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Abstract: Increasing sequence information indicates that RNA viruses constitute a major fraction
of marine virus assemblages. However, only 12 RNA virus species have been described, infecting
known host species of marine single-celled eukaryotes. Eight of these use diatoms as hosts, while four
are resident in dinoflagellate, raphidophyte, thraustochytrid, or prasinophyte species. Most of these
belong to the order Picornavirales, while two are divergent and fall into the families Alvernaviridae
and Reoviridae. However, a very recent study has suggested that there is extraordinary diversity in
aquatic RNA viromes, describing thousands of viruses, many of which likely use protist hosts. Thus,
RNA viruses are expected to play a major ecological role for marine unicellular eukaryotic hosts. In
this review, we describe in detail what has to date been discovered concerning viruses with RNA
genomes that infect aquatic unicellular eukaryotes.
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1. Introduction
Simple unicellular eukaryotes (protists) are supposed to have evolved over one billion
years ago in the Proterozoic oceans [1,2]. Unicellular eukaryotes established a distinct
life-type organization with several types of intracellular membranous organelles. Most
are essentially aquatic or semi-aquatic microorganisms, highly diverse and numerous,
exhibiting many variations in form and function, with cells ranging in size from <1 micron to several millimeters, including phototrophs, phagotrophs (i.e., predatory forms),
mixotrophs (that are both photosynthetic and phagotrophic), and osmotrophs, and encompassing various parasites or parasitoids of larger organisms in addition to free-living
forms [3,4]. Most are categorized as ‘protists’, though there is an uncertain demarcation
between protists and unicellular forms of fungi [5].
Marine unicellular protists include a heterogeneous collection of phototrophic (photosynthetic, also known as phytoplankton) and heterotrophic (nonphotosynthetic, also
known as bacterioplankton) organisms with a wide variety of cell sizes and belonging to
almost all eukaryotic lineages [4,6]. Marine microbial communities are incredibly diverse,
and in addition to the prokaryotes that represent the popular understanding of ‘microbe’,
they include interconnected groups of viruses and unicellular eukaryotes [7,8]. Virus-like
particles (VLPs) have been reported in eukaryotic algae since the early 1970s [9], however, most reports describe the microscopic observations of the viruses, and whenever the
particles emerged, they were not further characterized in the laboratory to achieve better
understanding of these viruses.
In the early 1980s, the new circumstances compelled a change, and many large and
small DNA viruses were discovered with double-stranded genomes, ones that infect a
cultivable, unicellular, eukaryotic-like variety of algal species such as a subset of green
algae [10,11]. For the past two decades, much research has focused on the diversity of ocean

