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ABSTRACT As the most abundant biological entities in the ocean, viruses of microbes
play important roles in regulating host population dynamics and influencing biogeo-
chemical cycles. Metagenomic surveys have revealed an astounding reservoir of viral
genetic diversity in single-celled marine eukaryotes known as protists, but the vast
majority of these viruses have not been directly observed, and information about
their protist hosts remains fragmentary. The 2023 discovery of mirusviruses provides
a striking example, whereby metagenomic surveys of samples collected by the Tara
Oceans expedition led to the discovery of a new phylum of viruses, the Mirusviricota,
with remarkable chimeric genomes encoding structural proteins from herpesviruses and
enzymes from giant eukaryotic viruses. However, because mirusviruses were detected
indirectly by metagenomics, their host range remained unclear, and their biological
properties unexplored. Here, we provide new insights into research approaches to
identify bona fide protist hosts for marine viruses and characterize virus-host interactions.
A greater understanding of these viruses and their natural hosts will unlock opportuni-
ties to understand the roles that they play in regulating biogeochemical processes in
marine habitats.

KEYWORDS mirusvirus, protist, metagenomics, persistence, carbon cycle, thraustochy-
trid, polyunsaturated fatty acids

AN EXPLOSION OF NEW VIRUS DISCOVERIES IN MARINE ENVIRONMENTS

ceans harbor immense biological diversity, but only a fraction of marine life has
been described. As on land, viruses of microbes are major players in marine
ecosystems where they regulate host population diversity and community structure
through predation (1). Beyond predator-prey relationships, marine viruses also influence
carbon cycling in the ocean by controlling the biological carbon pump, releasing organic
matter by killing phytoplankton and heterotrophic bacteria, and sequestering it in the
deep ocean via sinking cell aggregates (2, 3). Despite evidence for substantial impact on
biogeochemical cycles, our understanding of these systems remains limited due to a lack
of fundamental knowledge about interactions between marine viruses and their hosts.
The revolution in next-generation sequencing (NGS) technologies that dramatically
increased processivity and lowered costs enabled analysis of marine microbial commun-
ities in unprecedented detail through metagenomics. This is exemplified by the Tara
Oceans project, an interdisciplinary expedition that set sail in 2009 to characterize the
diversity and interactions of marine plankton, including single-cell eukaryotes known
as protists (4). Over its 3-year voyage, Tara’s team sampled various depths at over 200
locations across the world’s oceans. Each sample was filtered to separate microbes by
size, then preserved for further analysis on land, where nucleic acids were extracted for
library preparation and sequenced with Illumina technology for metabarcoding (metaB),
metatranscriptomic (metaT) or metagenomic (metaG) analysis (5) (Fig. TA). MetaG data
sets from Tara Oceans have been analyzed extensively to provide insight into viruses
found in diverse marine habitats worldwide. Assembly of viral metagenomes from
virus-enriched (<0.22 um) fractions identified ~200,000 viral metagenomes, illustrating
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FIG 1 The hunt for marine viruses. (A) Flowchart of nucleic acid database curation and analysis used to identify and characterize marine viruses from metaG

or metaT data sets. (B) Classification of core Mirusviricota genes. Mirusviricota is a chimera of structural and information modules from Herpesvirales and

Nucleocytoviricota. Adapted from Gaia et al. (12). Abbreviations: capsid maturation (CM) protease; family B DNA polymerase (DNApolB); major capsid protein

(MCP); DNA-dependent RNA polymerase subunits A (RNApolA) and B (RNApolB); triplex capsid protein (TCP); transcription factor II-S (TFIIS); topoisomerase family

Il (Topll); viral late transcription factor 3 (VLTF3).

the transformational impact of large metagenomic studies (6-8). These initial studies
only analyzed viruses smaller than 0.22 um and were heavily biased towards double-
stranded (ds) DNA phages. By contrast, metaT approaches have been instrumental in
the discovery of RNA viruses that largely infect bacteria in marine environments (9-
11). These foundational discoveries provided extraordinary momentum, supporting the
discovery and characterization of additional marine viruses.

Advances in metagenomics also led to an explosion of eukaryotic virus discovery,
many of which are members of the large virus phylum, Nucleocytoviricota. Pioneering
metagenomic studies of deep-sea vents led to the discovery of many giant viruses,
expanding the number of eukaryotic viral genomes (13). Large-scale metagenomic
approaches from the Tara Oceans expeditions built on these foundational studies by
searching for giant virus sequences from eukaryotic fractions. Following contig assembly,
Hidden Markov Models (HMMs) were used to screen for shared viral reference genes,
such as major capsid proteins (MCPs), to generate eukaryotic virus metagenomic-assem-
bled genomes (MAGs) (14, 15). These MAGs were then combined with additional data to
create the Global Ocean Eukaryotic Viral (GOEV) database (12), revealing the extraordi-
nary diversity of viruses that infect marine eukaryotes.

The viruses of the phylum Nucleocytoviricota, which have gained great attention and
are commonly known as “giant viruses,” are abundant in marine environments where
they infect diverse hosts, including protists (12, 16, 17). Analysis of data from the Tara
Oceans project led to the discovery of an additional giant virus phylum, the Mirusvir-
icota, which features information module genes related to those of the Nucleocytovir-
icota and structural genes related to those from the Duplodnaviria (12). Thus, the
Mirusviricota are true chimeras, with giant virus enzymes that direct the replication of
a dsDNA genome and packaging into herpesvirus-like capsids (Fig. 1B). These viruses
are currently classified as members of the Duplodnaviria due to MCP similarity. The
Mirusviricota represent the first known members of Duplodnaviria to infect single-cell
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eukaryotes, expanding the host range of Duplodnaviria. Additionally, metaG and metaT
analyses revealed that mirusviruses are both abundant and active in the epipelagic zone.
The discovery of mirusviruses provides a unique link between Nucleocytoviricota and
Duplodnaviria and is yet another transformational impact of the Tara Oceans project.

Further work to identify and classify viruses from the Tara Oceans metagenomic data
set revealed community dynamics of marine viruses. Analysis of dsDNA reference genes,
such as Topoisomerase family Il (Topll) and family B DNA polymerase (polB), revealed
that Nucleocytoviricota species are abundant in every ocean on Earth, particularly in the
epipelagic zone (18, 19). Some viruses are ubiquitous in the oceans, with enrichment
of distinct viral communities in certain ecological zones (19). The most unique viral
communities can be found in harsh environments, such as the Arctic Ocean, generally
matching the distribution of distinct host species that inhabit this region (20, 21). Viruses
are obligate parasites; therefore, their distribution is dependent on the distribution of
their hosts (19, 22) but can also be affected by abiotic factors, such as temperature,
nutrients, and ultraviolet radiation (23, 24), as well as seasonality (25).

