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Abstract

Viral genetic microdiversity drives adaptation, pathogenicity and speciation and has critical consequences
for the viral-host arms race occurring at the strain and species levels, which ultimately impact microbial
community structure and biogeochemical cycles. Despite the fact that most efforts have focused on viral
macrodiversity, little is known about the microdiversity of ecologically important viruses on Earth.
Recently, single-virus genomics discovered the putatively most abundant ocean virus in temperate and
tropical waters: the uncultured dsDNA virus vSAG 37-F6 infecting Pelagibacter, the most abundant marine
bacteria. In this study, we report the cooccurrence of up to ~1,500 different viral strains (>95% nucleotide
identity) and =30 related species (80-95% nucleotide identity) in a single oceanic sample. Viral
microdiversity was maintained over space and time, and most alleles were the result of synonymous
mutations without any apparent adaptive benefits to cope with host translation codon bias and efficiency.
Gene flow analysis used to delimitate species according to the biological species concept (BSC) revealed
the impact of recombination in shaping vSAG 37-F6 virus and Pelagibacter speciation. Data demonstrated
that this large viral microdiversity somehow mirrors the host species diversity since =50% of the 926
analyzed Pelagibacter genomes were found to belong to independent BSC species that do not significantly
engage in gene flow with one another. The host range of this evolutionarily successful virus revealed that
a single viral species can infect multiple Pelagibacter BSC species, indicating that this virus crosses not

only formal BSC barriers but also biomes since viral ancestors are found in freshwater.

Introduction

Recent advances in viral ecology, mainly based on viral metagenomics (hereinafter viromics), have allowed
us to highly expand the diversity of the global virosphere [1-7]. To date, most viromic surveys have relied
on short read assembly[ 1], which mostly recovers the genome of dominant viruses but frequently overlooks
relevant information about the genetic microdiversity of cooccurring viruses[8—10]. Viral microdiversity
(nucleotide differences within the same viral species) has important consequences on viral ecology, and
understanding microdiversity patterns of ecologically relevant viruses in nature is important for increasing
knowledge about speciation, pathogenicity, microbial community structure and host dynamics, which
overall impact biogeochemical processes[11, 12].

The continuous arms race within the viral-host system is an important engine generating this viral

microdiversity, which in some cases leads to amino acid changes (nonsynonymous mutations) in viral
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proteins with a significant impact on viral fitness. In marine cyanophages, only a small number of genetic
changes generated phenotypic diversification, affecting the successful infection of different Synechococcus
spp. strains [13, 14]. Similarly, a single nonsynonymous mutation in the tail fiber of Pseudomonas virus
LUZ7 drove host range expansion [15]. Paradoxically, synonymous mutations are thought to have a neutral
evolutionary impact, although recent data suggest that they might provide an advantage for viruses to
counteract host defense systems based on DNA recognition [16] or to adapt codon usage in accordance
with the host's [17-21]. Many microdiversity studies have been conducted with reference viral isolates. In
the marine ecosystem, for instance, using viral tagging methodology, “discrete populations” of cooccurring
cyanophages were obtained from a single strain isolate of Synechococcus spp. [22]. In the human gut, the
recently cultured ubiquitous crAssphage virus diverges intraindividually and generates a continuous
replacement of different strains in the long term [23]. However, it is particularly challenging to address
microdiversity for uncultured viruses [24-26]. Recently, the uncultured virus vSAG 37-F6 was discovered
to be putatively the most abundant marine virus in temperate and tropical waters of the open ocean[8]. This
virus obtained by single-virus genomics (SVGs) was shown to be widespread across the oceans and present
from surface to deep waters. Nevertheless, despite its high abundance, this genome could not be assembled
from metagenomic data [8—10]. The host of vSAG 37-F6, the dominant Pelagibacter spp., was later
discovered by using single-cell genomic data mining, since related viral contigs were present in different
single-amplified genomes (SAGs) of Pelagibacter spp. [27]. Thus, this virus is thought to be responsible
for channelizing an enormous amount of carbon through the viral shunt [28], which has a major impact on
a global scale. Here, we estimate the level of microdiversity of this relevant virus in nature that surprisingly
reaches up to more than a thousand cooccurring strains in a single sample and explore the biological
meaning of viral genetic microdiversity. In addition, we delved into the existence of true biological species
within the vSAG 37-F6 virus and its host based on the biological species concept (BSC). Members of the
same BSC are characterized by their capacity for gene exchange by homologous recombination. Although
prokaryotes and viruses have an asexual mode of reproduction, it has been described that several
microorganisms, including some types of viruses, such as cyanophages, engage in sufficient levels of
homologous recombination to potentially distinguish biological species [29-31]. Furthermore, we also
investigated whether viral infection respects the BSC barriers, i.e., whether one viral species can infect one
or more different prokaryote species based on BSC. Altogether, our data helped us better understand the
genetic patterns and viral species structure (i.e., number of cooccurring viral species and strains) and
evolutionary forces (recombination vs mutation), probably shaping one of the most abundant and

ecologically relevant viruses in nature.

Results

Estimating the number of cooccurring species/strains in one of the most abundant

marine viruses, vSAG 37-F6

The putatively most abundant virus vSAG 37-F6 in temperate and tropical waters of the open ocean was
originally discovered by SVG in the Mediterranean Sea and was overlooked for years by other standard
viromic technologies despite huge metagenomic sequencing efforts[8]. Here, high-throughput amplicon

sequencing targeting different genomic regions of vSAG 37-F6 and close relatives (Supplementary Fig. 1
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and Supplementary Table 1) was performed for several Mediterranean viral samples (surface, DCM, 1000
m, and 2,000 m depth) to ascertain the level of cooccurring genetic microdiversity of this virus. For
instance, one of those genomic regions partially encompassed the gene 9 encoding a conserved capsid
protein of virus vSAG 37-F6, which is one of the most abundant viral proteins in temperate and tropical
waters of the open ocean, as previously demonstrated [8]. Sequencing data were used to unveil and estimate
the number of putative strains and species by applying two different nucleotide thresholds for clustering
dsDNA viruses as per recent recommendations [1, 3]: >95% nucleotide identity to estimate the number of
potentially cooccurring strains (i.e., genetic microdiversity; Fig. 1 and Table 1) and a =80-95% cutoff to
ascertain the number of viral species or “virus operational taxonomic units” (vOTUs) related to virus vSAG
37-F6 present in the same natural sample. Recently, a joint effort of viral and microbial ecologists suggested
formalizing the use of species-rank virus groups and named these vOTUs to avoid confusion with other
terms and proposed standard thresholds of 95% average nucleotide identity[1, 3] as a practical value for
viral species-like delineation [1, 3, 8], as used here in our study.

