral host prediction and expand our knowledge of the diversity of
Bacteroidetes viruses. The MAG based prediction approach is expected detect lineage-
specific interactions between EVGs and their hosts, which will be compared with the
previous family level host prediction of Flavobacteriaceae EVG group 1 and 2.
Considering the locality of marine virus-host interaction (Brum et al., 2015; Yoshida et

al., 2018), these microbial MAGs likely represent ideal host candidates for the EVGs,
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because most of the MAGs and EVGs were obtained from simultaneously sampled
metagenomes of the Tara Oceans expedition (Brum et al., 2015; Sunagawa et al., 2015).
A recent study successfully detected viruses-host interactions by such an approach in
samples from a freshwater lake (Okazaki et al., 2019). | also applied a protein homology-
based method after carefully examining prediction parameters for prediction of
Bacteroidetes viruses, which enabled a more sensitive signal detection than previously

proposed nucleotide similarity-based in silico methods.

Materials and Methods
Collection of viral and Bacteroidetes genomes

| used the previously assembled 1,811 environmental viral genomes (EVGs; all
being circularly assembled genomes) derived from marine viromes (Nishimura, Watai, et
al., 2017). Genus-level genomifc operational taxonomic units (gOTUs) were assigned to
these EVGs as previously described (Nishimura, Watal, et al., 2017). I also collected 58
isolated Bacteroidetes viral genomes and 100 randomly selected isolated prokaryotic viral
genomes infecting non-Bacteroidetes prokaryotes (e.g., Proteobacteria) as reference viral
genomic data from NCBI RefSeq (as of April 2019).

Bacteroidetes genomes that were publicly available prior to April 2019 were
collected from NCBI RefSeq (total 3,695 genomes representing 2,148 species) and used
as references for the host prediction analysis. I also collected 3,882 MAGs from the Tara
Oceans metagenomic datasets (here after referred to as TARA-MAGS), which include
518 MAGs assigned to the phylum Bacteroidetes in the original studies (here after
referred to as Bacteroidetes-MAGS) (Tully et al., 2017, 2018; Delmont et al., 2018). To
remove the contamination of virus-like contigs from TARA-MAGs, 11,537 contigs
predicted as viral-like sequence (category 1, 2, and 3) by VirSorter (Roux, Francois

12
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Enault, et al., 2015) were discarded from 1,732 MAGs. Taxonomy of the Bacteroidetes-
MAGs predicted as hosts of EVGs were further confirmed based on the conserved maker

genes in bacterial genomes by GTDB-Tk with classify mode (Chaumeil et al., 2019).

Host prediction by nucleotide similarity-based methods

I used four computational host prediction strategies that are frequently used to
identify potential virus-host interactions. All of these methods utilize nucleotide sequence
similarity for prediction, and details of these methods are reviewed elsewhere (Edwards
et al., 2016). (i) CRISPR spacers match: CRISPR spacer sequences from Bacteroidetes
genomes were predicted by CRISPR Recognition Tool (Bland et al., 2007). Sixty-nine
thousand one hundred and seventy-two and 2,004 spacer sequences were extracted from
the Bacteroidetes genomes in NCBI RefSeq and MAGs, respectively. Detected spacer
sequences were queried against EVGs using the BLASTn-short function with these
parameters: at least 95% identity over the whole spacer length and only 1-2 SNPs at the
5’end of the sequence was allowed. (ii) tRNA match (Paez-Espino et al., 2016) : tRNAs
were recovered from bacterial genomes and EVGs by ARAGORN with ‘-t” option
(Laslett and Canback, 2004). tRNAs (192,217, 13,018, and 6,322) were recovered from
the Bacteroidetes genomes in NCBI Refseq, MAGs, and EVGs, respectively. The
recovered tRNAs were compared by BLASTn (Camacho et al., 2009) and only a perfect
match (100% length and 100% sequence identity) was considered indicative of putative
Bacteroidetes-virus pairs. (iii) Nucleotide sequence homology of Bacteroidetes genomes
and EVGs: EVGs were queried against Bacteroidetes genomes using BLASTn (Camacho
et al., 2009). Only the best hits above 70% identity across alignment with length >1000
bp were indicative of Bacteroidetes-virus pairs. (iv) Oligo nucleotide frequency (ONF)

distance: Oligo nucleotide frequency and distance between MAGs and EVGs were
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calculated by VirHostMatcher with a dissimilarity score <0.13 as an indication of
Bacteroidetes-virus pairs (Ahlgren et al., 2017).

| performed taxonomic validation for each contig in Bacteroidetes-MAG showing
similarity with EVGs in the above methods (CRISPR, tRNA, and nucleotide sequences
homology) by the following procedures as previously described with slight modification
(Coutinho et al., 2017). Open reading frames (ORFs) of each contig were predicted by
MetaGeneMark with -p 0 option (Zhu et al., 2010) and queried against RefSeq database
(as of May 2018) by BLASTp (E-value <1e-10, identity >30%, and bit score >50). The
sum of the bit score of the all best hits from each contig was calculated, and if >80% of
the total bit score was consistently assigned to Bacteroidetes, the contig of the MAG was
considered to be derived from Bacteroidetes genomes; otherwise it was considered as a
contaminant contig from other taxa (i.e. not Bacteroidetes). If a contig was regarded as
contaminant contigs, the EVG showing similarity with the contig were removed from
candidates of Bacteroidetes virus. Similarly, to remove viral contamination-like contigs
in RefSeq Bacteroidetes genomes, the contigs predicted as viruses by VirSorter (Roux,

Francois Enault, et al., 2015) were discarded.

Calculation of the proportion of Bacteroidetes homologs in viral genomes

ORF for the viral genomes was predicted by MetaGeneMark with -p 0 option
(Zhu et al., 2010). Homology search was conducted using BLASTp against the RefSeq
database (as of May 2019, bit score >50). Similarly, BLASTp search was conducted
against the ORFs of TARA-MAGs predicted by MetaGeneMark with -p 0 option (Zhu et
al., 2010). Taxonomic validation to the matched contigs of the MAGs was performed as
described in the previous section. Among the most closely matched cellular homologs of
a viral genome, proportion of the Bacteroidetes homologs was calculated. To check the

14
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possible origin of the Bacteroidetes homologs, putative provirus regions in the
Bacteroidetes genomes were checked by VirSorter (category 4, 5, and6) (Roux, Francois
Enault, et al., 2015). If the Bacteroidetes homologs were encoded within the provirus

region, the Bacteroidetes homologs were regarded as provirus origin.

Proteomic tree calculation

The viral proteomic tree (Rohwer and Edwards, 2002) was calculated between
4,240 viral genomes in a previous study (Nishimura, Watai, et al., 2017) or constructed
based on their genome similarity scores derived from all-against-all tBLASTX
computation as previously described (Bhunchoth et al., 2016; Nishimura, Watal, et al.,
2017; Nishimura, Yoshida, et al., 2017). Parts of the proteomic tree were visualized from
ViPTree webserver (Nishimura, Yoshida, et al., 2017) and an interactive visualization
server of viral genomes developed in a previous study (Nishimura et al., 2017a;

https://www.genome.jp/tools/mg_viewer?2/.)

Gene prediction and annotation

Gene prediction and functional annotation of the EVGs were obtained from a
previous study (Nishimura, Watai, et al., 2017). Additionally, to explore the auxiliary
metabolic genes (AMGSs), ORFs were queried against the Pfam domain database v.31
(Finn et al., 2016) with hmmsearch (threshold 10~° for E-value) (Eddy, 2011) and
annotated by eggNOG-mapper (Huerta-Cepas et al., 2017) using eggNOG 5.0 database
(Huerta-Cepas et al., 2019). Protein motifs found in the AMGs were defined according

to the previous studies (Roux et al., 2016; Luo et al., 2017)
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Phylogenetic trees of Gp23 of Far-T4 like viruses

Far-T4 reference genomic fragments assembled from freshwater viromes were
obtained from Metavir web server under project “FarT4 / Far-T4 Lake Pavin” (Roux,
Francois Enault, et al., 2015). Other reference sequences were obtained from the NCBI
RefSeq database of complete viral genomes. Multiple sequences were aligned using the
MAFFT program (version 7.245) (Katoh et al., 2002), with the FFT-NS-2 mode and a
maximum of 1,000 iterations (--retree 2, --maxiterate 1000). Conserved positions in the
alignments were selected with the trimAl program (version 1.3) (Capella-Gutierrez et al.,
2009). Approximately maximum likelihood trees were constructed by FastTree (Price et

al., 2010) and visualized by iTOL (Letunic and Bork, 2019).

Virome read mapping

Forty-three Tara Oceans viromes were downloaded from the European

Nucleotide Archive (www.ebi.ac.uk/ena/) under accession numbers reported in the

original study (Brum et al., 2015) and quality control was performed as previously
described (Nishimura, Watai, et al., 2017). The quality controlled sequences were
mapped against the 1,811 EVGs using Bowtie2 with a parameter “--score-min L,0,-0.3”
(Langmead and Salzberg, 2012). Fragments per kilobase per mapped million reads

(FPKM) values were calculated by in-house ruby scripts (Nishimura, Watai, et al., 2017).

Results
Detection of Bacteroidetes viruses by nucleotide similarity-based methods

To identify novel Bacteroidetes-virus pairs, | first conducted host prediction
analyses on the 1,811 EVGs based on CRISPR spacer sequences, tRNA genes, sequence
similarity (BLASTN) and ONF distance, by using 3,695 Bacteroidetes genomes in NCBI

RefSeq and 518 Bacteroidetes-MAGs (Table 2-1). In total, | detected 57 signals of virus-
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host interactions between EVGs and Bacteroidetes-MAGSs or Bacteroidetes genomes in
RefSeq. An EVG (TARA_ERS490053_N000309) was predicted as Bacteroidetes virus
with both datasets. After removal of redundancy, 35 EVGs including 18 previously
described as members of Flavobacteriaceae viruses were predicted as putative
Bacteroidetes viruses. Of these, OBV_NO00073 and OBV_NO00010 were previously
predicted as viruses infecting SAR 11 and Marine group Il archaea, respectively. |
discarded these two EVGs as false positives from further analysis, taking into
consideration the limitation of computational host prediction accuracy (Edwards et al.,
2016) and the previous detailed analysis (Nishimura, Watai, et al., 2017). The remaining
33 Bacteroidetes EVGs were classified into 18 genus-level groups (gOTUs) based on the

viral genome similarity (Table 2-2)

Table 2-1. The number of EVGs assigned to Bacteroidetes viruses according to
nucleotide based-methods (i.e., CRISPR, tRNA, BLASTnN, and oligonucleotide
frequency) using Bacteroidetes genomes.

Oligo
BLASTN i
CRISPR tRNA nucleotide  Total
(> 1 kb)
frequency
3,695 Refseq
. 3 0 16 0 19
Bacteroidetes genomes
518 TARA
1 14 18 5 38

Bacteroidetes MAGs

The nucleotide similarity-based approaches for the EVGs and Bacteroidetes
genomes in RefSeq revealed 20 signals of virus-host interactions (between 6 EVGs and
18 Bacteroidetes genomes in RefSeq; Table 2-2). All the 6 EVGs were classified as the
members of the Flavobacteriaceae EVG group 1, previously identified by their genomic

similarity to cultured Bacteroidetes viruses (Table 2-2). Putative host Bacteroidetes of
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these EVGs were members of Flavobacteriaceae isolated from marine environments such
as sea water (Nedashkovskaya et al., 2005; Yu et al., 2014; Dai et al., 2015; Xing et al.,
2015), marine sediment (Miyazaki et al., 2010; Lee et al., 2014), sponges (Esteves et al.,
2013; Morrissey et al., 2015), and coral reef (Keller-Costa et al., 2016) samples. Our
results not only support the previous host prediction studies based on genomic similarity
with cultivated Bacteroidetes viruses and genomic context (Nishimura, Watai, et al.,
2017), but also offer additional clues for lineage specific interaction between
Flavobacteriaceae EVGs and Bacteroidetes. For example, two EVGs classified into a
genus-level genomic OTU (G490 in the previous study, Nishimura, Watai, et al., 2017)
were paired with Aquimarina species which is associated with marine sponge or coral
reef (Table 2-2).

The nucleotide similarity-based approaches for the EVGs and Bacteroidetes-
MAGs revealed 37 signals between 26 EVGs and 13 MAGs (Table 2-2). Although
Bacteroidetes-MAG data were seven-folds smaller in size than the genomic data from
RefSeq, Bacteroidetes-MAGs have twice as many significant signals with EVGs. Among
the 26 putative Bacteroidetes EVGs, two and 11 EVGs were members of the
Flavobacteriaceae EVG group 1 and group 2, respectively (Nishimura, Watai, et al.,
2017). Also, TARA_ERS490388_NO000065 showed nearly genus-level similarity with
Cellulophaga viruses classified into Cba41likevirus (Holmfeldt et al., 2013). In addition
to these previously described Bacteroidetes EVGs, | detected 12 new candidates of
Bacteroidetes EVGs classified into five genus-level groups from MAG-based prediction
(Table 2-2). I performed taxonomic classification of the putative host MAGs by genome-
based phylogeny (Parks et al., 2018). | could not classify some of these putative host

MAGs because of the low completeness. However, the classification of high
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completeness MAGs suggests that most of the putative host MAGs are members of
marine uncultured Bacteroidetes lineages, from which no viruses have been previously
described (Table 2-2). For example, three MAGs were classified into candidates genus
SHANG690 mostly composed of marine MAGs (Parks et al., 2017) and one MAG was
classified into another candidates genus MS024-2A mostly composed of marine single

cell genomes (Woyke et al., 2009).

Detection of Bacteroidetes viruses by protein homology-based approach

The nucleotide similarity-based approaches enabled us to detect a large number
of Bacteroidetes viruses when combined with the TARA-MAG data than when it was
solely based on cultured strain genomes. However, most members of the previously
described 239 Flavobacteriaceae EVGs were still not detected by the nucleotide
similarity-based methods (Nishimura, Watai, et al., 2017). This was due to the fact that
the nucleotide similarity-based prediction methods rely on rare and/or strain specific
evolutionary events such as acquisition of CRISPR spacer or horizontal gene transfer
(Edwards et al., 2016). Further, nucleotide sequence-based comparison can detect only
recent evolutionary events because nucleotide sequences can change more rapidly than
protein sequences because of redundancy in the genetic code (Edwards et al., 2016). |
therefore developed a more sensitive method to detect Bacteroidetes viruses based on
protein-homology. Bacterial homologues (i.e. the match with the lowest E-value) of viral
encoded proteins are frequently found in Bacterial genomes in the same phylum as the
host of the viruses (Mahmoudabadi and Phillips, 2018). Actually, 10% to 92% of proteins
encoded in the genomes of the Flavobacteriaceae EVG groups 1 and 2 were most similar
to Bacteroidetes genes (Nishimura, Watai, et al., 2017). However, the proportion of
Bacteroidetes homologs was not tested in other EVGs and the prediction method was not
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2. Prediction of marine Bacteroidetes viruses

standardized in the previous study. | hypothesized that the Bacteroidetes viruses have
more Bacteroidetes homologs than other prokaryotic viruses, and thereby the proportion
of Bacteroidetes homologs in viral genomes may be a useful genetic signal of
Bacteroidetes viruses.

Firstly, we examined the proportion of proteins that best hit to Bacteroidetes
proteins (defined as the most similar protein detected by BLASTp; E-value <le-10,
identity >30%, and bit score >50) for cultured Bacteroidetes viruses (Figures 2-1A, 2-
1B, 2-2). As expected, most of the cultured Bacteroidetes viruses have many homologs
of Bacteroidetes in RefSeq (average 35.8%) or TARA-MAGs (average 11.6%) in their
genomes (Figures 2-1, 2-2). Among the possible homologs-sharing mechanisms between
bacteria and viruses, we examined the contribution of provirus and AMGs to the shared
homologs. Provirus-like regions in Bacteroidetes genomes appeared to mainly contribute
(Figure 2-4, average: 55.5%, maximum: 96%) to these homologs. This trend was
observed not only in the lysogenic viruses or viruses having putative integrase homologs
but also in the lytic Bacteroidetes viruses (Figures 2-2A, 2-2B). In contrast, AMGs rarely
contributed (Figure 2-4, average: 3%, maximum: 11%) to the detection of Bacteroidetes
homologs (Figure 2-4). The viruses infecting other prokaryotes (i.e., non-Bacteroidetes
viruses) rarely showed Bacteroidetes homologs (Figures 2-1A, 2-1B , 2-3A, 2-3B, at
most 7.9% and 4.2% to Bacteroidetes in RefSeq and TARA-MAGS, respectively).
According to the comparison of the result between Bacteroidetes viruses and non-
Bacteroidetes viruses, we chose the following criteria for the prediction of putative
Bacteroidetes EVGs. We considered EVGs that satisfy all the following three criteria as
Bacteroidetes EVGs: (i) At least 7.9% or 4.2% of viral genes should be homologs of

Bacteroidetes genes in RefSeq or TARA-MAGS, respectively,
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Table 2-2. Predicted virus-host pairs between EVGs and Bacteroidetes genomes.