The Tara Oceans project led to the identification of many novel marine viruses
with diverse properties. While some newly discovered viruses have conventional lytic
replication cycles, there have also been reports of integrated and transcriptionally
active endogenous viral elements (EVEs) in marine protist genomes, suggesting a latent
infection strategy (26, 27). Unlike typical EVEs with partially or extensively degraded
genomes that reflect ancient integration events and fixation (28), these EVEs can support
the production of viral particles. However, the regulation of EVE gene expression and
dynamics of virus production and spread remains largely unclear in these marine protist
hosts.

Marine viruses infect various hosts, such as photosynthetic and heterotrophic
eukaryotes. Traditional methods to identify hosts for marine viruses have relied upon
culture of candidate hosts in the laboratory and identification of viral gene products and
viral particles. The advent of metagenomic sequencing approaches has accelerated the
rate of discovery of marine viruses as well as the identification of candidate hosts via
co-occurrence (29). This discovery method is nicely complemented by single-cell RNA
sequencing (scRNAseq), whereby single candidate host cells are isolated, and cellular and
viral RNA is extracted, reverse-transcribed, and sequenced (30). This method can help
identify infected cells from mixed populations of cells in marine environmental samples
or laboratory cultures (31). After bona fide hosts are identified, scRNAseq can provide
rich information about viral gene expression and host responses in heterogeneous host
cell populations (31, 32), which is particularly valuable for protist hosts with complex life
cycles.

THE IMPACT OF VIRUSES ON PROTIST METABOLISM

A hallmark of virus infection is the manipulation of the host cell to create an intra-
cellular environment favorable to viral replication, a concept known as the “virocell”
(33). To construct their virocell, giant marine viruses express a repertoire of auxiliary
metabolic genes (AMGs) that reprogram the host cell metabolic landscape to support
virus replication. Many viruses have extensive repertoires of AMGs that exert control over
nodal cellular processes. Putative viral AMGs with homology to known enzymes that
control amino acid metabolism, carbon metabolism, and nucleic acid processing have
been identified (15). Many unique AMGs are found in Arctic and deep ocean viruses,
allowing them to adapt to these unique environmental conditions (20, 34, 35). The
repertoire of giant virus AMGs is extensive, many of which are beyond the scope of this
review but are covered extensively by Moniruzzaman et al. (36). Numerous viral AMGs
were acquired through horizontal gene transfer events during long co-evolutionary
history with diverse hosts (37).

A feature of the virocell is increased energy production to meet the demands of
viral replication. These cells feature dysregulation of carbon metabolism, bypassing
rate-limiting steps in glycolysis, tricarboxylic acid (TCA), and beta-oxidation pathways,
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favoring viral replication (15, 38). Virus infection may also increase the uptake efficiency
of nutrients, such as nitrogen, phosphorus, and sulfur, from the environment through the
expression of viral nutrient transporters (15). Increasing the uptake of scarce nutrients
provides a competitive advantage over uninfected cells while also creating a favorable
environment for virus replication. Giant viruses also encode accessory genes to fine-tune
the virocell, influencing other processes not directly related to metabolism. For example,
the lytic Emiliania huxleyi viruses (EhVs) that control blooms of Gephyrocapsa huxleyi
(formerly Emiliania huxleyi) in marine habitats encode a near-complete sphingolipid
synthesis pathway that may be involved in remodeling host cell membranes (39, 40). This
dramatic refashioning of lipid metabolism provides a convenient way to identify infected
hosts. Importantly, the viral processes that direct virocell formation are dynamic, with the
ability to adapt to different environmental conditions, suggesting complex regulatory
mechanisms (41).

Giant viruses encode accessory genes that regulate cell fate. Chloroviruses encode
copper-zinc superoxide dismutases that convert cytotoxic reactive oxygen species (ROS)
into hydrogen peroxide, promoting the survival of infected cells and extending windows
of productive viral replication (42). By contrast, EhV encodes a remarkable collection
of enzymes that direct the production of cytotoxic glycosphingolipids that trigger
programmed cell death to aid release of viral progeny (43). By triggering cell death, these
viral proteins influence carbon availability on a global scale, depleting it from higher
trophic levels and causing it to move down the water column, where it supports aphotic
ecosystems (44). This is a central mechanism in viral regulation of biogeochemical cycling
in the oceans.

HOST DEFENSES AND VIRAL COUNTERMEASURES

Virus infection occurs throughout all domains of life, thereby influencing the evolution of
all living organisms (45, 46). Consequently, all life has also evolved defense mechanisms
to counteract viral infection, although antiviral strategies vary dramatically (47). Studies
on the evolution and diversity of antiviral defenses have gained significant momentum,
fueled by discoveries, such as the prokaryotic CRISPR-Cas phage defense system (48—
50), and conservation of nucleotide-editing Viperin across domains of life, including in
the green algae group Chlorophyta (51). Protist antiviral defenses have primarily been
examined through an evolutionary immunology perspective using choanoflagellates,
single-cell eukaryotes that share a specific common ancestry with animals. Choanofla-
gellate protists share several antiviral defense systems with animals, centered on the
detection of foreign nucleic acids, such as Toll-like receptors (TLRs) (52) and cGAS-STING
pathways (53). However, the diversity of protist antiviral defenses beyond choanofla-
gellates is not well understood due to paraphyletic groupings that lack a common
ancestor. Additionally, the role of antiviral systems against the cognate viruses of protists
is unclear. The recent dramatic increase in available genomes of marine protists and
their viruses, facilitated in part by the Tara Oceans project, provides unique opportuni-
ties when paired with laboratory models to examine the complexity and evolution of
antiviral defense systems in single-cell eukaryotes.

In addition to poorly characterized innate antiviral defenses, marine protists also
possess several resistance strategies to viral infection (Fig. 2). A subset of protists, known
as “grazers,” has adopted specific feeding patterns as resistance mechanisms to viral
infection (54). Grazers directly ingest and inactivate marine viruses, utilizing them as
a nutrient source, thereby retaining viral-derived carbon in the food web that may be
distributed to higher trophic levels (54, 55). Many marine protists, such as G. huxleyi, have
complex life cycles that feature differentiation into distinct forms. The diploid form of G.
huxleyi is susceptible to lytic EhV infection; however, interactions with EhV trigger a shift
to its non-calcified haploid form, which is resistant to infection (56, 57). Further research
will be required to determine whether this kind of antiviral defense is widespread among
marine protists.
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FIG 2 Host defense and resistance strategies against viral infection. Generalized Nucleocytoviricota replication cycle and potential antiviral defense and

resistance strategies that may be employed at various replication steps.

