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ABSTRACT Viruses that infect phytoplankton are an integral part of marine ecosys-
tems, but the vast majority of viral diversity remains uncultivated. Here, we introduce
four near-complete genomic assemblies of viruses that infect the widespread marine
picoeukaryote Micromonas commoda, doubling the number of reported genomes of
Micromonas dsDNA viruses. All host and virus isolates were obtained from tropical waters
of the North Pacific, a first for viruses infecting green algae in the order Mamiellales.
Genome length of the new isolates ranges from 205 to 212 kb, and phylogenetic
analysis shows that all four are members of the genus Prasinovirus. Three of the
viruses form a clade that is adjacent to previously sequenced Micromonas viruses, while
the fourth virus is relatively divergent from previously sequenced prasinoviruses. We
identified 61 putative genes not previously found in prasinovirus isolates, including
a phosphate transporter and a potential apoptosis inhibitor novel to marine viruses.
Forty-eight genes in the new viruses are also found in host genome(s) and may have
been acquired through horizontal gene transfer. By analyzing the coding sequences
of all published prasinoviruses, we found that ~25% of prasinovirus gene content
is significantly correlated with host genus identity (i.e., Micromonas, Ostreococcus, or
Bathycoccus), and the functions of these genes suggest that much of the viral life cycle
is differentially adapted to the three host genera. Mapping of metagenomic reads from
global survey data indicates that one of the new isolates, McV-SA1, is relatively common
in multiple ocean basins.

IMPORTANCE The genomes analyzed here represent the first viruses from the tropical
North Pacific that infect the abundant phytoplankton order Mamiellales. Comparing
isolates from the same location demonstrates high genomic diversity among viruses
that co-occur and presumably compete for hosts. Comparing all published prasinovirus
genomes highlights gene functions that are likely associated with adaptation to different
host genera. Metagenomic data indicate these viruses are globally distributed, and one
of the novel isolates may be among the most abundant marine viruses.

KEYWORDS marine virus, Phycodnaviridae, viral ecology, Micromonas

Asigniﬁcant fraction of marine viral diversity is composed of viruses that infect
phytoplankton, the diverse unicellular primary producers that perform the majority
of marine photosynthesis processes (1). Viruses that infect phytoplankton affect
biogeochemical processes by lysing their hosts, thereby shunting nutrients and energy
to smaller microbial cells, and by shaping phytoplankton production through mortality,
metabolic manipulation, and virus-driven trait evolution (2-5).

In this study, we focus on prasinoviruses, which are double-stranded DNA viruses
that infect prasinophytes (6, 7). Prasinophytes are a diverse and paraphyletic group
of green algae (8), and the Prasinovirus genus is made up of double-stranded DNA
viruses in a lineage that falls within the order Algavirales (9). The prasinoviruses isolated
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to date all infect members of the phytoplankton order Mamiellales, which are inclu-
ded under the generic term prasinophyte (10). This order of algae includes the three
cosmopolitan genera Bathycoccus, Ostreococcus, and Micromonas (7, 11). The Mamiel-
lales are ubiquitous in the sunlit ocean and are often major community members in
both oligotrophic and eutrophic environments, typically dominating the picoeukaryotic
fraction of primary producers under productive conditions (12, 13). These algae are
known for their small size, which is exemplified by the species Ostreococcus tauri,
considered to be the smallest free-living eukaryote at ~0.8 um cell diameter. Bathycoccus
and Micromonas are somewhat larger, but at ~2 um in diameter (14-16), they are still
small for eukaryotic cells.

The first isolated virus infecting a eukaryotic microalga was a Micromonas virus (17),
and isolates of prasinoviruses have been used to study many topics, such as viral
production and decay (18), marine viral gene content (e.g., [10, 19]), viral alteration
of host nutrient uptake (20), consequences of host resistance to lytic infection (e.g.,
[21, 22]), and diel changes to the dynamics of viral infection (e.g., [23]). Prasinophytes
and their viruses are useful model systems for understanding the biology and func-
tional consequences of phytoplankton viruses because they are cosmopolitan, relatively
abundant, and amenable to laboratory manipulation (13, 24, 25). In environmental
samples from the surface ocean, prasinoviruses are typically among the most abundant
members of the Nucleocytoviricota, which is a highly diverse phylum of large, eukaryote-
infecting viruses with dsDNA genomes (26, 27). As of writing this work, 22 genomes
of prasinovirus isolates have been published, including four Micromonas viruses, five
Bathycoccus viruses, and 12 Ostreococcus viruses, and some of the key characteristics
of prasinovirus gene content have been described (10, 19, 24). Genes shared among
all published prasinovirus genomes (i.e., core genes) are largely associated with basic
viral functions, such as DNA replication, transcription, and nucleotide metabolism (24).
In contrast, non-core genes (i.e., genes present in at least one, but not all, prasinovirus
genomes) include many involved in cellular metabolism, such as nutrient acquisition,
photosynthesis, and carbohydrate metabolism (19, 24). These genes associated with
diverse cellular processes are presumed to alter host metabolism to enhance viral
replication, but few prasinovirus genes have been experimentally evaluated for function
(20).

The isolation and characterization of virus-host systems is helpful because this
provides empirical evidence of virus-host connections and allows for experimental
studies of the ecology and (co)evolution of host and virus. Such information provides a
valuable context for interpreting metagenomic data. Sequencing additional prasinovirus
representatives would facilitate a better understanding of the scope of prasinovirus
genetic diversity, as well as how genome content has diverged among prasinovirus
clades. In the current work, we sequenced and analyzed the genomes of four Micromo-
nas commoda viruses isolated from coastal and open-ocean waters around the island
of O'ahu, Hawai‘i. We will refer to this suite of virus strains as “HiMcVs,” an abbreviation
of Hawai'i Micromonas commoda viruses. These four isolates represent the first prasino-
virus genome assemblies from tropical Pacific waters, and they double the number of
published Micromonas phycodnavirus genomes. Our analysis of these genomes has four
aims: (i) establish the phylogenetic relationships of the new isolates to other prasinovi-
ruses (ii) evaluate the gene content of the new isolates in relation to other prasinoviruses
and two Micromonas hosts to characterize gene novelty, potential gene origins, and
genomic diversity among co-occurring prasinoviruses with overlapping host range (iii)
quantitatively compare gene content across all prasinovirus genomes to understand
what processes might underlie adaptation of viruses to different host genera and (iv)
evaluate the distribution of the new isolates in the global ocean using metagenomic
surveys.
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RESULTS AND DISCUSSION
Virus characteristics

The four HiMcVs had distinct but overlapping host ranges, based on lysis tests with
seven putative or confirmed Micromonas strains isolated from Kane'ohe Bay (UHM1060-
UHM1065) and Station ALOHA (UHM1080), with each viral strain infecting either two
(McV-KB1, McVKB4, and McV-SA1) or as many as six (McV-KB2 and McV-KB3) of the seven
algal strains tested (Fig. 1). The most permissive strain, UHM1065, was infected by four
of the five viruses tested (all but McV-KB1), and the least permissive, UHM1061, was
infected by only one (McV-KB2). Electron micrographs of the HiMcV isolate from Station
ALOHA (McV-SA1) revealed an icosahedral morphology and a virion capsid diameter
of ~142-160 nm, consistent with other prasinovirus isolates (6; Fig. 2).