Unexpectedly, microdiversity data showed that up to 1,422 different putative viral strains could cooccur in
the same sample and location, such as the Blanes Bay Microbial Observatory (Fig. 1 and Table 1), where
this virus was originally discovered. At the species level, an average of ~10 cooccurring putative species
related to VSAG 37-F6 were detected (Fig. 1 and Table 1). In offshore samples, vSAG 37-F6 species
dominated either in the surface or deep samples (Fig. 1, Supplementary Fig. 2 and Table 1) since 97% of
sequenced strains were assigned to this species. In coastal surface seawater samples, other related vSAG
37-F6 viral species (nucleotide identity ~80% with virus vSAG 37-F6) dominated. Remarkably, many
vSAG 37-F6 strains were shared across samples, although a significant fraction of strains was unique in
each environment (Table 1). Thus, our empirical data unveiled a vast local coexisting (micro)diversity of
this dominant virus that is maintained over space and time, since the analyzed samples were distantly

located and collected years apart.

Global microdiversity of vSAG 37-F6 and other pelagiphages

A method based on metagenomic fragment recruitment using the Shannon index (H = - X P; e In P;) [32]
was used to analyze the global ocean genome microdiversity of vSAG 37-F6 and other pelagiphages,
including lytic, lysogenic, isolated, and uncultured viruses. This H parameter (values from 0 to 1) calculates
the genomic diversity at the single-nucleotide level (see methods). Briefly, higher values of H represent a
more microdiverse genome (lower possibilities of finding the same nucleotide twice at a given genome
position). Whole genome entropy was calculated using different cell metagenome and virome datasets [24,
33] (Supplementary Fig. 3 and Supplementary Table 2). Cell metagenomes inform about the microdiversity
of those probably infectious viruses, while virome data (i.e., free viral particles in seawater) represent the
total microdiversity pool of viruses. Overall, genome entropies values ranged from 0.012 to 0.17 (Fig. 2A).
Higher values of microdiversity were always observed for each virus in the free viral fraction in seawater
compared with cellular metagenomes.. Singularly, in the ocean panvirome and metagenome, the most
microdiverse viral species was VSAG 37-F6, and its close viral relative pelagiphage MED40-C1 that was
found in a single cell from the Mediterranean Sea[27]. vSAG 37-F6-like pelagiphages showed significant
higher values of whole-genome entropy than those of other pelagiphages (p-value <0.05, Fig. 2 and
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Supplementary Table 3). Remarkably, relevant differences were not observed in the maximum values of
microdiversity for samples located several thousands of kilometers apart, collected at different seasons and
depths, and even for samples with relevant variations in abundance (Supplementary Fig. 3). Most of the
vast and conserved genetic microdiversity was generated by synonymous mutations (NSr mean = 40.29,
Supplementary Table 4) that were stable over time and space (Fig 2B, Supplementary Figs 3-9 and
Supplementary Table 4). Only a very low proportion of vSAG 37-F6 proteins (n = 3, unknown vSAG 37-
F6 protein encoded by genes 8, 14, and 23), and viral relatives showed an unusually high ratio of
nonsynonymous mutations (NSr mean = 61.47) suggestive of positive selection (e.g., unknown vSAG 37-
F6 protein encoded by gene 8; Fig. 2B, Supplementary Figs. 3-9 and Supplementary Table 4). Data further
suggest that this “hidden” vast genomic microdiversity of vSAG 37-F6 -mostly observed as synonymous
mutations- never explored before in the oceans is strongly preserved and globally maintained in the long
term since these results are not circumscribed to a specific location in a certain period of time but it is

something general that is observed in samples spanning more than ten years from different oceans.

True biological species within vSAG 37-F6 and Pelagibacter host: do viruses respect

biological species concept barriers?

Recently, it has been proposed that a universal biological species concept (BSC) definition can be used in
all major lifeforms, including viruses, based on evidence of gene flow[34]. We then sought to investigate
whether the VSAG 37-F6 virus, despite its high microdiversity, could be structured into true BSCs. Because
members of the same biological species are characterized by their ability for gene exchange, we assessed
the degree of recombination of vSAG 37-F6 with a set of most highly closely related viral genomes (n=32)
sharing a high proportion of orthologous genes (i.e., core genome; Supplementary Fig. 10 and
Supplementary Tables 5 and 6, see methods) to accurately determine whether polymorphic sites arose by
mutation or recombination. Our analyses identified gene flow between homologous genes (i.e., homologous
recombination) and estimated the ratio of homoplasic (A=recombination) to nonhomoplasic (m=mutation)
polymorphisms along the core genome of each genus. Homoplasies are polymorphisms that are not
compatible with vertical inheritance from a single ancestral mutation and likely result from the exchange
of alleles through homologous recombination. High A#/m ratios (>1) are indicative of a substantial signal of
gene flow, and low 4/m ratios are indicative of clonal (<1) evolution. The data revealed that these viruses
displayed a high 4/m ratio (gray curve Fig 3A), suggesting that recombination might be an important force
shaping the evolution of this virus. However, the 4/m ratio was only slightly higher than that obtained from
the dataset simulated in the absence of homologous recombination (pink curve, Fig 3A), which, as
previously described [34], is used to assess the number of homoplasies introduced by convergent mutations.
Therefore, these patterns indicate that the majority of homoplasies are introduced by mutations rather than
recombination, suggesting that this analyzed virus is composed of a single clonal species or contains
multiple biological species that do not recombine with one another. Following the same rationale for the
host, we aimed to estimate gene flow (4/m ratio) and the number of true Pelagibacter BSC species within
a dataset of 926 publicly available genomes by computing the pairwise core nucleotide identity (CNI) and
by conducting a large-scale phylogenomic analysis (see methods; (Fig. 3B, Supplementary Fig. 11 and