Matched

Bacteroidetes

Taxonomical

Prediction  Bacteroidetes ] o
EVGs goTU Bacteroidetes genome Host Taxonomy classification of
Method genome 1D ]
Genome Contig source MAGs by GTDBtk
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
OBV_N00073 5 CRISPR GCF_003984825 NZ_RYDMO01000010 RefSeq -
Flavobacterium:Flavobacterium
sp. RSP46
Bacteroidetes:Flavobacteriia:Fla
TARA _ERS492160 GCF_001683825+ vobacteriales:Flavobacteriaceae:
468 CRISPR NZ_LXTR01000001 RefSeq -
_N000662 E4.G6 Flavobacterium:Flavoceae
bacterium CP2B
Bacteroidetes:Flavobacteriia:Fla
TARA_ERS488499 vobacteriales:Flavobacteriaceae:
468 CRISPR GCF_002954665 NZ_MSCM01000001 RefSeq -
_NO000464 Polaribacter:Polaribacter
glomeratus ATCC 43844
Bacteroidetes:Flavobacteriia:Fla
TARA_ERS490320 vobacteriales:Flavobacteriaceae:
490 blastn GCF_900624725 NZ_UYXD01000001 RefSeq -
_N000023 Aquimarina:Aquimarina sp.
Aq349
Bacteroidetes:Flavobacteriia:Fla
TARA_ERS490320
490 blastn GCF_900299485 NZ_OMKB01000021 RefSeq voles:Flavoceae:Aquimarina:Aq -

_N000023

uimarina sp. Aq349
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Table 2-2. Continued

TARA_ERS490320
_N000023

TARA_ERS490285
_N000146

TARA_ERS490285
_N000146

TARA_ERS490285
_NO000146

TARA_ERS490142
_N000102

490

490

490

490

491

blastn

blastn

blastn

blastn

blastn

GCF_900089995

GCF_900624725

GCF_900299485

GCF_900089995

GCF_004364165

NZ_FLRG01000005

NZ_UYXD01000001

NZ_OMKB01000021

NZ_FLRG01000005

NZ_SOAY01000010

RefSeq

RefSeq

RefSeq

RefSeq

RefSeq

Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Aquimarina:Aquimarina
megaterium EL33
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Aquimarina:Aquimarina sp.
Aq349
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Aquimarina:Aquimarina sp.
Aq349
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Aquimarina:Aquimarina
megaterium EL33
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Maribacter:Maribacter

spongiicola DSM 25233
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Table 2-2. Continued

TARA_ERS490142
_N000102

TARA_ERS490142
_N000102

TARA_ERS490142
_N000102

TARA_ERS490053
_NO000309

TARA_ERS490053
_NO000309

491

491

491

492

492

blastn

blastn

blastn

blastn

blastn

GCF_000430665

GCF_003143755

GCF_000799465

GCF_000766795

GCF_001642835

NZ_KE387191

NZ_QFRI101000001

NZ_JuGU01000001

NZ_JPDS01000001

NZ_LXEI01000001

RefSeq

RefSeq

RefSeq

RefSeq

RefSeq

Bacteroidetes:Flavobacteriia:Fla
voles:Flavobacteriaceae: Aquim
arina:Aquimarina muelleri DSM
19832
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Algibacter:Algibacter sp.
ZY111
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Psychroserpens:Psychroserpens
sp. Hel_1_66
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Polaribacter:Polaribacter sp.
Hell 85
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Tamlana:Tamlana agarivorans

JW-26
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Table 2-2. Continued

TARA_ERS490053
_N000309

TARA_ERS490053
_N000309

TARA_ERS490053
_NO000309

TARA_ERS490494

_NO000064

TARA_ERS488589

_N000003

OBV_N00010

TARA_ERS490346
_NO000577

492

492

492

185

398

455

493

blastn

blastn

blastn

VHM

VHM

blastn

blastn

GCF_004310335

GCF_000520975

GCF_000520995

TARA_ANW_M
AG_00076

TARA_ASE_MA
G_00029

TARA_ ANW_M
AG_00082
TARA ANW_M
AG_00076

NZ_SIRS01000003 RefSeq
NZ_JACB01000005 RefSeq
NZ_JACA01000049 RefSeq
Delmont
etal. 2018
Delmont
et al. 2018
TARA_ANW_MAG_00 Delmont
082_000000000427 etal. 2018
TARA_ANW_MAG_00 Delmont
076_000000001219 etal. 2018

Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Hyunsoonleella;:Hyunsoonleella
pacifica SW033
Bacteroidetes:Flavobacteriia:Fla
vobacteriales:Flavobacteriaceae:
Aquimarina:Aquimarina
megaterium XH134
Bacteroidetes; Flavobacteriia;
Flavobacteriales;Flavobacteriac
eae; Aquimarina.Aquimarina
macrocephali JAMB N27
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Sphingobacteriia;
Sphingoles;Saprospiraceae;na;n
a
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na
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Table 2-2. Continued

TARA_ERS488673

504
_N000208
TARA_ERS488836
504
_N000045
TARA_ERS489943
504
_N000203
TARA_ERS490053
504
_N000098
TARA_ERS490120
504
_N000192
TARA_ERS490346
504
_N000191
TARA_ERS490953
504
_N000029
TARA_ERS492198
504
_NO000066
TARA_ERS488589
794
_N001952
TARA_ERS488589
794

_N001952

blastn

blastn

blastn

blastn

blastn

blastn

blastn

blastn

tRNA

tRNA

TARA_ANW_M
AG_00076
TARA_ANW_M
AG_00076

TARA_ASE_MA
G_00029

TARA_ANW_M
AG_00076
TARA_ANW_M
AG_00076
TARA_ANW_M
AG_00082
TARA_ANW_M
AG_00076
TARA_ANW_M
AG_00076

TMED217

TMEDA46

TARA_ANW_MAG_00
076_000000000577
TARA_ANW_MAG_00
076_000000000577

TARA_ASE_MAG_000
29_000000000388

TARA_ANW_MAG_00
076_000000000577
TARA_ANW_MAG_00
076_000000000577
TARA_ANW_MAG_00
082_000000000065
TARA_ANW_MAG_00
076_000000000577
TARA_ANW_MAG_00
076_000000000577

TMED217_3

TMEDA46_22

Delmont
etal. 2018
Delmont

etal. 2018

Delmont

etal. 2018

Delmont
et al. 2018
Delmont
etal. 2018
Delmont
et al. 2018
Delmont
etal. 2018
Delmont

etal. 2018
Tully et al.
2017
Tully et al.
2017

Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Sphingobacteriia;
Sphingoles;Saprospiraceae;na;n
a
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes;Flavobacteriia;Fla
vobacteriales;na;na;na
Bacteroidetes/Chlorobi
Group;Novel Class A;na;na;na
Bacteroidetes/Chlorobi

Group;Novel Class A;na;na;na
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Table 2-2. Continued

TARA_ERS488701

794
_N001850
TARA_ERS488701
794
_N001850
TARA_ERS488757
794
_N001037
TARA_ERS488757
794
_N001037
TARA_ERS488813
794
_N001860
TARA_ERS488813
794
_N001860
TARA_ERS488836
794
_N001537
TARA_ERS488836
794
_N001537
TARA_ERS489084
794
_N002225
TARA_ERS489084
794
_N002225
TARA_ERS489148
794

_N002107

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

tRNA

TMED217

TMED46

TMED217

TMED46

TMED217

TMEDA46

TMED217

TMEDA46

TMED217

TMEDA46

TMED217

TMED217_3

TMED46_22

TMED217_3

TMED46_22

TMED217_3

TMED46_22

TMED217_3

TMED46_22

TMED217_3

TMEDA46_22

TMED217_3

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Tully et al.

2017

Bacteroidetes/Chlorobi
Group;Novel Class A;na;na;na
Bacteroidetes/Chlorobi
Group;Novel Class A;na;na;na
Bacteroidetes/Chlorobi
Group;Novel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N
ovel Class A;na;na;na
Bacteroidetes/ChlorobiGroup;N

ovel Class A;na;na;na
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Table 2-2. Continued

TARA_ERS489148

794
_N002107
TARA_ERS489943
185
_N000229
TARA_ERS490494
185
_NO000064
TARA_ERS488589
398
_N000003
TARA_ERS490346
405
_N000037
TARA_ERS490452
471
_N000394
TARA_ERS490053
492

_NO000309

tRNA

VHM

VHM

VHM

blastn

blastn

blastn

TMED46

TARA_PSE_MA
G_00127

TARA_PSE_MA
G_00127

TARA_PSE_MA
G_00127

TARA_ASE_MA
G_00025

TARA_PSE_MA
G_00145

TOBG_SP-3040

TMED46_22

TARA_ASE_MAG_000
25_000000001206

TARA_PSE_MAG_001
45_000000000397

TOBG_SP-3040_11

Tully et al.
2017

Delmont

etal. 2018

Delmont

etal. 2018

Delmont

etal. 2018

Delmont

etal. 2018

Delmont

etal. 2018

Tully et al.
2018

Bacteroidetes/Chlorobi

Group;Novel Class A;na;na;na

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidetes;Flavobacteriia;Fla
vobacteriales;Flavobacteriaceae;

na;na

Bacteroidetes;
Flavobacteriia;Flavobacteriales;
Flavobacteriaceae;novel

Genus_F;null

Bacteroidota;Bacteroidia;
0__Flavobacteriales;1G12
;SHANG90;
Bacteroidota;Bacteroidia;
0__Flavobacteriales;1G12
;SHANG90;
Bacteroidota;Bacteroidia;
0__Flavobacteriales;1G12
;SHANG90;
Bacteroidota;Bacteroidia;
0__Flavobacteriales;Cryo
morphaceae;;
Bacteroidota;Bacteroidia;
o__Flavobacteriales;Flavo
bacteriaceae;MS024-2A;
Bacteroidota;Bacteroidia;
0__Flavobacteriales;Flavo
bacteriaceae; GCA-
2719315;GCA_00271931
5.1
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Table 2-2. Continued

TARA_ERS490053
_NO000309

TARA_ERS490053
_N000309

OBV_N00024

TARA_ERS488589
_N000065

TARA_ERS488757
_NO000013

492

492

506

506

515

blastn

blastn

blastn

blastn

blastn

TOBG_EAC-674

TOBG_CPC-288

TARA_PSE_MA

G_00127

TMED12

TARA_ASE_MA

G_00025

TOBG_EAC-674_26

TOBG_CPC-288_2

TARA_PSE_MAG_001
27_000000000260

TMED12_37

TARA_ASE_MAG_000
25_000000001175

Tully et al.
2018

Tully et al.
2018

Delmont etal.

2018

Tully et al.
2018

Delmont

etal. 2018

Bacteroidetes;Flavobacteriia;Fla
vobacteriales;Flavobacteriaceae;

novelGenus_G;null

Bacteroidetes;
Flavobacteriia;Flavobacteriales;
Flavobacteriaceae;novelGenus_

H;null

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidetes;Flavobacteriia;Fla
vobacteriales;Flavobacteriaceag;

na;na

Bacteroidetes;Flavobacteriia;Fla

vobacteriales;na;na;na

Bacteroidota;Bacteroidia;
o__Flavobacteriales;Flavo
bacteriaceae;MS024-
2A;GCA_002695445.1
Bacteroidota;Bacteroidia;
o__Flavobacteriales;Flavo
bacteriaceae;MS024-
2A;GCA_002705385.1
Bacteroidota;Bacteroidia;
0__Flavobacteriales;1G12
;SHANG90;
Bacteroidota;Bacteroidia;
o__Flavobacteriales;Flavo
bacteriaceae;Muricauda;G
CA_002167435.1
;Bacteroidota;Bacteroidia;
0__Flavobacteriales;Cryo

morphaceae;;
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2. Prediction of marine Bacteroidetes viruses

(if) The Bacteroidetes homologs should account for at least 18.8% or 38.9% of
cellular homologs in RefSeq or TARA-MAGsS, respectively, and (iii) At least 5 or 3 viral
genes should be Bacteroidetes homologs in RefSeq or TARA-MAGsS, respectively. Each
threshold corresponds to the maximum value observed for non-Bacteroidetes viruses.

By applying these criteria to 1,811 EVGs, | identified 311 EVGs as putative
Bacteroidetes viruses (Figures 2-1C, 2-1D, 2-1E, 2-1F). All of the 239 EVGs that were
previously described as members of Flavobacteriaceae group 1 and 2 (Nishimura, Watai,
et al., 2017) were included in these putative Bacteroidetes EVGs. Seventy-two EVGs

were newly predicted as Bacteroidetes viruses.

Classification of Bacteroidetes EVGs and their genomic features

There are 21 overlaps between the Bacteroidetes EVGs predicted based on
nucleotide similarity-based methods and protein homology-based method (Figure 2-4).
Ten EVGs were only predicted by nucleotide similarity-based methods using MAGs and
290 EVGs were only predicted by protein homology-based method (Figure 2-5). In total,
I identified 321 EVGs as putative Bacteroidetes EVGs including 81 EVGs which were
not predicted as their host in previous studies. The 321 EVGs were classified into 29
gOTUs based on their genomic similarity (Nishimura et al., 2017a, Figure 2-6). In the
following sections, | describe the genomic features of 81 EVGs, which are the newly

identified putative Bacteroidetes viruses.

Novel Sub-Clade of Flavobacteriaceae EVG Group 1
Twenty-four EVGs of two gOTUs (G493 and G494) were located near the branches

of the previously described Flavobacteriaceae EVGs group 1 in the viral proteomic tree
(Figure 2-6). These EVGs were 27.5 kb to 50.5 kb with an average G+C content of 32.6%
(Table 2-3). Putative viral structural protein genes (major capsid, prohead protease,
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2. Prediction of marine Bacteroidetes viruses

terminase, and portal) and putative DNA replication genes were well conserved within

the viral group. Genome synteny of the tail like structure such as putative endosialidase

tail spikes were also conserved but exhibited low sequence homology within the group

(Figure 2-7A). They also shared portal gene homologs conserved in the members of the

group 1 (Figure 2-7A). Therefore, 1 concluded that the twenty-four EVGs are new

members of the subclade of Flavobacteriaceae EVGs group 1.
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Figure 2-1. Proportion of the Bacteroidetes homologs in viral genomes.
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2. Prediction of marine Bacteroidetes viruses

Figure 2-1. continued.

(A) Proportion of the Bacteroidetes homologs among protein-coding genes. (B)
Proportion of the Bacteroidetes homologs among cellular organism homologs. The
proportions on the right are those calculated from NCBI RefSeq and those on the left are
calculated from TARA MAGs. Red and blue boxes represent cultured Bacteroidetes
viruses and cultured viruses infecting other prokaryotes, respectively. The boxes
represent the first quartile, median, and third quartile. Asterisks denote significance
(Mann-Whitney U test , *P < 0.05, **P <0.001). (C) Proportion of the Bacteroidetes
homologs in RefSeq (orange) and other cellular organism homologs in RefSeq (blue) of
the 1,811 EVGs. (D) Proportion of the Bacteroidetes homologs in MAGs (orange) and
other cellular organism homologs in TARA MAGs (blue) of the 1,811 EVGs. Scatter
plots showing the proportion Bacteroidetes homologs among protein-coding genes (x-
axis) and among cellular organism homologs (y axis) for the comparison against RefSeq
(E) and TARA-MAG (F). Viruses passing the cut off values for the prediction of
Bacteroidetes EVGs are shown in red circles. Viruses passing the two criteria (i.e., (i) at
least 7.9% or 4.2 % of genes should be homologs of Bacteroidetes genes in RefSeq or
TARA-MAGsS, respectively; (ii) the Bacteroidetes homologs should account for at least
18.8% or 38.9% of cellular homologs in RefSeq or TARA-MAGsS, respectively) but have
only few Bacteroidetes homologs (RefSeq: homolog < 5 genes, TARA MAGs: homolog
< 3 genes) are shown in gray triangles. Other viruses that did not pass the cut off values
are shown in blue squares.
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2. Prediction of marine Bacteroidetes viruses
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Figure 2-2. Proportion of the Bacteroidetes homologs in cultivated Bacteroidetes
viruses.

(A) Proportion of the Bacteroidetes homologs in RefSeq (orange) and cellular organism
homologs in RefSeq (blue) of the 53 dsDNA cultivated Bacteroidetes viruses. (B)
Proportion of the Bacteroidetes homologs in TARA MAGs (orange) and cellular
organism homologs in TARA MAGs (blue) of the 53 dsDNA cultivated Bacteroidetes
viruses. Red and blue stars represent the viruses with a lysogenic life cycle and viruses
having putative integrase homologs but not reported lysogenic life cycle, respectively.
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Figure 2-3. Proportion of the Bacteroidetes homologs in cultivated non-Bacteroidetes viruses.