Genome analyses

The four HiMcV draft genomes we assembled appear to be complete or near-com-
plete based on nucleotide length, the number of predicted genes, and whole-genome
alignments comparing these genomes to each other and to the MpV1 genome. The
assemblies range from 205 to 212 kbp, with the largest genome belonging to McV-KB4
(Table 1). The McV-KB2 (GenBank Accession: PP911589) genome G + C content (44.9%)
was notably higher than that of the other three genomes (41%-41.3%) and its coding
density lower (1.15 vs 1.28-1.32 gene/kbp). To help assess genome completeness, we
created a Mauve alignment with the published genome of MpV1 (NC_014767), the
virus most closely related to McV-KB3 (PQ109088), McV-KB4 (PQ359806) and McV-SA1
(PQ381123; as described in the next section, phylogeny). These four genomes exhibited
a high degree of synteny, although MpV1 is shorter in total by 20 to 26 kbp (Fig. 3A).
It appears that MpV1 has one major ~11 kbp inversion, relative to the other three
genomes, toward the center of its genome. A Mauve alignment using only McV-KB3,
McV-KB4, and McV-SA1 showed that these three genomes have high structural similarity
(Fig. 3B). Inclusion of McV-KB2 in Mauve alignments resulted in a large number of
Locally Collinear Blocks (LCBs), represented as colored blocks in Fig. 3C, which indicated
that there were substantial differences in genome organization between McV-KB2 and
the other HiMcVs. Overall, the organization of the HiMcV genomes is consistent with
previous findings that prasinoviruses exhibit a high degree of conservation in genome
structure (24), with the notable exception of McV-KB2, the divergence of which is also
reflected in its distinctive G + C content and coding density.

Virus Strain
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FIG 1 Host range of virus strains used in this study. UHM culture collection IDs for the HiMcVs are listed
across the top, with IDs for the seven Micromonas host isolates listed on the left-hand side. Shortened
names for cell strains UHM1061 and UHM1065 are listed on the right-hand side. Dark gray squares
indicate successful lytic infection. Stars represent the host from which each virus strain was isolated.
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FIG 2 Electron micrograph of the McV-SA1 particle. Scale bar = 50 nm.

Phylogeny

The species tree derived from the concatenation of shared prasinovirus and chlorovi-
rus genes shows that McV-KB3, McV-KB4, and McV-SA1 group into a clade, with McV-
KB4 and McV-SA1 most closely related to each other, and the clade of these three
HiMcVs lies within a larger clade containing all previously published Micromonas- and
Ostreococcus-infecting virus genomes (Fig. 4). Within this larger clade, the Ostreococcus-
infecting viruses form a monophyletic group, while the Micromonas-infecting viruses
are paraphyletic, consistent with previous analyses. McV-KB2 is quite divergent from
the other HiMcVs as its closest relative is the clade of Bathycoccus-infecting viruses,
although it diverged from that group soon after their common ancestor arose from
the last common ancestor of all the prasinoviruses. The divergence of McV-KB2 and its
grouping with Bathycoccus viruses is consistent with the polB phylogeny, as well as the
OrthoFinder/STAG-generated species tree (Fig. S2 and S3). Although McV-KB2 is relatively
divergent from the other HiMcVs, it should be noted that it, nonetheless, overlaps in
host range with each of the other three viruses (Fig. 1). We did not assess whether
Bathycoccus strains in culture collections can be infected by the HiMcVs or whether
known Bathycoccus viruses can infect the Micromonas commoda strains from Kane‘ohe
Bay. As of this writing, no known prasinovirus infects a prasinophyte belonging to a
genus other than the one on which it was isolated (see [10] and references therein),
although Thomy et al. (28) found evidence of potential host-switching among prasinovi-
ruses in phylogenies created with metagenome-assembled genomes. When considering
the evolution of McV-KB2, it should be noted that the Micromonas-infecting viruses may
be polyphyletic, based on our phylogeny, and some divergences among them are older
than the origins of the Bathycoccus- and Ostreococcus-infecting viruses, both of which are
monophyletic. Therefore, the overlap in host range between McV-KB2 and other McVs
may simply reflect an older origin of Micromonas-infecting viruses, compared to the
other prasinoviruses.

TABLE 1 Characteristics of genome assemblies of four Hawai‘i Micromonas commoda virus strains

Assembly Assembly size (bp) # CDS GC% Gene density (gene/kbp)
McV-KB4 212,418 272 41 1.28
McV-SA1 210,087 270 41.2 1.29
McV-KB3 204,582 271 413 1.32
McV-KB2 210,100 242 449 1.15
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FIG 3 Whole-genome alignments created with the progressiveMauve algorithm. Colored blocks represent regions conserved
across genomes. (A) An alignment of McV-KB3, McV-KB4, and McV-SA1 with the published genome of Micromonas pusilla virus
MpV1. (B) An alignment of McV-KB3, McV-KB4, and McV-SA1. (C) An alignment of all four HiMcV assemblies. Note that the
inclusion of McV-KB2 generated a greater number of colored blocks because that genome possesses many inversions and
rearrangements relative to the other three.

HiMcV core genes

Our OrthoFinder analysis found 344 orthogroups that were present within at least one
of the HiMcV genomes (Table 2). The four HiMcVs share 152 orthogroups (i.e., the core
HiMcV orthogroups), while the other 192 orthogroups are present in three or fewer
genomes (Fig. 5). One hundred and seventeen orthogroups were found in all Micromo-
nas virus genomes analyzed, with 56 found in all prasinovirus genomes examined in this
study (Table 2). There were 48 orthogroups found in at least one HiMcV that were also
found in at least one of the two host genomes, M1 and M2 (Table 2).

Among the HiMcVs, McV-KB2 is the most distinct, with 46 unique orthogroups (Fig. 5).
McV-KB3 has the second highest number of unique orthogroups, which is in concord-
ance with the phylogenetic distances between the HiMcVs (Fig. 4). Host range of the
HiMcVs (Fig. 1) did not obviously map onto phylogenetic relatedness or similarity of gene
content, perhaps not surprising because of the small number of genomes in our data set
(n = 4). McV-KB2 and McV-KB3 both have relatively broad host ranges and share five host
strains out of the six that each can infect (Fig. 1), but these viruses are distantly related
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and share only 163 orthogroups (Fig. 4 and 5). The two most closely related HiMcVs,
McV-KB4 and McV-SA1 (Fig. 4), share 208 orthogroups (Fig. 5) These viruses are similar in
having a relatively narrow host range (2 hosts lysed out of 7 total), although they only
share one host strain out of the two that each can infect (Fig. 1).

