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Abstract: The genomic revolution has bridged a gap in our knowledge about the diversity, biology
and evolution of unicellular photosynthetic eukaryotes, which bear very few discriminating morpho-
logical features among species from the same genus. The high-quality genome resources available in
the class Mamiellophyceae (Chlorophyta) have been paramount to estimate species diversity and
screen available metagenomic data to assess the biogeography and ecological niches of different
species on a global scale. Here we review the current knowledge about the diversity, ecology and
evolution of the Mamiellophyceae and the large double-stranded DNA prasinoviruses infecting them,
brought by the combination of genomic and metagenomic analyses, including 26 metabarcoding
environmental studies, as well as the pan-oceanic GOS and the Tara Oceans expeditions.

Keywords: Mamiellophyceae; biogeography; genomics; metagenomics; microalgae–virus interac-
tions; phycoDNAvirus; evolution

1. What Are the Mamiellophyceae?
1.1. Diagnoses and Species Diversity

DNA sequencing and molecular phylogenetic analyses are key to resolving the evolu-
tionary relationships among unicellular eukaryotes, particularly so in microbial lineages
in which observing morphological characters is challenging [1]. Morphological characters
may also be misleading when they change with the life cycle of the cell or culture condi-
tions [2]. Not surprisingly, tidying up previous taxonomic classification is an ongoing effort
in most lineages, and the polyphyletic members of the “Prasinophyceae” [3,4], comprising
unicellular green algae with organic scales possessing the prasinoxanthin pigment [5],
are no exception. The class Mamiellophyceae was defined in 2010 based on the nuclear
18S, the plastidial 16S and 23S rDNA [6]. This novel class regroups 28 mostly marine
species, with the exception of the early-branching freshwater uniflagellate lineage Mono-
mastix, of which 25 are referenced in AlgaeBase at the time of this publication [7]. The
Mamiellophyceae diagnosis, as described by Marin and Melkonian (2010), is as follows:
“Eukaryotic algae, growing in water. Cells usually solitary, with 2 flagella (equal to subequal, or
unequal), or a single flagellum, or lacking a flagellum. A single chloroplast, surrounded by two
membranes, with chlorophylls a and b, nearly always with prasinoxanthin. Cells sometimes with
two chloroplasts. Eyespot posterior, or lacking. Cells and/or flagella covered by scales in 1–2 layers,
or without scales. Scales flattened, rounded to elliptical, mostly ornamented like a spider web with
concentric ribs, or uniformly reticulate. Cells and flagella lacking an inner layer of small square
scales”. The earliest described species of the class Mamiellophyceae are freshwater, up to
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8 µm in diameter, Monomastix species 1912 [8], and the most recently described species is
the cosmopolitan marine picoeukaryote (cell diameter < 2 µm) Bathycoccus calidus (2021) [9],
whereas many more novel species are poised to be discovered by joint future sampling and
sequencing efforts.

1.2. Genomics and Cryptic Species Discovery

The democratization of genome sequencing two decades ago brought the current
underestimation of species diversity within Mamiellophyceae to light. The first two strains
whose genomes were sequenced were initially thought to be the same species, Ostreococcus
tauri, which was described in 1934 as the smallest photosynthetic eukaryote with a cell
diameter of 0.8 µm [10,11]. The DNA barcode used for taxonomic affiliation is generally
the ~1800 bp long 18S rDNA sequence, and its low divergence (three single-nucleotide
differences in total between the complete 18S rDNA sequence of O. tauri and O. lucimarinus),
as well as the absence of morphological differences, led to this incorrect conclusion. Whole-
genome comparison revealed that these two Ostreococcus strains displayed a high level of
genomic divergence, and the second strain was named Ostreococcus “lucimarinus” [12,13].
The average amino acid identity of all orthologous genes shared between these two species
was indeed in concordance with the divergence observed in the genomic divergence
between human and chicken [14]. This unexpected genome divergence initially observed
in Ostreococcus was also observed in two strains of Micromonas pusilla [15], and one of these
strains has been subsequently formally renamed as M. commoda 2016 [16]. The Micromonas
genus was expanded with two additional formal species description of M. bravo and M.
polaris based on the 18S rDNA [17]. In a nutshell, genomics has been an eye-opener for
cryptic diversity among species of the coccoid Ostreococcus and the flagellate Micromonas,
and present and future genomic projects are poised to shed light on diversity within the yet
poorly sequenced Mantoniella, Mamiella, Crustomastix and Dolichomastix lineages (Table 1).