Supplementary Data 1). First, the 926 genomes were classified into 495 monophyletic clusters (i.e., putative
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species) based on a >94% CNI threshold and the phylogenetic tree. These clusters were then tested for gene
flow within clusters and between clusters by computing the //m ratio using the core genomes of each of
these clusters and for each pair of clusters (see Methods). Within-cluster analysis revealed that the number
of homoplasies within most clusters was significantly higher (Supplementary Table 7) than the number of
homoplasies expected from convergent mutations by generating sequences simulated under similar
conditions but without recombination; this indicates that most of these clusters likely represent a single
biological species. Clusters that did not show a clear signal of gene flow were found to contain genomes
that did not engage in recombination with the rest of the viruses, and these genomes could be excluded
from the cluster, thereby redefining all clusters into a biological species (Supplementary Table 7 and
Supplementary data 1). Then, we tested for the signal of gene flow between pairs of clusters using the same
approach (see Methods). Estimates of #/m were systematically compared to 4/m ratios computed on the
reference cluster while including one sequence simulated without recombination (see Methods). Using this
approach, 54 clusters were found to engage in gene flow with another cluster, and cluster borders were
redefined accordingly. Finally, this approach yielded a total of 441 clusters that can be considered true
biological species, indicating a large diversity in this dataset, where approximately one out of two deposited
Pelagibacter spp. genome represents a true biological species (Fig 3B, Sup Table 5). Most biological
species were composed of highly related genomes (97% CNI on average); however, some contained more
divergent genomes sharing as little as 80% CNI. This indicates that sequence thresholds do not accurately
predict the borders of biological species and that highly divergent genomes are sometimes part of the same
biological species. This large-scale genomic analysis further shows that recombination is a predominant
force shaping Pelagibacter spp., which are composed of a highly diverse set of biological species that do
not significantly engage in gene flow with one another. Recombination is possibly driving the evolution of
vSAG 37-F6 as well, although convergent mutations cannot be ruled out, and additional genomes are

needed to solve this question.

Further effort was then conducted to shed some light on the host range of vSAG 37-F6 and related
pelagiphages in line with the described BSC conceptual approach (n=441 Pelagibacter BSC). Data showed
that five different Pelagibacter single cells (SAGs-MED 41,43, 45, 46 and 48 (Fig. 3C, Supplementary Fig.
12 and Supplementary Data 1) belonging to different BSCs (CNI values 74 — 88%) were infected by the
same VSAG 37-F6-like pelagiphage species (strain sharing amino acid similarity > 98.5%, Supplementary
Table 8 and 9). Our results indicate that this widespread and ubiquitous virus does not ‘respect’ true
prokaryotic biological species boundaries, which represent a significant ecological example of general
interest linking taxonomic and biological insights in probably one of the most abundant microbes in the

biosphere.

Evolution and ancestors of vSAG 37-F6

Given the evolutionary success of VSAG 37-F6 and its host in the oceans and considering the transition and
colonization of Pelagibacter spp. ancestors in freshwater (Fonsibacter spp., formerly described as LD-12
[35]), we sought to investigate whether vSAG 37-F6 viral relatives inhabit nonmarine environments. After

mining the IMG/VR v.2.0 database [36] and other datasets [4] by searching orthologous genes of VSAG
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37-F6 virus (amino acid similarity > 50% and query coverage > 95%), we identified several dozen viral
genomes having hallmark genes of vSAG 37-F6 in low saline aquatic environments, such as inland lakes,
lagoons, microbial mats and sediments (Supplementary Figs. 13 and 14, and Supplementary Table 10).
More intriguingly, 101 vSAG 37-F6-related freshwater viruses were found in lakes located in North
America, Canada (Lake Mendota and Simoncouche) and Europe that contained an ortholog of gene 9 (Fig.
4, Supplementary Fig. 15, Supplementary Table 10) encoding the hallmark capsid protein of vSAG 37-F6
in addition to other ortholog genes. An in-silico search using a database of 5,500 freshwater metagenome-
assembled genomes failed to find the host of these freshwater viruses. The phylogeny of gene 9 (Fig. 4 and
Supplementary Fig. 16) showed that freshwater and marine viruses, despite a long evolutionary history,
preserved a large number of invariable amino acid site positions. Our results indicate that these freshwater
viruses evolved from a vSAG 37-F6 viral ancestor and that after millions of years of evolution, they lost
many vSAG 37-F6 viral genes, maintaining in all cases the capsid hallmark protein, which is one of the
best examples of evolutionary success of viruses in nature since it is not only the most abundant viral protein

in temperate and tropical waters of the open ocean [8, 37] but also remains functional in other biomes.

Discussion

At the oceanic global scale, five viral ecological zones have been observed, with maximum values of viral
macro- and microdiversity detected in tropical surface waters and in the Arctic [3]. More recently, depth-
dependent trends were observed in the frequency of polymorphic sites and nonsynonymous mutations in
marine ecosystems among different viral genes, in line with the Red Queen dynamics [24]. Data also
suggested seasonal variations of different uncultured viruses at the single nucleotide level and indicated
that viral-host interaction is an important motor that drove viral diversification [12—14, 24]. In our study,
we quantified the microdiversity structure at the strain and species levels of probably the most abundant
ocean dsDNA virus in temperate and tropical waters, which has been overlooked in previous metagenomic
studies [8—10]. Data indicate that thousand strains and different related species coexist in a single sample,
forming a myriad of vSAG 37-F6 variants (nucleotide identity values ranging from 80 to 100%). Our
contrasting microdiversity data from free viruses and cell metagenomes from the same site indicated that
only a tiny fraction of all extant microdiversity was actively replicating (Fig. 2) since microdiversity values
were more similar to those obtained from clonal expansions/replications of a single strain or a few strains
in a sample (Supplementary Fig. 17). Furthermore, single-cell data suggest that the same viral strain infects
distantly related Pelagibacter BSCs, and it has been described that viruses with broad host ranges
commonly show low infection efficiencies [38]. Indeed, this has been previously observed in marine
transcriptome datasets with an overall low transcriptional activity of vSAG 37-F6 per host cell regardless
of abundance [39, 40]. A similar process has been observed in cyanophages of Prochlorococcus[41]. Thus,
our data suggest that multiple, low efficiency, sequential infection cycles of different viral strains are
maintained over space and time, generating a global large microdiversity, in line with the constant-diversity