(A) Proportion of the Bacteroidetes homologs in RefSeq (orange) and cellular organism homologs in RefSeq (blue) of the randomly
selected 100 prokaryotic viruses. (B) Proportion of the Bacteroidetes homologs in TARA MAGs (orange) and cellular organism homologs
in TARA MAGs (blue) of the randomly selected 100 prokaryotic viruses.

S3SNJIA $8)9pI0Ja)oRy SULIRW JO UONDIPaId ‘2



* %

2. Prediction of marine Bacteroidetes viruses

* *

* %

P I« ebeyd jespayesoo) elaes)es
I vvdva ebeyd ejesewary
I 526w ebeyd snuuaiiopoyy
[ | B sz00z1d ebeyd Jeoequejog
[ | W] 1200214 eBeyd sepequelod
| | I svzozid ebeyd suaqejuon
[ ] I wzoz1d eBeyd sueqejuon
| | B zer efieyd ‘ds wnpaoeqone)
I 5/ 9beyd unisieqonely
I £+ 9Beud wnaoeqonets
I 9+ 0Deud nueiokqone s
R B | i
I £nd ebeyd wnuseqonely
I B 0zrd4 ebeyd wnpejoeqoae|y
I . Zad4 abeyd wnualoeqose|d
I | o6 wnereqonets
I 013 08 umupegonel
. LAad4 ebeyd wnueeqoe| 4
I I Z2-194 abeyd wnuapeqone 4
P Ho ebeyd wnueeqone)y
P vz ebeyd wnpejoeqosely
B Hi eBeyd wnisioeqoneldy
l I q| | ebeyd wnuajeqore|4
| ] B 165524 ebeyd sepeqeaciy
[ ] I s6s52d efeyd seeqisacio
| ] l 15yd aBeyd ebeydonjion
| ] P wsiyd abeyd ebeydoiniien
I . L:4pyd ebeyd ebeydojnjen
. I g:9tyd abeyd ebeydoineg
1 B Laviud abeyd ebeydojnjieg
|| P 1otyd ebeyd ebeydonjjen
[ ] l | piyd abeyd eBeydon|@n
| | B z.1seyd ebeyd ebeydopn|ien
- I L:6gd abeyd ebeydopnag
| ] B zsewd ebeyd ebeydopn)en
[ | P 1:8ewd ebeyd ebeydonjjen
I . :glyd abeyd eBeydonj@n
I I £:61Lyd abeyd ebeydonjen
| ] Wl 2611ud ebeyd ebeydopnyen
[ | B 161ud ebeyd ebeydopn)en
I g:81iyd abeyd ebeydojnen

B b:21d ebeyd eBeydojnjen
| | l Z:piiyd abeyd ebeydojnjjan
l I ZeLiyd ebeyd ebeydojnjen
I . L:g1ud abeyd ebeydoneg

P e:z1d abeyd ebeydojnjieg
P 1:ziwd ebeyd ebeydoinjieg
P cord ebeyd ebeydoiniien

] pi-pz1 8 aBeud sapjosejoeg

(A) RefSeq
100% -

|
[ |
||
| | B s-0va ebeyd seposejoeg
||
T
o
N
o
<

* %

* *

* %

*

._ | ebeyd [espayesool ejeesies
phdvel 8beyd ejaiawany
8y 8beyd snuayiopoyy
5200z L d #beyd sejoequejog
12002 1d 96eyd Jejoequeiod
S¥20Z1d abeyd suaqejuon
202 d @beyd suagejuoN
Z¢/1 ebeyd 'ds wnusjoeqone 4
gnd4 ebeyd wnuajpeqone|4
2Ad4 ebeyd wnyejoeqoae|
gad4 abeyd wnuajoeqone|4
B I srdg ebeyd wnuejoeqoae)
BN £rdg eBeyd wnuejoegose)y
N 0znd4 ebeyd wnuepeqone)y
N 2rdd ebeyd wnpejoeqoneld
- . | LAd4 abeyd wnuajeqoae|4
- . oLAd4 abeyd wnuapeqoae|q
BN 1add ebeyd wnyajoeqone|y
. . Z-194 abeyd wnuajypeqoae|q
I H9 ebeyd wnueeqoae|4
P vz ebeyd wnuejoegone|y
P Hy ebeyd wnuejoeqoae|y
B aiL ebeyd wnpeyegone4
I B A6sGzd ebeyd Jejeqiecoin
I s6552d @beyd ssjoeqieooin
M| Lswud ebeyd ebeydojnjed

oriyd ebeyd ebeydonen
BN 1 ipyd ebeyd ebeydojnen
P z:1sewd ebeyd ebeydojnijen
B 1:6€1yd ebeyd ebeydojniien
P z:eciyd eBeyd ebeydojnien
m :geyd ebeyd ebeydojnjien
] 1 :eyd ebeyd ebeydojnien
£:611yd ebeyd ebeydojnijen
z:61yd ebeyd ebeydojnijen

Z:1yd eBeyd ebeydonjjen
¢11yd ebeyd ebeydojnien
g:z1yd ebeyd ebeydonjen
:Z1yd ebeyd ebeydojnjien
L:0pyd ebeyd eBeydojnen
M| s-ova ebeyd sepjoieioeg

[ 1]

L-vz1 g ebeyd sepioiejoeg

80% -
60% -
40% -

(B) TARA MAGs

100% +

m Other cellular organism homologues
= Prophage and AMG like Bacteroidetes homologues

34

Prophage like Bacteroidetes homologues

No cellular homologues

m Bacteroidetes homologues, Not AMG or prophage like m AMG like Bacteroidetes homologues

(A) Homologs of RefSeq cellular organism genomes. (B) Homologs of TARA MAGs.

Proviruses were detected by VirSorter (Roux et al., 2015). List of Pfam domains found
Red and blue stars represent the viruses with a lysogenic life cycle and viruses having

in putative AMGs like genes followed the lists in Roux et al., 2016 and Ruo et al., 2018.
putative integrase homologs but not a lysogenic life cycle, respectively.

Figure 2-4. Proportion of the putative AMGs and provirus homologs in the viral

Bacteroidetes homologs.
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Figure 2-5. Venn diagram of the Bacteroidetes EVGs detected by the four host
prediction methods

Flavobacteriaceae EVGs group 3

| detected a novel group (group 3) of putative marine Flavobacteriaceae viral
genomes (Figure 2-6B). This group composed of 10 EVGs classified into 6 gOTUs and
19 cultured Bacteroidetes virus genomes. The 10 EVGs ranged in size from 32 kb to 44
kb with a G+C content ranging from 32.6% to 42% (Table 2-3). The EVGs shared 2.8%
to 30.4% of genes (two to seven genes) with the cultured members of the group 3. For
example, TARA ERS492198 N000180 (G537) and TARA ERS490204 N000278
(G536) shared 17 and 8 genes with Cellulophaga siphovirus phil9:1, respectively
(Figure 2-7B). Most of the shared genes are annotated as structural protein genes such as
capsid and tail tape measure (Figure 2-7B). However, the EVGs rarely shared genes with
Cellulophaga siphovirus phil0:1, which show genus level similarity with phil9:1
(Figure 2-7B). Similarly, within the group 3, LDN0O01000008 and Flavobacterium virus
11b shared several structural protein homologs with phi10:1 but not with phil9:1 or the
members of G537 and G536 (Figure 2-7B).
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Figure 2-6. Proteomic tree representation of the Bacteroidetes EVGs with cultured
Bacteroidetes viral genomes.
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2. Prediction of marine Bacteroidetes viruses

Figure 2-6. continued
The dendrograms represent proteome-wide similarity relationships. (A) A proteomic tree
of 1,811 EVGs (orange branches) and 2,429 cultured viruses (black branches) calculated
in Nishimura et al 2017a with highlighting of newly detected Bacteroidetes EVGs (green),
Flavobacteriaceae EVGs groupl (blue), and Flavobacteriaceae EVGs group 2 (red). The
tree is midpoint rooted. Branch lengths are indicated using a logarithmic scale. (B) A part
of the proteomic tree with Flavobacteriaceae EVGs group 3 (red branches) and their
relatives of cultured viruses (black branches). (C) A part of the proteomic tree with 2
EVGs (red branches) with cultured Bacteroides and Flavobacteriaceae viruses (black
branches). Rings outside the dendrogram represent taxonomic groups of viral family
classifications.
Other Bacteroidetes viral lineages

| identified two other EVGs (TARA _ERS491107_N000194 and
LDNO01000002) positioned within a clade of the proteomic tree exclusively composed
of Bacteroidetes viruses infecting members of Flavobacteriaceae and Bacteroides
(Figure 2-7C). The two EVGs had 42 kb and 51 kb genomes with a G+C content of
32.6% and 49.2%, respectively (Table 2-3). TARA_ERS491107_N000194 shared a
maximum 21% of the genes (17 genes) including putative capsid protein genes and phage
tail protein gene with the cultured members of this group. Similarly, LDN0O01000002
shared maximum 5% of the genes (two genes) such as putative terminase-like protein

with the members of this group but did not share any genes with

TARA_ERS491107_N000194.
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Table 2-3. General genomic features of the Bacteroidetes gOTUs identified in this study.

Group No of No. of EVGs Ave. Ave. Ave. RefSeq Ave. MAG Classified group
(gOTU) EVGs predicted as length GC% Bacteroidetes Bacteroidetes
Bacteroidetes (bp) homologue in EVG  homologue in EVG
EVG (%) (%)
G160 13 9 37,551 385 2.2 11.1 -
G178 1 1 40,754 32.6 114 0 -
G185 4 2 54,812 31.7 1.9 0.5 -
G189 3 1 58,769 35.4 53 3.7 -
G199 2 1 36,245 35.8 59 2.5 -
G203 5 2 31,173 30.7 5.7 7.0 -
G204 3 3 32,490 324 4.4 6.4 -
G205 2 2 27,613 33.8 3.5 15.1 -
G206 4 3 27,672 35.8 3.2 7.4 -
G207 3 1 31,013 33.2 4.7 4.7 -
G210 8 5 34,852 38.2 7.5 4.6 -
G211 1 1 34,002 34.9 7.8 9.8 -
G341 1 1 39,514 39.3 10.2 10.2 -
G398 1 1 179,949 32.0 6.3 0.4 T4 like
G405 1 1 143,709 334 8.5 7.3 Far-T4 like
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Table 2-3. Continued
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G535
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G563
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21

3

1
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W WO R PR P RPN

21

L I N R N T T = =~ =

32,686

31,174

33,328

39,973

41,032

33,608

44,120
38,581
42,760
51,661
58,364
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43,470
32,908

335

31.7
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35.3
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331
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49.2
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31.2
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44.1
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3.3
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8.0

4.0

7.1
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8.5
1.6
4.9

26.4

2.3
30.8

Novel sub-clade of
Flavobacteriaceae
group 1

Flavobacteriaceae
EVGs
group 3

Bacteroidetes viral
lineage
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Figure 2-7. Bacteroidetes EVGs shared genomic features with cultured Bacteroidetes
genomes.
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Figure 2-7. continued.

(A) A genome map of members of the G493 and G494 with other members of the
Flavobacteriaceae EVGs group 1. (B) A genome map of members of Flavobacteriaceae
EVGs group 3. (C) A genome map of members of G561 and G563 with Bacteroides and
Flavobacteriaceae viruses. The sequences are circularly permuted and/or reversed. The
sequences are circularly permuted and/or reversed for clarity. Putative gene functions are
indicated. All tBLASTXx alignments are represented as colored lines between the two genomes.
The color scale represents tBLASTX percent identity.
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2. Prediction of marine Bacteroidetes viruses

T4 like viruses

I identified two EVGs which exhibited genome characteristics of the T4-like
superfamily (Tevenvirinae), which is one of the most widespread, abundant, and
extensively studied viral groups. This is the first report of T4-like viruses infecting marine
Bacteroidetes excluding a virus infecting thermophilic Bacteroidetes Rhodothermus
marinus. Tevenvirinae appears to be comprised of several subgroups including (i) the
“true” T-evens represented by T4 and closely related viruses infecting Enterobacteria, (ii)
the Pseudo and Schizo T-evens (including Aeromonas and Vibrio viruses), (iii) the Exo
T-evens (including cyano- and SAR11 viruses), and Far-T4-like virus, which includes the
sole isolate RM378 infecting a thermophilic Bacteroidetes Rhodothermus marinus
(Petrov et al., 2010). TARA_ERS490346_N000037 (G405), 143 kb in size with a G+C
content of 33.4% (Table 2-3) was found to be most similar to the Far-T4-like virus
RM378 among the cultured viruses as they shared 26 genes (Figure 2-9A). Phylogenetic
tree of the major capsid protein (T4 phage gene 23) suggests that
TARA_ERS490346_N000037 is a novel member of Far-T4 like viruses (Figure 2-8).
This EVG is the first representative of complete genomes from environmental Far-T4 like
virus with in silico identification of putative host groups. The EVGs have up to 66 genes
mostly annotated as structural proteins and replication proteins shared with the Far-T4
genome fragments assembled from the freshwater viromes (Figure 2-9A) (Roux,
Francgois Enault, et al., 2015).

TARA _ERS488589 N000003 (G398) was observed to be most similar to the
marine Exo-T4 like viruses infecting Pelagibacter and unicellular Cyanobacteria (Figure
2-9B). This EVG has a 180 kb genome and G+C content is slightly lower (32%) than the

known T4-like viruses (Table 2-3). Twenty two of the 38 core genes conserved in the
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2. Prediction of marine Bacteroidetes viruses

T4-like virus genomes as shown in a previous comparative genomics study (Figure 2-
9B) (Sullivan et al., 2010).

As reported in the other T4 like viruses, these T4 like EVGs encoded putative
auxiliary metabolic genes (Table 2-4). For example, the TARA_ERS488589 N000003
has queuosine (Que) biosynthesis pathway genes (genel09 (queF), genel62 (queE),
genel64 (queD), and gene66 (GTP cyclohydrolase)). Que biosynthesis genes were
reported in two cultured Cellulophaga viruses (Holmfeldt et al., 2013) and | found them
in members of the Flavobacteriaceae group 1 and group 2 (Table 2-4). Similarly, both
EVGs encode proteins putatively related to carbohydrate metabolism (Table 2-4).
Additionally, I found that the TARA_ERS488589 NO000003 encodes proteins putatively
related to two cell-surface adhesion systems (curli biosynthesis (gene_61: csrA, gene_62:
csrG, and gene_63; csrF)) and ubiquitous surface proteins (gene_52 and gene_70, Table

2-4) mostly found in pathogenic bacteria (Barnhart and Chapman, 2006; Tan et al., 2006).
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Figure 2-8. An approximately maximum likelihood phylogenetic tree computed
from the multiple alignment of Gp23 (major capsid protein) of
TARA_ERS490346_NO000037 (G405) and T4-like superfamily viruses.