1.3. Timeline of Speciation and Population Coalescence Times

The estimation of the timeline of speciation from molecular evolution rates poses
significant challenges, and unlike diatoms [18], haptophytes [19] and dinoflagellates [20],
which have fossil record from the mid-Triassic (240 Myr ago) [21], the lack of fossil data
precludes the use of calibration points within Mamiellophyceae and, more generally, within
the phylum Chlorophyta [22]. The divergence time between the Monomastigales and the
Mamiellales (Table 1) has thus been estimated from the divergence of chloroplast genes
to be 1190 [23] and 478 [24] Myr ago, with external calibration points, such as the root
of Viridiplantae at 970 Myr and the root of the land plants at 475 Myr ago [24]. Within
Mamiellales, the species divergence has been estimated to have occurred between 330 [25]
and 640 [26] Myr ago. Last but not least, combining molecular evolution rates based
on nuclear, mitochondrial and chloroplastic genes and external calibration points [27]
such as the appearance of land plants (432 Myr), seed plant origin (355–370 Myr) and the
monocot-versus-eudicot divergence (90 Myr), Slapeta et al. (2006) estimated the Micromonas
divergence to be 66 ± 10 Myr [28]. The early-diverging Pyramimonadales and Chloroden-
drophyceae lineages may be interesting to investigate further for calibration points within
the phylum Chlorophyta. Indeed, it has been suggested that microfossil forms of cysts or
phycomata have been identified in these two unicellular green algae lineages [29–31], whose
branches diverge on either side of the Mamiellophyceae branch in the phylogenetic tree of
Chlorophyta [6].

Much more recent timescales can be inferred from population genomics data by esti-
mating the coalescence times within populations, which can be approximated by 2Ne (Ne:
effective population size) in number of generations in haploids. For example, Ne estima-
tions are available in O. tauri from the complete organellar [32] and nuclear [33] genomes as
Ne = 3 × 107 and 1.2 × 107, respectively. The latter estimation is more accurate as a conse-
quence of a precise estimation of the spontaneous mutation rate of the nuclear genome [34].
The founder cell of the O. tauri population thus likely existed 2.4 × 107 generations ago, and
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assuming a generation time of 2 to 3 days for these picoalgae in their natural environment,
this would correspond to ~135,000 years ago. The democratization of population genomics
approaches in future years is thus poised to allow short-term estimations of migration and
founder events in different seas and oceanic provinces, provided the sampling effort is
sufficiently wide.

2. Genome Resources in Mamiellophyceae: From Reference Genomes to MAGs
and SAGs

High-quality genome sequences, hereafter defined by chromosome-level assemblies
with curated gene annotations, rely on cultured strains. This is because the quantity and
quality of DNA and RNA required for chromosome-level assemblies and transcriptomics-
guided gene annotation can only be obtained from clonal cultures. With their compact
haploid genomes (13 to 21 Mb) and their ease of culturing, the picoeukaryotic Mamiellales
were the first sequenced Mamiellophyceae, and the available genome resource currently
lists eight high-quality whole-genome sequences (Table 1). As all described species so far
are haploid, each genome carries one sequence of the mating-type locus, a 400 to 1600 Kbp
region [35], for which two alleles have so far been described, MT+ and MT−. The sequence
of both mating types is required to describe the complete diploid sequence, and this is
currently only available in one species, O. tauri [33], whereas the strain identity of the
alternative mating type has been recently suggested in O. mediterraneus, O. lucimarinus
and M. commoda [35]. Nine additional genome projects are currently underway at Geno-
scope (France) with significantly larger estimated genome sizes (52 to 303 Mbp) based on
cytometry estimations (Table 1).