All 152 core HiMcV orthogroups contain genes that occur in at least one other
prasinovirus (Table S5). The core HiMcV orthogroups with functional annotation
encompass a diverse suite of viral biology, such as virion structure (major capsid protein),
genome replication (DNA polymerase and DNA primase), RNA processing and transcrip-
tion (MRNA capping enzyme, transcription factors, and RNAse H), breakdown of host
polymers (nucleases and proteases), nucleotide metabolism (dUTPase, dCMP deami-
nase, thymidylate synthase, and ribonucleotide reductase), carbohydrate metabolism
(mannitol dehydrogenase), lipid metabolism (glycerophosphoryl diester phosphodies-
terase and phospholipase), and glycosylation (glycogen phosphorylase B and nucleo-
tide-diphospho-sugar transferases). Similar to previously sequenced prasinoviruses, our
strains do not contain multi-unit RNA polymerases, which are common among other
members of Nucleocytoviricota (9). All four HiMcVs possess a cAMP-dependent Kef-type
K + transporter that is found in M1 and M2, as well as Micromonas virus strains SP1
and MpV1. This transporter is known in bacteria to help protect cells from electro-
philic compounds (29). Potassium channels are the most common type of membrane
transporters encoded by viral genomes, with substantial diversity, and likely multiple
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FIG 4 Prasinovirus species tree from concatenated amino acid alignments of the 26 orthogroups shared by all prasinoviruses
and chloroviruses in the analysis. Generated with FastTree accessed through Geneious (default settings). Scale bar indicates

substitutions per site. The HiMcV isolates are highlighted with bold text.
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origins (30). In the Chlorella viruses PBCV-1 and NY-2A, a potassium channel depolarizes
the cell membrane during infection, preventing infection of the cell by multiple viruses
(31). Thus, the Kef-type potassium transporter may play a significant role in the infection
strategy of HiMcVs.

Another noteworthy core HiMcV orthogroup is annotated as a high-light induci-
ble protein in refseq_protein and as chlorophyll a-b binding protein in InterPro. This
orthogroup occurs in M1 and M2 hosts and is present in the assembly for Micromonas
virus MpV1. Chlorophyll a-b binding proteins are found in the light harvesting complex
of photosystem Il and play an important role in regulating excitation energy under
fluctuating light levels (32). The high-light-inducible/chlorophyll a-b binding protein has
been found in other prasinoviruses (order Algavirales), in Chrysochromulina ericina virus
CeV-01B (order Imitervirales (27), and a variety of giant virus metagenome-assembled
genomes (33, 34). Similar high-light-inducible proteins in cyanobacteria are activated
in the presence of excessive photon energy, which suggests that viruses may also use
this protein to protect the cell from photodamage during the viral infection cycle (35).
In the microalgae Dunaliella salina, iron deficiency induces a chlorophyll a-b binding
protein, suggesting changes in the expression of this protein may be a general response
to stress rather than tied solely to light availability, which supports the hypothesis that
such proteins would be involved in virus-induced stress cascades (36).

A putative PhoH-like phosphate starvation-inducible protein is also among the HiMcV
core sequences. This protein has been seen previously in some, but not all, prasinovi-
ruses (37) and is common among marine phages (38). Phosphate limitation may pose
a particular challenge for viruses because they tend to have a higher stoichiometric P
content than their hosts (39). Viruses may therefore benefit from enhanced P supply
even if the host is not P-limited. While genes in this family are common in eukaryotic
phytoplankton, it appears that our host genomes do not contain orthologs to the
PhoH-like sequences found in our HiMcVs. Previously studied prasinovirus versions of
this gene appear to be host-derived, which may mean that the HiMcVs obtained it from
other Micromonas hosts in the environment (37) or possibly from other viruses during
coinfection, the mechanism proposed for intein acquisition in prasinoviruses (40).

A final notable gene shared among all four HiMcVs is an alternative oxidase.
Within this orthogroup, McV-KB2, McV-KB3, and McV-SA1 had one ortholog each, while
McV-KB4 had three orthologous sequences, the host strain M1 had one sequence, and
M2 had two sequences. Alternative oxidases have been previously found in cyanophages
(41) as well as metagenome-assembled prasinovirus genomes (28), and these enzymes
are thought to reduce photodamage to the electron transport chain under stressful
conditions, which, in the case of infections, may arise from viral inhibition of photosys-
tem | and ferredoxin NADP +reductase (FNR) (42). Our analysis found alternative oxidases
in only one other prasinovirus isolate beyond the HiMcVs, the coastal Mediterranean
Ostreococcus tauri virus RT-2011.

TABLE 2 Summary of OrthoFinder results comparing prasinoviruses, chloroviruses, and Micromonas hosts
M1 and M2°

No. of orthogroups

Total prasinovirus 693
Total HiMcV 344
Core HiMcV 152
Core Ostreococcus viruses 129
Core Micromonas viruses 117
Core Bathycoccus viruses 99
Core prasinovirus 56
Core prasinovirus +chlorovirus 26
HiMcV not found in other prasinoviruses 61
HiMcV shared with host 48

“Here, the term “core” refers to orthogroups that are present in 100% of genomes within the indicated taxa.
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FIG5 Venn diagram of the number of orthogroups shared by and unique to the four HiMcVs.

In the gene tree resulting from our alignment of diverse alternative oxidases,
including ubiquinol oxidases (AOX) and plastoquinol terminal oxidases (PTOX), all
prasinovirus sequences appear in the same clade (Fig. 6). The closest relatives of
this clade include Micromonas isolates, including one of the sequences from M2,
although the node joining these clades has only moderate bootstrap support (69%).
The Micromonas-prasinovirus clade is sister to a clade containing all cyanophage and
Prochlorococcus sequences, but this node also has moderate support (60%). The next
most closely related clade contains Ostreococcus and Bathycoccus sequences, and its
placement has 82% support. The remainder of the tree suggests two salient features
of AOX/PTOX evolution. First, AOX and PTOX represent an ancient gene duplication,
potentially predating the origin of photosynthetic eukaryotes, which is consistent with
a previous analysis using only terrestrial plant sequences (43). Second, the PTOX lineage
itself had an ancient duplication event, which is suggested by one algal +plant clade
in the top middle portion of the figure and a second algal +plant PTOX clade in the
left side of the figure, with a cyanobacterial PTOX clade branching between these two
eukaryote clades. Both of the algal +plant clades include Mamiellales sequences, with an
M2 Micromonas commoda sequence in both clades.

The implications of the phylogeny for viral PTOX evolution are not entirely clear
because support for the placement of the cyanophage and prasinovirus clades is not
very strong. The topology of Fig. 6 suggests that cyanophages and prasinoviruses
both acquired PTOX from a Mamiellales cellular ancestor, and that Prochlorococcus
acquired its PTOX from its phage. However, we cannot rule out other scenarios, such
as cyanophages acquiring their PTOX directly from a prasinovirus source. Interestingly, a
previous analysis using only cyanophage and cyanobacteria sequences also found that
cyanophage +Prochlorococcus sequences formed a clade that was highly divergent from
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Synechococcus sequences and that the Prochlorococcus sequences formed a clade that
lies within a polyphyletic clade of cyanophage sequences (41).