hypothesis [12], maintaining high overall abundances.
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The high constant genetic microdiversity, mostly synonymous mutations, in all samples and oceans of
vSAG 37-F6 seems to be evolutionarily preserved, which raises a fundamental question on whether
preservation of these synonymous mutations provides a measurable fitness for vSAG 37-F6. Positive
selection of genes/proteins (high nonsynonymous to synonymous substitution rates; i.e., dN/dS>1) that
provide a fitness benefit is more obvious in biology. However, more intriguing is the interpretation of the
large number of synonymous mutations observed in vSAG 37-F6 virus. Synonymous mutations can be
related to viral codon usage optimization and adaptation to each host strain [17-21], or even they can
generate new internal promoter sites that speed up viral transcription during infection, which ultimately is
an advantage for viral replication [42, 43]. Here, we did not find any evidence supporting these lines of
thought in vSAG 37-F6 (Supplementary Data 2). Furthermore, considering that Pelagibacter lacks
CRISPR-Cas systems, the observed microdiversity does not seem apparently related to coping with the
variability of host defense mechanisms of cooccurring host strains. Thus, the most parsimonious
explanation is that this microdiversity might simply be evolutionarily neutral as a result of a large
population size and high number of individuals/strains that fluctuate each after continuous, never ending
infection cycles. These observations therefore imply that pelagiphages display truly gigantic effective
population sizes, where standing microdiversity is ancient and maintained over long periods of time. This
further suggests that microdiversity is not substantially affected by selective forces, such as selective
sweeps, which are often thought to strongly impact viral evolution. One reason that could explain the high
microdiversity of cooccurring viruses is likely related to the high diversity of their hosts based on BSC
data. Indeed, most of the genomes of Pelagibacter spp. genomes analyzed in this study were found to
constitute a single biological species, "sexually" isolated from other populations. It is therefore very likely
that such a diverse population of isolated hosts contributes to maintaining high viral microdiversity.
However, a positive selection of synonymous mutations cannot be ruled out since it has been described that
synonymous mutations might provide certain benefits, such as improving the secondary structure of mRNA
and therefore expression/translation [44], increasing transcriptional pausing favoring proper protein
folding, reducing mRNA degradation [45] and/or 4) improving the binding sites of regulatory elements
such as small RNA [46]. Furthermore, our data from putative active vSAG 37-F6-like viruses replicating
in cells displaying high replication fidelity (Supplementary Fig. 17) along with previous culturomic studies
on dsDNA pelagiphage isolates [47-50] do not point to error-prone polymerase, as with RNA viruses®, as

the cause of that observed high microdiversity.

Delineation of species is one of the most controversial paradigms addressed in microbiology [51,
52], especially in the era of metagenomics [53, 54]. Recently, the existence of true viral BSCs[34] driven
by recombination has been proposed. Here, our gene flow analysis suggests signs of recombination in
vSAG 37-F6 more in line with the BSC concept. However, at the same time, data pinpoint that mutation is
a substantial contributor to the number of homoplasies detected in vSAG 37-F6, likely resulting from a
large population size and individual abundance. Therefore, virus vSAG 37-F6 includes several viral
variants that are likely clonal and/or composed of multiple biological species that do not engage in gene
flow with one another. Most likely, both views are not mutually exclusive in the viral world, and different

types of viruses in nature might behave more clonally or recombinantly. A global analysis of 627
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mycobacteriophages [55] displayed rather continuous genetic diversity, such as vSAG 37-F6. On the other
hand, as previously described, “discrete populations” of cyanophages have been isolated, detected [22,
56], and maintained in the long term by genetic recombination [56] and show an average nucleotide identity
(ANI) between their homologous genes >98%. Nevertheless, the small genome size dataset along with the
observed genomic microdiversity and the high genomic divergence preclude obtaining a robust conclusion
on the BSC concept, if that truly exists, which in the case of the Pelagibacter host is more evident and

driven mainly by recombination.

In viral ecology, in contrast to prokaryotes, we are far from unveiling fundamental questions such as the in
situ abundances of cooccurring strains/species linked to viral community structure. In a previous study [57],
we quantified the absolute abundances by digital PCR of free and infecting viral particles of a single viral
strain out of the total pool of cooccurring strains belonging to vSAG 37-F6 species and reached up to several
thousand viruses per mL (far from known values of total viruses in seawater; 10°-107 per mL). This is
somehow challenging since this virus is supposed to be putatively the most abundant virus in the temperate
and tropical waters of the ocean[8], and a priori and intuitively, higher concentrations would be expected.
However, our microdiversity data now help us to better conceive the structure of marine viral communities
(Fig. 5). Each abundant cooccurring viral species in a sample, such as vSAG 37-F6, likely comprises up to
thousands/hundreds of different strains, and each one of those in turn reaches several thousands of viral
particles per mL. According to our data, the absolute in situ estimations of (micro)diverse viruses at the

species/strain level seem to be a bottleneck in viral ecology.

Finally, high-quality sequencing data are critical to avoid spurious sequences in datasets (see our quality-
trimming conditions in Methods). We estimated that in our sequencing data (7.8x10° nucleotides), potential
errors represented only 0.03% of nucleotide positions. It is worth mentioning that our sequencing bias error
was even lowered since only gene variants appearing at least ten times in each sample were considered.
Thus, the effect of sequencing errors misleading our results is likely negligible. Additionally, unspecific
PCR amplification bias of viruses actually not belonging to vSAG 37-F6 was ruled out in our study since
the majority of sequences showed high nucleotide identity values (>95%) with the vSAG 37-F6 genome
(Fig. 1, Supplementary Fig. 2). Here, we estimated the number of viral variants by ultradeep sequencing of
hallmark genes from different genomic regions, which is a feasible conservative method. Undoubtedly,
whole genome sequencing of all co-occurring viral variants in a sample would be the ideal method to
capture the entire existing microdiversity of this virus. This could be addressed by an unprecedented large-
scale sequencing project of hundred thousands of sorted single viruses recovered by SVG in combination
with ultradeep metagenomic long-read sequencing [58—61], which could be further conducted under the
umbrella of a large research consortium that could be applied to other ecologically relevant (uncultured)

viruses in nature [62].