A recent review on the state of algal genome quality and diversity provided evidence
of a decline in assembly and annotation quality [36], and this trend is likely to become more
pronounced with the development of single-cell sequencing approaches. The advent of
multiple-cell or single-cell sorting followed by random whole-genome amplification [37]
has been successful in producing, either single-cell assemblies (SAGs) of nearly complete
mitochondria and chloroplasts genomes [38] or 1 to 29% of the nuclear genomes of Ostreo-
coccus sp. RCC809, Bathycoccus sp. TOSAG49 and M. bravo [38]. Combining sequence data
from four SAGs, 66% of the estimated genome assembly of a novel Bathycoccus species could
be assembled [39]. Further analyses of genetic divergence between metagenome-assembled
genomes (MAGs) and genomes from cultured strains are now necessary to associate a
species name to “orphan” MAGs (Table 1).

Large-scale metagenomic sequencing efforts provided a substantial amount of genome
sequences for picoeukaryotic Mamiellales: the Global Ocean Sampling (GOS) expedi-
tion [40] provided 20% of the nuclear genome of Ostreococcus from the first Sargasso sea
stations [41]. More recently, the Tara Oceans expedition [42] provided 10 to 28 Mb MAGs
of 8 Bathycoccus, 19 Micromonas, 2 Crustomastix, 1 Mantoniella and 4 Ostreococcus [43]. MAGs
are per definition the sequencing of a population of non-clonal cells, which hampers the
assembly process on polymorphic regions, such as the mating-type locus [35] or hypervari-
able regions [33]. However, they are paramount to estimating worldwide species diversity
and distribution for as yet uncultured species and may suggest the existence of overlooked
species in some oceanic regions, as suggested by the sequencing of unknown sequences
among 18S rDNA metabarcoding data [44].

These genome sequence data, combined with the availability of cultures, open several
research opportunities to link the genome to the ecology and biotechnological potential of
these early-branching green algae.
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Table 1. Genome resources in Mamiellophyceae. Compilation of the nuclear genome resource
[9,12,15–17,43–49] for Mamiellophyceae species publicly available in culture from one of the fol-
lowing culture collections: CCAC [50], CCAP [51], NCMA (https://ncma.bigelow.org/, accessed
on 5 October 2021), NIES (https://mcc.nies.go.jp/, accessed on 5 October 2021), RCC [52], SAG
(https://www.uni-goettingen.de/, accessed on 5 October 2021) or UTEX [53]. Orphan genome
sequences from metagenomes yet to be affiliated to an existing or to a novel species for which a
unique 18S rDNA sequence or a >10 Mb assembly is publicly available are colored in blue. *: genome
size estimation based on cytometry.
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Most of these studies used the 18S V4 or V9 region as the barcode, and a few targeted the 

plastid 16S [63] or 28S [56]. Nevertheless, the focus of these studies was not 

Mamiellophyceae but the overall eukaryotic phytoplankton diversity, and thus, many of 

them did not examine the abundance of different Mamiellophyceae strains at the genus 

or clade level. In general, the studies showed that Mamiellophyceae are ubiquitous in the 

ocean, particularly in coastal waters, whereas no further information about the niche 

specialization among the different genera and strains was available. 
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quencing in progress; - no data. 

13	 ★	 [35,36]	

13	 ★	 [10]	

13	 ★	 JGI	

13	 ★	 [40]	

≈	 -	 -	 [31]	

15	 ★	 [38]	
-	 -	 [7]	

o							10	 ★	 [27]	

-	 -	 [37]	

20	 ★	 [12,13]	

21	 ★	 [12,13]	

-	 -	 [37]	

≈	 22	 ★	 [29]	

80*	 v	 -	
303*	 v	 -	
52*	 v	 -	

Crustomastix	stigmatica	
C.	sp.	