Some protists resist infection through the action of integrated virophages, which can
act as an inducible antiviral defense system. Virophages are small dsDNA viruses that
require giant virus superinfection to replicate, which they achieve by parasitizing giant
virus replication centers (58, 59). Integrated virophages can reactivate in response to host
metabolic stress to inhibit giant virus replication in subsequent infection cycles (60).
Metagenomic surveys have revealed that integrated virophages are abundant in protist
hosts and many of these are functional, suggesting that virophages may represent a
common form of antiviral defense in protists (61, 62). Collectively, these unconventional
antiviral resistance strategies highlight the complex relationships between protists and
their viruses.

Experimental evidence of host modulation and defense is based on a few model
protists and their corresponding viruses, such as G. huxleyi and EhV. The small num-
ber of available infection models, while useful, is insufficient to support molecular
studies of thousands of newly discovered marine viruses. Genomic approaches have
been at the forefront of predicting host-virus interactions in these newly discovered
viruses. However, genomics only scratches the surface of potential host-virus interactions
without models to accompany them. Thus, new infection models are urgently needed to
advance mechanistic understanding of virus-host interactions.

STUDYING MIRUSVIRUS-HOST INTERACTIONS IN A MODEL ORGANISM

The discovery of mirusviruses and their chimeric properties provides tantalizing new
information about the evolution of large DNA viruses (12). Shortly after the discovery
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of mirusviruses by metagenomics, the model heterotrophic protist Aurantiochytrium
limacinum was shown to host two distinct mirusvirus genomes, one integrated into
a sub-telomeric region on chromosomal DNA and the other located on a high copy
episome (63). Both mirusvirus genomes are transcriptionally active (63) and support
productive viral replication, although the episomal viral genome is far more productive
than the integrated viral genome (27). Interestingly, culturing A. limacinum in nutrient-
depleted media reduced release of viral particles, which instead accumulated between
the plasma membrane and the cell wall, suggesting a regulated mechanism for virus
retention until environmental conditions are favorable for release (27). While it is evident
that mirusviruses infect a wide variety of hosts (64), the discovery of mirusviruses of the
model protist A. imacinum provides outstanding opportunities to investigate virus-host
interactions in the laboratory.

A. limacinum is a marine thraustochytrid, a group of heterotrophic protists abundant
in nutrient-rich coastal regions of the oceans. Thraustochytrids play significant ecological
roles in marine environments as they secrete numerous enzymes that facilitate the
breakdown of organic material, influencing the cycling of carbon and other nutrients
(65). Thraustochytrids also serve as vital nutrient reservoirs by synthesizing a variety
of polyunsaturated fatty acids (PUFAs) that are essential for higher-order marine life
(66). Thraustochytrid-derived PUFAs, such as long-chain omega-3 docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), are also important for human health, as well as
agriculture and aquaculture applications (67, 68). Many vertebrates, including humans,
are unable to synthesize omega-3 fatty acids de novo because they lack the necessary
desaturase enzymes and therefore rely on dietary sources of omega-3 fatty acids, such
as fish oils (69). A. limacinum is considered a super-producer of PUFAs and has been
successfully commercialized as a sustainable alternative for DHA production. These
industrial applications for A. limacinum and other thraustochytrids have motivated the
establishment of sophisticated methods for culture and molecular analysis, which should
further enable future studies of virus-host interactions.

Metagenomics pioneered the discovery of many giant viruses, including mirusvirus,
with early accounts suggesting mirusviruses are abundant and active throughout the
world’s oceans (12). Mirusvirus genetic elements have since been identified in eukary-
otic genomes in marine, freshwater, and even soil environments, suggesting that the
host range of mirusviruses is extensive (64). However, the molecular determinants of
mirusvirus infection remain unknown. Receptor binding, host modulation, evasion of
antiviral defenses, and compatibility with host cell machinery are all factors that must
be satisfied for the establishment of productive infections. Viruses may be flexible or
stringent with these requirements, thereby influencing their lifestyle and host range.
Generalist viruses, such as coronaviruses, have flexible requirements that allow for
frequent host switches and spillover events, whereas stringent viruses, like herpesviruses,
are host-specific and often evolve alongside their host (70-72). The identification of
mirusvirus host A. imacinum should accelerate efforts to elucidate mirusvirus replication
strategies. Comparative genomic analysis of other thraustochytrids will inform under-
standing of the prevalence of mirusvirus infection and could identify mirusvirus-free
thraustochytrids that could serve as useful laboratory models for de novo infection and
elucidating determinants of susceptibility.

Large DNA viruses, including mirusvirus relatives Nucleocytoviricota and Herpesviridae,
reprogram host metabolism to meet the demands of viral infection. Consistent with this,
initial mirusvirus genome annotations have identified several viral genes with potential
functions in lipid metabolism that are ripe for functional studies (12, 38). Early indications
of stress-mediated regulation of mirusvirus infection (27) suggest functional integration
with host metabolism that could impact commercial production of DHA and other
bioactive lipids. Industry has optimized DHA production from Aurantiochytrium species
by altering growing conditions, carbon sources, nitrogen sources, and genetic engineer-
ing (73-76). Genetic engineering approaches often attempt to tip the balance towards
DHA synthesis by weakening competing pathways and editing pathways involved in
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precursor synthesis, lipid efflux, and lipid synthesis, favoring DHA accumulation in the
host cell (76). However, pathways for DHA biosynthesis in Aurantiochytrium species
remain incompletely understood, while potential contributions of mirusvirus gene
products remain an enticing possibility.

All viruses face the imperative of circumventing host defenses to establish infection.
Protist antiviral defense systems have not been thoroughly characterized, but the A.
limacinum-mirusvirus system may be used as a model to provide valuable insight into
host defense. Detection of foreign nucleic acids may be an important component
of antiviral defense in marine protists, as nucleic acid sensors such as Viperin (51)
and cGAS-STING (53) have been identified in some single-cell eukaryotes. Deletion or
silencing of putative antiviral defense genes is an attractive approach to elucidating their
roles, as has been demonstrated by deletion of STING in the choanoflagellate Monosiga
brevicollis (53). Many viruses encode immune antagonists to overcome host defenses.
For example, herpesviruses encode several antagonists that block cytosolic DNA sensors,
including cGAS (77). Mirusviruses may have evolved similar host subversion strategies
to infect protists. Establishment of additional protist infection models will undoubtedly
provide newfound opportunities to investigate the interplay between host defenses and
viral immune antagonists.

The discovery of both episomal and integrated mirusvirus genetic elements in
A. limacinum is reminiscent of herpesvirus latency in animals, where episomal viral
genomes predominate, but telomere-adjacent integrated genomes have also been
observed (63, 78-80). Episomal mirusvirus genomes have also been observed in other
marine protists (64), indicating that this viral strategy is not unique to A. limacinum.
Undoubtedly, additional examples of mirusvirus genomes integrated into host genomes
will emerge with further study; host telomeric regions are the right place to look for
these events as their recombinogenic nature likely supports both viral DNA integration
and subsequent mobilization during reaction. Interestingly, integrated Nucleocytoviricota
viral elements also exist in other eukaryotes, such as chlorophytes, amoebas, and even
multicellular brown algae (81-83). Seemingly a widespread strategy, viral integrations
suggest that certain endogenous viral elements are well tolerated by hosts and raise
the possibility that they could be advantageous for host evolution or viral persistence.
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Further studies should be designed to test hypotheses about the potential symbiosis
with the model system of mirusvirus and their protist hosts.