Methods

Marine Sample Collection and Processing
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Mediterranean seawater samples were collected from three different locations (Fig. /) i) Cape Huertas
(Alicante coast, 38° 21’ 14.3" N, 0° 25" 36.6” W on May 15, 2017), ii) Blanes Bay Microbial Observatory
(BBMO) (41° 40" 13.5" N, 2° 48’ 0.6" E; 2.7 miles offshore, on May 9, 2017) and iii) Mediterranean Sea
REMEI Expedition. Samples from Cape Huertas and BBMO were collected from the surface (20 L each).
From REMEI Expedition, a deep profile from the surface to 2,000 m depth samples was conducted,
obtaining samples (100 L each) from the surface (5 m depth, 40° 49’ 16.2" N, 3° 3" 19.2" E on September
27,2017), deep chlorophyll maximum (DCM, 84 m depth, 40° 49’ 7.8" N, 3° 3’ 58.8"” E on September 29,
2017), 1,000 m depth (40° 49’ 3.6" N, 3° 3’ 55.8" E on September 28, 2017), and 2,000 m depth (40° 49’
21.6" N, 3° 3" 15" E on September 27, 2017).

For all samples, seawater was filtered through a 0.22 um membrane filter (Durapore membrane filters,
Merck Millipore) to remove cell fraction. Then, the elute containing the viral fraction was concentrated by
tangential flow filtration (TFF) using a Vivaflow 200 membrane (Sartorius) until a volume of 20 mL.
Concentrated volume was filtered again through a 0.22 pum filter, to ensure the absence of cellular
organisms. A final ultra-concentration was conducted using Amicon Ultra-15 centrifugal filters (100 KDa-

cut off) until a 1 mL final volume was obtained.

Extracellular DNA was removed by applying a DNase treatment using 5 U of Turbo DNase I (Ambion) for
1 h at 37°C according to the manufacturer’s protocol. Then, the kit QIAamp Ultrasense Virus (Qiagen) was

employed to perform the extraction of viral nucleic acids according to the manufacturer’s protocol.

Specific primer design and PCR conditions

Five specific vSAG 37-F6 primer sets (named as 37-F6 Seq 1, Seq 4, Seq 6, Seq 11, and Seq 14;
Supplementary Fig. 1 and Supplementary Table 1) were used to amplify and sequence conserved
hypothetical proteins of the vSAG-37-F6 virus (genes 2, 7, 8 and 24) and four hallmark capsid protein
genes (genes 5, 6, 9 and 10). Primer design was as described in our previous work [27]. Briefly, optimal
PCR oligos were designed to specifically target different genomic regions of virus vSAG 37-F6, and
examined for hairpins, self-dimers, and hetero-dimers using Integrated DNA Technologies (IDT) web-
based PrimerQuest tool and IDT’s OligoAnalyzer 3.1. Then, to check primer specificity, they were
compared with a custom, comprehensive viral database containing 331,723 viral genomes obtained from
different methods [8, 33, 63—65] and the GenBank Nucleotide collection (nr/nt) using Primer-BLAST [66].
Primer sets targeted different specific 37-F6 genes and/or intergenic regions (Supplementary Fig. 1). For
instance, the primer set named 37-F6 Seq 14 targeted gene 9 encoding a structural capsid protein that
resulted to be the most abundant viral protein intemperate and tropical waters of the ocean [8, 37]. All
primer sets contained the Illumina specific adapters to allow the amplicon sequencing (Supplementary
Table 1). All primers were successfully tested using the DNA template of the original vSAG 37-F6
genome. PCR conditions were as follows: 2.0 ng of environmental extracted DNA, 200 nM each of
forward and reverse primers, 200 nM of dNTPs, 2mM MgCl, 6%, BSCA, 3% DMSO and 1X PCR
buffer and 0.5 U of Tag DNA polymerase recombinant (Invitrogen), in a final volume of 25 pL. Thermal

cycling conditions were: an initial denaturation of 94°C for 4 min, followed by 40 cycles of 20 sec at 94°C,
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30 sec at 52°C and 1 min of 72°C, and a final extension of 30 min at 72°C. PCR products were visualized

on a 1% agarose gel to ensure the correct length of the amplicons and the absence of non-specific products.

PCR amplicon high-throughput sequencing and analysis

PCR products from environmental samples were cleaned using GeneJET PCR Purification Kit (Thermo
Scientific) and sequenced with the MiSeq instrument (paired-end 2x300 bp; Illumina) in the Fisabio
Foundation (Valencia, Spain). Overlapping forward and reverse sequences were trimmed using
Trimmomatic (trimmomatic-x.xx.jar SE -phred33 amplicons _seqX zoneX.fastq.gz
amplicons_seqX sampleX. trimmed.fastq.gz LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20
MINLEN: 250) [67], obtaining, at least, Q30 in the 98.9% of the trimmed read length. Expected sequencing
errors were estimated using the Geneious bioinformatic software for sequence data analysis v8.1.7
(https://www.geneious.com). After trimming, identical amplicon reads (100% nucleotide identity and
length) were clustered. To minimize differences due to sequence errors, only amplicons that appeared at
least 10 times were considered for further analysis. Second, reads were grouped with a nucleotide identity
cut-off of 95% using cd-hit as a proxy for a tentative viral-species clustering [68] (Table 1). Then, to identify
the cluster where the vSAG 37-F6 was assigned (VSAG 37-F6-species) the reference genome from each
cluster was compared using Blastn against a custom viral database containing 434,772 viral sequences (>
10 Kb length) obtained from marine vSAGs including the vSAG 37-F6 virus [8], Mediterranean viral
fosmids [64, 65], viral sequences from SAGs [63] assembled contigs from Tara expedition [33], archaeal
virus contigs [69, 70], long read assembled contigs [58] and sequences from IMG/VR2 viral database [36].
The best bit-score hit was used to assign each cluster to its corresponding viral sequence. The vSAG 37-
F6-species was the cluster assigned to this genome with > 95% nucleotide identity. Different amplicons
within each cluster were quantified as the indicative value of the microdiversity (different strains within a
viral species). It is important to note that not all targeted sequenced genes provided the same pattern of
representativeness and microdiversity level but it might differ since not all genomic regions evolve under

same evolutionary pressure.