Viruses 2021, 13, 362. https://doi.org/10.3390/v13030362

https://www.mdpi.com/journal/viruses

Viruses 2021, 13, 362

2 of 21

DNA viruses, mostly phages with large DNA genomes [12–15]. Nonetheless, considerable
effort has also gone into obtaining a better understanding of the eukaryote-infecting viruses
in aquatic ecosystems, since viruses have an ecological impact and also play essential roles
in the origin, evolution, and mortality of aquatic protists [16,17].
Researchers have also paid increasing attention to the diversity and significance of
RNA viruses living in marine ecosystems. For the first time, a positive-sense, singlestranded RNA (+ssRNA) virus that infects the raphidophyte Heterosigma akashiwo was isolated in 2003; it was reported as an example of an RNA virus infecting a marine protist [18].
This paved the way for the discovery of several related ssRNA viruses (picorna-like) that
infect microalgae [19–23]. With few exceptions, all of these viruses, according to newly
approved taxonomy, are classified as members of the order Picornavirales [24,25].
In addition, evidence has been steadily accumulating that RNA viruses are important
contributors to marine protist ecology [26–32]. Molecular surveys targeting the RNAdependent RNA polymerase (RdRp) gene of picorna-like viruses have shown the presence
of diverse picornavirus sequences in seawater [33,34]. The sea-water-sample metagenomic
study of the RNA viral genome suggests that the picornaviruses are dominant marine
RNA viruses, but other diverse RNA viruses, including double-stranded RNA (dsRNA),
exist as well [35,36]. Interestingly, marine RNA phages have been infrequently found, and
presumably the dominant RNA viruses infect the diverse and abundant marine single-cell
eukaryotes, rather than infecting the prokaryotes [14].
Despite this progress, the aquatic RNA virus community remains largely uncharacterized. With the development of metagenomic technologies [37–40], a continuous flow of
new unidentified virus sequences from eukaryotic organisms makes it clear that knowledge
of the protist RNA virus dataset remains extremely limited, far behind that of animal, plant,
or fungal species [35,41,42]. Recently, metagenomic analysis targeting RNA viruses from
a single aquatic habitat in an estuary area in China discovered over 4000 distinct RNA
viruses, which doubled the previously known set of RNA viruses [42]. This work found
several previously unrecognized virus groups at the levels of class, order, and family,
representing all the +RNA virus phyla (Lenarviricota, Pisuviricota, and Kitrinoviricota), but
identified only six dsRNA viruses (Duplornaviricota) [42]. Although multiple virus groups
were identified, phylogenetic analyses of the RdRp protein show that the newly discovered
viruses belong to the previously designated phyla of RNA viruses [42–46].
Marine virus communities have been reviewed from various perspectives in the
past [16,29,30,47,48]. We believe that the time is appropriate for a new review, for several
reasons. Firstly, several ssRNA viruses have been discovered, mostly from diatoms, over
the past 10 years, ones that are worthy of attention. Secondly, some diatom viruses are
being taken into culture, and their features are now under analysis [49]. Adding data
regarding these novel diatom viruses will further highlight the remarkable variety of algal
viruses in nature. Thirdly, environmental analyses of marine microbial assemblages are
gaining more attention; to study the considerable unexplored genetic diversity of RNA
viruses in the ocean, it is therefore worthwhile to summarize what we currently know about
specific viral–host relationships [50,51]. Additionally, no review has focused exclusively
on RNA viruses and their protist hosts together. To this end, we have collected details on
12 viruses with an RNA genome that are thus far known to infect specific single-celled
organisms.
2. Marine RNA Viruses
In the early 1990s, researchers found that marine viruses are directly pathogenic for
various ocean organisms [52]. It has been well established that marine viruses are the
most abundant biological entities in oceanic marine environments, reaching up to 108
viruses mL−1 . This has further stimulated marine virus research [53]. Rapid advances in
metagenomics have subsequently yielded vast numbers of sequences from different types
of aquatic ecosystems, providing us with access to an assemblage of viruses of diverse
unicellular eukaryotes [35,41,42,44,45]. Metagenomic studies of aquatic environments
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suggest the possibility of a massive presence of viral genotypes in surface- and deep-water
samples from different kinds of marine habitats [41,54]. Many RNA viruses in aquatic
environments belong to genetically diverse known populations and are phylogenetically
related to particular host species [30]. Their association with diseases and the mortality of
marine mammals, fish, and crustaceans is evident [55–57]. They have also been implicated
in both coral bleaching and in the die-off of economically valuable bivalves [58,59]. With
metagenomic methods now involved in the field of virology, multicellular organisms
infected with marine RNA viruses have been under the spotlight. Now this research has
broadened to include RNA virus isolates infecting protists [30]. Although metagenomics
is a good method for analyzing all viruses, it needs to be optimized in order to detect
particles with an RNA genome; this led to underestimation of the importance of RNA
viruses. The viruses’ hosts are not generally recognized by metagenomic analysis, but some
of the RNA sequences extracted from aquatic environments are phylogenetically linked to
viruses with known hosts [42,44].
3. Protist Virus Characterization
Viruses infecting single-celled eukaryotes have been studied using two distinct approaches, namely culture-based and non-culture-based (PCR, metagenomics). This review
mainly deals with protist viruses discovered prior to 2020, by means of a culture-based