SUMMARY AND FUTURE DIRECTIONS

Recent advances in comparative genomics methodology and infrastructure combined
with concerted efforts to survey the world’s oceans have greatly advanced our under-
standing of marine viruses. These efforts have provided keen insights into taxonomic
relationships and genetic interactions with hosts, including marine protists. In some
cases, this rich genomic information has been complemented by laboratory infec-
tion models that provide information about molecular mechanisms of infection and
regulation of virus-host interactions. Because it is not feasible to develop laboratory
infection models for all marine viruses, timely elucidation of virus-host interactions
requires the development and application of sensitive new methods that can be
used to extend foundational knowledge. Multi-omics approaches have recently gained
popularity for their ability to capture multiple informational layers in biological systems.
For viral infections, multi-omics approaches can be used to understand the molecu-
lar complexities of virus-host interactions, including host antiviral defenses and viral
countermeasures, which could be captured by integrating transcriptomic and proteomic
information (Fig. 3). Similarly, metabolomic and lipidomic approaches can be applied
to document the metabolic reprogramming of the host cells that supports resource-
intensive viral replication processes. These multi-omics approaches are already useful
when applied to heterogeneous populations of infected cells, but recent advances have
increased sensitivity further to enable study of host cell responses at the single-cell level.
While this technology is still in its infancy, one can envision that further development
may one day enable single-cell -omic analysis of viral infection of marine hosts as they
are collected in the field, with precise linkage to environmental and geographic data. The
important role that viruses play in marine ecosystems by influencing biogeochemical
cycling certainly justifies the further development of such technologies.

AUTHOR AFFILIATION

'Department of Microbiology & Immunology, Dalhousie University, Halifax, Nova Scotia,
Canada

AUTHOR ORCIDs

Kayla Surgenor @ http://orcid.org/0009-0006-9919-1899
Craig McCormick @ http://orcid.org/0000-0003-2794-3722
AUTHOR CONTRIBUTIONS

Kayla Surgenor, Conceptualization, Writing — original draft, Writing — review and editing
| Craig McCormick, Conceptualization, Supervision, Writing — original draft, Writing —
review and editing

REFERENCES

Journal of Virology

1.

Rodriguez-Valera F, Bellas C. 2025. How viruses shape microbial plankton
microdiversity. Ann Rev Mar Sci 17:561-576. https://doi.org/10.1146/ann
urev-marine-040623-090847

Fuhrman JA. 1999. Marine viruses and their biogeochemical and
ecological effects. Nature 399:541-548. https://doi.org/10.1038/21119
Zimmerman AE, Howard-Varona C, Needham DM, John SG, Worden AZ,
Sullivan MB, Waldbauer JR, Coleman ML. 2020. Metabolic and
biogeochemical consequences of viral infection in aquatic ecosystems.
Nat Rev Microbiol 18:21-34. https://doi.org/10.1038/s41579-019-0270-x
Karsenti E, Acinas SG, Bork P, Bowler C, De Vargas C, Raes J, Sullivan M,
Arendt D, Benzoni F, Claverie J-M, et al. 2011. A holistic approach to
marine eco-systems biology. PLoS Biol 9:e1001177. https://doi.org/10.13
71/journal.pbio.1001177

February 2026 Volume 100 Issue 2

Alberti A, Poulain J, Engelen S, Labadie K, Romac S, Ferrera |, Albini G,
Aury J-M, Belser C, Bertrand A, et al. 2017. Viral to metazoan marine
plankton nucleotide sequences from the Tara Oceans expedition. Sci
Data 4:170093. https://doi.org/10.1038/sdata.2017.93

Brum JR, Ignacio-Espinoza JC, Roux S, Doulcier G, Acinas SG, Alberti A,
Chaffron S, Cruaud C, de Vargas C, Gasol JM, et al. 2015. Patterns and
ecological drivers of ocean viral communities. Science 348:1261498. http
s://doi.org/10.1126/science.1261498

Roux S, Brum JR, Dutilh BE, Sunagawa S, Duhaime MB, Loy A, Poulos BT,
Solonenko N, Lara E, Poulain J, Pesant S, Kandels-Lewis S, Dimier C,
Picheral M, Searson S, Cruaud C, Alberti A, Duarte CM, Gasol JM, Vaqué
D, Tara Oceans Coordinators, Bork P, Acinas SG, Wincker P, Sullivan MB.
2016. Ecogenomics and potential biogeochemical impacts of globally

10.1128/jvi.01262-25 8


http://orcid.org/0009-0006-9919-1899
http://orcid.org/0000-0003-2794-3722
https://doi.org/10.1146/annurev-marine-040623-090847
https://doi.org/10.1038/21119
https://doi.org/10.1038/s41579-019-0270-x
https://doi.org/10.1371/journal.pbio.1001177
https://doi.org/10.1038/sdata.2017.93
https://doi.org/10.1126/science.1261498
https://doi.org/10.1128/jvi.01262-25

Minireview

20.

21.

22.

23.

24,

25.

February 2026 Volume 100

abundant ocean viruses. Nature 537:689-693. https://doi.org/10.1038/n
ature19366

Gregory AC, Zayed AA, Conceicdo-Neto N, Temperton B, Bolduc B,
Alberti A, Ardyna M, Arkhipova K, Carmichael M, Cruaud C, et al. 2019.
Marine DNA viral macro- and microdiversity from pole to pole. Cell
177:1109-1123. https://doi.org/10.1016/j.cell.2019.03.040

Edgar R. 2023. Known phyla dominate the Tara Oceans RNA virome.
Virus Evol 9:vead063. https://doi.org/10.1093/ve/vead063

Edgar RC, Taylor B, Lin V, Altman T, Barbera P, Meleshko D, Lohr D,
Novakovsky G, Buchfink B, Al-Shayeb B, Banfield JF, de la Pefia M,
Korobeynikov A, Chikhi R, Babaian A. 2022. Petabase-scale sequence
alignment catalyses viral discovery. Nature 602:142-147. https://doi.org/
10.1038/541586-021-04332-2

Neri U, Wolf YI, Roux S, Camargo AP, Lee B, Kazlauskas D, Chen IM,
Ivanova N, Zeigler Allen L, Paez-Espino D, Bryant DA, Bhaya D, RNA Virus
Discovery Consortium, Krupovic M, Dolja VV, Kyrpides NC, Koonin EV,
Gophna U. 2022. Expansion of the global RNA virome reveals diverse
clades of bacteriophages. Cell 185:4023-4037. https://doi.org/10.1016/j.
cell.2022.08.023