Global micro-diversity and biogeography analysis of vSAG 37-F6-like and other
pelagiphages

The microdiversity of the nucleotide sequences of different pelagiphage genomes was analyzed using
a highly stringent, sensitive metagenomic fragment recruitment (see below for employed parameters)
to calculate the genomic Shannon index [32] H=-Z P;e In P;. The value of the genomic H, (compressed
between 0 and 1) is related to P; the probability to find a different nucleotide, in a given reference
genome position, in different mapped reads. Higher values of H represent higher possibilities to find
different nucleotides and therefore correspond to higher genome microdiversity (i.e. number of
polymorphic nucleotide sites). Microdiversity was calculated at the whole-genome level (mean entropy
for all the nucleotides of the viral genome, Fig. 2A) and at the protein level (mean entropy for all
nucleotides encoding a protein, Supplementary Figs. 4-9). For this global genome microdiversity

analysis, a total of nine pelagiphage genomes were employed in this study: the abundant and widespread
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vSAG 37-F6 and two other highly related viruses found in two Pelagibacter single cells (MED40 C1
and SAG AG-422-102) [27] and a collection of six reference pelagiphages obtained from different P.
ubique strains (five lytic pelagiphages HTVCO010P, HTVC008M, HTVCO023P, HTVCI111P,
HTVCI115P, and the lysogenic phage PNP1) [47, 48, 50]. A Tukey HSD test was performed to compare
the global microdiversity of each pelagiphage. Previous studies reported that viral genetic microdiversity
could correlate with viral abundance [24], our results showed that this correlation illustrate a situation when
a virus is at low abundance in a metagenomic dataset. Our data show that, although abundant viruses can
obtain higher microdiversity values, viruses are able to reach a maximum value of microdiversity, that

remains constant although their abundance increase (Supplementary Figs. 3 and 4).

Reads from metagenomes (cell fraction) and viromes (virus fraction) obtained from Tara Oceanic
expedition [33] and SPOT time series [24] (Supplementary Table 2) were mapped against the pelagiphages
using the very-sensitive mode of Bowtie2 [25]. Every recruitment (each virus with each
metagenome/virome) was performed by separate. Synonymous, non-synonymous mutations, and entropy

were calculated for each protein separately (n=690) using DiversiTools

(http://josephhughes.github.io/DiversiTools/ , Fig. 2B, Supplementary Figs 5-9 and Supplementary Table
4). The non-synonymous ratio was calculated as NS ratio = 100 * NSm/(NSm + Sm), considering only those
proteins with an average amino acid coverage (AAcov) of at least 100x. This value is similar to the common
dN/dS, allowing a parallel interpretation (NSr > 50, NSr <50 and NSr = 50 means positive, negative or
neutral selection, respectively, as dN/dS >1, dN/dS<1 and dN/dS =1), and avoiding the erroneous value
obtained by dN/dS when dS = 0.

Global diversity of the highly related vSAG 37-F6 viruses

To globally identify the most related vSAG 37-F6 phages, a blastp for each vSAG 37-F6 protein (n =25)
was performed against the global viral protein database IMG/VR v.2.0 (n= 17,869,415 proteins) [36]. After
blastp, only hits with at least 50% amino acid similarity and > 95% query coverage were analyzed (i.e.
homologous proteins). All viral genomes that contained at least 12 homologous proteins were selected, as

highly similar vSAG 37-F6-like viruses (Supplementary Tables 5 and 6).

Construction of hidden Markov model profiles to analyze the diversity of the vSAG
37-F6

Other approximation to find viral relatives of virus vSAG 37-F6 was carried out using hidden Markov
models (HMMs). Using the homologous proteins obtained from the vSAG 37-F6 similar viruses, only the
proteins that appear in at least 22 similar viruses, with an amino acid similarity > 80% and query coverage
> 95% were selected (Supplementary Fig. 10). Using these subsets of proteins (gene 9, 11, 22, and 24) an
HMM was built for each one. Firstly, each group of proteins was aligned using Clustal Omega aligner,
then HMMER package v3.2.1 was employed to build the HMM profiles using the alignments and the
hmmbuild tool. Finally, to find viruses containing proteins with these structural models, the ~immsearch
tool was used. Viral contigs contained the four models in their genome were the most related viruses with

the vSAG 37-F6 by this methodology (Supplementary Figs. 13 and 14).
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Identification of viral relatives of virus vSAG 37-F6 from non-marine environments
The highly abundant vSAG 37-F6 g9 was employed to mine the IMG/VR v.2.0 database [36] searching for
similar vSAG 37-F6 viruses from non-marine habitats. This protein was previously found to be a suitable
gene marker for this group[8, 27]. Homologous vSAG 37-F6 g9 proteins (amino acid similarity > 50% and
query coverage > 95%) were found by blastp in the IMG/VR v.2.0 database [36]. Using the vConTACT?2
[71] (default parameters), viral genomes containing the g9 homologous proteins were used to build a protein
shared network, and group viral genomes in viral clusters (VCs). Finally, the vSAG 37-F6 related VCs

were selected and analyzed to find viral contigs from different environments (Supplementary Figure 15).

Analysis of biological species concept within vSAG 37-F6-like group: estimation of

the number of species and gene flow

Different viral species were defined based on the recently described viral biological species concept (BSC)
within the virus vSAG 37-F6 and viral relatives[34]. Previously identified and related vSAG 37-F6 viral
contigs found in SAGs MED40-C1, AG-422-102, AG-470-G06, JGI BSCAE-1614-1.M18, AAA164121,
and AAA160P02, and the viral contig KT997850 (fosmid from the deep Mediterranean Sea) were also
employed for this analysis [8, 27, 65], which resulted in a total of 32 viruses related to vSAG 37-F6 virus
(Supplementary Tables 5 and 6). Estimation of the ratio of homoplasic (%) to non-homoplasic (m)
polymorphisms along the genome was performed as previously described [34]. High A/m ratios are
indicative of a substantial signal of gene flow, and low //m ratios are indicative of clonal or nearly clonal
evolution. In addition, a simulated analysis was performed to estimate the proportions of homoplasies

expected to result from convergent mutations rather than recombination as in [34].

Estimation of gene flow analysis and the number of species in Pelagibacter spp.