approach. The success of culture-based approaches to virus isolation is often critically
dependent on skill and experience, and among laboratories, strategies for the culture-based
approach differ [21,22,32,45,60–64]. Although all of these techniques successfully isolate
the virus from the protists, because no comparative research uses different methodologies,
it is impossible to declare whether any one method is more efficient than another.
Turning to culture-independent approaches, these have increasingly served in analysis
of the protist virome. For the comprehensive analysis of a specific group of viruses,
amplicon-based metagenomics are crucial, but using this approach is still an issue and,
what remains a challenge is to investigate the entire viral community. One of the main
problems is related to the primer design strategy for virus detection. Degenerate PCR
primers targeting conserved amino acids in the highly conserved RdRp were used, finding
highly diverse picornavirus-like viral sequences in seawaters around the USA [33,34].
The large amount of genetic diversity between virus families makes it challenging to detect
multiple virus families. Furthermore, primer design is also dependent on pre-existing
knowledge of the viral genomes. In recent years, unbiased metagenomic approaches have
achieved growing popularity and allow the analysis of the entire community of viruses.
Additionally, metagenomics has the potential to detect even entirely novel viruses, because
no previous knowledge of the assemblage is required [12,28,35,42]. More recently, a new
protocol, one which uses a pair of degenerate PCR primers targeting replication protein
regions of ssRNA and ssDNA viruses, suggests that the diverse RdRp-type viruses have
some relationships with specific diatom host strains [51].
4. Taxonomy of Protist Viruses
The constant increase in the number of viruses, depositing genome sequence data
from viruses in public archives, and advances in metagenomics, create more challenges
in virus classification and initiate the opportunity to develop a new virus megataxonomy,
one mostly based on metagenomic sequencing [42]. Many publications indicate that RNA
viruses using RdRp are monophyletic with respect to the RdRp palm subdomain [65–69].
There exists no evidence for multiple origins of RNA viruses that have been isolated from
eukaryotic and prokaryotic hosts, implying that they are most likely monophyletic and
ancient. As such, they would qualify for an independent major taxon on their own in virus
taxonomy, while also comprising a class of the Baltimore classification [46,65]. Thus far,
the best-characterized group of protist viruses is the family Marnaviridae (Table 1). Among
all of the protist virus isolates, two are divergent and fall in the families of Alvernaviridae
and Reoviridae (Table 2) [24,25]. Metagenomic discovery will most likely increase the
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number of virus species known to infect related aquatic protists. Notably, one recent study
discovered 854 new picorna-like viruses from one location in China, of which 653 fell into
the Marnaviridae [42].
4.1. Picornaviridae in Protists
Isolation and identification of a picorna-like virus that causes lysis of the toxic, bloomforming microalga Heterosigma akashiwo during the early steps of infection was the first
evidence that RNA viruses are pathogens of marine phytoplankton [18]. Later, metagenomic sequencing from environmental samples established the enormous diversity in
seawater viruses; the majority of them are classified in the order Picornavirales. The analysis of environmental picorna-like virus RdRp sequences mapped a distinct phylogenetic
cluster of marine viruses genomes that probably describe primarily the virus infection
of protists [26,30,33–35,70,71]. A metagenomic survey of marine RNA virus assemblages
demonstrated that the most abundant reads among coastal RNA viruses belonged to the
picorna-like viruses [35].
The Picornavirales order unites small, non-enveloped viruses that infect eukaryotes and
possess a number of prominent features. Members of this order are +ssRNA viruses with a
genome length between 7.2 and 9.8 kb. They have an icosahedral virion (approximately 30
nm in size) that has a pseudo T = 3 architecture. All members of the order Picornavirales
contain a Hel–Pro–Pol (Helicase, Protease and RdRp) replication block [72]. Members of the
order Picornavirales are known to be able to infect a wide range of species, including vertebrates (birds, fish, amphibians, reptiles, and mammals), invertebrates (insects), microalgae,
human beings, and plants [72]. Picornaviruses are associated with a mild, severe, and lethal
range of human diseases such as aseptic meningitis, encephalitis, the common cold, febrile
rash illnesses, conjunctivitis, herpangina, myositis and myocarditis, and hepatitis. Prior to
the metagenomic discovery of 4500 distinct RNA viruses [42], we analyzed the conserved
RdRp domains’ amino acid sequences of the 10 isolates and 12 metagenomically assembled
genomes of +ssRNA viruses related to the order Picornavirales which are presented in Table
1. The sequence-based taxonomy for the order Picornavirales in connection with their protist
hosts is presented in Figure 1. Currently, the order Picornavirales includes the families
Dicistroviridae, Iflaviridae, Marnaviridae, Picornaviridae, Polycipiviridae, Secoviridae Caliciviridae, and Solinviviridae, [73,74]. Recently, all protist picorna-like viruses were joined to the
family Marnaviridae which includes seven genera: Labyrnavirus, Bacillarnavirus, Marnavirus,
Locarnavirus, Kusarnavirus, Salisharnavirus, and Sogarnavirus [28]. However, it is clear that
this group requires a taxonomic reorganization based on new data [42].
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Figure 1. Maximum-likelihood phylogenetic analysis of the RdRp domain RNA sequences of the 22 aquatic RNA virus
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Table 1. Cont.
Protist Viruses in the Order Picornavirales
Genus