Gaia M, Meng L, Pelletier E, Forterre P, Vanni C, Fernandez-Guerra A,
Jaillon O, Wincker P, Ogata H, Krupovic M, Delmont TO. 2023. Mirusvi-
ruses link herpesviruses to giant viruses. Nature 616:783-789. https://doi
.org/10.1038/541586-023-05962-4

Béackstrom D, Yutin N, Jorgensen SL, Dharamshi J, Homa F, Zaremba-
Niedwiedzka K, Spang A, Wolf YI, Koonin EV, Ettema TJG. 2019. Virus
genomes from deep sea sediments expand the ocean megavirome and
support independent origins of viral gigantism. mBio 10:e02497-18. http
s://doi.org/10.1128/mBi0.02497-18

Schulz F, Roux S, Paez-Espino D, Jungbluth S, Walsh DA, Denef VJ,
McMahon KD, Konstantinidis KT, Eloe-Fadrosh EA, Kyrpides NC, Woyke T.
2020. Giant virus diversity and host interactions through global
metagenomics. Nature 578:432-436. https://doi.org/10.1038/541586-02
0-1957-x

Moniruzzaman M, Martinez-Gutierrez CA, Weinheimer AR, Aylward FO.
2020. Dynamic genome evolution and complex virocell metabolism of
globally-distributed giant viruses. Nat Commun 11:1710. https://doi.org/
10.1038/541467-020-15507-2

Philippe N, Legendre M, Doutre G, Couté Y, Poirot O, Lescot M, Arslan D,
Seltzer V, Bertaux L, Bruley C, Garin J, Claverie J-M, Abergel C. 2013.
Pandoraviruses: amoeba viruses with genomes up to 2.5 Mb reaching
that of parasitic eukaryotes. Science 341:281-286. https://doi.org/10.112
6/science.1239181

Sun TW, Yang CL, Kao TT, Wang TH, Lai MW, Ku C. 2020. Host range and
coding potential of eukaryotic giant viruses. Viruses 12:1337. https://doi.
org/10.3390/v12111337

Ha AD, Moniruzzaman M, Aylward FO. 2023. Assessing the biogeogra-
phy of marine giant viruses in four oceanic transects. ISME Commun
3:43. https://doi.org/10.1038/543705-023-00252-6

Endo H, Blanc-Mathieu R, Li Y, Salazar G, Henry N, Labadie K, de Vargas C,
Sullivan MB, Bowler C, Wincker P, Karp-Boss L, Sunagawa S, Ogata H.
2020. Biogeography of marine giant viruses reveals their interplay with
eukaryotes and ecological functions. Nat Ecol Evol 4:1639-1649. https://
doi.org/10.1038/541559-020-01288-w

Meng L, Delmont TO, Gaia M, Pelletier E, Fernandez-Guerra A, Chaffron S,
Neches RY, Wu J, Kaneko H, Endo H, Ogata H. 2023. Genomic adaptation
of giant viruses in polar oceans. Nat Commun 14. https://doi.org/10.103
8/541467-023-41910-6

Buscaglia M, Iriarte JL, Schulz F, Diez B. 2024. Adaptation strategies of
giant viruses to low-temperature marine ecosystems. ISME J 18:wrae162.
https://doi.org/10.1093/ismejo/wrae162

Chow C-E, Suttle CA. 2015. Biogeography of viruses in the sea. Annu Rev
Virol 2:41-66. https://doi.org/10.1146/annurev-virology-031413-085540
Mojica KDA, Brussaard CPD. 2014. Factors affecting virus dynamics and
microbial host-virus interactions in marine environments. FEMS
Microbiol Ecol 89:495-515. https://doi.org/10.1111/1574-6941.12343
Demory D, Endo H, Baudoux A-C, Bigeard E, Grimsley N, Simon N, Ogata
H, Weitz JS. 2025. Temperature-driven biogeography of marine giant
viruses infecting picoeukaryotes Micromonas. ISME Commun 5:ycaf137.
https://doi.org/10.1093/ismeco/ycaf137

Fang Y, Meng L, Xia J, Gotoh Y, Hayashi T, Nagasaki K, Endo H, Okazaki Y,
Ogata H. 2025. Genome-resolved year-round dynamics reveal a broad
range of giant virus microdiversity. mSystems 10:mSystems https://doi.o
rg/10.1128/msystems.01168-24

Issue 2

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Journal of Virology

Erazo-Garcia MP, Sheyn U, Barth ZK, Craig RJ, Wessman P, Jivaji AM, Ray
WK, Svensson-Coelho M, Cornwallis CK, Rengefors K, Brussaard CPD,
Moniruzzaman M, Aylward FO. 2025. Cryptic infection of a giant virus in
a unicellular green alga. Science 388:eads6303. https://doi.org/10.1126/s
cience.ads6303

Chung D, Brask N, Matar S, Gallot-Lavallée L, Pringle ES, Duguay BA, Blais
C, Latimer J, Haro R, Slamovits CH, Leyland B, Rest JS, Collier JL,
McCormick C, Archibald JM. 2025. Persistent mirusvirus infection in the
marine protist Aurantiochytrium. Nat Commun 16:9922. https://doi.org/1
0.1038/541467-025-65172-6

Feschotte C, Gilbert C. 2012. Endogenous viruses: insights into viral
evolution and impact on host biology. Nat Rev Genet 13:283-296. https:
//doi.org/10.1038/nrg3199

Meng L, Endo H, Blanc-Mathieu R, Chaffron S, Herndndez-Veldzquez R,
Kaneko H, Ogata H. 2021. Quantitative assessment of nucleocytoplasmic
large DNA virus and host interactions predicted by co-occurrence
analyses. mSphere 6:01298-20. https://doi.org/10.1128/mSphere.0129
8-20

Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, Wang X, Bodeau
J, Tuch BB, Siddiqui A, Lao K, Surani MA. 2009. mRNA-Seq whole-
transcriptome analysis of a single cell. Nat Methods 6:377-382. https://d
0i.0rg/10.1038/nmeth.1315

Fromm A, Hevroni G, Vincent F, Schatz D, Martinez-Gutierrez CA,
Aylward FO, Vardi A. 2024. Single-cell RNA-seq of the rare virosphere
reveals the native hosts of giant viruses in the marine environment. Nat
Microbiol 9:1619-1629. https://doi.org/10.1038/s41564-024-01669-y
Hevroni G, Vincent F, Ku C, Sheyn U, Vardi A. 2023. Daily turnover of
active giant virus infection during algal blooms revealed by single-cell
transcriptomics. Sci Adv 9:eadf7971. https://doi.org/10.1126/sciadv.adf7
971

Forterre P. 2011. Manipulation of cellular syntheses and the nature of
viruses: the virocell concept. C R Chim 14:392-399. https://doi.org/10.10
16/j.crci.2010.06.007