Gene flow analysis was performed using the distance-based method of ConSpeciFix [72]. Groups of
genomes were considered part of the same biological species when found to engage in gene flow, whereas
genomes whose inclusion led to a substantial drop in gene flow (exclusion criterion) were classified as
different biological species as previously described [73]. First, we collected a set of 926 genomes from
different Pelagibacter strains obtained by single-cell genomics, metagenomics, and culturomics surveys
available in public databases. Coding sequence (CDS) prediction was performed on all genomes using
Prodigal v2.6.3. [74]. To build the core genome, orthologous clusters (OCs) were first identified by
pairwise genome comparisons among the whole protein sequences from CDSs using USEARCH Global
v8.0 [75] implemented in CoreCruncher [76]. OCs were defined as sharing at least 50% protein sequence
identity and 50% sequence length. Each OC was considered part of the core genome if found in >85% of
the genomes. Protein sequences from each core gene were then aligned using MUSCLE v3.8.31 [76] [77]
with default parameters. The corresponding nucleotide sequence alignments were then generated by
mapping each codon to the corresponding amino acid based on the protein sequence alignment using a
python script, and the nucleotide alignments of each gene were concatenated into a single large alignment.
Subsequently, core nucleotide identity (CNI) values were used to calculate genomic similarities from the

core genome alignment of the 926 Pelagibacter genomes. Pairwise CNI was computed using the distmat
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tool of EMBOSS version 6.6.0.0, [78] which calculates the pairwise nucleotide identities from the
alignment as previously described [79]. Then, single linkage clustering was performed: all genome pairs
with a CNI similarity threshold of 94% or higher were joined together and clustered into de novo species.
A maximum likelihood phylogenomic tree based on the core nucleotide alignment among all Pelagibacter
genomes was built using GTR+CAT model with the FastTree software version 2.0.0. [80]. Branch supports

were evaluated by generating 100 bootstrap replicates using the same parameters.

From the clusters of genomes defined based on CNI, we selected each cluster with >15 genomes or more
and used them as "reference clusters". Then, we tested each of this reference cluster against one genome of
each other clusters (named "candidate clusters"). For each comparison of a candidate cluster against a
reference cluster, the core genes shared by both clusters were then aligned and concatenated as described
above. The resulting core genome was then used to compute a distance matrix using RAxML [81] version
8.2.12 with a GTR + Gamma model. From these distances and the core genome concatenate, the ratio of
homoplasic to non-homoplasic alleles (4/m) was computed for each comparison (i.e. the set of genomes of
the reference cluster + the candidate genome tested) and for the set of genomes of the reference cluster
alone. From this step, graphs and statistics comparing /#/m ratios between the genomes of each reference
cluster with and without the candidate genome were inferred. In addition, a simulated genome was
generated for each reference cluster to estimate the proportions of homoplasies expected to result from
convergent mutations rather than recombination [73, 82]. The simulated sequence was first generated from
the consensus sequence of the core genome concatenate of the reference cluster. Point mutations were then
introduced in silico with a Jukes and Cantor model until the same sequence divergence was obtained as the
one observed between the genomes of the reference cluster and the candidate genome. This analysis was

conducted independently for each of the 3,458 comparisons of reference clusters against candidate clusters.

Analysis of vSAG 37-F6-like pelagiphage in Pelagibacter host cells

All proteins of the vSAG 37-F6 and the related viral contigs, found in the Pelagibacter MED40 and SAG
AG-422-102 were compared with every Pelagibacter spp proteins employing blastp (amino acid similarity
> 50% and query coverage > 95%). Putative infected Pelagibacter spp genomes that contained at least 9
similar proteins were selected and their phylogenetic relationship was analyzed employing the BSC

classification (Supplementary Fig. 12 and Supplementary Tables 8 and 9).

Analysis of viral-host codon usage and promoter sites detection

Codon usage was calculated, using the online tool https://www.kazusa.or.jp/codon/countcodon.html , for
the vSAG 37-F6-like pelagiphages (MED40-C1 and the viral contig found in the SAG AG-422-102),
isolated pelagiphages (HTVCO10P and HTVC023P), their hosts (SAGs MED40 and AG-422-102, and the

isolate Pelagibacter HTCC1062) and other marine phages for representative groups (Alteromonas phage
AD45, Cellulophaga phage phil8, the Cyanophages P-SSP2 and S-TIM4, and the Flavobacterium phage
11).
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To check the presence of promoter sites in the viral genome, the online tool Bacterial Promoter Prediction
(BPP, http://www.bacpp.bioinfoucs.com/home ) was employed, checking the sigma factors 24, 28, 32, 38,
54 and 70.

Data availability

vSAG 37-F6 Illumina amplicons sequenced in this study can be accessed at the SRA database in the
BioSample accessions: SAMN18521786 — 18521791.
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Supplementary Data

Supplementary Data 1. Pelagibacter spp. classification. Each Pelagibacter sp genome has been assigned
to a cluster. Classification has been based on the pairwaise core genome comparison (Core Nucleotide
Identity, CNI), or the gene flow (4/m ratio, Biological Species Concept, BSC).

Supplementary Data 2. Codon usage table of some viruses and their hosts. Percentage of codons for
each virus and its host is showed. “Total proportion” columns represent the usage of each codon regarding
all codons present in the genome (for all amino-acids), “proportion” columns show the usage percentage
of each codon encoding for an specific amino-acid.
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Fig 1. Local micro- and macrodiversity of virus vSAG 37-F6 at the strain and species levels. Genetic
diversity of virus vSAG 37-F6 and viral relatives evaluated using I[llumina amplicon sequencing at different
locations from the Mediterranean Sea. Total detected vSAG 37-F6-like strains and species from coastal
samples are showed in graph bar. To allow comparison between samples (from the coast and the offshore

depth profile) absolute number of strains/species were normalized per each 10° sequenced amplicons.
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Fig 2. Global microdiversity of pelagiphages. Microdiversity at a global ocean scale of different
pelagiphages. A) Whole genome entropy values (i.e. genomic microdiversity) obtained for all pelagiphages
analyzed in the cell fraction (blue boxplots) and the viral fraction (red boxplots). Vertical lines indicate the
standard deviation of the whole genome values calculated for each virome or metagenome. Significant
differences were found between vSAG 37-F6-like pelagiphages and isolated genomes (not depicted for
convenience in the figure but available in Supplementary Table 3). B) Non-synonymous and synonymous
rates of pelagiphage proteomes. Each protein is represented by a circle. The area is proportional to their
average amino acid coverage (abundance). Circles located to the right of the dashed line depicts proteins in
which non-synonymous mutations prevail (i.e. dn/ds>1; positive selection), while circles located to the left
of the dashed line depicts proteins in which synonymous mutations prevail (i.e. dn/ds<l; negative