Notable non-core and unique HiMcV genes

There are 61 non-core HiMcV orthogroups that represent proteins not previously found
in prasinovirus isolates (verified through a secondary nr BLAST search), which we will
refer to as “unique” (Table S6). Limited functional information is available for the 61
unique orthogroups as 40 have no BLAST hits against refseq_protein, eight have BLAST
hits to hypothetical proteins, and the remaining 13 include many with low-identity (<
30% amino acid identity) BLAST hits. Results from the InterPro databases are comparable,
although many of the proteins are predicted to be membrane-bound. One notable
unique orthogroup is a putative phosphate:sodium symporter in McV-SA1 that is also
found in both M1 and M2 host genomes. Top BLAST hits for this McV-SA1 CDS in both
nr and refseq_protein are from previously published strains of Micromonas, including
RCC299, a pelagic strain from the equatorial Pacific, and CCMP1445, a coastal strain
from the North Atlantic. This CDS has no orthologs among the other prasinovirus
isolate genomes, which may indicate that the McV-SAT symporter gene has a recent
cellular origin via horizontal gene transfer. A recent study of diverse metagenome-assem-
bled prasinoviruses from the South China Sea also documented a phosphate:sodium
symporter that occurred rarely in prasinoviruses (28). It should be noted that our data set
includes a second orthogroup with prasinovirus phosphate transporter sequences that
appear distinct from the McV-SA1 symporter as an alignment of the two orthogroups
indicated low sequence identity, albeit with scattered matching residues (results not
shown). This second orthogroup includes phosphate transporter sequences from BpV1
(HM004431), BII-V1 (MK522034), OIV6 (HQ633059), OIV5 (NC_020851), OtV2 (FN600414),
OIV4 (JF974316), OIV2 (NC_028091), and OIV1 (MK514405), as well as sequences from
M1 and M2. This orthogroup corresponds to the prasinovirus phosphate transporters
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FIG 6 Alternative oxidase/plastoquinol terminal oxidase gene tree, including mitochondrial ubiquinol oxidase (AOX) from plants and eukaryotic phytoplankton
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from the PHO4 superfamily identified by Monier et al. (37) in a comparison of phyto-
plankton virus phosphate transporters. The PHO4 transporters correspond to InterPro
family IPRO01204, whereas the novel McV-SA1 transporter corresponds to InterPro
family IPR003841. Therefore, the McV-SA1 phosphate:sodium symporter likely indicates
a separate acquisition of a phosphate transporter by prasinoviruses, potentially with
different uptake affinity or other physiological differences.

Other unique HiMcV orthogroups with predicted functions include a putative bax
inhibitor-1 (McV-KB2), N-6 DNA methylase (McV-KB2), polyamine aminopropyltransfer-
ase (McV-KB3), adenosylmethionine decarboxylase (McV-KB3), and a glycosyltransferase
(McV-SA1). Bax inhibitor-1 is a conserved inhibitor of programmed cell death, and viruses
such as deerpox (44) and cytomegalovirus (45) are known to encode other proteins
that suppress bax, thereby countering the elimination of infected cells by apoptosis.
Top BLAST hits to the McV-KB2 bax inhibitor-1 gene are sequences from fungi, but the
amino acid identity is low (30%-35%), making the source of the McV-KB2 gene unclear.
The putative adenosylmethionine decarboxylase and polyamine aminopropyltransferase
encoded by McV-KB3 may catalyze linked steps in the synthesis of spermidine from
putrescine. Spermidine is a polyamine required for cell growth as well as the replica-
tion of many viruses. Enzymes related to spermidine synthesis have been found in a
variety of phages and eukaryotic viruses (46), including the chlorovirus PBCV-1 (47),
but the McV-KB3 genes appear to be the first reported occurrence in a prasinovirus
isolate. The two McV-KB3 genes have BLAST hits to genes from various bacteria and
archaea, although the relatively low amino acid identity (~30%-40%) provides little
information about the proximate origin of the genes. The other unique orthogroups with
putative functions (N-6 DNA methylase and a glycosyltransferase) represent categories
of enzymes that are commonly encoded by prasinoviruses, although the uniqueness of
these orthogroups indicates these specific genes are not closely related to previously
documented prasinovirus genes. A final notable unique orthogroup is a gene found
only in McV-KB4 that is orthologous to cyanophage genes of unknown function. This
putative CDS has not been seen in other prasinoviruses, and the closest database hit is
a hypothetical protein from Prochlorococcus phage strain P-SSM2, which infects low-light
Prochlorococcus ecotypes. The orthogroup may be evidence of gene exchange between
cyanophage and a eukaryotic virus.

While none of the unique orthogroups have been previously seen in isolates, most (42
of 61) have homologs in the GOEV database. Eight of these genes belong to McV-KB2,
ten to McV-KB3, and one to McV-SA1. Seventeen of these genes have limited informa-
tion from InterPro databases, e.g., indicating a membrane-bound protein and/or a coil.
Of the forty-two unique orthogroups with GOEV hits, thirty-five were homologous to
MAG-derived GOEV gene sequences classified as belonging to the genus Prasinovirus,
while the remaining fell into various taxa in the phylum Nucleocytoviricota, with two
sequences from genomes in the Imitervirales order.

HiMcV orthogroups shared with their host genomes

A total of 48 HiMcV orthogroups contain genes also found in the M1 and/or M2
host genomes, 27 of which are shared among all 4 HiMcVs. In total, M1 shared
27 orthogroups with all four HiMcV strains, with 19 additional orthogroups shared
between M1 and at least one other virus (Fig. S4). Results from comparison with
M2 were similar, with 24 orthogroups shared between M2 and all four viruses, and
22 orthogroups shared between M2 and at least one virus (Fig. S5). The number of
shared orthologs is comparable to results from Moreau et al. (24), in which Micromo-
nas pusilla virus MpV1 shared 56 CDS with Micromonas sp. strain RCC1109. Forty-five
of the HiMcV-host shared orthogroups contain genes found in previously published
prasinoviruses, as made apparent by refseq_protein and nr BLAST hits. Some of
these orthogroups were described in the section “HiMcV core genes” (chlorophyll a-b
binding protein, PTOX, cAMP-dependent Kef-type K + transporter). The orthogroups
shared with hosts are associated with a variety of cellular processes such as protein
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modification/regulation/processing (N-myristoyltransferase, ubiquitin, cysteine protease,
and ATP-dependent metalloprotease FtsH), glycosylation (nucleotide-sugar epimerases
and transferases), amino acid synthesis (dehydroquinate synthase), nucleotide metabo-
lism (dCMP deaminase and thymidine kinase), transcription regulation (transcription
factors), stress response (heat shock protein 70, rhodanese, superoxide dismutase,
and mannitol dehydrogenase), nucleic acid processing (exonuclease, ribonucleotide
reductase, and DNA polymerase family X), photosynthesis (PTOX and chlorophyll a/b
binding protein), and perhaps countering host defenses (methyltransferases) (Table S7).

There are three HiMcV orthogroups not found in other prasinoviruses that are found
in both hosts, which include the aforementioned phosphate:sodium symporter found in
McV-SA1, as well as two orthogroups shared with McV-KB2. One of the latter contains
only hypothetical protein sequences with no hits in NCBI or InterPro databases. The other
contains sequences that are annotated as chlorophyllide a oxygenase (CAO) for M1 and
M2. CAO converts chlorophyll a to chlorophyll b, an important accessory pigment in
green algae (48), which may mean that CAO supports light adsorption during infection
by McV-KB2. However, amino acid identity between the McV-KB2 and host sequences
is only 17.89%, so it is possible these sequences are not truly orthologous. If McV-KB2
indeed encodes for CAO, it would be the first virus reported to have this gene.