Sheam MM, Luo E. 2025. Vertical transport and spatiotemporal dynamics
of giant viruses in the North Pacific subtropical gyre. ISME J 19:wraf094.
https://doi.org/10.1093/ismejo/wraf094

Liu W, Nagasaka K, Wu J, Ban H, Mimick E, Meng L, Neches RY,
Moniruzzaman M, Yoshida T, Nishimura Y, Endo H, Okazaki Y, Ogata H.
2025. Giant viruses specific to deep oceans show persistent presence
and activity. bioRxiv. https://doi.org/10.1101/2025.06.21.660676
Moniruzzaman M, Erazo Garcia MP, Farzad R, Ha AD, Jivaji A, Karki S,
Sheyn U, Stanton J, Minch B, Stephens D, Hancks DC, Rodrigues RAL,
Abrahao JS, Vardi A, Aylward FO. 2023. Virologs, viral mimicry, and
virocell metabolism: the expanding scale of cellular functions encoded
in the complex genomes of giant viruses. FEMS Microbiol Rev
47:fuad053. https://doi.org/10.1093/femsre/fuad053

Irwin NAT, Pittis AA, Richards TA, Keeling PJ. 2022. Systematic evaluation
of horizontal gene transfer between eukaryotes and viruses. Nat
Microbiol 7:327-336. https://doi.org/10.1038/s41564-021-01026-3

Ha AD, Moniruzzaman M, Aylward FO. 2021. High transcriptional activity
and diverse functional repertoires of hundreds of giant viruses in a
coastal marine system. mSystems 6:€0029321. https://doi.org/10.1128/
mSystems.00293-21

Wilson WH, Schroeder DC, Allen MJ, Holden MTG, Parkhill J, Barrell BG,
Churcher C, Hamlin N, Mungall K, Norbertczak H, Quail MA, Price C,
Rabbinowitsch E, Walker D, Craigon M, Roy D, Ghazal P. 2005. Complete
genome sequence and lytic phase transcription profile of a coccolithovi-
rus. Science 309:1090-1092. https://doi.org/10.1126/science.1113109
Schleyer G, Shahaf N, Ziv C, Dong Y, Meoded RA, Helfrich EJN, Schatz D,
Rosenwasser S, Rogachev |, Aharoni A, Piel J, Vardi A. 2019. In plaque-
mass spectrometry imaging of a bloom-forming alga during viral
infection reveals a metabolic shift towards odd-chain fatty acid lipids.
Nat Microbiol 4:527-538. https://doi.org/10.1038/s41564-018-0336-y
Howard-Varona C, Lindback MM, Fudyma JD, Krongauz A, Solonenko NE,
Zayed AA, Andreopoulos WB, Olson HM, Kim Y-M, Kyle JE, Glavina Del
Rio T, Adkins JN, Tfaily MM, Paul S, Sullivan MB, Duhaime MB. 2024.
Environment-specific virocell metabolic reprogramming. ISME J
18:wrae055. https://doi.org/10.1093/ismejo/wrae055

Kang M, Duncan GA, Kuszynski C, Oyler G, Zheng J, Becker DF, Van Etten
JL. 2014. Chlorovirus PBCV-1 encodes an active copper-zinc superoxide
dismutase. J Virol 88:12541-12550. https://doi.org/10.1128/JV1.02031-14
Vardi A, Van Mooy BAS, Fredricks HF, Popendorf KJ, Ossolinski JE,
Haramaty L, Bidle KD. 2009. Viral glycosphingolipids induce lytic

10.1128/jvi.01262-25 9


https://doi.org/10.1038/nature19366
https://doi.org/10.1016/j.cell.2019.03.040
https://doi.org/10.1093/ve/vead063
https://doi.org/10.1038/s41586-021-04332-2
https://doi.org/10.1016/j.cell.2022.08.023
https://doi.org/10.1038/s41586-023-05962-4
https://doi.org/10.1128/mBio.02497-18
https://doi.org/10.1038/s41586-020-1957-x
https://doi.org/10.1038/s41467-020-15507-2
https://doi.org/10.1126/science.1239181
https://doi.org/10.3390/v12111337
https://doi.org/10.1038/s43705-023-00252-6
https://doi.org/10.1038/s41559-020-01288-w
https://doi.org/10.1038/s41467-023-41910-6
https://doi.org/10.1093/ismejo/wrae162
https://doi.org/10.1146/annurev-virology-031413-085540
https://doi.org/10.1111/1574-6941.12343
https://doi.org/10.1093/ismeco/ycaf137
https://doi.org/10.1128/msystems.01168-24
https://doi.org/10.1126/science.ads6303
https://doi.org/10.1038/s41467-025-65172-6
https://doi.org/10.1038/nrg3199
https://doi.org/10.1128/mSphere.01298-20
https://doi.org/10.1038/nmeth.1315
https://doi.org/10.1038/s41564-024-01669-y
https://doi.org/10.1126/sciadv.adf7971
https://doi.org/10.1016/j.crci.2010.06.007
https://doi.org/10.1093/ismejo/wraf094
https://doi.org/10.1101/2025.06.21.660676
https://doi.org/10.1093/femsre/fuad053
https://doi.org/10.1038/s41564-021-01026-3
https://doi.org/10.1128/mSystems.00293-21
https://doi.org/10.1126/science.1113109
https://doi.org/10.1038/s41564-018-0336-y
https://doi.org/10.1093/ismejo/wrae055
https://doi.org/10.1128/JVI.02031-14
https://doi.org/10.1128/jvi.01262-25

Minireview

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

February 2026 Volume 100

infection and cell death in marine phytoplankton. Science 326:861-865.
https://doi.org/10.1126/science.1177322

Suttle CA. 2005. Viruses in the sea. Nature 437:356-361. https://doi.org/1
0.1038/nature04160

Nasir A, Forterre P, Kim KM, Caetano-Anollés G. 2014. The distribution
and impact of viral lineages in domains of life. Front Microbiol 5:194. htt
ps://doi.org/10.3389/fmicb.2014.00194

Koonin EV, Wolf YI. 2012. Evolution of microbes and viruses: a paradigm
shift in evolutionary biology? Front Cell Infect Microbiol 2:119. https://do
i.org/10.3389/fcimb.2012.00119

Broecker F. 2022. The contribution of viruses to immune systems, p 253-
283. In Hurst CJ (ed), The biological role of a virus. Springer International
Publishing, Cham.