The protein sequences were collected from RefSeq and Lake Pavin viromes (Roux,
Francois Enault, et al., 2015). Circles indicate nodes with bootstraps higher than 0.9.
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Figure 2-9. Bacteroidetes EVGs shared genomic features with T4-like super family.
(A) A genome map of TARA_ERS490346_N000037 (G405), Far-T4 contigs assembled
in Roux et al. 2015 and Rhodothermus marinus virus RM378 (B) A genome map of
TARA_ERS488589 N000003 (G398) and Exo-T4 viruses. The sequences are circularly
permuted and/or reversed for clarity. Putative gene functions are indicated. All tBLASTX
alignments are represented as colored lines between the two genomes. The color scale
represents tBLASTX percent identity.
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Table 2-4. List of eggNOG and PFAM domains annotation of the putative AMGs found in Bacteroidetes EVGs

Viral
) ] Homologues with RefSeq Homologues with
EVGs group Gene Putative function PFAM ID . .
Bacteroidetes genomes Bacteroidetes MAGs
(gOTU)
TARA_ERS488701_N000192 341 gene_10 UDP-N-acetylglucosamine 2- PF02350.19
. Yes Yes
epimerase
gene_33 sulfate reduction PF06508.13 Yes )
gene_7 D-isomer specific 2-hydroxyacid PF02826.19
dehydrogenase, catalytic domain PF02737.18 Yes -
PF03446.15
~ TARA_ERS488589 N000003 398 gene_1 RmID substrate binding domain PF01370.21
=~ - -
PF04321.17
gene_109  GTP cyclohydrolase I family PF14489.6
Yes -
PF14819.6
gene_138  Cytidylyltransferase-like PF01467.26 - -
gene_139 PF03016.15 - -
gene_140  Male sterility protein PF01073.19
PF01370.21
PF16363.5
PF04321.17
gene_145  Exostosin family PF03016.15 - -
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Table 2-4. Continued

TARA_ERS488589_N000003

398

gene_159
gene_160

gene_161

gene_164

gene_166
gene_176
gene_177

spermidine synthase activity
S-adenosylmethionine
decarboxylase

Catalyzes the decarboxylation of S-
adenosylmethionine to S-
adenosylmethioninamine
(dcAdoMet)the propylamine donor
required for the synthesis of the
polyamines spermine

and spermidine from the diamine
putrescine

6-pyruvoyl tetrahydropterin
synthase

GTP cyclohydrolase activity
GIcNACc-PI de-N-acetylase

Epimerase dehydratase

PF03602.15
PF02675.15

PF02675.15

PF01242.19

PF02649.14
PF02585.17
PF01073.19
PF02737.18
PF01370.21
PF16363.5
PF04321.17
PF03721.14
PF00106.25
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Table 2-4. Continued

TARA_ERS488589_N000003

TARA_ERS490346_N000037

398

405

gene_178
gene_182
gene_207

gene_4

gene_51

gene_66

gene_105

gene_106
gene_110

gene_112

gene_120

20G-Fe(11) oxygenase superfamily
Aminotransferase class | and 11
Catalyzes the synthesis of activated
sulfate

Belongs to the NAD(P)-dependent
epimerase dehydratase family.
dTDP-glucose dehydratase
subfamily

Sulfotransferase domain

Protein of unknown function
(DUF3307)

GDP-mannose dehydrogenase

biosynthetic process
PFAM NAD-dependent epimerase

dehydratase

Oxidoreductase family, NAD-
binding Rossmann fold

Spore maturation protein CgeB

PF13640.6
PF00155.21
PF01467.26

PF01073.19
PF01370.21
PF16363.5
PF04321.17
PF00685.27
PF13469.6
PF05138.12

PF00984.19
PF03721.14
PF01467.26
PF01073.19
PF01370.21
PF16363.5
PF04321.17
PF01408.22

PF01118.24
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Table 2-4. Continued

TARA_ERS490346_N000037

TARA_ERS488929 N000326

TARA_ERS488929 N000326

TARA_ERS489943_N000539
TARA_ERS489943_N000539

TARA_ERS491107_N000346

405

464

464

464
464

465

gene_124
gene_125

gene_136

gene_19

gene_21

gene_27
gene_30

gene_31

gene_12

gene_14

Glycosyltransferase like family 2
PFAM Glycosy!l transferase, group
1

Catalyzes the reduction of dTDP-6-
deoxy-L-lyxo-4- hexulose to yield
dTDP-L-rhamnose

GTP cyclohydrolase I activity

synthase
synthase
Queuosine biosynthesis protein

QueC

Catalyzes the NADPH-dependent
reduction of

7-cyano-7- deazaguanine (preQO0)
to 7-aminomethyl-7-deazaguanine
(preQ1)

PFAM GTP cyclohydrolase |

synthase

PF00534.20
PF00534.20

PF01370.21
PF16363.5
PF04321.17
PF01227.22
PF14489.6
PF01242.19
PF01242.19
PF00733.21
PF02540.17
PF06508.13
PF01227.22
PF14489.6
PF14819.6

PF01227.22
PF14489.6
PF01242.19

Yes

Yes

Yes
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Table 2-4. Continued

TARA_ERS491107_N000346

TARA_ERS490320_N000240

TARA_ERS490953_N000263

TARA_ERS478007_N000306

TARA_ERS490953_N000223

AP013515

TARA_ERS478007_N000181

465

468

468

469

469

470

470

gene_15

gene_44

gene_27

gene_28

gene_42

gene_22

gene_21

Queuosine biosynthesis protein

QueC

GDP-mannose 4,6 dehydratase

Psort location Cytoplasmic, score

8.96

Phosphoadenosine phosphosulfate

reductase

Phosphoadenosine phosphosulfate

reductase

PF00733.21
PF02540.17
PF06508.13
PF01073.19
PF01370.21
PF16363.5
PF04321.17
PF00106.25
PF01126.20

PF01073.19
PF01073.19
PF01370.21
PF16363.5

PF04321.17
PF02540.17
PF06508.13
PF00116.20

PF02540.17
PF06508.13
PF01227.22

PF14489.6

Yes

Yes

Yes

Yes

Yes
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Table 2-4. Continued

TARA_ERS478052_N000461

TARA_ERS488558_N000828

TARA_ERS488558_N000869

TARA ERS488813_N000314

TARA_ERS488836_N000239

TARA_ERS488929_N000303

TARA_ERS490953_N000167
TARA_ERS490953_N000167

TARA_ERS490346_N000483

TARA_ERS488340_N000863

TARA_ERS488813_N000313
TARA_ERS488448_N000694

470

470

470

470

470

470

470
470

472

474

478
481

gene_19

gene_28

gene_10

gene_15

gene_42

gene_33

gene_43
gene_45

gene_45

gene_26

gene_30

gene 5

protein of Mannheimia haemolytica
PHL213 UniRef RepID
AT7JSI2_PASHA

Putative phage serine protease
XkdF

protein disulfide oxidoreductase
activity

protein disulfide oxidoreductase
activity

Prolyl 4-hydroxylase alpha subunit
homologues.

synthase

GTP cyclohydrolase | activity

Pyridoxal-phosphate dependent
enzyme

von willebrand factor, type A

phosphoadenosine phosphosulfate
Prolyl 4-hydroxylase alpha subunit

homologues.

PF01503.17

PF00116.20

PF02668.16

PF01503.17

PF01503.17

PF13640.6

PF01242.19
PF01227.22
PF14489.6
PF00291.25

PF09206.11

PF06508.13
PF03171.20
PF13640.6

Yes

Yes

Yes

Yes
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Table 2-4. Continued

TARA_ERS488836_N000172

TARA_ERS490204_N000364

TARA_ERS490204_N000364
TARA_ERS488448_N000283

482

482

482
483

gene_11

gene_12

gene_9

gene_18

gene_21
gene_31
gene_5

gene_7

gene_8

6-pyruvoyl tetrahydropterin
synthase
Queuosine biosynthesis protein
QueC
gtp cyclohydrolase
catalyzes the formation of formate
and 2-amino-4-hydroxy-6-(erythro-
1,2, 3-trihydroxypropyl)
dihydropteridine

triphosphate from GTP and water

synthase

GTP cyclohydrolase | activity

6-pyruvoyl tetrahydrobiopterin
synthase

Catalyzes the ATP-dependent
conversion of

7-carboxy-7- deazaguanine (CDG)
to 7-cyano-7-deazaguanine

(preQ(0))

PF01242.19

PF02540.17
PF06508.13
PF01227.22
PF01227.22

PF14489.6

PF01242.19
PF10014.9
PF01227.22
PF14489.6
PF01242.19

PF00733.21
PF02540.17
PF06508.13

Yes

Yes

Yes
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Table 2-4. Continued

OBV_N00135

OBV_N00135

TARA_ERS490346_N000441

TARA_ERS490346_N000441
TARA_ERS490285_N000146

TARA_ERS490320_N000023

TARA_ERS490142_N000102

TARA_ERS490053_N000309

TARA_ERS488448_N000780

TARA_ERS488448_N000127

TARA_ERS488892_N000066

TARA_ERS492198_N000080

OBV_N00025

484

483

487

487
490

490

491

492

493

504

504

504

506

gene_2

gene_43

gene_25

gene_28
gene_16

gene_46

gene_50

gene_48

gene_25

gene_20

gene_11

gene_66

gene_64

GTP cyclohydrolase

synthase

GTP cyclohydrolase | activity

synthase

Nitrogen regulatory protein P-I1

Nitrogen regulatory protein P-I1

Belongs to the P(1l) protein family

Belongs to the P(1l) protein family

domain protein

COG1705 Muramidase (flagellum-

specific)

PF01227.22
PF14489.6
PF01242.19

PF01053.20
PF01227.22
PF14489.6
PF01242.19
PF00543.22

PF00543.22

PF00543.22

PF00543.22

PF00122.20

PF01832.20

PF00016.20

PF00016.20

PF14489.6

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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Table 2-4. Continued

TARA_ERS488757_N000031

TARA_ERS488340_N000358

TARA_ERS488354_N000081

TARA_ERS489285_N000130

LDNP01000001

TARA_ERS490346_N000066

TARA_ERS492160_N000078

TARA_ERS488813_N000030

509

510

510

514

519

523

523

524

gene_39

gene 5

gene_62

gene_5

gene_62
gene_42

gene_61

gene_14

gene_24

gene_46

Ribonucleotide reductase, small

chain

5-dioxygenase

5-dioxygenase

mannosyl-glycoprotein endo-beta-
N-acetylglucosaminidase

Ribonucleotide Reductase

Ribonucleotide Reductase

NAD-dependent epimerase

dehydratase

PF02915.17

PF13640.6
PF13661.6
PF00534.20
PF13640.6
PF13661.6
PF00534.20
PF13640.6
PF13661.6
PF01832.20

PF02915.17

PF02915.17

PF01073.19
PF01370.21
PF16363.5
PF04321.17
PF00106.25

Yes

Yes

Yes

Yes

Yes

Yes
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2. Prediction of marine Bacteroidetes viruses

Other new lineages distant from the cultured viruses

The remaining 44 EVGs classified into 17 gOTUs were 12-59 kb in size with a
G+C content of 31% to 47% (Table 2-3). They were distributed in twelve clades in the
viral proteomic tree exclusively composed of EVGs (Nishimura, Watai, et al., 2017).
Following the previous classification of 2,429 cultured prokaryotic viral genomes,
gOTUs classification based on genomic similarity reflected the phylum-level host
taxonomy with only two exceptions (Nishimura, Watali, et al., 2017). This suggests that
the 22 EVGs, which were not predicted as Bacteroidetes viruses by the in-silico virus-
host prediction employed in the present study but were classified into the same gOTUs
as Bacteroidetes EVGs, are also likely to be candidates of Bacteroidetes viruses (Table
2-3). Most of the predicted genes (71-94%) of these uncultured clades were functionally
annotated as hypothetical proteins, as is common for environmental viruses (Seguritan et
al., 2003; Borriss et al., 2007). The predicted functions/categories of the annotated genes
were DNA metabolism (48%, the values provided here are averages), viral structural

genes (21%), and host lysis (15%).

Abundance and distribution of the Bacteroidetes EVGs

Abundance and distribution of the Bacteroidetes EVGs in the global ocean were
investigated by read recruitment of the Tara Oceans viromes, which consist of 43 viromes
representing 26 oceanic locations (Brum et al., 2015). Relative abundance of
Bacteroidetes EVGs among the 1,811 EVGs ranged from 2.2 to 34.6% (average: 13.9%).
Members of the Flavobacteriaceae EVGs group 1 were abundant along with the
Flavobacteriaceae EVGs group 2, which includes phi38:1 belonging to one of the most
abundant viral candidate genera in the global oceans (Roux et al., 2016). Most of the

newly detected Bacteroidetes EVGs were less abundant (average: 2.8%) than
55



2. Prediction of marine Bacteroidetes viruses

Flavobacteriaceae EVG group 1 or 2 (average: 11%). However, members of the G493
were ubiquitous and fourth most abundant genus among the Bacteroidetes EVGs
(Figures 2-10, 2-11). Additionally, TARA_ERS491107 N000194 (G561) was rarely
recruited reads from most samples but found to be locally abundant (up to 20% of the
relative abundance) in the Chile-Peru Current Coastal Province deep chlorophyll

maximum sample (Figures 2-10, 2-11).
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Figure 2-10. Abundance of the Bacteroidetes EVGs in Global Ocean surface
waters.

(A)Virome fragment recruitments of Bacteroidetes EVG groups in each oceanic region.
Sampling sites of TARA ocean expedition used for analysis are shown in red circle. Bar
graphs represents normalized virome FPKM (fragments per kilobase per mapped million
reads) of each Bacteroidetes EVG group at the site. (B) A heatmap shows normalized
virome FPKM of abundant Bacteroidetes EVGs (i.e. gOTUs passing average relative
abundance >0.1% and/or relative abundance >15% at least a site within Bacteroidetes
EVGs). The scale bar on the left side represents FPKM value. Average FPKM values are
shown in the right panel. Novel Bacteroidetes EVGs detected in this study are highlighted
in red text. Oceanic region in the map in panel (A) are shown under x-axis.
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Figure 2-11. Abundance of the dominant Bacteroidetes EVGs in Global Ocean
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A heatmap shows normalized virome FPKM (fragments per kilobase per mapped million
reads) of the 83 genus-level OTUs including 322 Bacteroidetes EVGs. The scale bar on
the left side represents FPKM value. Average FPKM values are shown in the right panel.
X-axis represents sampling sites of TARA ocean expedition and oceanic region are
abbreviated as: 10 (Indian Ocean), MS (Mediterranean sea), NPO (North pacific ocean),
RS (Red sea), SAO (South Atlantic Ocean), and SO (Southern Ocean).
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2. Prediction of marine Bacteroidetes viruses

Discussion

As only limited lineages of marine Bacteroidetes can be cultivated (Alonso et al.,
2007), most viruses infecting marine Bacteroidetes have not been characterized. The
objective of the study was to expand the knowledge of the diversity of the viruses likely
infecting marine Bacteroidetes species by nucleotide/protein similarity-based approaches
using MAGs as well as isolated bacterial genomes.

Firstly, I showed that Bacteroidetes MAGs from Tara Oceans data serve as more
sensitive references for the host prediction of the uncultured marine Bacteroidetes viruses
as compared to the genomes in the public database mostly derived from cultured bacteria
(Table 2-3). This high sensitivity of MAGs obtained from simultaneously sampled
metagenomes with EVGs supports ecosystem specific interactions of Bacteroidetes and
these viruses. Taxonomic assignment of the Bacteroidetes MAGs suggests that these are
representative genomes of previously uncultured marine Bacteroidetes lineages (Table
2-2). It strengthened our hypothesis that viruses of unknown hosts interact with
uncultured bacteria and MAGs enabled us to detect potential interactions by overcoming
the cultivation bias. However, it should be noted that MAGs likely include several
contaminations of contigs from other taxa or viruses. Therefore, it is important to be
careful of the pre-filtering steps such as removal of virus-like contigs and contaminated
contigs of other taxa. Moreover, not only the MAGs, | identified several virus-like
sequence contaminations from the reported Bacteroidetes genomes in NCBI RefSeq
database. For example, | found that an 18.8 kb of circular contig from Nonlabens sp. 1Q3
(Accession: NZ_RMVE00000000) shows 98.7% nucleotide identity to Cyanophage P-

TIM40 across 98% of the region. Pre-filtering by viral detection tools such as VirSorter
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(Roux, Francois Enault, et al., 2015) was also important for the accurate host prediction
of viruses using cultivated bacterial genomes.

Secondly, | developed a protein homology-based host prediction approach. The
approach achieved significant improvement of the detection of Bacteroidetes viruses
compared to the nucleotide similarity-based approaches. High proportion of the host
homologs likely derived from proviruses suggest that the methods mainly rely on the viral
lysogeny (Figure 2-2). The observation that most of the viral genomes of cultured
Bacteroidetes have a number of provirus homologs implies that lysogeny may be a
widespread feature in Bacteroidetes viruses and these proviruses are maintained in host
genomes. This feature might be related to a copiotrophic and r-strategist lifestyle of
cultivated species of coastal Bacteroidetes (Lauro et al., 2009). Relatively large host
genomes are capable of maintaining proviruses because of the weak selective pressure
from genome streamlining (Lauro et al., 2009). Additionally, the viral lysogenic potential
might be adaptive to respond to the multifold change of host abundance during and after
phytoplankton bloom (Teeling et al., 2012). The fact that lysogens are widespread (25—
50% of the microbial genomes) in marine environments (Howard-Varona et al., 2017)
suggests that the homolog-based approach may be applicable not only for Bacteroidetes
viruses but also for the environmental viruses infecting other prokaryotes. Indeed, the
possession of many host-related homologs was also reported in uncultured viruses
potentially infecting the marine group 1l (MGII) euryarchaeota (Nishimura et al., 2017a).
However, viruses infecting extremophile Bacteroidetes have fewer Bacteroidetes
homologs than the other Bacteroidetes viruses (Rhodothermus virus RM378: 1.4%,
Salisaeta icosahedral virus: 6.6%). One possibility is that the shortage of genomes of the

extremophile microorganisms due to sampling bias caused fewer matches with the host
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like homologs in their viruses. Expansion of microbial genomes could assist in more
precise and sensitive host prediction of uncultured viruses by the homolog proportion-
based method.