Genes differentiating prasinoviruses that infect different host genera

In total, there were 693 orthogroups in our analysis that occurred in at least one
prasinovirus. Linear models relating orthogroup representation for each prasinovirus
to host genus found 170 orthogroups that differed significantly between viruses of the
three host genera (P < 0.05; Table S8). Therefore, 25% of prasinovirus orthogroups were
significantly associated with host genus identity, suggesting that a substantial portion of
the genome is involved in adapting to infect different host genera in the same taxonomic
order. This percentage may be an overestimate because of the shared evolutionary
history of the viruses, but it is nonetheless useful to use the P-values to rank orthogroups
by the strength of differentiation among host genera. Twenty-eight orthogroups that
differ strongly between host genera (P < 0.001) and that also have functional annotations
(Table S3) exemplify the diversity of functions that relate viral gene content to host
identity. For example, orthogroups that are absent in Bathycoccus viruses but present in
most or all Micromonas and Ostreococcus viruses include asparagine synthetase (nitrogen
and amino acid metabolism), dCMP deaminase (nucleotide metabolism), DNA polymer-
ase X (potentially for base excision repair; 49), nucleotide-diphospho-sugar transfera-
ses (glycosylation), RNAse H (RNA processing), NTP pyrophosphohydrolase (potentially
involved in stress response), and a protein with a rhodanese-like domain (potentially
involved in stress response). Orthogroups that are present in most or all Micromonas
viruses but absent/rare in Ostreococcus and Bathycoccus viruses include a glycerophos-
phodiester phosphodiesterase (lipid metabolism), mannitol dehydrogenase (potentially
involved in stress response), ubiquitin, a protein with a zinc finger C2H2-type domain
(potential transcription factor), a protein with an integrin alpha domain (potentially
used for attachment to the host), and a putative tail fiber protein (potentially used for
attachment to the host). Therefore, it may be the case that many stages of the viral life
cycle, such as attachment to host receptors and manipulation of host metabolism and
defenses, are involved in (co)evolution to infect different host genera.

We used unsupervised clustering analysis to further understand how gene content
varies among the prasinovirus genomes that we analyzed (Fig. 7). Consistent with the
many differences, we found between viruses infecting host genera (Table S3), unsu-
pervised clustering largely groups viruses by host genus, with the exception of one
Ostreococcus tauri virus that occurs in the Micromonas virus cluster. In our phylogenetic
analysis, this strain, Ostreococcus tauri virus RT-2011 (JN225873), is relatively divergent
from the clade containing the other 12 Ostreococcus viruses (Fig. 4). It is possible that OtV
RT-2011 retained gene content similar to Micromonas viruses, while the other Ostreo-
coccus viruses evolved more Ostreococcus-specific gene content. Finally, the clustering
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results again emphasize the uniqueness of McV-KB2 relative to the other HiMcVs as the
other three HiMcVs cluster together, while McV-KB2 is grouped with the genome of
MpV-12T, a strain isolated from the coast of the Netherlands.

Distribution of HiMcV sequences in the world ocean

Using CoverM, we observed 115 instances of metagenomic reads mapping to our
HiMcVs from the combined Station ALOHA, GEOTRACES, and Tara Oceans data sets
(Table S9). Although our viruses were isolated at, or relatively near, Station ALOHA, only
8 out of 185 samples at this location included hits to a HiMcV (Fig. 8). The lower relative
occurrence of HiMcVs in the Pacific, compared to the Atlantic, was further suggested by
the absence of hits from samples in the GEOTRACES transect GP13 in the South Pacific or
any of the Pacific Tara Oceans stations (Fig. 8).

The HiMcV strain isolated from the open ocean, McV-SA1, accounts for over half of all
HiMcV hits in the metagenomic data sets. This strain was also the only HiMcV found in
the North Atlantic and North Pacific basins. McV-KB4, despite being a sister to McV-SA1
in the phylogeny (Fig. 4), is underrepresented, with only three hits. This suggests that
relatively small changes in broadly similar genomes can dramatically alter the ecology.
HiMcV strain diversity and relative abundance increased on the edges of subtropical
gyres, in transition zones, or near islands (Fig. 8), which tend to be more productive
compared to the pelagic ocean. This is consistent with the origin of the three of the
HiMcV strains from more productive coastal habitat, but more data would be needed to
conclusively test the significance of these apparent biogeographical patterns.

In addition to our CoverM search of metagenomes, we compared McV isolate
genomes to entire GVYMAG assemblies in the GOEV database and found one GVMAG,
TARA_AON_NCLDV_00048, that is closely related to McV-SA1. All contigs of this
GVMAG could be mapped to the McV-SA1 genome, resulting in 71% coverage with
92% nucleotide identity (Fig. S6). Ha et al. (27) found that this GVMAG was the
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8th most common Algavirales virus and the 15th most common Nucleocytoviricota
virus in the bioGEOTRACES metagenome survey, out of 696 GVMAGs and 1,382
Nucleocytoviricota isolate genomes to which metagenome reads were mapped. The
TARA_AON_NCLDV_00048 genome occurred in 42 out of 480 samples. For comparison,
76 of our CoverM hits came from the bioGEOTRACES database, 47 of which came from
McV-SA1. Similar to McV-SA1, the Tara GYMAG occurred in the three Atlantic bioGEOTRA-
CES transects, but not the sole Pacific transect.

Conclusions

Our study highlights the genomic diversity of prasinoviruses in several ways. Novel
viruses from the same location, with overlapping host range, exhibited substantial
variation in gene content, and one of the newly sequenced genomes (McV-KB2) was
relatively divergent from all previously sequenced prasinoviruses.

The 61 HiMcV orthogroups that are novel to prasinoviruses also indicate that
substantial functional diversity remains to be discovered in this clade, and judging
from the novel orthogroups with functional annotations (a phosphate transporter, an
apoptosis inhibitor, and enzymes from spermidine synthesis), the prasinovirus pange-
nome likely includes diverse mechanisms of virocell manipulation. The majority of
the 61 novel orthogroups had homologs in metagenome-assembled genomes from
the ocean, further suggesting substantial uncultivated genetic diversity. Finally, the
various orthogroups that differ among viruses infecting Micromonas, Ostreococcus,
and Bathycoccus point toward a better understanding of the functional basis of viral
diversification. Viral gene content is strongly tied to host genus identity, and orthogroups
unique to each genus suggest these may have diverse functions, such as virion
attachment, manipulating host stress responses, and metabolism of components needed
for virion construction.
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Although the sample size is relatively small, it is noteworthy that all HiMcVs carry one
or more orthologs to a host PTOX, and all HiMcVs also encode a high-light-inducible
chlorophyll a-b binding protein. Among prasinoviruses, a PTOX sequence was previously
found in only one other isolate (OtV-RT2011), but PTOX is commonly found in cyanoph-
ages (41), and has been documented in metagenome-assembled prasinovirus genomes
from the South China Sea (28). The common occurrence of this gene in disparate
virus clades may indicate an increased need for protection against photodamage for
infected photosynthesizers at low latitudes. The occurrence of the high-light-inducible
chlorophyll a-b binding protein present in all HiMcVs may also contribute to maintaining
host metabolism under light stress, although at this point, it is unknown whether the
viral proteins fulfill their annotated functions in infected cells.