-	 -	 -	
-	 -	 [40]	

65*	 v	 -	
-	 v	 -	

≈	 28	 ★	 [30]	

-	 -	 -	
≈	 21	 ★	 [30]	

97*	 v	 -	

Culture	searh	in	RCC,	UTEX,	NCMA	and	SAG	CCAP	(Oban),	NIES	
(Japan)	CCAC	

-	 -	 -	
160*	 v	 -	

478-1190	MYA	

Ostreococcus	tauri	
O.	lucimarinus	
O.	spp.	RCC809	
O.	mediterraneus	
O.	sp.		

Bathycoccus	prasinos	
B.	calidus	
B.	TOSAG39	

Micromonas	bravo	
M.	commoda	
M.	pusilla	
M.	polaris	
M.	sp.	

Mantoniella	antartica	
M.	beaufortii	
M.	squamata	
M.	sp.	
M.	sp.	

	
	
Mamiella	sp.	

Monomastix	minuta	
M.	opisthostigma	
M.	sp.	

Mamiellales	

Dolichomastigales	

Monomastigales	

	333-639	MYA	 65	±	9	MYA	

strain	available	in	culture	

o	
≈≈	

Single	cell	Assembled	Genome	
metagenomic	origin	

complete	genome	sequence	with	annotation	
genome	assembly	available	
genome	sequencing	in	progress	
no	data	

★	
★
v	
-	

Dolichomastix	tenuilepsis	
D.	spp.	

- - [49]
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amplifying DNA metabarcodes, such as the 16S/18S rRNA gene, followed by sequenc-
ing [55]. Sequenced data are then quality-filtered, clustered into operational taxonomic
units (OTUs) or amplicon sequence variants (ASVs) and further used for taxonomic and
ecological analyses. This approach has allowed the discovery of many marine microbes that
had not previously been isolated, including diverse green algal species [44]. An increasing
number of studies have investigated the eukaryotic microbial communities in the global
ocean, e.g., [44,56–60]. Many metabarcoding studies have found Mamiellophyceae to be the
important group in the dataset from tropical to polar waters (Figure 1, Supplementary Table
S1). Mamiellophyceae were also detected in brackish water and freshwater lake, where the
salinity ranged from 0 to 7 g·L−1 [61,62]. Most of these studies used the 18S V4 or V9 region
as the barcode, and a few targeted the plastid 16S [63] or 28S [56]. Nevertheless, the focus of
these studies was not Mamiellophyceae but the overall eukaryotic phytoplankton diversity,
and thus, many of them did not examine the abundance of different Mamiellophyceae
strains at the genus or clade level. In general, the studies showed that Mamiellophyceae
are ubiquitous in the ocean, particularly in coastal waters, whereas no further information
about the niche specialization among the different genera and strains was available.
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Figure 1. Worldwide distribution of Mamiellophyceae from 26 metabarcoding studies (Supplemen-
tary Table S1).

Two global-scale surveys involved the usage of the Ocean Sampling Day (OSD) [45]
and the Tara Oceans expedition [57,60] metabarcoding datasets. Mamiellophyceae were
found at most OSD stations (143 mostly coastal stations), representing 55% of the Chloro-
phyta reads. The distribution of the four most-represented genera Micromonas, Ostreococcus,
Bathycoccus and Mantoniella was further examined. Each of them had a unique oceanic dis-
tribution pattern, indicating specific adaptation to different ecological niches. Interestingly,
Mantoniella beaufortii and baffinensis were only detected in the Arctic Ocean water but were
not found in the Southern Ocean or off Antarctica [49], even though the environmental
conditions of the North and South Polar waters should be similar. Whereas these data
suggested that these two Mantoniella species were restricted to polar Arctic regions, Mi-
cromonas polaris was present in both Arctic water and the Southern Ocean [64]. However, it
remains uncertain why the Mantoniella and Micromonas species have a different distribution
in the polar regions. On the other hand, the Tara Oceans data suggested that the diversity
of Mamiellophyceae assemblages is primarily determined by geographical provenance
and distinct taxonomic composition between Mamiellophyceae coastal and open-ocean
communities [45]. However, most of the OSD samples were collected in coastal waters, and
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thus more investigations are required to assess the taxonomic makeup of Mamiellophyceae
in the open ocean.