The Bacteroidetes EVGs identified by these new approaches may provide useful
genetic markers for studying viral importance in the ecological study of marine
Bacteroidetes, such as viral roles in the rapid succession of various Bacteroidetes species
during bloom(Teeling et al., 2012; Needham et al., 2016). For example, G493 is the
fourth most abundant marine Bacteroidetes virus in the genus-level and might have a
large impact on the dynamics of the uncultured marine Bacteroidetes populations. Among
these newly identified Bacteroidetes EVGs, | identified not only the relatives of cultured
marine Bacteroidetes viruses, but also marine viral lineages phylogenetically distinct
from the cultured marine Bacteroidetes viruses.

| detected potential virus-host interactions between marine Bacteroidetes and
Far-T4 viruses. They were previously reported to be common in aquatic environments
but data on their complete genomes are unavailable and they are not linked with their
hosts (Roux, Francois Enault, et al., 2015). As members of Bacteroidetes are also
common in aquatic environments (Kirchman, 2002; Pommier et al., 2006), they are
reasonable hosts of the uncultured Far-T4 lineages. These findings may provide important
insights into the unknown ecology of Far-T4 viruses. Among the Far-T4 Bacteroidetes
EVGs, | found several previously reported AMGs putatively related to carbohydrate
metabolism, sulfur metabolism, and queuosine synthesis (Figure 2-5). Among them,
queuosine synthesis genes were widely found in Bacteroidetes EVGs (T4 like
Bacteroidetes EVG, member of Flavobacteriaceae EVGs group 1 and 2, Table 2-4).

Queuosine is a hypermodified guanosine derivative in tRNAs specific for Asp, Asn, His,
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or Tyr. One of the predicted roles of queuosine is the improvement of translation
efficiency (El Yacoubi et al., 2012) and a study suggested that it acts as a quantity control
mechanism of viral structural gene products (Sabri et al., 2011). Other studies suggest
queuosine modification of viral DNA provides a protection mechanism against host
endonucleases (Kulikov et al., 2014; Thiaville et al., 2016; Sazinas et al., 2018). The
biological role of queuosine modification is still controversial (Vinayak and Pathak,
2009); however, the prevalence of queuosine synthesis potential in marine Bacteroidetes
EVGs suggests its advantage to the viruses during infection in marine Bacteroidetes.
Additionally, I found two systems putatively related to cell adhesion (curli
production and ubiquitous cell surface proteins) in an EVG (Table 2-4). Curli amyloid
fiber is a major proteinaceous component of the extracellular matrix produced mainly by
Enterobacteriaceae (Barnhart and Chapman, 2006) and was also reported in Bacteroidetes
genomes by bioinformatic analysis (Dueholm et al., 2012). The ubiquitous surface
proteins are essential for the attachment of pathogenic Moraxella (Lafontaine et al., 2000;
Tan et al., 2006). The genes might promote the attachment of infected host cells near the
uninfected host cells during infection. Such aggregation during infection was recently
reported in Tupanvirus infecting amoebas and thought to promote progeny production
(Oliveira et al., 2019). Further studies are needed to clarify the role of these proteins in

the life cycle of the EVGs.

Conclusions

From the analysis of the host prediction of 1,811 circular complete genomes, |
detected 321 viral genomes that most likely correspond to Bacteroidetes dsDNA viruses.
Microbial MAGs have advantages in the computational detection of uncultured marine

Bacteroidetes viruses compared with the microbial genomes in the current public
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databases. | also developed a sensitive method for predicting Bacteroidetes viruses based
on bacterial homolog detection in viral genomes. This enhanced prediction approach
using MAGs and homolog detection tested on the marine Bacteroidetes-virus systems
might be applicable for the host prediction of diverse uncultured viral genomes and might
also expand the realm of characterized viruses in various environments. The newly
identified Bacteroidetes EVGs expanded our knowledge of the marine Bacteroidetes
viruses such as identification of interactions between aquatic ubiquitous viral group Far-
T4 and marine Bacteroidetes. They may serve as useful genetic markers for the future

studies on the interactions between Bacteroidetes and their viruses.
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Chapter 3
Prevailed viral frequency dependent selection toward coastal marine

prokaryotes revealed by monthly time-series virome analysis

Abstract

Viruses infecting marine prokaryotes have large impacts on the diversity and dynamics
of their host. In model systems, it has been argued that the viral infection rate is
frequency-dependent, where rising cell densities drive increased virus-host encounters.
However, it is unclear whether the frequency-dependent viral infection occurred in the
natural prokaryotic community. Here, | examined the prevalence of viral infection in
abundant prokaryotes through the comparison of prokaryotic and viral diversity by 16S
rRNA amplicon sequencing and virome sequencing of samples collected monthly for two
years at a Japanese coastal site, Osaka bay. Maximum community similarity between
samples occurred at 12-month intervals in both prokaryotic and viral communities,
suggesting the seasonality of the viral community was shaped by the seasonality of the
prokaryotic community via the host-specific infection. To support this, the composition
of viral putative hosts determined by in silico prediction (covering 62 % of the viral
community) was similar to the taxonomic composition of the prokaryotic community. To
test whether each virus increased according to its specific host abundance, co-occurrence
network analysis between the viruses and abundant prokaryotic populations was
performed. In total, 6,423 co-occurring virus-host pairs were determined and increasing
of viruses in respond to their host abundance was observed between these pairs.
Persistently abundant populations such as the most abundant populations of
Synechococcus and SAR11 had few co-occurring viruses. However, faster temporal

change and weak annual periodicity of viral community suggest dominant species of
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viruses infecting these populations changed during observation. Altogether, the results
suggest the prevalence of frequency-dependent viral infection in coastal marine

prokaryotes.
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Introduction

Marine prokaryotes are ubiquitous in the ocean and play key roles in
biogeochemical processes such as carbon cycling (Falkowski et al., 2008). The diversity
analysis of the marine prokaryotic community based on sequencing of the 16S rRNA
gene has revealed over 35,000 species-level operational taxonomic units (OTUs, based
on 97% sequence identity) (Sunagawa et al., 2015). The most of the observed prokaryotic
species fall into 13 major phyla (class for proteobacteria) such as a-proteobacteria (e.g.
SAR11 clade, SAR116 clade, and Roseobacter clade), y-proteobacteria (e.g. SAR86
clade and SAR92 clade), Bacteroides (e.g. members of Flavobacteriaceae), and
Cyanobacteria (e.g. Synechococcus and Prochlorococcus) (Pommier et al., 2006;
Sunagawa et al., 2015). In spite of the divergence of metabolic capacity and physiologies
among these species, each species often can be largely divided into either one of two
growth strategist based on its potential growth rate and temporal dynamics: (i) K-strategist
(slow-growing and persistently dominant, e.g. SAR11) and (ii) r-strategist (fast-growing
and opportunistic, e.g. members of Flavobacteriaceae) (Suttle, 2007). However, recent
high-frequency sampling schemes (e.g. daily) have given extended insights into the
temporal dynamics of each species (Teeling et al., 2012; Bunse and Pinhassi, 2017). For
example, a OTU of Marine group Il euryarchaeota (MGII), which had not been
recognized as r-strategist species, showed drastic fluctuation following a spring
phytoplankton bloom (Needham et al., 2016). Further, taxonomic classification based on
the single-nucleotide variation within 16S rRNA and internal transcribed spacer (ITS)
sequences have revealed finely resolved populations (genotypes or strains) within a
species-level OTUs (Eren et al., 2013, 2015; Tikhonov et al., 2015). Such populations

often showed distinct temporal dynamics, indicating species which described as K-
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strategist also can show frequent fluctuation under the finely resolved taxonomical
resolution (Needham et al., 2017; Chafee et al., 2018).

Viruses infecting prokaryotes are ubiquitously and abundantly present in the
ocean (Suttle, 2005, 2007; Breitbart et al., 2018). The viruses are estimated to lyse 20—
40% of the prokaryotic cells each day (Suttle, 2005, 2007; Breitbart et al., 2018).
Basically, viruses are believed to infect their specific hosts (often restricted to strains
within a species) in a frequency-dependent manner according to the encounter rate
between viruses and their hosts (Fuhrman and Suttle, 1993; Winter et al., 2010). In
particular, a study suggests 10* cells/ml is a host cell density threshold for rapid
propagation of viral infection (Wiggins and Alexander, 1985). Thus, viruses are predicted
to affect host diversity via frequency-dependent selection, in which viruses infect host
population (species or strain) that become relatively abundant in environment and
frequencies of host and viruses oscillate over time, maintaining host diversity (Thingstad,
2000; Rodriguez-Valera et al., 2009).

Mathematical models of viral and host abundance have demonstrated that a
prokaryotic species (or lineage) with faster growth rate than others can be susceptible to
viral infection (Thingstad et al., 1993; Thingstad, 2000). This trait allows the slow-
growing K-strategist such as SAR11 to reach a higher abundance than the fast-growing
r-strategist such as members of Flavobacteriaceae because of decrease of viral
propagation (Suttle, 2007). However, the discovery of SAR11 viruses as the most
abundant viruses raise a question to the prediction (Zhao et al., 2013; Zhang et al., 2020).
Thus, it is still unclear whether K-strategist also suffer from viral infection and whether
viral infection is prevalent in abundant prokaryotic populations according to their

abundance.
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Measuring the abundance of viruses infecting each prokaryotic population in the
environment is difficult because of the enormous diversity of marine viruses (Brum and
Sullivan, 2015). Since the vast majority of marine prokaryotes could not be cultivated
using standard techniques (Rappé and Giovannoni, 2003), 50% of class to genus-level
taxonomic groups still remain uncultivated (Lloyd et al., 2018). Thus, the viruses
infecting marine prokaryotes have been rarely cultivated except for well-studied marine
Synechococcus and Prochlorococcus virus-host systems (Suttle and Chan, 1993;
Waterbury and Valois, 1993; Sullivan et al., 2003, 2005) and several isolates infects other
taxa such as SAR11 (Zhao et al., 2013). Although viruses lack a universally conserved
gene such as 16S rRNA gene of prokaryotes (Edwards and Rohwer, 2005), viral
metagenomes (viromes) recently became a powerful tool to characterize the diversity of
the uncultivated viruses (Brum and Sullivan, 2015; Nishimura, Watai, et al., 2017
Breitbart et al., 2018). However, the majority of uncultured viruses derived from viromes
had no cultured relatives and had not yet been connected with their hosts (Brum and
Sullivan, 2015; Breitbart et al., 2018). For example, a study reported that 78.4% (1,420
genomes) of 1,811 circular viral genomes from the marine viromes were not connected
with their host (Nishimura, Watai, et al., 2017). On the other hand, to overcome such
limitation in prediction of virus—host pairs, in silico host prediction approaches using viral
and microbial genomes have been developed (Edwards et al., 2016; Ahlgren et al., 2017;
Tominaga et al., 2020).

Monthly observation of microbial community is the most common interval in
oceanic time-series studies (Bunse and Pibynhassi, 2017; Chow and Fuhrman, 2012;
Fuhrman et al., 2015; Ignacio-Espinoza et al., 2020; Xia et al., 2011). These studies

uncovered that seasonal oceanographic features, such as temperature, salinity, and
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nutrient concentrations have a strong influence on prokaryotic dynamics (Fuhrman et al.,
2015; Bunse and Pinhassi, 2017). Dynamics of viral community also known to show
seasonal variability (Chow and Fuhrman, 2012; Pagarete et al., 2013; Ignacio-Espinoza
et al., 2020). Since viruses are obligate parasites, the seasonal dynamics of viruses can be
shaped by the dynamics of its hosts and prevalence of viral infection in abundant
prokaryotic populations can be addressed by comparison of virus and host dynamics.
However, the viral seasonality was often discussed independently with its host dynamics
except for few prokaryotic-virus pairs such as Synechococcus/Prochlorococcus and T4-
like viruses (Xia et al., 2011; Chow and Fuhrman, 2012; Ahlgren et al., 2019; Ignacio-
Espinoza et al., 2020).

In this study, I aimed to solve the above two fundamental questions whether viral
infection is prevalent among abundant prokaryotic populations and whether viral
infection manners is different among populations according to taxa and/or its growth
strategy. | conducted a two-years monthly observations of prokaryotic and viral diversity
at the eutrophic coastal site, Osaka bay, Japan. | performed in silico host prediction
analysis of the viral genomes obtained from the time series samples. According to the
prediction, dynamics of viruses and their putative hosts were compared and potential
virus-host pairs were determined by their co-occurrence dynamics. | examined whether
viruses were abundant when their putative hosts were abundant in the determined virus-
host pairs. Interactions between K-strategist prokaryotes and their viruses were further

discussed based on the difference of their temporal dynamics.
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Materials and Methods

Sampling and processing

Seawater samples (4L) were collected from a 5 m depth at the entrance of Osaka
Bay (34°19"28"N, 135°7'15"E), Japan, within 3h from before or after high tide, between
March, 2015 to November 2016, at a monthly resolution. Seawater was filtered through
a 142-mm-diameter (3.0-um-pore-size) polycarbonate membrane (Millipore, Billerica,
MA) and then through a sequentially through 0.22 um-pore Sterivex filtration units
(SVGVO10RS, EMD Millipore). After filtration, the 0.22 pum filtration units were directly
transferred to —80 °C (for subsequent DNA extraction). The filtrates were stored at 4°C
prior to treatments. Water temperature and salinity were monitored by fixed water intake
systems of the research institute of environment agriculture and fisheries, Osaka
prefecture. Nutrient concentrations (NO3-N, NO2-N, NHs-N, POs-P, and SiO»-Si) were
measured by continuous flow analysis (BL TEC K.K., Japan.).
rRNA gene amplicon sequencing analysis

For prokaryotic community analysis, DNA was extracted from the stored
filtration units using previously described protocol (Yoshida et al., 2018; Takebe et al.,
2020). Total 16 S rDNA was amplified using a primer set based on the V3-V4
hypervariable region of prokaryotic 16 S rRNA genes (Takahashi et al., 2014) with added
overhang adapter sequences at each 5'-end according to the sample preparation guide
(https://support.illumina.com/content/dam/illumina-
support/documents/documentation/chemistry _documentation/16s/16s-metagenomic-
library-prep-guide-15044223-b.pdf). Amplicons were sequenced using MiSeq

sequencing system and MiSeq V3 (2 x 300 bp) reagent kits (Illumina, San Diego, CA).
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Paired-end sequences of the 16S rDNA amplicon were merged using VSEARCH
with option “-M 1000” (Rognes et al., 2016). Merged reads containing ambiguous
nucleotides (i.c., “N”’) were discarded. The remaining merged reads were clustered using
VSEARCH to form operational taxonomic units (OTUs) with a sequence identity
threshold of 99%. Singleton OTUs were discarded. The representative sequences of the
remaining OTUs were searched against the SILVA ribosomal RNA gene database
(release 138) (Quast et al., 2013) to taxonomically annotate OTUs using SINA (Pruesse
et al., 2012) with a threshold of 99% sequence identity. Abundant OTUs were defined as
OTUs exceeding 1 % relative abundance according to the reported minimum host cell
density for effective viral infection (=10* cells/ml) (Wiggins and Alexander, 1985) and
typical coastal marine prokaryotic cell density (=108 cells/ml) (Whitman et al., 1998).

To identify statistically relevant variants within abundant OTUs, we applied
minimum entropy decomposition (MED) (Eren et al., 2015) as following previous study
(Needham et al., 2017). All of the sequences from each of these 99% OTU were aligned
with MAFFT v7.123b (-retree 1 -maxiterate 0 -nofft -parttree) (Katoh et al., 2002). The
alignments of sequences that had entropy at sites >0.25 were decomposed based on those
positions, and decomposition continued until all positions had entropy <0.25. The
minimum number of the most abundant sequence within each amplicon sequence variants
(ASVs) must exceed 50 and if ASVs did not exceed 1% of the parent 99% OTU's
composition on average, they were removed from analysis as previously reported
(Needham et al., 2017).

Virome sequencing, assembly, classification, and calculation of relative abundance

The viruses in the filtrate were concentrated by FeCls precipitation (John et al.,

2011) and purified using DNase and a CsCl density centrifugation step (Hurwitz et al.,
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2013). The DNA was then extracted as previously described (Kimura et al., 2012). A
sample (February, 2016) generated insufficient amount of DNA for virome sequencing,
it was removed from the analysis. Libraries were prepared using a Nextera XT DNA
sample preparation kit (Illumina, San Diego, CA) according to the manufacturer’s
protocol, except that | used 0.25 ng viral DNA. Samples were sequenced with a MiSeq
sequencing system and MiSeq V3 (2 x 300 bp) reagent kits (Illumina, San Diego, CA).