Mojica FJM, Diez-Villasefior C, Garcia-Martinez J, Soria E. 2005.
Intervening sequences of regularly spaced prokaryotic repeats derive
from foreign genetic elements. J Mol Evol 60:174-182. https://doi.org/10
.1007/500239-004-0046-3

Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. 2005. Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiology (Reading) 151:2551-2561. https:
//doi.org/10.1099/mic.0.28048-0

Pourcel C, Salvignol G, Vergnaud G. 2005. CRISPR elements in Yersinia
pestis acquire new repeats by preferential uptake of bacteriophage
DNA, and provide additional tools for evolutionary studies. Microbiology
(Reading) 151:653-663. https://doi.org/10.1099/mic.0.27437-0

Shomar H, Georjon H, Feng Y, Olympio B, Guillaume M, Tesson F, Cury J,
Wu F, Bernheim A. 2024. Viperin immunity evolved across the tree of life
through serial innovations on a conserved scaffold. Nat Ecol Evol
8:1667-1679. https://doi.org/10.1038/s41559-024-02463-z

Richter DJ, Fozouni P, Eisen MB, King N. 2018. Gene family innovation,
conservation and loss on the animal stem lineage. eLife 7:e34226. https:/
/doi.org/10.7554/elife.34226

Woznica A, Kumar A, Sturge CR, Xing C, King N, Pfeiffer JK. 2021. STING
mediates immune responses in the closest living relatives of animals.
eLife 10:e70436. https://doi.org/10.7554/eLife.70436

Gonzélez JM, Suttle CA. 1993. Grazing by marine nanofiagellates on
viruses and virus-sized particles: ingestion and digestion. Mar Ecol Prog
Ser 94:1-10. https://doi.org/10.3354/meps094001

Delong JP, Van Etten JL, Al-Ameeli Z, Agarkova IV, Dunigan DD. 2023.
The consumption of viruses returns energy to food chains. Proc Natl
Acad Sci USA 120:2215000120. https://doi.org/10.1073/pnas.22150001
20

Frada M, Probert |, Allen MJ, Wilson WH, de Vargas C. 2008. The “Cheshire
Cat” escape strategy of the coccolithophore Emiliania huxleyi in
response to viral infection. Proc Natl Acad Sci USA 105:15944-15949. htt
ps://doi.org/10.1073/pnas.0807707105

Frada MJ, Rosenwasser S, Ben-Dor S, Shemi A, Sabanay H, Vardi A. 2017.
Morphological switch to a resistant subpopulation in response to viral
infection in the bloom-forming coccolithophore Emiliania huxleyi. PLoS
Pathog 13:1006775. https://doi.org/10.1371/journal.ppat.1006775

La Scola B, Desnues C, Pagnier |, Robert C, Barrassi L, Fournous G,
Merchat M, Suzan-Monti M, Forterre P, Koonin E, Raoult D. 2008. The
virophage as a unique parasite of the giant mimivirus. Nature 455:100-
104. https://doi.org/10.1038/nature07218

Fischer MG, Suttle CA. 2011. A virophage at the origin of large DNA
transposons. Science 332:231-234. https://doi.org/10.1126/science.1199
412

Koslova A, Hackl T, Bade F, Sanchez Kasikovic A, Barenhoff K, Schimm F,
Mersdorf U, Fischer MG. 2024. Endogenous virophages are active and
mitigate giant virus infection in the marine protist Cafeteria burkhardae.
Proc Natl Acad Sci USA 121:€2314606121. https://doi.org/10.1073/pnas.
2314606121

Hackl T, Duponchel S, Barenhoff K, Weinmann A, Fischer MG. 2021.
Virophages and retrotransposons colonize the genomes of a heterotro-
phic flagellate. eLife 10:e72674. https://doi.org/10.7554/eLife.72674
Bellas C, Hackl T, Plakolb M-S, Koslovéd A, Fischer MG, Sommaruga R.
2023. Large-scale invasion of unicellular eukaryotic genomes by
integrating DNA viruses. Proc Natl Acad Sci USA 120. https://doi.org/10.1
073/pnas.2300465120

Collier JL, Rest JS, Gallot-Lavallée L, Lavington E, Kuo A, Jenkins J, Plott C,
Pangilinan J, Daum C, Grigoriev 1V, Filloramo GV, Novéak Vanclovda AMG,
Archibald JM. 2023. The protist Aurantiochytrium has universal
subtelomeric rDNAs and is a host for mirusviruses. Curr Biol 33:5199-
5207. https://doi.org/10.1016/j.cub.2023.10.009

Issue 2

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Journal of Virology

Zhao H, Meng L, Hikida H, Ogata H. 2024. Eukaryotic genomic data
uncover an extensive host range of mirusviruses. Curr Biol 34:2633-
2643. https://doi.org/10.1016/j.cub.2024.04.085

Bongiorni L, Pusceddu A, Danovaro R. 2005. Enzymatic activities of
epiphytic and benthic thraustochytrids involved in organic matter
degradation. Aquat Microb Ecol 41:299-305. https://doi.org/10.3354/am
041299

Gladyshev Ml, Sushchik NN, Makhutova ON. 2013. Production of EPA and
DHA in aquatic ecosystems and their transfer to the land. Prostaglandins
Other Lipid Mediat 107:117-126. https://doi.org/10.1016/j.prostaglandin
5.2013.03.002

Swanson D, Block R, Mousa SA. 2012. Omega-3 fatty acids EPA and DHA:
health benefits throughout life. Adv Nutr 3:1-7. https://doi.org/10.3945/
an.111.000893

Lutfi E, Berge GM, Baeverfjord G, Sigholt T, Bou M, Larsson T, Merkere T,
Evensen @, Sissener NH, Rosenlund G, Sveen L, @stbye T-K, Ruyter B.
2023. Increasing dietary levels of the n-3 long-chain PUFA, EPA and DHA,
improves the growth, welfare, robustness and fillet quality of Atlantic
salmon in sea cages. Br J Nutr 129:10-28. https://doi.org/10.1017/50007
114522000642

Uttaro AD. 2006. Biosynthesis of polyunsaturated fatty acids in lower
eukaryotes. IUBMB Life 58:563-571. https://doi.org/10.1080/1521654060
0920899

MacLean OA, Lytras S, Weaver S, Singer JB, Boni MF, Lemey P,
Kosakovsky Pond SL, Robertson DL. 2021. Natural selection in the
evolution of SARS-CoV-2 in bats created a generalist virus and highly
capable human pathogen. PLoS Biol 19:e3001115. https://doi.org/10.13
71/journal.pbio.3001115

Geoghegan JL, Duchéne S, Holmes EC. 2017. Comparative analysis
estimates the relative frequencies of co-divergence and cross-species
transmission within viral families. PLoS Pathog 13:e1006215. https://doi.
org/10.1371/journal.ppat.1006215

McGeoch DJ, Rixon FJ, Davison AJ. 2006. Topics in herpesvirus genomics
and evolution. Virus Res 117:90-104. https://doi.org/10.1016/j.virusres.2
006.01.002