In addition to large ocean expeditions and global sampling strategies, small-scale
metabarcoding surveys have also unraveled previously unexplored distribution and di-
versity of Mamiellophyceae. Studies targeting Arctic waters observed the co-existence
of several Micromonas species, whereas M. polaris dominates at high latitudes beyond
72◦ N [56]. O. tauri, O. mediterraneus and O. lucimarinus, which are believed to be more
prevalent in warmer waters, were also observed at high latitudes beyond 65◦ N, even
though at a low relative abundance [56]. This suggests that smaller-scale surveys can
also broaden our knowledge about the distribution of Mamiellophyceae, particularly in
marine environments. Further, studies on Mamiellophyceae from tropical waters in the
Philippines found that different Micromonas and Ostreococcus clades were present, but the
majority of the sequences identified were from uncultured clade E [65], which are also
prevalent in the Mediterranean Sea and coastal warm temperate sites in the Atlantic [45].
A potential novel Ostreococcus clade was also observed in the same study, suggesting that
more sampling effort in understudied regions is expected to discover more previously unde-
scribed Mamiellophyceae diversity. In addition, various studies have attempted to link the
diversity of Mamiellophyceae with environmental conditions. Temperature, salinity and
nutrients are suggested to be the important drivers determining the dominant populations
of Mamiellophyceae [65–67]. The increase in temperature toward summer was associated
with lower Mamiellophyceae abundance in tropical waters [65]. In the Red Sea, Micromonas
was found to outcompete Ostreococcus and Bathycoccus in the more nutrient-limited con-
ditions but was replaced when more nutrients were available [66]. The biodiversity of
Mamiellophyceae has also been examined with the 28S rRNA metabarcoding, but the
limited reference sequences from described species obstruct species identification with this
marker [56].

As the metabarcoding data are reporting more new environmental clades of Mamiel-
lophyceae, there is an urge to obtain more information about these clades and determine
whether they are novel species. For example, with more knowledge about their geographi-
cal distribution patterns, we can target specific environments to isolate these environmental
clades and determine their physiological preferences, such as temperature and nutrient
requirements. Other approaches for investigating clades that are difficult to isolate in
culture would be through metagenomics, flow cytometry and single-cell genomics.

3.2. Metagenomics and Genome-Informed Biogeography

The metabarcoding approach depends on the specificity and accuracy of the univer-
sal phylogenetic marker genes, as well as the availability of comprehensive taxonomy
reference databases, such as SILVA and PR2 databases [68,69]. It has been demonstrated
that commonly used metabarcoding primers display known phylogenetic bias [70], and
the taxonomic marker genes have limited phylogenetic resolutions [71]. For instance, the
V9 region of the 18S rRNA gene is identical in all known species within Ostreococcus and
Bathycoccus [57].

To complement the knowledge gathering from metabarcoding studies, metagenomics
is a crucial tool to discover and quantify the abundance of microorganisms when their
genomes are available. Culture genomes, single-cell genomes and meta-genome-assembled
genomes (Table 1) are precious resources to recover their biogeographic distribution pat-
terns. Metagenomic read recruitment based on available genome resources can be linked to
environmental variables and thus infer niche specialization. For example, analysis of Tara
Oceans metagenomes from 122 stations using the two Bathycoccus genomes (Bathycoccus
prasinos RCC1105 in culture and Bathyococcus sp. TOSAG39–1 from metagenome assembly)
show that the Bathycoccus species that have identical 18S rRNA genes display distinctive
biogeographic niches with respect to depth [39]. A recent study used six Mamiellophyceae
reference genomes, including Bathycoccus prasinos RCC1105 and Bathyococcus sp. TOSAG39–
1, M. commoda RCC299 and M. pusilla CCMP1545 and O. RCC809 and O. lucimarinus strain