Viromes were individually assembled using SPAdes 3.9.1 with default k-mer
lengths (Bankevich et al., 2012). Additionally, I used scaffolds of these assemblies
(hereafter referred as contigs for simplicity). Circular contigs were determined as
previously described (Nishimura, Watai, et al., 2017). The contig sequences were
clustered at 95% global average nucleotide identity (ANI) with cd-hit-est (options: -c 0.95
-G 1 -n 10 -mask NX) (Li and Godzik, 2006). Total 5,226 mts-OBV contigs (monthly
time series Osaka bay viral contigs, >10 kb, 62~926 contigs/samples, including 202
circular ones) were obtained.

In addition, this assembly generated 181,131 short contigs (i.e., longer than 1 kb
but not longer than 10 kb). The abundance of these contigs was assessed based on the
relative abundance of terminase large subunit genes (terL) as previously described
(Yoshida et al., 2018). As a result, 4,666 genes were detected as putative terL genes (i.e.,
genes with the best hit to PF03354.14, PF04466.12, PF03237.14, and PF05876.11). The
FPKM (fragments per kilobase per mapped million reads) for putative terL genes were
calculated by in-house ruby scripts.

The mts-OBV contigs with complete viral genomic sequence set collected in a
previous study (Nishimura, Watai, et al., 2017) were used for viral abundance estimation

from read mapping. The complete viral genomic sequence belong to one of the following
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two categories; (i) 1,811 environmental viral genomes (EVGs; all are circularly
assembled genomes, 45 are assembled in Osaka bay in previous study) derived from
marine virome studies, and (ii) 2,429 reference viral genomes (RVGs) of cultured dsDNA
viruses. Genus-level genomic OTUs (gOTUs) were previously assigned for complete
genomes based on genomic similarity score by ViPTree (Nishimura, Yoshida, et al.,
2017). For the mts-OBV contigs, if the sequence showed similarity to one of the complete
genomes (with genomic similarity SG > 0.15), the sequence was assigned to the gOTU of
the most similar circular genome as previously described (Nishimura, Watai, et al., 2017,
Yoshida et al., 2018). Quality controlled virome reads were obtained through quality
control steps as previously described (Nishimura, Watai, et al., 2017). These reads were
mapped against the viral genomic sequence set using Bowtie2 software with a parameter
“--score-min L,0,-0.3” (Langmead and Salzberg, 2012). FPKM values were calculated by

in-house ruby scripts.

Viral host prediction

First, | assigned putative host groups based on the genomic similarity with viral
genomic sequence set collected in a previous study (Nishimura, Watali, et al., 2017). If a
mts-OBV contigs were classified into the same gOTU with the viruses which previously
assigned host group by cultivation or predicted by genomic contents (Nishimura, Watai,
et al., 2017), the host groups were applied to the contigs. | also compared similarity with
mts-OBV contigs and the viral genomes deposited in virus host database (as of October
2018) and recently reported isolates (Mihara et al., 2016; Zhang et al., 2020).

In addition, for the viruses not assigned host group by genomic similarity, we
performed in silico host prediction based on the nucleotide sequence similarity between

viruses and prokaryotes as previously described (Paez-Espino et al., 2016; Roux et al.,
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2016; Tominaga et al., 2020). First, total 220,103 viral genomes/contigs derived from
marine viromes were collected used for the analysis (Mizuno et al., 2016; Luo et al.,
2017; Nishimura, Watai, et al., 2017; Gregory et al., 2019; Ignacio-Espinoza et al., 2020)
(Table 3-2). For the putative host genomes, | collected total 8,016 MAGs/SAGs from
marine metagenomic or single cell genomic studies (Tully et al., 2017, 2018; Delmont et
al., 2018; Kriger et al., 2019; Pachiadaki et al., 2019). From Pachiadaki et al, I only used
1,040 high quality SAG assemblies > 80% completion (Pachiadaki et al., 2019). To
remove the contamination of virus-like contigs from the MAGs/SAGs, 14,967 contigs
classified as viral-like sequences by VirSorter (category 1, 2, and 3) (Roux, Francois
Enault, et al., 2015) were discarded (Table 3-1). Details of each methods are reviewed
elsewhere (Edwards et al., 2016). (i) CRISPR spacers match: CRISPR spacer sequences
were predicted by CRISPR Recognition Tool (Bland et al., 2007) then total 13,305
sequences were extracted. Detected spacer sequences and spacers sequences deposited in
CIRSPRdb (Grissa et al., 2007) were queried against viral genomes using the BLASTn-
short function (Camacho et al., 2009) with these parameters: at least 95% identity over
the whole spacer length and only 1-2 SNPs at the 5’end of the sequence was allowed. (ii)
tRNA match: tRNAs were recovered from MAGS/SAGs and viral genomes by
ARAGORN with ‘-t” option (Laslett and Canback, 2004). Total 213,939 and 31,439
tRNAs were recovered from the MAGs/SAGs and viral genomes, respectively. The
recovered prokaryotic and viral tRNAs with 111,385 tRNAs deposited in GtRNAdb
(Chan and Lowe, 2016) were compared by BLASTn (Camacho et al., 2009) and only a
perfect match (100% length and 100% sequence identity) were considered as indicative
of putative host-virus pairs. (iii) Nucleotide sequences homology of prokaryotic and viral

genomes: viral genomes/contigs were queried against prokaryotic MAGS/SAGs and
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prokaryotic genomes in NCBI RefSeq (as of December 2019) using BLASTn (Camacho
et al., 2009). Only the best hits above 80% identity across alignment with the length
>1500 bp were considered as indicative of host-virus pairs. For the prediction based on
the contigs of MAG/SAGs, | performed taxonomic validation of the matched contigs in
MAG/SAGs as previously described (Tominaga et al., 2020). Viruses belonging to the
same gOTU were assigned to have consistent host groups according to the previous study
(Nishimura, Watali, et al., 2017), with three exceptional gOTUs (G404, G405, and G495)
which annotated multiple host lineages. For the contigs assigned into the three gOTUs,
genomic similarity among the same gOTU members were calculated and potential host
of each contigs were assigned based on the most similar genomes/contigs which

annotated by host prediction

Statistical analyses

Before statistical analyses, amplicon reads were rarefied using the “vegan”
package in R (Dixon, 2003). To examine within-sample alpha-diversity (Shannon
diversity, evenness, and richness) and beta-diversity (Bray—Curtis similarity: 1 - Bray—
Curtis dissimilarity, for all of the possible pairwise combinations among all of the
sampling points) using the vegan package in R (Dixon, 2003). Mantel tests were
performed in R via the vegan package (Dixon, 2003) on only fully overlapping set of data.
Pairwise correlations between estimated abundance of prokaryotic ASVs and viral
contigs (having putative host information and exceeding FPKM >10 at least a month,
2,735 contigs ) on fully overlapping set of data were then determined via Spearman
correlations (P<0.01, Q<0.05) as implemented in the local similarity analysis program.
(Xiaetal., 2011, 2013). Network visualizations of correlation matrices were generated in

Cytoscape_Vv3.8.0 (Shannon et al., 2003).
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Table 3-1. Basic statistics of microbial metagenome-assembled genomes used for the host prediction analysis.

Contigs Number. of
Number of Number of Number. of
Dataset ] removed CRISPR Reference
genomes contigs ] tRNAs
by VirSorter spacer sequences
GORG 1040 34,175 182 82 29,187 Pachiadaki et al, 2019
TOBG 2,631 214,181 7,317 8,379 75,981 Tully et al., 2018
TMED 290 18,380 1,046 95 7,416 Tully et al., 2017
TARA MAG 957 323,552 3,164 2,954 25,047 Delmont et al., 2018
NS_MAG 3098 557,045 3,258 1,795 76,308 Kruger et al., 2019
Total 8,016 1,147,333 14,967 13,305 213,939

Table 3-2. Basic statistics of viral metagenome-assembled genomes used for the host prediction analysis.

Dataset Number of contigs Number of of tRNAs Reference
SPOT 19,907 1,592 Ignacio-Espinoza et al. 2020
EVG+RVG 4,240 6,322 Nishimura et al. 2017
GOV?2 195,728 23,473 Gregory et al. 2019
Deep Ocean 99 19 Mizuno et al. 2017
ALOHA 129 33 Luo et al, 2017
Total 220,103 31,439
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3. Interaction between abundant marine prokaryotes and viruses

Estimation of growth strategy of ASVs

| established indexes for the approximation of the r (intrinsic rate of natural
increase) and K (carrying capacity) of each ASVs from their monthly dynamics. For the
approximation of the r of each ASVs, maximum increasing of normalized relative rank
(0-1) per month was applied. Similarly, for the approximation of K of each ASVs, length
of continuously dominant month ( >0.1% relative abundance, 1-18 months) of each ASVs

was applied.

Detection of SNPs

Reads were mapped to the viral contigs using Bowtie2 with a parameter “--score-
min L,0,-0.3” as above (Langmead and Salzberg, 2012) and the resulting alignment files
were converted to BAM format sorted using samtools (Li, 2011). Average genome
entropy of the contigs which exceeded more than 10 coverage at each month were

computed using the DiversiTools (http://josephhughes.github.io/DiversiTools/).

Results and Discussion
Overview of prokaryotic and viral community in Osaka bay

The prokaryotic community composition was determined by sequencing
amplicon libraries of the 16S rRNA gene V3-V4 region derived from 0.22 to 3 um size
fractions. Total 2.8 M paired-end reads (24,168 to 846,565 reads per sample) were
obtained from the 18 samples and the sequences were clustered into 35,191 OTUs (1,462
to 18,268 OTUs per month) with a sequence identity threshold of 99% (hereafter referred
to as species-level populations, Table 3-3). The prokaryotic community was dominated
by a-proteobacteria (41%), vy-proteobacteria (21%), Bacteroidetes (19%), and

Cyanobacteria (7%) at the phylum level (class level only for Proteobacteria).
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3. Interaction between abundant marine prokaryotes and viruses

To explore viral community composition, | obtained a total 60 M paired-end
reads of viromes (929,884 to 8,124,354 sequence) which generated from the virus
enriched <0.22 pum size fraction of 17 samples that were concomitantly collected with the
prokaryotic size fractions (Table 3-3). After decontamination of prokaryotic sequences,
5,226 virus-like large contigs (> 10kb, monthly time series Osaka bay viral contigs: mts-
OBV contigs) including 202 circularly assembled viral genomes were obtained (Table 3-
3). In this study, | refer to each contig as a species-level viral population, according to the
proposal in viral ecology (Roux et al., 2019). The majority (~75%) of these mts-OBV
contigs showed high genomic similarity (Genomic similarity score; Sg > 0.15) with one
of the complete (circular) viral genomes reported previously (Nishimura, Watai, et al.,
2017) or the 202 circular genomes assembled in this study. Based on the Sg, these mts-
OBV contigs were classified into 314 gOTUs (Table 3-3). Average 40% of virome reads
(29 to 53% per sample) were mapped to the mts-OBYV contigs or previously reported viral
genomes (Nishimura, Watal, et al., 2017). The mts-OBV contigs occupied average 96%
relative abundance at each samples (based on the FPKM values calculated from read
counts). To confirm that each mts-OBV contig represents an abundant viral population, |
estimated their relative abundance using the whole set of contigs (>1kb) and relative
abundance of terminase large subunit genes (terL) as previously described (Yoshida et
al., 2018). Although the relative abundance of the mts-OBV contigs range widely on
average (0.0013% to 1.26%, Figure 3-1), all mts-OBV contigs ranked in the top >30%
of whole community at least a month (the lowest of maximum relative abundance was

0.0115 %, 16Jan_NODE_472).
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3. Interaction between abundant marine prokaryotes and viruses
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Figure 3-1. Virome abundance of OBV long contigs as assessed by putative terL
genes. Abundance of 1,078 mts-OBYV long contigs (indicated by red ticks) was assessed
by the abundance of putative terL genes (from 4,666 contigs in total). x-axis represents
rank of the contigs. y-axis represents the percentage of terL FPKM (average of 17
samples).

Alpha diversity (Shannon index) of the viral community was significantly higher
than the prokaryotic community (p< 0.001, Figures 3-2A, 3-2B). Both richness and
evenness were also significantly higher in the viral community than the prokaryotic
community (Figures 3-2C, 3-2D, 3-2E, 3-2F, p< 0.001). The lower evenness of
prokaryotic community indicate a steeply declining rank—abundance curve as often
observed in the marine environment (Pedrds-Alid, 2006). One of the possible explanation
for the higher viral diversity is that a prokaryotic species (OTU) can simultaneously be
infected by multiple viral species at each time point (discussed below). Changes in alpha
diversity of the viral community showed a weak inverse correlation with that of the
prokaryotic community (Figure 3-2B). Especially, inverse correlation was apparent in

species richness (p< 0.05, Figure 3-2D).
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Table 3-3. 16S rRNA amplicon and virome read sequences in each time series samples.

16S rRNA(V3-V4) Virome
] Number. of Used for
Raw  Analyzed | . Abundant Abundant Raw Contigs . Mapped
Date (identity observed  Circular read
reads reads OTUs ASVs reads (>10kb) ) reads
99%) gOTU mapping
26/5/2015 584,310 383,233 12,108 16 77 2,406,326 216 58 8 1,935,576  38%
21/6/2015 169,680 96,012 6,908 16 74 3,169,845 215 56 2,664,889  42%
22/7/2015 179,210 101,327 8,270 13 73 2,969,901 205 45 8 2,524,397  47%
18/8/2015 205,748 122,268 8,230 10 66 3,038,377 237 54 11 2,506,479 37%
8/9/2015 196,590 93,356 7,727 20 65 2,872,112 188 39 6 2,400,621 53%
30/10/2015 846,565 476,567 18,268 17 72 2,853,038 132 31 4 2,304,810  34%
26/11/2015 130,132 101,127 6,553 16 72 3,500,833 106 34 3 3,170,941 50%
15/12/2015 45,041 38,431 3,185 17 69 2,966,567 336 62 7 2,682,291  44%
14/1/2016 32,124 26,130 1,589 17 71 8,124,354 1,143 149 41 6,695,026  46%
9/2/2016 47,849 42,071 1,462 18 70 na na na na na na

10/3/2016 59,464 52,042 2,576 18 73 5,451,541 698 116 28 4,116,774  46%
27/4/2016 45,725 40,408 1,466 18 68 1,508,014 131 42 1 1,424,427  41%
25/5/2016 72,102 63,239 2,481 15 72 929,884 84 30 7 846,803 35%
24/6/2016 94,774 83,776 3,987 17 73 1,821,038 145 55 4 1,699,251 31%
20/7/2016 48,386 42,265 2,134 18 69 1,565,957 64 35 2 1,470,533  29%
22/8/2016 24,168 20,803 1,778 20 63 2,327,061 194 59 2 2,148,345  29%
26/9/2016 27,118 21,828 2,284 17 54 7,824,235 926 180 32 6,975,203  31%
1/11/2016 67,236 45,444 3,362 18 57 7,651,460 755 133 38 6,623,871 36%
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3. Interaction between abundant marine prokaryotes and viruses
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Figure 3-2. Alpha diversity profiles of prokaryotic and viral communities in Osaka
bay during observation.

Average of Shannon H’ (A), richness (number of OTUs or contigs, C), and evenness
(Pielou's j: Shannon diversity divided by log richness, E) were calculated from
normalized abundances of prokaryotic OTUs based on rarefied reads and viral contigs
from fragments per kilobase of per million reads mapped (FPKM) value. The boxes
represent the first quartile, median, and third quartile. Asterisks denote significance
(Student's t-test, ***p< 0.001). The change of Shannon H’ (B), richness (D), and evenness
(F) of prokaryotic and viral communities of the time-series were plotted.

31



3. Interaction between abundant marine prokaryotes and viruses

Seasonal dynamics of the prokaryotic and viral communities

Water temperature was higher in summer and lower in winter during observation
(Figure 3-3).The concentration of SiO2, PO4-P, and inorganic nitrogen was increased in
summer presumably because of the river inflow increasing during rainy season (Figure
3-3).

Temperature (11.5-25.8°C)

Si0,-Si (3.6-22.7 umol L")
PO,-P (0.27-0.91 pmol L")
NH,4-N (0.23-3.65 ymol L")
NO,-N (0.04-2.24 ymol L")
NO;-N (1.28-7.21 ymol L")
Salinity (30.5-33.1 psu)

2015.9.8
2015.10.30

2015.11.26
2016.2.9

- = = T = = =

2015.5.26
2015.6.21
2015.7.22
2015.8.18 ‘
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2016.1.14
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Figure 3-3. Changes in environmental parameters at the Osaka Bay (OB).
Heatmap represents z-score transformed value of measured environmental parameters.

| investigated seasonal dynamics of the prokaryotic and viral communities
inferred from Bray-Curtis similarity for all of the pairwise combinations (136 pairs, 1 to
17-month intervals). Both prokaryotic and viral community showed clear seasonal
patterns, with peaks of maximum average similarity at intervals of around 12 months,
representing the same seasons, and minimum average similarity at 6 months intervals,
representing opposite seasons (Figure 3-4). Although the similarity between samples
were constantly lower in viral community than prokaryotic community (Figure 3-4,
discussed below), the viral community composition was significantly correlated with the
prokaryotic community composition (Mantel rho=0.51, p<0.01). The seasonality of
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3. Interaction between abundant marine prokaryotes and viruses

viruses following prokaryotes was consistent with the assumption that the viral
community was shaped by the prokaryotic community because each virus only can

propagate in its specific host.
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Figure 3-4. Seasonality of the prokaryotes and viruses at the Osaka Bay (OB)
during observation.