Metagenomic data provide evidence that one HiMcV strain, McV-SAT, is relatively
common in the global ocean. In the bioGEOTRACES transects this virus occurs at a
similar frequency to a closely related uncultivated virus, which was shown to be one
of the most common Nucleocytoviricota viruses in those transects (27). This suggests
that Micromonas-infecting viruses are among the most common Nucleocytoviricota in the
ocean. At the same time, the other three HiMcVs are relatively rare in major ocean basins.
Several factors may contribute to the relatively small number of hits against the utilized
data sets. These three isolates (McV-KB2, McV-KB3, and McV-KB4) were isolated from a
coastal site and may be more abundant in coastal locations compared to the primarily
open ocean metagenome stations. The relatively productive region near South Africa,
surveyed in the bioGEOTRACES GA10 transect, contained the highest abundance and
diversity of HiMcVs, consistent with Micromonas being more common under nutrient-
rich conditions (12, 13). Therefore, further surveys in productive waters may capture
more sequences that map to our HiMcVs.

In conclusion, our study shows that isolating and sequencing new viruses even within
a relatively well-studied clade (the prasinoviruses) improves our knowledge of marine
viral gene content and genome evolution. Such isolates also provide resources for future
functional genomic studies that can resolve questions about putative gene functions
and experimental studies to better understand virus contributions to phytoplankton
ecology.

MATERIALS AND METHODS
Virus isolation

Four virus strains infecting the marine eukaryote Micromonas commoda were examined
in this study. Three of the strains, McV-KB2, McV-KB3, and McV-KB4, were isolated from
the surface waters (< 2 m) of Kane‘ohe Bay (21°27°N 157°48'W) on the windward side
of O'ahu in 2011 (52). The hosts used to isolate these three viruses were algal strains
UHM1063, UHM1064, and UHM1065, and the hosts were isolated from the same location
1-2 months prior. The fourth virus strain, McV-SA1, which was previously referred to
as MsV-SA1 in (52), was isolated from a depth of 25 m from the pelagic research site
Station ALOHA (22°45'N 158°W) in 2015, using the host strain UHM1080, which was
isolated from Stn. ALOHA in 2012. Host ranges of the viruses were tested using the
four aforementioned algal strains, plus UHM1060-1062. Of the seven host strains used,
18S rRNA gene sequences for UHM1061, UHM1065, and UHM1080 group into a clade
with sequences of Micromonas commoda (Fig. S1; see [53] for details on phylogenetic
analysis), and we therefore identify these strains as M. commoda. The four additional
strains were tentatively identified as Micromonas based on morphological similarity to
the sequenced isolates. All virus strains are maintained in the UHM culture collection via
propagation on their original hosts, and full isolation methods are described in Schvarcz
(52). In brief, whole seawater samples from respective sites were filtered, concentrated,
and then added to healthy phytoplankton cultures, which were subsequently monitored
for lysis. If lytic effects were confirmed after multiple transfers to healthy culture, then
each lytic agent was propagated through several rounds of dilution-to-extinction in an
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effort to render it clonal. In the current study, lysate stocks were maintained through
fortnightly transfers of the lysate into healthy cultures grown in the f/2 -Si medium (54,
55). Once lysis took place, typically within 4-6 days of the initial challenge, and lysates
were stored at 4°C.

Electron microscopy

Virions in the McV-SA1 lysate were purified by banding in a cesium chloride equilibrium
buoyant density gradient. The virion-containing fraction was buffer-exchanged into
SM using a centrifugal ultrafilter, and then a drop was adsorbed onto a carbon-stabi-
lized formvar on a 200-mesh copper grid. The grid was rendered hydrophilic by glow
discharge within a few hours prior to sample deposition. Virions were negatively stained
with uranyl acetate and then visualized by transmission electron microscopy (Hitachi
HT7700).

Virus genome sequencing

Purification, extraction, and sequencing protocols for McV-SA1 are described in (52).
In summary, McV-SA1 virions were purified by banding in a CsCl density gradient, as
noted above for electron microscopy. DNA was extracted from purified virions with a
MasterPure Complete DNA and RNA purification Kit (Epicenter Biotechnologies, now
Biosearch Technologies). PacBio library preparation and sequencing (P6-C4 chemistry)
for a pooled sample of DNA from distantly related algal viruses, including McV-SA1, was
performed with Sequel Il SMRT cells at the University of Washington PacBio Sequencing
Services facility. McV-SA1 reads were extracted using high-similarity BLAST searches
against reference assemblies. In addition, lllumina NextSeq 150 bp paired-end sequenc-
ing of McV-SA1 was conducted at the Georgia Genomics and Bioinformatics Core at the
University of Georgia, USA.

The isolates McV-KB2, McV-KB3, and McV-KB4 were prepared without using a density
gradient and sequenced using only lllumina short-read technology. Prior to generat-
ing lysates for these viruses, we used a combination of filtration and antibiotics to
reduce contamination from bacteria and phage present in the host cultures. Micromonas
host cultures were filtered onto a 1 pm track-etched polycarbonate membrane filter
(Nucleopore, Whatman) and then resuspended into sterile f/2 -Si medium containing a
cocktail of broad-spectrum antibiotics (Table S1). Cultures were transferred three to four
times into fresh antibiotic-containing f/2 -Si at 1:100 inoculum:medium. Flow cytome-
try counts indicated a tenfold reduction of bacteria in treated Micromonas cultures.
To obtain McV DNA for sequencing, 5 pL of the 0.2 um-filtered lysate was added to
50 mL of the antibiotic-treated host culture. After lysis, cultures were filtered through a
0.2 um pore cellulose acetate syringe filter and subsequently concentrated by centrifugal
ultrafiltration in units with 10 kDa MWCO regenerated cellulose membranes (Amicon
Ultra, Millipore Sigma). DNA was then extracted from concentrated samples (Wizard
Genomic DNA Purification kit, Promega). Library preparation and sequencing for lllumina
151 bp paired-end reads were performed at SeqCenter (formerly Microbial Genome
Sequencing Center), located at the University of Pittsburgh, USA. Genome assembly
methods varied among the viruses depending on the sequencing method. PacBio reads
for Station ALOHA strain McV-SA1, extracted from a multiplexed sample through BLAST,
were assembled with Canu v.1.0 (56) and polished with NextSeq data using Quiver v2.0.0,
with 100% agreement with lllumina reads after polishing (52). The Kane‘ohe Bay virus
strains (McV-KB2, McV-KB3, and McV-KB4) were assembled using two approaches that
created relatively complete assemblies. The first approach, used for McV-KB3, used the
default assembler in Geneious 11.1.5. lllumina 151 bp paired-end data were trimmed
of adapters (kmer = 27), and low-quality reads (minimum = Q20) and short reads
(minimum = 20 bp) were excluded using the BBDuk plug-in (v1.0; Biomatters Ltd.) and
then normalized with the Geneious built-in tool (default settings) before assembly. We
performed a nucleotide sequence similarity search of the resulting contigs with the Basic
Local Alignment Search Tool (BLASTn; 52) against the NCBI nonredundant (nr) nucleotide
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database (57) and identified two contigs (147 and 60 kbp) with similarity to known
prasinoviruses. The reads mapped to these contigs were dissolved and re-assembled.
This produced a single 205 kb contig. For McV-KB2, the iterative mapping approach
using the Geneious assembler did not produce a single contig, so we instead used
the metagenome assembly tool metaviralSPAdes (58, Galaxy Version 3.15.4 + galaxy 2
using SPAdes 3.15.3 accessed through usegalaxy.org), which produced a single 210 kb
contig. Finally, for McV-KB4, neither of the above methods resulted in a single contig, so
we treated the five putative prasinovirus contigs totaling 212 kb that were obtained
from the Geneious assembler as a draft assembly for use in comparative analyses.
lllumina raw reads were mapped back to McV-KB2, McV-KB3, and McV-KB4 to check for
assembly errors, resulting in 100x to 1,000x continuous coverage. We treat the McV-SAT,
McV-KB2, and McV-KB3 assemblies as near-complete based on their lengths, which are
comparable to known prasinoviruses (Table 1), and based on whole-genome alignments
using progressiveMauve, which indicated high synteny of McV-SA1, McV-KB3, McV-KB4,
and the most similar previously sequenced Micromonas virus isolate, MpV1 (GenBank
NC_014767.1; See Results).