Nazir Y, Shuib S, Kalil MS, Song Y, Hamid AA. 2018. Optimization of
culture conditions for enhanced growth, lipid and docosahexaenoic acid
(DHA) production of Aurantiochytrium SW1 by response surface
methodology. Sci Rep 8:8909. https://doi.org/10.1038/541598-018-2730
9-0

Park W-K, Moon M, Shin S-E, Cho JM, Suh WI, Chang YK, Lee B. 2018.
Economical DHA (Docosahexaenoic acid) production from Aurantiochy-
trium sp. KRS101 using orange peel extract and low cost nitrogen
sources. Algal Res 29:71-79. https://doi.org/10.1016/j.algal.2017.11.017
Wang Z, Wang S, Feng Y, Wan W, Zhang H, Bai X, Cui Q, Song X. 2021.
Obtaining high-purity docosahexaenoic acid oil in thraustochytrid
Aurantiochytrium through a combined metabolic engineering strategy. J
Agric Food Chem 69:10215-10222. https://doi.org/10.1021/acs.jafc.1c03
781

Zhang H, Zhao X, Zhang J, Liu L, Liu J. 2025. Overview of docosahexae-
noic acid (DHA) biosynthesis by Aurantiochytrium: biosynthetic pathway,
high-yield mechanism, and metabolic engineering strategies. Food
Reviews International 41:883-921. https://doi.org/10.1080/87559129.20
242423767

Wu J, Li W, Shao Y, Avey D, Fu B, Gillen J, Hand T, Ma S, Liu X, Miley W,
Konrad A, Neipel F, Stiirzl M, Whitby D, Li H, Zhu F. 2015. Inhibition of
cGAS DNA sensing by a herpesvirus virion protein. Cell Host Microbe
18:333-344. https://doi.org/10.1016/j.chom.2015.07.015

Liu X, Kosugi S, Koide R, Kawamura Y, Ito J, Miura H, Matoba N, Matsuzaki
M, Fujita M, Kamada AJ, Nakagawa H, Tamiya G, Matsuda K, Murakami Y,
Kubo M, Aswad A, Sato K, Momozawa Y, Ohashi J, Terao C, Yoshikawa T,
Parrish NF, Kamatani Y. 2020. Endogenization and excision of human
herpesvirus 6 in human genomes. PLoS Genet 16:21008915. https://doi.
org/10.1371/journal.pgen.1008915

Wight DJ, Aimola G, Aswad A, Jill Lai C-Y, Bahamon C, Hong K, Hill JA,
Kaufer BB. 2020. Unbiased optical mapping of telomere-integrated
endogenous human herpesvirus 6. Proc Natl Acad Sci USA 117:31410-
31416. https://doi.org/10.1073/pnas.2011872117

Aswad A, Aimola G, Wight D, Roychoudhury P, Zimmermann C, Hill J,
Lassner D, Xie H, Huang M-L, Parrish NF, Schultheiss H-P, Venturini C,
Lager S, Smith GCS, Charnock-Jones DS, Breuer J, Greninger AL, Kaufer
BB. 2021. Evolutionary history of endogenous human herpesvirus 6
reflects human migration out of Africa. Mol Biol Evol 38:96-107. https://d
0i.0rg/10.1093/molbev/msaa190

10.1128/jvi.01262-25 10


https://doi.org/10.1126/science.1177322
https://doi.org/10.1038/nature04160
https://doi.org/10.3389/fmicb.2014.00194
https://doi.org/10.3389/fcimb.2012.00119
https://doi.org/10.1007/s00239-004-0046-3
https://doi.org/10.1099/mic.0.28048-0
https://doi.org/10.1099/mic.0.27437-0
https://doi.org/10.1038/s41559-024-02463-z
https://doi.org/10.7554/eLife.34226
https://doi.org/10.7554/eLife.70436
https://doi.org/10.3354/meps094001
https://doi.org/10.1073/pnas.2215000120
https://doi.org/10.1073/pnas.0807707105
https://doi.org/10.1371/journal.ppat.1006775
https://doi.org/10.1038/nature07218
https://doi.org/10.1126/science.1199412
https://doi.org/10.1073/pnas.2314606121
https://doi.org/10.7554/eLife.72674
https://doi.org/10.1073/pnas.2300465120
https://doi.org/10.1016/j.cub.2023.10.009
https://doi.org/10.1016/j.cub.2024.04.085
https://doi.org/10.3354/ame041299
https://doi.org/10.1016/j.prostaglandins.2013.03.002
https://doi.org/10.3945/an.111.000893
https://doi.org/10.1017/S0007114522000642
https://doi.org/10.1080/15216540600920899
https://doi.org/10.1371/journal.pbio.3001115
https://doi.org/10.1371/journal.ppat.1006215
https://doi.org/10.1016/j.virusres.2006.01.002
https://doi.org/10.1038/s41598-018-27309-0
https://doi.org/10.1016/j.algal.2017.11.017
https://doi.org/10.1021/acs.jafc.1c03781
https://doi.org/10.1080/87559129.2024.2423767
https://doi.org/10.1016/j.chom.2015.07.015
https://doi.org/10.1371/journal.pgen.1008915
https://doi.org/10.1073/pnas.2011872117
https://doi.org/10.1093/molbev/msaa190
https://doi.org/10.1128/jvi.01262-25

Minireview

81. Moniruzzaman M, Weinheimer AR, Martinez-Gutierrez CA, Aylward FO.
2020. Widespread endogenization of giant viruses shapes genomes of
green algae. Nature 588:141-145. https://doi.org/10.1038/s41586-020-2
924-2

82. Filée J. 2014. Multiple occurrences of giant virus core genes acquired by
eukaryotic genomes: the visible part of the iceberg? Virology (Auckl)
466-467:53-59. https://doi.org/10.1016/j.virol.2014.06.004

February 2026 Volume 100 Issue 2

83.

Journal of Virology

Denoeud F, Godfroy O, Cruaud C, Heesch S, Nehr Z, Tadrent N, Couloux
A, Brillet-Guéguen L, Delage L, Mckeown D, et al. 2024. Evolutionary
genomics of the emergence of brown algae as key components of
coastal ecosystems. Cell 187:6943-6965. https://doi.org/10.1016/j.cell.20
24.10.049

10.1128/jvi.01262-25 11


https://doi.org/10.1038/s41586-020-2924-2
https://doi.org/10.1016/j.virol.2014.06.004
https://doi.org/10.1016/j.cell.2024.10.049
https://doi.org/10.1128/jvi.01262-25

	Diving into the hidden viral world of marine protists
	AN EXPLOSION OF NEW VIRUS DISCOVERIES IN MARINE ENVIRONMENTS
	THE IMPACT OF VIRUSES ON PROTIST METABOLISM
	HOST DEFENSES AND VIRAL COUNTERMEASURES
	STUDYING MIRUSVIRUS-HOST INTERACTIONS IN A MODEL ORGANISM
	SUMMARY AND FUTURE DIRECTIONS