Locarnavirus

Kusarnavirus

Bacillarnavirus

Species/Virus

Genome
Size (nt)

ORFs 1

Host or Source

Country References

Marine RNA
virus JP-B

JP-B

8926

Two

Unknown

Coastal
marine

Canada

Culley
et al., 2007
[70]

Marine RNA
virus SF-2

SF-2

9321

Two

Unknown

Coastal
wastewater

USA

Greninger
and DeRisi,
2015 [27]

Marine RNA
virus SF-1

SF-1

8970

Two

Unknown

Coastal
wastewater

USA

Greninger
and DeRisi,
2015 [27]

Marine RNA
virus SF-3

SF-3

8648

One

Unknown

Coastal
wastewater

USA

Greninger
and DeRisi,
2015 [27]

Asterionellopsis
glacialis RNA
virus

AglaRNAV

8842

Two

Diatom

Asterionellopsis
glacialis

Japan

Tomaru
et al., 2012
[63]

Chaetoceros
tenuissimus
RNA virus 01

CtenRNAV
Type 1

9431

Two

Diatom

Chaetoceros
tenuissimus

Japan

Shirai et al.,
2008 [76]

Rhizosolenia
setigera RNA
virus

RsetRNAV

8877

Two

Diatom

Rhizosolenia
setigera

Japan

Nagasaki
et al., 2004
[22]

Chaetoceros
socialis f.
radians RNA
virus 01

CsfrRNAV

9467

Two

Diatom

Chaetoceros
socialis f.
radians

Japan

Tomaru
et al., 2009
[62]

Guinardia
delicatula RNA
virus

GdelRNAV

9233

Two

Diatom

Guinardia
delicatula

France

Arsenieff
et al., 2018
[60]

~9000

Two

Diatom

Nitzschia
reversa

Japan

Toyoda
et al., 2019
[77]

Nitzschia
reversa RNA
virus

Salisharnavirus

Virus
Name Abbreviation

NitRevRNAV

Coastal/oceanic
Canada
marine

Vlok et al.,
2019b
[47]

Marine RNA
virus BC-4

BC-4

8593

Two

Unknown

Marine RNA
virus PAL473

PAL473

6360

Two

Unknown

Coastal
marine

USA

Miranda
et al., 2016
[71]

Marine RNA
virus BC-1

BC-1

8638

Two

Unknown

Coastal
marine

Canada

Vlok et al.,
2019b
[47]

Marine RNA
virus PAL128

PAL128

8660

Two

Unknown

Coastal
marine

USA

Miranda
et al., 2016
[71]
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Table 1. Cont.
Protist Viruses in the Order Picornavirales
Genus

Species/Virus

Virus
Name Abbreviation

Genome
Size (nt)

ORFs 1

Host or Source

Country References

Marine RNA
virus BC-2

BC-2

8843

Two

Unknown

Coastal
marine

Canada

Vlok et al.,
2019b
[47]

Marine RNA
virus PAL156

PAL156

7897

Two

Unknown

Coastal
marine

USA

Miranda
et al., 2016
[71]

Marine RNA
virus BC-3

BC-3

8496

Two

Unknown

Coastal
marine

Canada

Vlok et al.,
2019b
[47]

Marine RNA
virus JP-A

JP-A

9236

Two

Unknown

Coastal
marine

Canada

Culley
et al., 2007
[70]

Sogarnavirus

Chaetoceros
tenuissimus
RNA virus type
II

CtenRNAV
Type 2

9562

Two

Diatom

Chaetoceros
tenuissimus

Japan

Kimura
and
Tomarua,
2015
[78]

Chaetoceros
species RNA
virus01

Csp03RNAV

9417

Two

Diatom

Chaetoceros sp.

Japan

Tomaru
et al., 2013
[64]

1

Open Reading Frame.

4.2. Alvernaviridae in Protists
Dinoflagellates are a group of unicellular protists that serve as natural hosts for the
Alvernaviridae family. To date, only one virus of this family has been reported: Heterocapsa
circularisquama RNA virus 01 (HcRNAV01) (Table 2) [24]. HcRNAV01 is the only characterized ssRNA virus to infect a dinoflagellate. This virus encodes a serine proteinase
which is crucial for the viral replication cycle [24]. It has been shown to be linked to the
serine proteinase gene distantly related to that of a member of the plant-infecting genus
Sobemovirus [79]. HcRNAV01 genomes encode two major open reading frames and a stemloop structure at the 30 -end [24]. The complete nucleotide (nt) sequence and the genomic
organization of HcRNAV01 is distinct from those of members of the genus Sobemovirus and
the families Luteoviridae and Barnaviridae. Because of these unique properties, HcRNAV01
was assigned to a new genus (Dinornavirus) and a new family (Alvernaviridae) [80]. Two
strains of HcRNAV01 (HcRNAV01 strain 34 and strain 109) have their entire genomic RNA
sequences available [24]. The new study by Wolf et al. (2020) found 239 viruses classified
in solemo-, alverna, and barna-like virus groups in China [42].
4.3. Reoviridae in Protists
The Reoviridae is a large family of viruses with genomes containing 10, 11, or 12 segments of double-stranded RNA (dsRNA). Micromonas pusilla reovirus (MpRV) is the first
ds RNA virus yet discovered in the family Reoviridae that infects a protist (the prasinophyte
microalga Micromonas pusilla, a member of the Mamiellophyceae) (Table 2) [25]. Viruses of
this family include a total of 75 virus species with a further ~30 tentative species reported
to date [73]. They have been isolated from a wide range of animal species including both
vertebrates and invertebrates (mammals, birds, reptiles, fish, crustaceans, insects, ticks, and
other arachnids), plants, and fungi. Interestingly, the recent metagenomics study found
only six dsRNA viruses, suggesting that they may be rather rare in protist hosts [42].
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Table 2. RNA viruses discussed in this review in the families Alvernaviridae and Reoviridae.
Protist Viruses in the Family Alvernaviridae
Genus