Gene prediction was conducted with Prokka v.1.14.5 (59) accessed via Kbase
(kbase.us) for all four assemblies. Only CDS with a start and stop codon and a minimum
of 65 amino acids (195 nucleotides) were used in downstream analyses. Functional and
structural annotation was performed manually by integrating information from EggNOG
mapper (v.1.2, evalue <0.01, minimum 25% nucleotide identity), the InterProScan web
interface (v.5.66-98.0, default settings), and refseq_protein (BLASTp, evalue <0.001) (60—
62). We identified top BLASTp hits for each predicted gene against a custom database
of genes from the Global Ocean Eukaryotic Virus (GOEV; 63). We also searched for giant
virus MAGs closely related to our isolates by using the isolate genomes as nucleotide
BLAST queries against a custom database comprising the GOEV GVMAG contigs. GOEV
includes 581 metagenome-assembled genomes from uncultured marine viruses and 224
Nucleocytoviricota isolate reference genomes.

Host genome sequencing

The genomes of two Micromonas strains in our collection, UHM1061 and UHM1065
(referred to here as M1 and M2 for simplicity), were sequenced.

We created high-fidelity reference genomes from M1 (GenBank accession:
JBHGVY000000000) and M2 (JBHKAF000000000) using the PacBio consensus long read
(CLR) technology. As our algal cultures were not axenic, we used serial antibiotic
treatments (antibiotic recipe in Table S1), followed by banding in a continuous Percoll
density gradient to obtain a partially purified Micromonas fraction. Cells were then
pelleted, flash-frozen in liquid nitrogen, and shipped to the University of Delaware
Sequencing and Genotyping Center. High-molecular-weight DNA was extracted using a
CTAB method. Library preparation and sequencing were performed with PacBio Sequel Il
SMRT cells.

A library of transcript sequences was also generated to aid in gene calling. Total RNA
was generated from M1 and M2 cell cultures by sampling 10 mL of the exponential
phase culture (~10° cell mL™") every 4 hours for 24 hours to capture diel variation in
gene expression. An additional culture sample was given a heat shock treatment to
stimulate the stress response, in which 10 mL aliquots were placed in a 30°C water bath
for 30 minutes. Samples for RNA extraction were syringe-filtered onto 25 mm diameter,
1 um pore size polycarbonate filters (Sterlitech), and then frozen immediately in liquid
nitrogen and stored at —80°C. Within a week of sampling, filters were thawed over ice
and total RNA extracted using the ZymoBIOMICS RNA Miniprep Kit (Zymo Research).
Extracted RNA was sent to the University of Delaware Sequencing and Genotyping
Center for 81 bp paired-end sequencing on the Illumina NextSeq 550.

PacBio CLR data were assembled using Canu (ver 1.9) in the PacBio-raw CLR assembly
mode, providing an estimated genome size parameter of 22 Mbp (56). Resulting contigs
were further polished to remove remaining InDel errors by iterative rounds of mapping

November 2025 Volume 13 Issue 11

Microbiology Spectrum

10.1128/spectrum.02583-24 16

Downloaded from https:/journals.asm.org/journal/spectrum on 28 January 2026 by 2607:1278:410e:5:4d62:6£13:24d9:1205.


https://www.ncbi.nlm.nih.gov/nuccore/NC_014767.1
https://www.ncbi.nlm.nih.gov/nuccore/JBHGVY000000000.1/
https://www.ncbi.nlm.nih.gov/nuccore/JBHKAF000000000.1/
https://doi.org/10.1128/spectrum.02583-24

Research Article

CLR reads to reference contigs using BLASR (ver 5.3.3 with default parameters except:
maxMatch = 30, minSubreadlLength = 750, minAlnLength = 750, minPctSimilarity =
70, minPctAccuracy = 70, hitPolicy = randombest), followed by error correction using
Arrow (Pacific Biosciences GenomicConsensus ver 2.3.3 with default parameters except:
minCoverage = 5, minConfidence = 40, coverage = 120) until a stable reference was
obtained (four iterations; 64). Closing of circular/organellar elements was performed
using Circlator (v1.5.5), and additional manual finishing was performed including manual
assessment and scaffolding/overlap of adjacent contigs and resolution/dereplication of
haplotype bubbles. Chromosome assignments were manually made using alignment to
reference genomes with ProgressiveMauve (v2.4.0) (65; GenBank CP001323).

Annotation was performed with Maker (v3.01.03). A custom repeat library was
generated using RepeatModeler (v2.0.1) with RepeatScout (v1.0.6) and TRF (v4.0.9).
These repeats and repeats for order Mamiellales (CONS-Dfam_3.1-rb20170127) were
identified by RMBLAST (v2.10.0) in RepeatMasker (v4.1.0) and masked for gene model
annotation. Genome-specific ab initio gene calls by GeneMarkES (v2.5p) and SNAP
(v2006.07.28) were used to train Augustus (v3.3.3) gene models using e-training scripts
(BUSCO v4.0.2).

lllumina RNAseq data were quality-trimmed with TrimGalore (v0.6.5) using Cutadapt
(v3.3) and mapped to draft genomes with STAR (v2.7.9a) using the two-pass method and
was the basis for a genome-guided transcriptome assembly using Trinity (v2.13.2). Trinity
transcripts and primary CDS and protein sequences annotated in Micromonas pusilla
assemblies RCC299_229 _v3.0 and CCMP1545_v3.0, and additional protein sequences
extracted from UniProt for order Mamiellales were mapped to the genome as evidence
and used to assess support for ab initio gene models. Noncoding RNA was identified
using tRNAscan-SE (v2.0.5) and RNAmmer (v1.2), functional annotations were made
by using BLASTp (v 2.12.0) against a Swiss-Prot database (v2021.04), and additional
annotations were applied using InterProScan (v5.53-87.0).

Gene content comparisons

We compared the gene content of the four HiMcVs to determine: (i) how gene content
varies among four viruses that overlap in host range and were either isolated from
the same coastal location (Kane‘ohe Bay) or an offshore site (Station ALOHA) (ii), which
genes are shared between the HiMcVs and the two Hawai'i Micromonas commoda cell
strains with sequenced genomes (iii), whether there are genes in our virus strains not
seen in previously published prasinoviruses genomes, and (iv) whether there are genes
that consistently distinguish viruses infecting the three Mamiellales genera (Micromonas,
Ostreococcus, and Bathycoccus) that may provide insights into the process of adaptation
to different host taxa.