selection).
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Fig 3. The biological species concept within vSAG 37-F6-like pelagiphages — Pelagibacter spp. A) Gene
flow analysis based on homoplasies-mutation (h/m) rate of closed vSAG 37-F6 related viruses to determine
existence of true biological species (BSC). Grey curve represents the h/m rate of the analyzed viruses, while
the pink curve shows the value of a simulated dataset. B) Gene flow analysis based on homoplasies-
mutation (h/m) rate of >900 Pelagibacter genomes to determine the number of true biological species in
databases. C) Novel vSAG 37-F6-like pelagiphages were found infecting different true biological species

of Pelagibacter. One viral species was able to infect up to five different Pelagibacter BSC.
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Fig 4. Global phylogeography and evolution of vSAG 37-F6-like viruses. Protein alignment and

phylogeny of vSAG 37-F6 capsid protein found in non-marine environments.
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Fig. 5. Microstructure of viral communities in marine ecosystems. A) Unprecedent values of co-occurring
vSAG 37-F6 viral strains suggest a more complex structure of marine viral communities. Thousands of
different strains within the same dsDNA viral species can co-exist in a sample generating a complex myriad
of viral strains/variants. B) High microdiversity values hamper absolute in situ quantification of viruses at
the species and strain levels in nature (e.g. digital PCR[57] or polony PCR[41, 83] targeting one strain or
different viral species, respectively). Graph (bottom) depicts a conceptual model of the relative abundance
of a microdiverse virus in nature. Red line represents the abundance of each strain, and blue area indicates

the accumulated abundance.
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847  Main Table

848  Table 1. Sequencing of hallmark genes of vSAG 37-F6 virus

Total Normalized # strains Normalized # Species % ID Strains within  Relative abundance

Zone Genome Abundance' # Strains? (per 100,000 seqs)® # Species* (per 100,000 seqgs)> VSAG 37-F6 sp® VSAG 37-F6 sp” (%) VSAG 37-F6 sp? (%)
BBMO Seq 1 70,613.0 1,004.0 1,421.8 11.0 15.6 100 46.8 37.9
Seq 4 nd nd nd nd nd nd nd nd

Seq 6 101,840.0 1,422.0 1,396.3 6.0 59 95.2 82.7 53.6

Seq 11 46,781.0 1,116.0 2,385.6 82.0 175.3 98.9 0.6 0.5

Seq 14 nd nd nd nd nd nd nd nd

Cape Seq 1 48,374.0 392.0 810.4 4.0 8.3 98.8 60.2 471
Huertas Seq4 nd nd nd nd nd nd nd nd
Seq 6 92,770.0 957.0 1,031.6 5.0 5.4 99.4 61.7 17.1

Seq 11 20,475.0 264.0 1,289.4 34.0 166.1 98.9 8.0 10.5

Seq 14 20,387.0 179.0 878.0 1.0 4.9 97.9 100 100

Surface Seq 1 nd nd nd nd nd nd nd nd
Seq 4 70,344.0 461.0 655.4 5.0 71 100 97.4 99.6

Seq 6 nd nd nd nd nd nd nd nd

Seq 11 nd nd nd nd nd nd nd nd

Seq 14 36,737.0 452.0 1,230.4 1.0 2.7 97.9 100 100

DCM Seq 1 27,455.0 232.0 845.0 4.0 14.6 99.8 98.7 99.8
Seq 4 96,958.0 684.0 705.5 5.0 52 100 96.1 97.0

Seq 6 95,132.0 815.0 856.7 5.0 53 96.6 96.4 85.3

Seq 11 nd nd nd nd nd nd nd nd

Seq 14 21,614.0 183.0 846.7 1.0 4.6 97.9 100 100

1,000m Seq1 34,469.0 356.0 1,032.8 3.0 8.7 100 78.7 69.3
Seq 4 nd nd nd nd nd nd nd nd

Seq 6 34,662.0 146.0 421.2 3.0 8.7 100 43.2 34.6
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Seq 11 nd nd nd nd nd nd nd nd
Seq 14 nd nd nd nd nd nd nd nd
2,000m Seq1 7,646.0 85.0 1,111.7 2.0 26.2 100 98.8 99.4
Seq 4 nd nd nd nd nd nd nd nd
Seq 6 87,596.0 717.0 818.5 5.0 5.7 100 70.0 524
Seq 11 nd nd nd nd nd nd nd nd
Seq 14 nd nd nd nd nd nd nd nd
All Seq 1 188,577.0 1,279.0 678.2 13.0 6.9 99.7 56.7 57.5
Seq 4 167,302.0 730.0 436.3 5.0 3.0 100 96.2 98.1
Seq 6 412,000.0 3,003.0 728.9 7.0 1.7 97.4 36.4 51.0
Seq 11 67,260.0 1,279.0 1,901.6 97.0 144.2 98.9 2.0 3.5
Seq 14 78,738.0 597.0 758.2 1.0 1.3 97.9 100 100
849
850 ! Only joined trimmed amplicons that appear at least 10 times in each zone were considered.

851 2 Number of different sequences within the total amplicons, representing the number of different vSAG 37-F6 strains.

852 3 Number of different vSAG 37-F6 strains normalized per each 100,000 sequenced amplicons.

853 4 Number of 95% nucleotide identity clusters (C95) representing the number of vSAG 37-F6-like species.

854  Number of different vSAG 37-F6-like species normalized per each 100,000 sequenced amplicons.

855 ¢ Percentage of nucleotide identity between the vSAG 37-F6 genome and the reference genome of the assigned cluster (C95)

856 "Number of different sequences (strains) within the vSAG 37-F6 assigned C95 (vSAG 37-F6 species), representing the vSAG 37-F6 sp microdiversity.
857 3 Percentage of total amplicons within the vVSAG 37-F6 assigned C95