Dinornavirus

Species

Virus
Name Abbreviation

Heterocapsa
circularisquama
RNA virus 01

HcRNAV

Species

Virus
Name Abbreviation

Genome
Size (nt)

4400

Host or Source

ORFs 1

Two

Dinoflagellate

Heterocapsa
circularisquama

Country

References

Japan

Nagasaki
et al., 2005a;
Tomaru
et al., 2004
[21,24]

Country

References

France

Brussaard
et al., 2004
[25]

Protist Viruses in Family Reoviridae
Genus

Mimoreovirus

Micromonas
pusillareovirus

MpRNAV01B

Genome

Host or Source

Size (nt)

ORFs

4400

11

1

Prasinophyceae

Microalga
Micromonas
pusilla

Open Reading Frame.

5. Host Specificity of Protist Viruses
Viral replication involves several steps including attachment to the host cell, penetration, uncoating, replication, assembly, and finally release [81]. To date, the attachment
and entry mechanisms utilized by algal viruses to infect their hosts are almost unknown.
Compatibility between host and virus has, however, been investigated, revealing that it is
critical for successful infection [82]. Studies have demonstrated that marine RNA viruses
infecting protists are mostly quite host-specific, with some variability [18,22,83–85]. Algal
viruses have shown until now differing abilities to infect certain species of hosts. They are
able to infect only a single host strain, several genetically different host strains, and hosts
from different but closely related or distantly related species [81,86].
HcRNAV infects the bivalve-killing dinoflagellate Heterocapsa circularisquama [21].
Intraspecies host specificity has been reported for HcRNAV [87]. High-frequency nt substitutions of HcRNAV structural open reading frame (ORF) are predicted to be located on the
surface of the virus particle, making this virus capable of binding to surface receptors of
different hosts [87]. Host specificities of the viruses seem to be determined by their surface
capsid viral proteins (VPs) [49]. The major capsid protein VP1 is important for receptor
binding, because sequence variation is a response to host evolution [49]. The N-terminus
of VP1 is hydrophobic in picornaviruses; one suggestion is that it is responsible for the
attachment of virus particles to the endosomal membrane during cell entry [88]. Similarly,
the N-terminus of VP1 in CtenRNAV-II is hydrophobic and one theory is that it shares the
same functional role in the infection process with some other members of Picornavirales [49].
For the marine RNA virus BC-3, the VP1 domain is most likely important for binding to
the cell-surface receptor; thus, long-term virus–host coevolution seems to have given rise
to a surprising outcome that would affect selection on this domain [47,89].
6. RNA Viruses of Diatoms
Diatoms, a group of photosynthetic protists belonging to the division Heterokontophyta (also known as stramenopiles), represent a major group of phytoplankton in both
marine and freshwater environments [90]. Marine diatoms have been extant over the last
hundred million years and today are the most species-rich group of microalgae. According
to conservative estimates, they comprise more than 100,000 species [91]. Diatoms are globally distributed, occurring from tropical and subtropical regions to polar ecosystems [92],
and they may contribute more than 40% of total marine primary productivity [91]. These
photosynthetic workhorses occur in waters worldwide, wherever they find adequate nutrients and sunlight. Their rigid cell wall (termed a frustule) composed of silica is one of
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diatoms’ distinguishing characteristics. Frustules consist of two nearly identical halves (thecae) very similar in appearance to a cell culture plate coupled with its lid, these enclosing
the cell. The shape of the diatom frustule symmetry usually divides these diatoms into two
main groups. Centric diatoms have the priority to be radially symmetric, whereas pennate
diatoms usually have parallel striae that tend to be elongated, arranged perpendicular
to the long axis. Diatom host–virus relationships may have been established in the very
early stages of the biological evolution of the diatoms on the basis of apparently similar
morphological features between centric and pennate diatom virus features [63]
Diatoms have been well known as key players in the marine carbon cycle for many
years [93,94], but the existence of virus species that can infect diatoms has been described
very rarely. The analysis of phytoplankton sediment by electron microscopy has sometimes
shown the presence of VLPs in unidentified diatom cells from the Pacific Ocean [95], but,
with no reported isolation of diatom viruses. The first diatom virus was reported in 2004,
an ssRNA virus infecting Rhizosolenia setigera [22]. Thereafter, several Chaetoceros viruses
have been successfully isolated. Thus far, at least 15 diatom viruses have been isolated
and characterized using culture-based approaches. Silica frustules might be assumed to
act as a potent barrier against viral infection. However, the pores in the frustule indicate
a possible way that a virus can enter a cell. Since the frustule pores in R. setigera (ca. 80
nm in diameter) and the C. salsugineum setae are larger than their respective pathogens
RsetRNAV (32 nm) and CsalDNAV (38 nm), this difference in size may provide the viruses
with a route of infection [20,22]. If viral particles need to bypass the frustule pores as the
first step towards facilitating the successful infection of the diatom, this would represent a
major evolutionary pressure for diatom viruses to be small. However, even if some pores
are large, the great majority of the frustule surface has pores no larger than 5 to 10 nm in
diameter, limiting viral ingress [96]. In fact, viruses do infect diatoms, and it is evident that,
in coastal waters, silicon limitation facilitates virus infection and diatom mortality [97]. In
the following sections, we summarized some of the most important features of diatom
viruses isolated to date.
6.1. Diatoms of the Genus Rhizosolenia
Rhizosolenia setigera is a centric diatom which has both sexual and asexual reproduction
cycles and has many chloroplasts located throughout each cell [98]. Its cells are cylindrical,
with conical valves narrowing into a long, straight, and needle-like spine. It produces
resting spores, one completely different from those of the mother cell [98]. It also produces
chemicals (monocyclic alkenes) that may cause mortality in marine organisms due to oxygen depletion during bloom decay. It is mainly coastal and estuarine, though occasionally
found in open oceans. R. setigera is eurythermal (found in temperatures ranging from −2
to 30 ◦ C) and euryhaline (found in salinity ranging from 1.5 to 37 PSU—practical salinity
unit). It blooms in shallow water embayments in late spring and early fall [99].
The Rhizosolenia setigera RNA virus (RsetRNAV) is an RNA virus that infects R. setigera. It was previously designated by the abbreviation RsetRNAV (Rhizosolenia setigera
RNA virus) [22]. In spring 2002, an unknown species of cryptophyta was dominant in Ariake Sound in western Japan. This virus was first isolated from surface water samples that
were inoculated into the growing cultures of the 22 diatom strains including R. setigera [22].
A complete annotated sequence of the virus genome was reported four years later [100].
RsetRNAV has an icosahedral capsid structure 32 nm in diameter, and the genome is a
linear +ssRNA with a polyA tail at the 30 end [22,100]. Additional information for each
virus, such as virus genome size and open reading frame (ORF), are presented in Table 1.
The major structural proteins of RsetRNAV are 41.5, 41.0, and 29.5 kDa.
Virus particles accumulate in the cytoplasm of infected cells [22]. When viruses were
inoculated in a given culture medium for each culture phase (stationary and exponential),
the latent period (time between host infection and lysis) for RsetRNAV was 48 h and its
burst size (fecundity, progeny produced per infected cell) was 1100 to 3000 infectious
units per host cell [76,100]. The infection specificity of this virus, rather than being species
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6.2. Diatoms of the Genus Chaetoceros