The Bray—Curtis community similarity index was calculated among all of the possible
sample pairs from normalized abundances of prokaryotic OTUs and OBV contigs and
plotted as a function of the number of months separating their sampling.

If the viral community composition was shaped by prokaryotic community
composition, abundance of each virus might reflect the abundance of its host. To test the
hypothesis, composition of the prokaryotic community and viral community were
compared based on the viral putative hosts (mostly host phylum- or class level
composition). The putative host groups of viruses were predicted by four genome-based
in silico prediction methods (Similarity with known viruses, CRISPR-spacer match,
tRNA match, and genome homology). First, based on the similarity with cultured viruses,

putative host groups of 951 mts-OBV contigs (22 gOTUs) were predicted (182 contigs (6
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3. Interaction between abundant marine prokaryotes and viruses

gOTUs), Synechococcu/Prochlorococcus; 501 contigs (8 gOTUs), SAR11; 214 contigs
(2g0TUs), SAR116; 31 contigs (1 gOTUs), Roseobacter; 23 contigs (5gOTUs), Others).
Similarly, putative host groups of 504 mts-OBV contigs (39 gOTUs) were predicted
based on the similarity with uncultured viruses which previously assigned their putative
host (468 contigs (31 gOTUs), Bacteroidetes; 36 contigs (4 gOTUs), MG, predicted by
Nishimura et al., 2017a and Tominaga et al., 2020). In other 1,460 mts-OBV contigs (35
gOTUs), putative host groups were predicted by the sequence similarity (CRISPR-spacer
match, tRNA match, and genome homology) with metagenome assembled genomes of
marine prokaryotes or the genomes in the public database mostly derived from cultured
prokaryotes (621 contigs (14 gOTUs), a-proteobacteria; 80 contigs (5 gOTUs),
Bacteroidetes; 236 contigs (5 gOTUs), y-proteobacteria; 326 contigs (2 gOTUSs), 6-
proteobacteria; 53 contigs (8 gOTUs), Others, Table 3-4, 3-5). Finally, | assigned
potential host groups for the 2,844 mts-OBV contigs. Note that the host prediction based
on genome analysis is mostly phylum or class level except for contigs showing similarity
with cultured viruses such as Synechococcus/Prochlorococcus cyanoviruses. Thus, the
host prediction could not completely reflect species (or strain)-specific virus-host pairs.

Table 3-4. General genomic features of the host assigned viral genus-level group

(gOTUs) inferred from host prediction analysis based on the sequence similarity
with microbial genomes.

gOTU Ave. Ave.
L i Ave. No. of ]
(Defined in . genome size of relative
o Predicted host taxa ) G+C OBV
Nishimura et circular genomes ] abundance
(%) contigs
al, 2017) (kbp) (%)
G6 y-proteobacteria 40.3 413 14 0.23
G39 a-proteobacteria 52.7 37.6 26 0.49
G46 d-proteobacteria 355 42.4 134 3.46
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3. Interaction between abundant marine prokaryotes and viruses

Table 3-4. Continued

G52 a-proteobacteria 46.1 44.3 70 2.64
G79 a-proteobacteria 37.2 42.4 37 0.73
G92 y-proteobacteria 43.4 41.1 15 0.21
G102 a-proteobacteria 56.7 435 205 3.54
G106 a-proteobacteria 55.1 37.6 20 0.39
G107 y-proteobacteria 57.8 43.7 143 2.95
G108 Bacteroidetes 58.4 46.8 9 0.10
G112 y-proteobacteria 61.4 41.4 63 0.93
G113 a-proteobacteria 52.7 36.6 17 0.23
G114 a-proteobacteria 57.2 36.5 48 1.07
G117 y-proteobacteria 58.5 43.0 7 0.07
G125 a-proteobacteria 36.0 46.8 30 0.42
G131 Bacteroidetes 37.0 334 3 0.07
G179 Bacteroidetes 42.9 35.2 7 0.10
G190 Verrucomicrobia 58.2 32.2 4 0.06
G198 Verrucomicrobia 34.6 325 6 0.21
G204 Verrucomicrobia 325 324 4 0.05
G264 Bacteroidetes 317 35.2 2 0.01
G266 Verrucomicrobia 415 49.8 1 0.01
G317 a-proteobacteria 353 51.0 2 0.02
G389 a-proteobacteria 145.8 37.7 6 0.04
G398 Verrucomicrobia 179.9 32.0 11 0.08
a-proteobacteria or
G404 180.7 40.7 241 6.76

d-proteobacteria
Bacteroidetes or

G405 L. ) 143.7 334 66 1.43
Marinimicrobia

G410 Verrucomicrobia 111.8 3338 13 0.28

a-proteobacteria or

G495 . 43.9 40.9 33 0.55
Bacteroidetes

G865 a-proteobacteria 35.6 46.3 12 0.13

G1072 a-proteobacteria 325 36.1 66 1.50

G1078 y-proteobacteria 39.4 58.3 1 0.04
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3. Interaction between abundant marine prokaryotes and viruses

Table 3-5. Numbers of host-virus pairs between viral genomes and prokaryotic
MAGs or genomes in reference databases detected by three host prediction methods.

gOTUs
(Defined in Nishimura et al, 2017) BLASTn CRISPR tRNA
G6 - 1 -
G39 - - 1
G46 - 2 -
G52 1 - -
G79 21 - -
G92 8 - -
G102 23 - -
G106 20 - -
G107 16 - -
G108 - 1 -
G112 15 - -
G113 5 - -
G114 - - 1
G117 - 1 -
G125 1 - -
G131 6 - -
G179 2 - -
G190 1 - -
G198 2 - -
G204 1 - -
G264 - 4 -
G266 - 1 -
G317 6 - -
G389 1 - 13
G398 - - 49
G404 - B} 9
G405 5 - 505
G410 - 1 4
G495 17 - -
G865 - 1 -
G1072 2 - -
G1078 14 - -
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3. Interaction between abundant marine prokaryotes and viruses

Major phyla (or class level only for proteobacteria) in the prokaryotic
community were not changed drastically but relative abundance of several phyla (class)
exhibit a remarkable seasonal dynamics (Figure 3-5). The composition and seasonal
dynamics of viral community generally followed composition and dynamics of their
putative hosts (Figure 3-5). For example, Cyanobacteria (79% of reads were assigned to
OTU_8, Synechococcus) dominated in summer (up to 9.6% and 22.6 % of community at
June 2015 and July 2016, respectively, Figure 3-5A) and Synechococcus viruses also
increased summer (up to 5.3 % and 12.1% of community at Augest 2015 and Augest 2016,
respectively, Figure 3-5B). Similarly, relative abundance of Bacteroidetes increased from
winter to spring (up to 33.7% of community at May 2016, Figure 3-5A) and
Bacteroidetes viruses also increased during spring (up to 30.2% of community at May
2016, Figure 3-5B). Both SAR11 (from 5% to 47% of community, Figure 3-5A) and
SAR11 viruses (from 9% to 22% of community, Figure 3-5B) were always abundant
throughout the observation.

If the viral infection increased in association with host density, the viral
composition might be predictable by the composition of abundant prokaryotes. To
examine the hypothesis, | calculated the ratio of viruses potentially infect abundant OTUs
(73 OTUs, 52~42 OTUs/month, Table 3-6) which was selected based on the minimum
cell density for effective viral propagation in cultured viruses (Wiggins and Alexander,
1985). The majority (78 ~100 %) of the putative host taxa of viruses matched with taxa
of the abundant OTUs of each month (Figure 3-6). The result was in agreement with the
assumption that viral infection increased with host density and frequently occurred in

abundant prokaryotes.
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3. Interaction between abundant marine prokaryotes and viruses

However, viral abundance did not always match with their putative host
abundance (Figure 3-5). For example, the proportion of putative y-proteobacteria viruses
was lower comparing with that of y-proteobacteria and the proportion of putative 8-
proteobacteria viruses was much higher comparing with that of 5-proteobacteria (Figure
3-5). Therefore, viral abundance did not correlated with host abundance except for a few
pairs such as Bacteroidetes and their viruses (Figure 3-7). As mentioned above, the host
taxa which were predicted for each viral contig were phylum- or class-level but not
species- or population- level in most cases. Thus, the lack of a tight correlation between
viral and host abundance may not be surprising. Further, still nearly 40% of contigs were
not assigned their host and it may cause the underestimation of viruses infecting some
taxa. Difference of burst sizes among viruses, which have been estimated to range 6 to
300 in marine environment (Parada et al., 2006), also can influence on the estimation of
viral abundance. Therefore, to investigate whether viruses increased according to the its
specific host abundance, | next statistically examined associations (i.e. co-occurrence)
between nearly strain-level populations extracted from the abundant 73 prokaryotic OTUs

and the viruses.
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Figure 3-5. Comparison of prokaryotic and viral taxonomic community composition
based on the host prediction.

(A) Relative abundance of phylogenetic groups of prokaryotic communities. Quality-
controlled reads were clustered into OTUs with sequence identity of 99% using
VSEARCH (Rognes et al., 2016). These OTUs were classified at the phylum level (class
level for Proteobacteria) using SINA (Pruesse et al., 2012).

(B) Relative abundance of viruses based on their putative hosts assigned by host
prediction. Normalized abundances of viral contigs were calculated from fragments per
kilobase of per million reads mapped (FPKM) value.
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Figure 3-6. Ratio of viruses possibly infects abundant OTUs based on the assigned
host group.

The plot showing the sum of the relative abundance of viral populations which possibly
infects abundant OTUs of the month (i.e. viruses whose host group matched with the taxa
of abundant OTUs) among the viruses which assigned their putative hosts.
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Table 3-6. Table of taxonomic descriptions of abundant prokaryotic OTUs .

OTU_ID Pylum Class Order Family Genus
oTuU_7 Thermoplasmatota Thermoplasmata Marine Group Il

OTU_3 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae HIMB11

OTU 5 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Ascidiaceihabitans
OTU_6 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Planktomarina
OTU_13 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae

OTU_11 Proteobacteria Alphaproteobacteria Rhodospirillales AEGEAN-169marine group

OoTU_1 Proteobacteria Alphaproteobacteria SARL11 clade Clade | Clade la
OTU_4 Proteobacteria Alphaproteobacteria SARL11 clade Clade Il

OTU_184  Proteobacteria Alphaproteobacteria SARL11 clade Clade | Clade la
OTU_582

5 Proteobacteria Alphaproteobacteria SAR11 clade Clade | Clade la

OTU 878

2 Proteobacteria Alphaproteobacteria SAR11 clade Clade | Clade la
OTU_100

823 Proteobacteria Alphaproteobacteria SAR11 clade Clade | Clade la
OTU_33 Proteobacteria Gammaproteobacteria ~ Cellvibrionales Porticoccaceae SAR92 clade
OoTU_2 Proteobacteria Gammaproteobacteria  SAR86 clade

OTU_12 Proteobacteria Gammaproteobacteria  SAR86 clade

OoTU_28 Proteobacteria Gammaproteobacteria  Vibrionales Vibrionaceae Vibrio
OTU_15 Marinimicrobia (SAR406 clade)

OoTuU_8 Cyanobacteria Cyanobacteriia Synechococcales Cyanobiaceae Synechococcus CC9902
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Table 3-6. Continued.

OTU_51
OTU_9
OTU_14
OTU_20
OTU_23
OTU_35
OTU_32
OTU_29
OTU_ 21
OTU_18
OTU_16
OTU_19
OTU_22
OTU 53
OTU_68
OTU_644
5
OTU_10
OTU 58
OTU_102
OTU_83
OTU_ 24

Cyanobacteria
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Actinobacteriota

Verrucomicrobiota

SAR324 clade(Marine group B)

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Proteobacteria

Proteobacteria

Proteobacteria
Proteobacteria
Proteobacteria
Cyanobacteria

Bacteroidota

Cyanobacteriia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Acidimicrobiia

Verrucomicrobiae

Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria

Gammaproteobacteria

Gammaproteobacteria

Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Cyanobacteriia

Bacteroidia

Synechococcales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Actinomarinales

Verrucomicrobiales

Puniceispirillales
Rhodobacterales
Rhodobacterales
Burkholderiales
Cellvibrionales

SAR86 clade

Thiomicrospirales

Thiomicrospirales
Vibrionales
Vibrionales
Synechococcales

Flavobacteriales

Cyanobiaceae
Flavobacteriaceae
Flavobacteriaceae
Cryomorphaceae
Flavobacteriaceae
Flavobacteriaceae
Actinomarinaceae

Rubritaleaceae

SAR116 clade

Rhodobacteraceae
Rhodobacteraceae
Methylophilaceae

Halieaceae

Thioglobaceae

Thioglobaceae
Vibrionaceae
Vibrionaceae
Cyanobiaceae

NS9 marine group

Synechococcus CC9902
Formosa
NS4 marine group

uncultured

Ulvibacter
Candidatus Actinomarina

Persicirhabdus

uncultured
uncultured

OM43 clade
OMB60(NORS) clade

SUPO5 cluster

SUPQ5 cluster

Vibrio

Vibrio

Cyanobium PCC-6307
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Table 3-6. Continued.

OTU_25
OTU_40
OTU_42
OTU_44
OTU_45
OTU_50
OTU_133
OTU_17
OTU_27
OTU_62
OTU_69
OTU_357
OTU_127
oTU_71
OTU_93
OTU_89
OTU_126
OTU_34
OTU 57
OTU_60
OTU_75
OTU_78

Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Verrucomicrobiota
Thermoplasmatota
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Cyanobacteria
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota

Bacteroidota

Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Verrucomicrobiae
Thermoplasmata
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Alphaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Gammaproteobacteria
Cyanobacteriia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia

Bacteroidia

Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Opitutales
Marine Group 1l
Parvibaculales
Rhodobacterales
Rhodobacterales
Rhodospirillales
Burkholderiales
Cellvibrionales
Cellvibrionales
Thiomicrospirales
Synechococcales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales

Flavobacteriales

Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae

Puniceicoccaceae

PS1 clade
Rhodobacteraceae

Rhodobacteraceae

AEGEAN-169 marine group

Methylophilaceae
Porticoccaceae
Halieaceae
Thioglobaceae
Cyanobiaceae
Flavobacteriaceae
Flavobacteriaceae
Cryomorphaceae
Flavobacteriaceae

Flavobacteriaceae

Polaribacter
NS5 marine group
NS5 marine group

NS4 marine group

NS5 marine group

MB11C04 marine group

Ascidiaceihabitans

OM43 clade

SAR92 clade
OMB60(NORS) clade
SUPQ5 cluster
Cyanobium PCC-6307
Formosa

Polaribacter
uncultured

NS5 marine group

NS4 marine group
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Table 3-6. Continued.

OTU_101
OTU_112
OTU_114
OTU_148
OTU_168
OTU_ 211
OTU_ 213
OTU_112
397
OTU_46
OTU_55
OTU_137
OTU 41

Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota
Bacteroidota

Bacteroidota

Bacteroidota

Bacteroidota
Actinobacteriota
Actinobacteriota

Actinobacteriota

Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia
Bacteroidia

Bacteroidia

Bacteroidia

Bacteroidia

Acidimicrobiia

Acidimicrobiia

Acidimicrobiia

Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales
Flavobacteriales

Flavobacteriales

Flavobacteriales

Sphingobacteriales
Actinomarinales
Actinomarinales

Microtrichales

Cryomorphaceae

Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae
Flavobacteriaceae

Flavobacteriaceae

Flavobacteriaceae

NS11-12 marine group

Actinomarinaceae
Actinomarinaceae

Microtrichaceae

Uncultured
Winogradskyella

NS3a marine group

uncultured
NS4 marine group

Formosa

NS4 marine group

Candidatus Actinomarina
Candidatus Actinomarina

Sva0996 marine group
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3. Interaction between abundant marine prokaryotes and viruses

Co-occurrence network analysis between the abundant prokaryotes and viruses

To examine the dynamics of closely related (nearly strain-level) prokaryotic
populations, 114 intraspecies-level populations (ASVs, 1~4 ASVs per OTU, Figure 3-8)
were extracted from the abundant 73 OTUs by minimum entropy decomposition method
(Eren et al., 2013, 2015; Needham et al., 2017). Then, pairwise correlations (co-
occurrence network) between the 114 ASVs and the viral contigs which was predicted to
infect the ASV by host prediction (e.g. 37 Bacteroidetes ASVs and 548 mts-OBV contigs
predicted as Bacteroidetes virus) were determined via Spearman’s correlations. In total,
6,423 significant correlation comprised 104 ASV and 1,366 mts-OBYV contigs (Figure 3-
9). The majority (88.6%) of ASVs correlated with at least an mts-OBV contig. The
number of co-occurring viral contigs ranged from 0 contig (13 ASVs) to 359 contigs
(ASV6-1, classified into Planktomarina) and the median value was 16 contigs.