To make these comparisons, we used OrthoFinder with default settings (v5.5.; 66)
to identify orthologous groups of genes in a data set containing the four HiMcVs, the
two Micromonas commoda strains isolated from O‘ahu, and all 21 previously known
prasinovirus genomes published in GenBank. Additionally, we followed Bachy et al. (10)
by including chloroviruses, which form a monophyletic group with prasinoviruses based
on marker gene analysis (67) and serve as an outgroup in phylogenetic analyses. Our full
genome data set (accession numbers in Table S2) therefore includes strains that infect
the Mamiellales genera of Micromonas (n = 8, including the four HiMcVs), Ostreococcus (n
=12), and Bathycoccus (n = 5); Paramecium bursaria Chlorella virus strains (n = 4); and the
Micromonas commoda host strains M1 and M2 (n = 2).

To determine whether viruses infecting the three Mamiellales genera have consis-
tently different gene content, we used gene count data for all prasinovirus genomes
and fit the following linear model for each orthogroup: Im(orthogroup gene count per
genome ~host genus).

Where “host genus” is a categorical predictor. This model quantifies the correlation
between the number of genes in an orthogroup and the genus of the host infected by
a viral strain, to identify orthogroups that most strongly differentiate viruses infecting
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different host genera. Linear models were compared to a null model using chi-squared
likelihood ratio tests in R (v.4.30; 68). P-values were adjusted for the false discovery rate
using the R p.adjust function. The shared evolutionary history of the virus strains used in
our models means that each strain is not a completely independent sample, and thus we
use P-values primarily to rank orthogroups in order to determine orthogroups that differ
the most by host genus. Prasinovirus orthogroup count data were also used to create a
clustered heatmap using the R pheatmap package (69).

Species and gene tree construction

Phylogenetic relationships of the HiMcV isolates to other members of the order
Algavirales were assessed by constructing species trees using orthologous genes from
the aforementioned published genomes of prasinoviruses and chloroviruses. We used a
gene alignment concatenation approach that included all orthogroups shared among
all prasinovirus and chlorovirus genomes (i.e., “core” orthogroups; n = 26). We separately
aligned each orthogroup using MAFFT (v7.450; 70), accessed through Geneious. Gene
alignments were trimmed to eliminate non-overlapping sequences with Goalign v0.3.7
(https://github.com/evolbioinfo/goalign). If more than one gene copy was present in a
genome, the paralog most closely related to orthologs in other genomes was chosen,
and then the 26 ortholog alignments were concatenated in Geneious. A phylogeny
was estimated with FastTree (v.1.2; 71) within Geneious. We also constructed a tree
using only polB sequences, in order to compare the gene tree of this common prasi-
novirus marker gene to our core gene-based species trees. We used FigTree (v.1.4.4;
http://tree.bio.ed.ac.uk/software/figtree/) to visualize both gene concatenation and polB
trees (Fig. 4; Fig. S2). OrthoFinder automatically generates a species tree using shared
orthogroups with the STAG algorithm (72), but this tree does not include node support
values when < 100 core orthogroups are present, as is the case with our data set. We
have provided this tree in the supplement as a point of comparison (Fig. S3).

We identified a core HiMcV alternative oxidase gene that may have recent cellular
or phage origins based on the taxonomy of top BLAST hits. We constructed a gene
tree to see if the HiMcV orthologs of this gene were more closely related to host or
phage sequences, and whether alternative oxidases have been acquired more than once
by phytoplankton viruses. We created a MAFFT alignment using alternative oxidase
sequences from the four HiMcVs, the two Hawai'i Micromonas hosts, OtV RT-2011 (the
only other prasinovirus with an alternative oxidase gene), and representative cyanobac-
teria and cyanophages. This alignment was then trimmed with Goalign, and a phylogeny
was constructed in 1Q-Tree (v.1.5.12; 73) with the following flags: -m LG + F + R10 wbt
-bb 1000. Previous work on plant alternative oxidases has found that the mitochondrial
alternative oxidase (AOX, also called ubiquinol oxidase) and the plastid alternative
oxidase (PTOX, also called plastoquinol terminal oxidase) are often misannotated or
annotated in an inconsistent way (43). Therefore, we also included reference PTOX and
AOX plant and algal sequences to aid in interpreting the alignment and phylogeny.

HiMcV detection in metagenomes

To assess the global distribution of the four HiMcVs, we searched publicly available
metagenomes, spanning Pacific and Atlantic ocean basins, from the Hawai'i Ocean
Time-series (HOT), GEOTRACES, and Tara Oceans (9, 74-77). The HOT data contains
samples from 19 timepoints and nine discrete depths above 200 m at Station ALOHA.
The other databases contain one sample per station, taken at a depth above 150 m.
Sequencing runs from HOT include 20 L samples filtered onto a 0.2 um filter (n = 293)
and samples filtered onto a 0.02 um filter after passing through at 0.2 um filter (n = 185).
The GEOTRACES metagenomic data set consists of 100 mL samples of whole seawater
from the photic zone filtered onto 0.2 pym filters (n = 490), with samples taken from
the GA02 and GAO3 transects in the North Atlantic, the GA10 transect in the South
Atlantic (off the coast of South Africa), and the GP13 transect in the South Pacific (off
the coasts of Australia and New Zealand). Metagenome samples from the Tara Oceans
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Virome database were collected from 100 L whole seawater obtained from 5 to 100 m
depth, depending on the station. Seawater was prefiltered through either a 20 pm or
5 um net and then filtered with a 0.22 um pore size membrane filter. Iron flocculation
was then used to concentrate viruses in the filtrate. The metagenomic samples used
in our analysis thus include some that should be enriched for free virions in the McV
size range (i.e., the fraction between 0.02 and 0.2 um), and others that should contain
primarily cells and larger virions (i.e., the >0.2 um fraction), while potentially including
smaller virions that did not pass through the 0.2 um filter. Samples of this larger size
fraction were included because a previous study of the GEOTRACES metagenomes (>
0.2 um) found that putative prasinoviruses were among the most abundant and diverse
Nucleocytoviricota representatives in these samples (27).

We used CoverM v0.6.1 (https://github.com/wwood/CoverM) to search the metage-
nomic data sets for sequences that mapped onto at least one of the four HiMcV
assemblies. Requirements of 95% minimum read identity and 20% minimum cov-
ered fraction were used (27), indicated with the flags --min-read-percent-identity and
--min-covered-fraction. For each successful hit, relative abundances of each virus (i.e,
percent of reads from the metagenome sample) derived from CoverM results were then
merged with metadata to create a map of hits in R statistical software. CoverM search
information, including accession numbers and metadata, is available in Table S4.

During the annotation phase of our genomic analysis, we found a metagenome-
assembled genome from the GOEV database that was similar to McV-SA1. This MAG was
derived from Tara Ocean data and was the eighth-most common assembly in the GOEV
database. To provide some context for the presence of McV-SA1 in the world ocean, we
mapped the reads of the GOEV MAG against the McV-SA1 assembly.
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