The diatom genus Chaetoceros is one of the most abundant and diverse marine phytoplankton types in coastal and oceanic waters worldwide [91], with about 400 species
reported [101]. To date, several RNA viruses have been isolated and characterized from
this genus: Chaetoceros tenuissimus RNA virus (CtenRNAV type I), Chaetoceros socialis f.
radians RNA virus (CsfrRNAV), Chaetoceros tenuissimus RNA virus (CtenRNAV type II),
and Chaetoceros sp. strain SS08-C03 RNA virus (Csp03RNAV) [98].
CtenRNAV type I causes the lysis of the bloom-forming marine diatom Chaetoceros
tenuissimus Meunier (Figure 3) [76]. CtenRNAV type I was first isolated from water samples
of Ariake Sound in western Japan during June 2004 [76]. CtenRNAV type I has an icosahedral capsid structure which is 31 nm in diameter, and the genome is a linear +ssRNA and
lacks a tail (Table 1) [76]. It has three major proteins (33.5, 31.5, and 30.0 kDa). The molecular weight of the major capsid proteins showed a size difference between RsetRNAV01 and
CtenRNAV type I. The phylogenetic analysis of the RdRp sequence of CtenRNAV type I
showed that this virus is closely related to RsetRNAV01, the type species of the genus Bacillarnavirus (Figures 1 and 2). The RdRp amino acid sequence identity between RsetRNAV01
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Sagami Bay, Japan, with the pennate diatom Nitzschia reversa (Figure 3) [77]. The host
specificity of this virus was revealed by inoculating various diatom species, such as
Nitzschia spp., Cylindrotheca spp., Chaetoceros spp., Skeletonema spp., and Achnanthes spp.,
with virus suspensions. The virus was lytic to its original host, N. reversa strain KT30, but
not to other microalgal species tested. These results indicated the high species-specific
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CsfrRNAV is one more member of the genus Bacillarnavirus that was reported a
decade ago [62]. CsfrRNAV causes the lysis of the bloom-forming species Chaetoceros
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isolated CtenRNAV type I [76]. CtenRNAV type II has an icosahedral capsid structure of
35 nm in diameter, and its genome is a linear +ssRNA and lacks a tail (Table 1) [78]. It has
three major proteins (32.2, 29.0, and 26.1 kDa). However, the amino acid sequences of the
structural proteins CtenRNAV type II are clearly distinct from type I virus, with an identity
of 27.6% [78]. This virus shows lytic activities to several diatom species within the genus
Chaetoceros. Thus, CtenRNAV type-II infects multiple species [78]. Four ancestral structural
traits were observable in the conformation of the VP1 EF-loop, the conformation of the VP1
CD-loop, the VP2 N-terminal domain swap, and the putative autoproteolytic motifs in
VP1 and VP3. This finding was possible when the capsid structure of CtenRNAV-II was
revealed by the structural determination of a virus protein by cryo-electron microscopy and
compared with previously determined capsid protein structures of other viruses belonging
to the same order infecting invertebrates, vertebrates, and plants [49].
Csp03RNAV, a member of the genus Sogarnavirus that causes the lysis of the marine
planktonic diatom Chaetoceros sp. strain SS08-C03, was isolated from surface waters of
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the Yatsushiro Sea, Japan [64]. This virion is icosahedral and 32 nm in diameter, and its
assembly takes place in the cytoplasm of the host cells. The latent period was estimated
to be <48 h. The Csp03RNAV genome of 9417 bases encodes two ORFs, one of which
codes for putative replication-related proteins and the other for putative structural proteins
(Table 1). Csp03RNAV expressed three major polypeptides at 42.0, 34.0, and 28.0 kDa [64].
The monophyly of Csp03RNAV and the other known diatom-infecting ssRNA viruses
(genus Bacillarnavirus), Rhizosolenia setigera RNA virus, Chaetoceros socialis f. radians
RNA virus, and Chaetoceros tenuissimus RNA virus is supported by phylogenetic analysis
based on the amino acid sequence of the conserved RdRp domain [64].
6.3. Diatom of the Genus Asterionella
Asterionella is a genus of pennate diatoms identified as freshwater diatoms [102]. They
are frequently found in star-shaped colonies (consisting up to 20 cells, but often eight) of
individuals [103]. The species Asterionella glacialis was first reported from the Indian sector
of the Antarctic Ocean. It is an important contributor to global diatom phytoplankton [102].
A century later, this diatom was placed in a new genus to accommodate its marine habitat
and the structure of the colony-linking apparatus, among other characters that differed
from those of Asterionella. Asterionellopsis glacialis was the designated type species and is
one of the few species currently assigned to this genus. The life histories of these diatoms
are not well known, but involve characters demonstrated to be evolutionarily informative
in other higher pennates [102].
Asterionellopsis glacialis (Figure 3)was isolated from the surface waters of Hiroshima
Bay, Japan, and its infectious virus Asterionellopsis glacialis RNA virus (AglaRNAV) from
sediments (0–1 cm depth) of Ago Bay, Japan [63]. The AglaRNAV has a linear +ssRNA
genome of approximately 9.5 kb (Table 1); and its particle is 31 nm in diameter and
accumulates in the host cytoplasm [63]. AglaRNAV has four major proteins. This virus
belongs to the Kusarnavirus genus in the family Marnaviridae. This is the first isolation
and preliminary characterization of pennate diatom viruses that infects Asterionellopsis
glacialis [63].
6.4. Diatom of the Genus Guinardia
The diatom genus Guinardia is characterized as a major contributor to microphytoplankton assemblages along the Atlantic coasts, the North Sea, and the western
Irish Sea [98]. The bloom-forming species Guinardia delicatula is one of the abundant diatom
species in the German Bight [104–106]. Several groups of eukaryotic parasites are described
as causing the mortality of this diatom. Its cells form fairly straight chains and are bilaterally symmetrical. The external process is thin and short, and is narrow, tube-shaped, and
oblique to the pervalvar axis. The external process fits into a depression on the adjacent
valve. Girdle segments are composed of open bands with poroid areolae, and are not
prominent [98].
The Guinardia delicatula RNA virus (GdelRNAV) was isolated as the first virus that
infects G. delicatula from a location in western England in the time of the late summer bloom
decline of G. delicatula [60]. These lytic viruses replicate in the host cytoplasm and are small
particles of 35–38 nm in diameter. GdelRNAV has a genome of ∼9 kb, including two ORFs
encoding for replication and structural polyproteins (Table 1). It has five major proteins:
38.6, 33.9, 29.8, 27, and 6.8 kDa. GdelRNAV is specific to several strains of G. delicatula [60].
Based on the RdRp gene marker, GdelRNAV was placed in the genus Bacillarnavirus [60];
however, reclassification could be needed (Figures 1 and 2).
6.5. Diatoms of the Genus Nitzschia
Nitzschia is a pennate diatom common in marine ecosystems [98]. Chilly waters are
their preferred site. Furthermore, Nitzschia often occurs as one of the dominant diatoms in
the Arctic and Antarctic polar sea ice [98]. Several species are reported for this diatom, a tox-
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icologically known species which produces domoic acid, a known neurotoxin responsible
for human amnesic shellfish poisoning (ASP) [107].
Nitzschia reversa RNA virus (NitRevRNAV) was isolated from surface seawaters
of Sagami Bay, Japan, with the pennate diatom Nitzschia reversa (Figure 3) [77]. The host
specificity of this virus was revealed by inoculating various diatom species, such as Nitzschia
spp., Cylindrotheca spp., Chaetoceros spp., Skeletonema spp., and Achnanthes spp., with virus
suspensions. The virus was lytic to its original host, N. reversa strain KT30, but not to
other microalgal species tested. These results indicated the high species-specific infection
of this virus, which is a general feature of microalgal viruses [22,62]. The size of these