Using the detected 6,423 putative virus-host pairs, | examined whether the
viruses were abundant when its putative host was abundant. Firstly, cyanobacterial 4
ASVs and co-occurring 130 cyanoviral contigs were examined for this issue. Since
substantial numbers of Synechococcus/Prochlorococcus-viruses pairs have been reported
on the culture-based studies (Suttle and Chan, 1993; Waterbury and Valois, 1993;
Sullivan et al., 2003, 2005), host prediction for cyanoviruses most likely to be reliable.
Relative rank (from 0 to 1) of the cyanobacterial ASVs in prokaryotic community and
relative rank of the co-occurring cyanoviral contigs in viral community were compared
to each other at the months each ASV was the most abundant and the least abundant
(Figure 3-10). When cyanobacteria ASVs were the most abundant (average 0.98), their
co-occurring viruses dominated in viral community (average 0.77) (Figure 3-10). In
contrast, at the month the cyanobacteria ASVs were the least abundant (average 0.019),
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3. Interaction between abundant marine prokaryotes and viruses

the co-occurring viruses were less abundant (average 0.16, Figure 3-10). This viral
increase with host abundance were observed in 98 other ASVs and their co-occurring
viruses (Figure 3-10). The results clearly indicated frequency-dependent viral infection
is prevailed in abundant prokaryotic populations at least between the detected virus-host

pairs.

Characterization of virus-host interaction manner by host taxa and host growth
strategy

As observed in higher alpha-diversity in viral community than prokaryotic
community (Figure 3-2), the co-occurring pairs were often observed between a host
population with multiple viral populations (median 16 viral contigs per ASV). This
suggests an abundant prokaryotic population can interact with multiple viral contigs. Note
that the numbers of co-occurring viruses were overestimated since each contig might be
a partial genome fragment derived from a same viral genome. However, the viruses
classified into different genera (average 8 gOTUs, up to 24 gOTUs) often co-occurred
with an ASV. Next, I characterized the “one to many” virus-host interaction manner (i.e.
how many viruses co-occurred with each ASV) by their host taxa and host growth strategy.

Number of co-occurring contigs with each ASV was dependent on the predicted
number of their viruses by host prediction (Figure 3-11). For example, Bacteroidetes
viruses (548 contigs) were the second most frequently observed virus and average 71.5
viruses co-occurred with a Bacteroidetes ASVs (1-208 viruses per ASV, between 37
Bacteroidetes ASVs and 339 Bacteroidetes viral contigs). In contrast, the taxa whose
viruses were less frequently detected (e.g. MGII, 38 viruses) had a smaller number of co-
occurring contigs (0 to 3 contigs per ASVs, Figure 3-11). Thus, numbers of co-occurring

viruses might be underestimated in such taxa because of the limitation of host prediction.
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3. Interaction between abundant marine prokaryotes and viruses

Exceptionally, SAR11 had relatively few co-occurring contigs even though there were
more than 500 putative SAR11 viral contigs (Figure 3-11). SAR11 is often regarded as
a K-strategist which has been believed to be resistant to viral infection (Suttle, 2007) and
the growth strategy may influence the co-occurrence dynamics with viruses. Next, |
examined the number of co-occurring viruses among ASVs classified in the same taxa by
growth strategy to solve this issue.

The growth strategy of each ASV was evaluated by the approximation indexes
for r and K (see methods). According to the indexes, 13 ASVs were determined as K-
strategist like populations (i.e. K-index>12, r-index< 0.1). Among the 13 ASVs, 7 ASVs
were classified into SAR11 (Figure 3-12). Twenty two of 57 ASVs belonging to the taxa
previously predicted as r-strategist (e.g. Flavobacteriaceae, Rhodobacteraceae, Vibrio,
and Marine Group Il) were classified into the r-strategist like ASVs (K-index<3, r-
index>0.5, total 33 ASVs) (Figure 3-12). Generally, r-strategist like ASVs such as
members of Bacteroidetes often had large number of co-occurring viruses (Figure 3-13).
The ASVs of Bacteroidetes and Rhodobacteraceae showing relatively K-strategist like
dynamics also often accompanied with large number of co-occurring viruses (e.g. ASV9-
1 classified into Formosa had 165 co-occurring contigs, K-index=15 and r-index = 0.139,
Figure 3-12). On the other hands, K-strategist like population of Synechococcus and
SAR11 had relatively few co-occurring viruses (Figure 3-12). The most abundant ASVs
of Synechococcus (ASV8-1, occupied 76.7% of whole cyanobacterial reads) and SAR11
(ASV1-1, occupied 7-64% of whole SAR11 reads of each month) had 7 and 16 co-
occurring viruses, respectively, even though there were 183 cyanoviruses and 500 SAR11
viruses during observation (c.f. maximum 100 co-occurring viruses with ASV-83-1

classified into Synechococcus, Figure 3-11).
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Figure 3-8. Dynamics of abundant prokaryotic OTUs and its decomposed ASVs. The yellow area-graph represents the relative abundance over time of o

each abundant OTU as a proportion of the whole community. The colored lines are the estimated relative abundance of each ASV (only >0.1% in abundance

among whole community are shown) as a proportion of the whole community of prokaryotic sequences.
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Figure 3-9. Broad overview of detected positive correlations between prokaryotic ASVs and viral populations which potentially
infect each prokaryotic taxa based on host prediction analysis.

(A) Flavobacteria and their viruses. (B) a-proteobacteria and viruses. (C) y-proteobacteria and their viruses. (D) Cyanobacteria and their
viruses. (E) Other major groups (SAR324, Marine group Il, and Actinobacteria) and their viruses. Prokaryotic nodes are circles and viral
node are v-shapes. Node color indicates prokaryotic taxa. Solid lines are positive correlations.
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3. Interaction between abundant marine prokaryotes and viruses
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Figure 3-10. Comparison of relative rank of co-occurring host-virus pairs when the
host was the most abundant and the least abundant during observation.

Relative rank of viruses during the month when the corresponding prokaryotic ASVs
ranked maximum (red) or minimum (blue) during the sampling periods. Boxplots are
constructed with the upper and lower lines corresponding to the 25th and 75th percentiles;
outliers are displayed as points.

If the temporal switching of virus-ASV pairs occurred, some pairs were omitted
by the co-occurrence analysis. Therefore, | compared dynamics of these two ASVs and
viruses which did not co-occur with other ASVs. Among the 53 viruses that did not co-
occurred with any cyanobacterial ASV, 41 viruses were classified into 2 gOTUs (G14;
T7-like cyanosiphovirus, and G386 ; T4-like cyanomyovirus) known to infect subcluster

5.1a (e.g. Synechococcus sp. WH 8103, clade I1). Representative sequence of ASV8-1
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3. Interaction between abundant marine prokaryotes and viruses
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Figure 3-11. Number of virus-host co-occurring pairs by taxa.

Number of detected viruses by host prediction of each host taxa were shown as blue
(first y-axis) and number of co-occurring viruses per an ASV (on average) by host taxa
were show as yellow (second y-axis).

matched with the members of Synechococcus subcluster 5.1a with 100% of identity,
suggesting interaction between ASV8-1 and these viruses. ASV8-1 especially dominated
during summer (maximum 8% and 21% of prokaryotic community at June 2015 and July
2016, respectively, Figure 3-14A). Of these 53 cyanoviruses, which also increased in
summer, 4 viruses were only abundant in 2015 (from 5 to > 170 times more abundant in
2015 than 2016) and other 38 viruses were only abundant in 2016 (from 5 to >300 times
more abundant in 2016 than 2015) (Figure 3-14B). Similarly, ASV1-1 of SAR11lwas
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3. Interaction between abundant marine prokaryotes and viruses

always abundant (Figure 3-15A) and SAR11 viruses occupied major fraction of the viral
community. However, abundant member of SAR11 viruses were replaced in relatively
short time-period (a few month) (Figure 3-15B). These results suggest that the host-virus
interaction might have been underestimated by the co-occurrence analysis and K-
strategist also interact with multiple viruses based on the their cell density.

Finally, I investigated whether the observed viruses including ones co-occurring
with hosts (i.e. 53 cyanoviruses and 309 SAR11 viruses) were produced via increased
contact frequency with hosts. A previous study suggested that the majority of viral
genomes detected in viromes were derived from virions that were daily produced through
local viral-host interactions (Yoshida et al., 2018). Thus, if variants (i.g. single-
nucleotide variants) within the abundant viruses were observed, it likely indicate multiple
infection events (DNA replication) via increased contact frequency of host-viruses
accompanying stochastic mutation, rather than the mixture of persistently existed virions.
Therefore, to examine the variants, single-nucleotide polymorphisms (SNPs) from mts-
OBV contigs with more than 10 coverage (2,356 contigs) were calculated. | observed that
increase of intrapopulation genetic diversity (SNPs quantified by average genomic
entropy) as a function of overall population abundance regardless of their hosts (Figure
3-16). This suggests that occurrence of frequent reproduction (replication) in abundant
viruses, thus the increase of contact frequency with hosts and abundant viruses regardless
of whether the viruses showed co-occurrence with the ASVs. The result was in agreement
with previous observations: rapid diversification of freshwater cyanoviruses via increased
contact frequency of host and viruses (Kimura et al., 2013) and increase of SNPs in
abundant populations of marine viruses in other coastal site (Ignacio-Espinoza et al.,

2020).
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Figure 3-12. Distribution of the number of co-occurring viruses among prokaryotic
ASVs based on their growth strategy inferred from approximated index of carrying
capacity (K) and intrinsic rate of natural increase (r) based on their dynamics.

x-axis indicates approximation index of r and y-axis indicates approximation index of K.
Size of the circles represents the number of co-occurring viruses with each ASV. Color
of the circles indicate the taxa of each ASV.
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Figure 3-14. Dynamics of the most dominant Synechococcus population (ASV8-1)
with Synechococcus viruses which did not co-occurred with ASVs.

(A) Dynamics of ASV8-1. (B) Dynamics of 53 cyanoviruses which did not co-occurred
with ASVs. Lines represents relative abundance of the ASVs or the contigs over time.
The panels of viruses were separated by their annual pattern (2015 type, 2016 type, and
both years, if the virus was more than five times abundant in one year comparing with
another year, the virus was defined as year-specific virus). Colors represent gOTU of the
virus.

106



3. Interaction between abundant marine prokaryotes and viruses

(A)

0.125]
0.100
0.075]

0.0501

Relative abundance

0.0251

2016.3.10 1
2016.4.27 1
2016.5.25 1
2016.6.24 1
2016.7.20 1
2016.8.22 1
2016.9.26 1
2016.11.1

O O
NN 0
=& =
~ o B2 T 8 -
i e
o .
Q2 Nooo

2015.5.26 1
2015.6.21

=

0.0081
0.006 1
0.0041
0.002 1
0.000+

0.00121
0.00091
0.0006{y £
0.00031
0.0000

Relative abundance

0.004 1
0.0031
0.002 1
0.001 1
0.000+

Figure 3-15. Dynamics of the most dominant SAR11 ASV(ASV1-1) with SAR11
viruses which did not co-occurred with ASVs.

(A) Dynamics of ASV1-1. (B) Dynamics of 309 putative SAR11 viruses co-occurred
with ASVs. Lines represents relative abundance of the ASVs or the contigs over time.
The panel were separated based on the classified gOTUs of each virus.
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Figure 3-16. Correlation of genome average entropy and abundance of OBV contigs
calculated from SNP profiles.

The graphs show the average genomic entropy of mts-OBV contigs and read coverage of
the mts-OBV contigs at given time-series samples. The panel were separated based on
the predicted hosts of the mts-OBV contigs.

There are three possible mechanisms of the temporal switching of virus-host
pairs . First, it can be interpreted as a result of founder effects following the host
fluctuation via genetic drift (Cohan and Perry, 2007). Seasonal fluctuating of host
population cause bottleneck, and thereby founder effects following bottleneck enable that
several viral species have an equal chance of increasing. This was suggested as a
mechanism of incomplete selective sweep in the fresh water cyanobacteria populations
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having different CRISPR-spacer genotype (Kimura et al., 2018). The scenario is more
plausible between ASV8-1 and their viruses because the ASV8-1 experienced clear
seasonal fluctuation (Figure 3-14A). Second, the temporal acquisition of host resistance
or viral counter-resistance as observed in culture model systems (Koskella and
Brockhurst, 2014) may cause the switching the dominant viral species. Third, more
closely related populations which undiscriminated by the polymorphism of 16S rRNA
genes might have been included in each ASV. Previous studies focusing the
polymorphism of ITS sequences (ITS-ASV) in SAR11 and cyanobacteria reported that
dynamics of ITS-ASVs more correlated with viral dynamics which inferred from T4-like
viral marker genes than dynamics of 16S-ASVs of these taxa (Needham et al., 2017,
Ahlgren et al., 2019). Therefore, dynamics of more closely related populations within
these 16S-ASVs (e.g. ITS-ASVs or whole genome sequence based-populations) also
might have synchronized with observed viral dynamics. The idea in agreement with the
revised version of Kill the winner hypothesis, which assumes strain level diversity in a
host species and overall viral abundance infecting the host species were regarded as the
sum of the viruses interacting each strains (Thingstad et al., 2014).

Altogether, | revealed that the frequency dependent infection was occurred in
abundant prokaryotic population according to the cell density with “one-to-many”
manner regardless of host growth strategy. The “one-to-many” manner may suggest a
prokaryotic cell attacked by multiple viruses having different infection strategy (e.g.
different cell surface targets). This can cause the difficulty to establish complete
resistance toward multiple co-existing viruses and sustain continuous virus-host

interaction in environments, Therefore, the “one-to-many” manner may be a potential
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mechanism for the prevailed frequency-dependent selection on abundant marine

prokaryotes.

Conclusions

Comparison of seasonal dynamics between abundant prokaryotes and their
viruses revealed that abundant prokaryotes were exposed by frequent viral infection
regardless of their taxa or growth strategy. This suggests that lysis of the abundant
prokaryotes via viral infection have a considerable contribution to the biogeochemical
cycling and maintenance of prokaryotic community diversity. Further, these abundant
prokaryotic populations should reflect actively growing members of community since

they were able to become dominant even though they suffer frequent loss by viral lysis.
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Chapter 4

Integration and outlook

In the oceans, viruses infecting prokaryotes affect the marine biogeochemical
cycle through host lysis. Since viral infection is believed to be dependent on host cell
density, viral infection should have larger influence on the abundant prokaryotic
populations. However, it was unclear whether the host frequency-dependent viral
infection occurred in complex prokaryotic community because of the enormous diversity
of marine viruses.

In chapter 2, | focused on the interactions between marine Bacteroidetes and
their virus as a model systems of abundant prokaryotes-virus pairs. | developed efficient
methods for the prediction of viruses infecting Bacteroidetes from a thousand uncultured
viral genomes by using recently reported metagenome assembled genomes of marine
Bacteroidetes. | successfully identified novel 81 viral species from 26 genera, including
the marine dominant viral linage Far-T4. The methods enhanced the existing knowledge
on the diversity of Bacteroidetes viruses and their potential interaction with their hosts in
marine environments.

In chapter 3, I applied the host prediction methods developed in chapter 2 to
other prokaryotic taxa. To examine whether the frequency-dependent viral infection
occurred in natural community, | compared the seasonal dynamics of the abundant
prokaryotes and their viruses in Osaka Bay. Increasing of viral abundance in response to
their host abundance was observed between more than 6,000 of putative virus-host pairs.
Further, the faster temporal change of the viral community than the prokaryotic

community suggested that the viruses interacting with continuously dominant prokaryotic
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population might have changed temporally. These results revealed that abundant
prokaryotes were infected by the viruses with frequency-dependent manner regardless of
their taxa and survival strategy.

In these studies, | revealed a general trend that viral frequency-dependent
infection is prevailed in abundant prokaryotes. The finding supports that frequency-
dependent viral infection maintains the diversity of the prokaryotic community and the
active recycling of organic matters in marine environment. Future works focusing on their
co-evolutional dynamics from the observation of host and viral genome co-diversification
will also help us to understand the underlying mechanism to establish the continuance

interactions between abundant prokaryotes with their viruses.
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