virus particles, in diameter, was 30 nm, as shown by transmission electron microscopy
(TEM) after negative staining. The NitRevRNAV genome is a linear +ssRNA with a poly(A)
tail (Table 1) [77]. It has four major polypeptides at 36, 32, 30, and 28 kDa. Phylogenetic
analysis of amino acid sequences of RdRp placed NitRevRNAV as a member of the genus
Bacillarnavirus [77]; however, the reclassification could be required (Figures 1 and 2).
7. Viruses of the Family Raphidophyceae
The Raphidophyceae are a small group of flagellated protists that inhabit diverse
aquatic habitats [108]. To date, ten genera have been distinguished from marine, brackish,
and freshwater: Gonyostomum, Merotricha, and Vacuolaria are three representatives for freshwater; seven other genera: Chattonella, Chlorinimonas, Fibrocapsa, Haramonas, Heterosigma,
Psammamonas, and Viridilobus have brackish species [109]. The Raphidophyceae are photosynthetic and belong to a phylum of unicellular wall-less heterokonts. They have two
flagella in the apex of the cell that contain tubular mastigonemes [110]. Some of the marine
species contain the marine carotenoid fucoxanthin, whereas freshwater species do not
contain this pigment. Marine raphidophytes are extensively recognized as ichthyotoxic
organisms, and a relationship has emerged between finfish mortality and several species
like Chattonella spp., Fibrocapsa japonica, and Heterosigma akashiwo. To understand the mechanisms of bloom formation, it is important to collect information on the raphidophyte life
cycle, on cyst formation, and on vertical migratory behavior [111]. Viruses assigned to the
genus Heterosigma infect the harmful bloom-forming raphidophyte, Heterosigma akashiwo
(a member of the family Raphidophyceae), a marine alga with a world-wide distribution.
Heterosigma akashiwo is a harmful bloom-forming alga living in temperate coastal waters.
Since factors affecting its occurrence and bloom formation have remained elusive, the
bloom’s timing and the severity of this eukaryotic algae are both still unknown [112].
Heterosigma akashiwo RNA virus (HaRNAV) belongs to the genus Marnavirus. HaRNAV infects several strains of Heterosigma akashiwo from coastal British Columbian waters
(Figure 3). This was the first reported ssRNA virus that caused the lysis of a phytoplankton
species [18]. The HaRNAV complete genome was sequenced a year after discovery, and
its genome sequence predicted a single ORF encoding a polyprotein that contains conserved picorna-like protein domains, with putative nonstructural protein domains present
in the N-terminus and the structural proteins in the C-terminus of the polyprotein [23].
The virus genome is 8587 nt in length, plus a poly(A) tail (Table 1). The genome sequence
determined contains one large ORF on the positive strand that is 7743 bases long and is predicted to encode a protein of 2581 amino acid residues. The 50 and 30 untranslated regions
(UTRs) are 483 and 361 nt long, respectively, accounting for a total of 9.8% of the genome.
The secondary structure near the 50 end is likely to be functionally important in this virus
for the replication of the RNA, as seen in other picorna-like viruses. HaRNAV particles
contain five proteins: ones of 33.9, 29.0, 26.1, 24.6, and 24.0 kDa. It has an icosahedral
capsid structure of 25 nm in diameter [18]. Secondary structures close to the start of the
polyprotein are likely functionally important as part of an internal ribosome entry site
(IRES) for the translation of the polyprotein, as in other picorna-like viruses. There exists a
notable pyrimidine-rich stretch of sequence wherein 22 of 29 bases are pyrimidines; this
ends at eight bases upstream of the predicted start codon of the large ORF. Such sequences
are conserved in picorna-like viruses and are important as part of the IRES [23].
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The infectivity of HaRNAV was tested against 15 strains of Heterosigma akashiwo
isolated from Japanese waters, the northeast Pacific, and the northwest Atlantic [18].
HaRNAV caused lysis of three strains from the northeast Pacific and two strains from
Japan, but none from the northwest Atlantic. The discovery of HaRNAV emphasizes the
diversity of Heterosigma akashiwo viral pathogens and more importantly, sheds light on
algal–virus pathogens and the complexity of virus–host interactions in the environmental
protist [18]. HaRNAV was the first picornalike virus described that infects a protist, and it
is the only virus characterized in the genus Marnavirus, to date [18].
8. Viruses of the Family Thraustochytriaceae
Species of the genus Thraustochytrium, in particular, have become of increasing interest
to biotechnology research [113]. The Thraustochytriaceae, together with several other
families, form the order Thraustochytrida, which, together with the orders Labyrinthulida
and Amphitremida, belong to the class Labyrinthulomycota [114]. The Labyrinthulomycota
belong among marine, saprotrophic, fungus-like, unicellular organisms. They lack a
plasmid and are described by (their) bothrosome, by atubulocristate mitochondria, and by
Golgi-derived scales. [115].
The genus Schizochytrium had been previously accepted in the class Labyrinthulomycetes, family Thraustochytriaceae, within the kingdom Chromista. It has been reconsidered with a more precise classification of the Schizochytrium by supplementing its
morphological, physiological, and molecular phylogenetic characteristic data [116]. SssRNAV is infectious to the marine fungoid protist Schizochytrium sp. NIBH N1-27 [19,75].
As a result of taxonomic rearrangement, all SssRNAV-sensitive host strains were placed in
the genus Aurantiochytrium, thereby establishing a new species for this virus. This virus
received the name Aurantiochytrium single-stranded RNA virus 01(AuRNAV01).
AuRNAV01, the first RNA virus infecting marine fungoid protists, was isolated
from the coastal waters of Kobe Harbor, Japan, in July 2000 [19]. All AuRNAV particles
showed the same icosahedral capsid protein and were approximately 25 nm in diameter.
The assembly of virus capsids takes place in the cytoplasm of the host cells. The viral RNA
genome is 9018 nt in length (excluding the 30 poly A tail) (Table 1). The virus genome
contains two long ORFs, which are separated by an intergenic region of 92 nt. The 50 ORF 1
is preceded by an un-translated leader sequence of 554 nt. The downstream large ORF 2
and an additional ORF 3 overlap by 431 nt; ORF 3 is followed by an un-translated region
of 70 nt (excluding the 30 poly A tail). AuRNAV01 has three major proteins (37, 34, and
32 kDa), and two minor proteins (80 and 18 kDa) [19].The three ORFs (ORF1, ORF2, and
ORF3) encode three different proteins: putative replication proteins (ORF1), capsid proteins
(ORF2), and a protein of unknown function (ORF3). The results obtained by northern blot
analysis suggest that AuRNAV01 synthesizes sub-genomic RNAs to translate ORF2 and
ORF3 [75]. Virus particles can form crystalline arrays and move random assemblies within
the cytoplasm of host cells. The lytic cycle was estimated at < 8 h, and the burst size at
5.8×103 -6.4×104 infectious units per host cell [19]. The putative replication proteins and
capsid protein sequences have revealed notably high similarity to the diatom-infecting
viruses RsetRNAV01, CtenRNAV01, and CsfrRNAV01, as well as to the HaRNAV-SOG263
from the family Marnaviridae [62,75]. However, some properties of this virus are clearly
distinct from the other viruses infecting protists. The phylogenetic analysis of the RdRp nt
and amino acid sequence has established that AuRNAV01 forms a separate branch distinct
from that of related viruses, with its closest related viruses being the three diatom-infecting
viruses [62,75].
9. Viruses of Dinoflagellates
Dinoflagellates are a unique group of unicellular organisms classified among the
harmful phytoplankton species. They are well known because of their having high morphological biodiversity and species richness, and several adaptation strategies to survive
in various ecological niches. [117]. They are autotrophs, mixotrophs, osmotrophs, sym-

Viruses 2021, 13, 362

15 of 21

bionts, and parasites. A high number of dinoflagellate species have been revealed to be
mixotrophic, and their highly aggressive feeding behavior enables them to adapt and
develop their nutrient absorption, helping them to survive under undesirable conditions
which are difficult for strict autotrophs to survive in [2,118,119]. One of the important
features making dinoflagellates crucial to marine ecosystems is the ecotoxicological effect.
Dinoflagellates are fundamentally significant, since they show the highest representation
among toxic phytoplankton, with 99 species, in contrast to the number of diatom species
(29), Raphidophyceans (4), and Cyanobacteria [119].
Heterocapsa circularisquama Horiguchi is a harmful bloom-forming dinoflagellate that
specifically infects and kills bivalves; there exist multiple viruses known to infect Heterocapsa circularisquama [21,22,120,121]. Heterocapsa circularisquama RNA virus (HcRNAV)
is thus far the only virus in the family Alvernaviridae and genus Dinornavirus. HcRNAV, a
ssRNA virus specifically infecting Heterocapsa circularisquama, which was maintained in
culture and isolated from the coastal waters of Japan. HcRNAV strains were grouped into
two types, depending upon intra-species host-range analysis. These two types indicated
complementary strain-specific infectivity. Typical strains of each type (HcRNAV34 and
HcRNAV109) have been characterized. Both virus strains have capsids with icosahedral
symmetry and a size of 30 nm in diameter, and their genome is ssRNA which is approximately 4.4 kb in size (Table 2). HcRNAV strains have one major polypeptide with a
molecular weight of 38 kDa [21]. Thus, in morphology and nucleic-acid type, HcRNAV is
distinct from HcDNAV, the previously reported large double-stranded DNA virus infecting
Heterocapsa circularisquama. Virus-particle assembly takes place in the cytoplasm of the host
cells within 24 h post-infection, with crystalline arrays or unordered aggregations of virus
particles observable. The burst size has been estimated at 3.4 × 103 to 2.1 × 104 infectious
particles cell−1 , and the latent period at 24 to 48 h [21,22,120,121].
The finding of RNA viruses infecting microalgae such as HaRNAV and HcRNAV
emphasizes the diversity of algicidal viral pathogens [85]. One study indicates that during
the maximum of one Heterocapsa circularisquama bloom, a substantial 88% of cells contained
VLPs similar to the size of the corresponding HcRNAV [22]. Furthermore, a clear association
has been observable in HcRNAV abundance in water and sediments, with the population
of host cells in the water column [32], suggesting that HcRNAV can play a major role
in Heterocapsa circularisquama population dynamics. Another finding is that, in those
ecosystems with potentially important ecological consequences, where the dinoflagellate is
the host, differing responses to HaRNAV infection have been evident. Some Heterocapsa
circularisquama strains display a “delayed-lysis” property which allows them in some way
to appear resistant to infection, with no culture lysis detectable; these cultures, however,
actually produce as much progeny virus as emerges in a completely lysed culture [83].
An important characteristic of the Heterocapsa circularisquama vs. the HcRNAV relationship is that the host culture shows disintegration due to HcRNAV inoculations, but
some percentage of the cells can survive through virus infection. The survivor cells regrow under HcRNAV pressure. Intracellular viral RNA replication was assumed to be
interrupted in the virus-resistant cells [122].
10. Viruses of the Family Prasinophyceae
Prasinophytes (Chlorophyta) constitute a group of unicellular algae at the base of the
green algal lineage. They include several marine photosynthetic picoeukaryote species described from cultured isolates [123–125]. Several studies have demonstrated the importance
of eukaryotic picoplankton (cell size, 0.2 to 3 µm) in terms of biomass and productivity in
the euphotic zone of oceanic oligotrophic waters, as well as in coastal waters [126–128].
At present, nine prasinophyte clades are recognized, most corresponding to existing orders [129]. Within marine picoplankton, Micromonas pusilla (the only species described in
the genus Micromonas) has been identified as a major component of the picoplanktonic
community in several oceanic and coastal regions [130].
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Micromonas pusilla RNA virus (MpRNAV-01B) or Micromonas pusilla reovirus (MpRV)
is the first double-stranded RNA virus in the family Reoviridae and subfamily Sedoreovirinae
genus Mimoreovirus that infects the photosynthetic marine picoflagellate M. pusilla [25].
An 11 segment of the dsRNA genome has been identified for this virus (Table 2), one
clearly distinct from that of the other viruses of the family Reoviridae with 11-segmented
genomes, namely the rotaviruses and aquareoviruses. It is noteworthy that the segment 1 of
MpRV with 5792 bp has the longest open reading frame of any of the thus-far characterized
reoviruses [25]. MpRNAV has a particle size of 65–80 nm and contains five major proteins
(120, 95, 67, 53, and 32 kDa). The RNA-dependent RNA polymerases have been found to
be encoded by Segment 2 of MpRV. A partial genome identity (21%) occurs between MpRV
and the Human rotavirus C from the family of Reoviridae with 11-segmented dsRNA virus
within the enzyme core region of RdRp. The terminal sequences of MpRV are distinct from
all those of sequenced viruses of the family Reoviridae. Phylogenetic analysis based on
the RdRp sequences showed that MpRV cannot be grouped with any of the previously
characterized genera of viruses and takes its position within another phylogenetic group.
Therefore, MpRV was introduced as a member of a new and distinct genus designated
Mimoreovirus [25]. MpRNAV-01B shows the ability to remain stable during freezing and
thawing, and it is resistant to chloroform, ether, nonionic detergents, and to chelating and
reducing agents. The virus is inactive at temperatures above 35 ◦ C and is resistant to ionic
detergents, ethanol, acetone, and acidic conditions (pH 2–5) [25].
11. Conclusions
Marine microorganisms comprise a major portion of the living biomass on the globe,
thereby driving ecological cycling and the flows of energy. While only comprising a
small part of the total marine biomass, viruses dominate in abundance and genetic variability [15,131,132]. The data presented in this review indicate that several important
eukaryotic algal types such as diatoms, dinoflagellates, Raphidophytes, Thraustochytrids,
and Prasinophyceae are exposed to viral attacks, but the specifying of host-virus pairs
remains a major challenge.
Screening each of the isolated viruses against other potential hosts than the original
can answer important questions regarding protist viruses. No definitive relationship is
yet known between diatoms and their viruses in situ; however, some authors believe
that their ecological interactions are observable in nature, based on field surveys and
physiological studies [61,76]. It is of great interest to examine the mechanisms supporting
the strain-specific infectivity of these viruses, and the host–receptor and virus binding–site
relationships [49]. Intraspecies host specificity of the dinoflagellate virus HcRNAV has thus
far been determined to be at the early steps of infection [87].
The virus community can change the abundance and habitant of its hosts, meaning
that diatoms have potential importance in controlling the quantity (biomass) and quality
(clonal composition) of diatom populations in the natural environment [133]. Innovation
in enumerating each host species and the viruses it harbors (such as by real-time PCR or
metagenomics) should pave the way for the better understanding of their interactions.
The field of marine viral ecology is in its early stages, due to the lack of data regarding
the ways in which diverse viruses interact with their hosts under varying environmental
conditions.
It is striking that such a wide variety of evolutionarily distant protist hosts are infected
by the relatively closely related viruses of the family Marnaviridae (Table 1, Figure 1),
and that the studies of protist host–virus relationships have thus far been dominated by
this group of viruses. Comparative studies of these viruses with each other and with
further members of the Picornavirales should reveal the secrets of their success. Although,
Marnaviridae is definitely a major group, it only represents ~15% of the new marine viruses
discovered in the recent metagenomic study [42], many of which likely use protists as hosts.
Thus, the immaturity of the protist-virus study field is easy to recognize. Given the ancient
branching of protists from the lineages leading to multicellular eukaryotes, we believe
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that studies of protist viruses and virus–host interactions at ecological, cell biological and
molecular levels will illuminate the evolutionary history of all RNA viruses [42,134].
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