J. Mar. Sci. Eng. 2022, 10, 240 7 of 17

CCE9901, to recruit metagenomic sequence reads collected from 80 sites from the Tara
Oceans expedition [72]. The study showed that the distribution of Mamiellophyceae is
associated with different temperatures, i.e., O. lucimarinus, B. prasinos and M. pusilla were
found in colder waters, whereas Ostreococcus sp. RCC809, Bathycoccus sp. TOSAG39-1 and
M. commoda were more abundant in warmer waters. It also systematically detected two
candidate mating types of O. lucimarinus [35] together.

The type of genome-based approach provides novel insights into the biogeography
of Mamiellophyceae and raises novel hypotheses about their life cycle and ecology. With
more available metagenomes and reference genomes, we can better understand the un-
derstudied Mamiellophyceae lineages in a wide range of marine environments. Moreover,
we can better understand how the environmental drivers structure the Mamiellophyceae
distribution as well as their interactions with other species and eukaryotic viruses.

4. Can Viruses of Mamiellophyceae Inform Their Diversity and Evolution?
4.1. Prasinoviruses Are Key Regulators of Mamiellales Populations

The first algal virus isolated was a virus infecting Micromonas pusilla in 1979. Termed
MpV for Micromonas pusilla virus, its isolation came almost two decades after the first
description of its host species. Although this first MpV was subsequently lost from cul-
ture [73], based on its morphology [74], it was almost certainly a prasinovirus. These are
lytic viruses with dsDNA genomes of ~200 kb and icosahedral virions measuring ~120 nm
in diameter bearing an internal membrane. It took another decade for prasinoviruses to be
reisolated, showing them to be as widespread as their hosts [73]. Moreover, prasinoviruses
were shown to contribute 10–25% of the mortality of Micromonas species, which was of a
similar magnitude as grazing [75,76]. Metagenomic surveys indicate that prasinoviruses
are ubiquitous and among the most abundant dsDNA viruses in marine waters [77,78].

The genus Prasinovirus was recognized by the ICTV (International Committee of
the Taxonomy of Viruses) in 1938 [79] and contains two formally recognized species:
Micromonas pusilla virus SP1 (MpV-SP1) and Ostreococcus tauri virus 5 (OtV5). They are in
the family Phycodnaviridae (algae-infecting DNA viruses) and phylum Nucleocytoviricota
(from the unofficial name NCLDV—Nuclear Cytoplasmic Large DNA Viruses), which are
the most common viruses infecting eukaryotic algae [80]. Despite there being only two
recognized species, it is clear numerous virus isolates are species of Prasinovirus based on
the phylogeny of the conserved DNA polymerase B (PolB) (Figure 2), as well as virion
morphology. Whereas the name prasinovirus is in reference to their “prasinophyte” hosts,
all prasinovirus isolates infect only Mamiellales (Table 1). As prasinoviruses tend to be
species-specific, they have traditionally been named for the species they infect, which has
led to incongruencies between the virus and host names, as hosts have been revised by
molecular taxonomy. This is especially the case for the viruses of Micromonas, of which
many have been described as infecting Micromonas pusilla before the separation of M. pusilla
into six proposed species [17]. Here, we report the most up-to-date name of the host species
on which the virus was isolated, while retaining the virus name as published (Table 2,
Figure 2).

Table 2. Host species and collection sites of isolated prasinoviruses.

Host Genus Host Species Host Clade *
Genome-

Sequenced
Viruses

Prasinovirus
Isolates Isolation Sites References

Bathycoccus
prasinos BI BpV1, BpV2 9 Mediterranean Sea,

North Atlantic [81,82]

calidus BII BIIV-1, BIIV-2,
BIIV-3 3 North Atlantic [9]
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Table 2. Cont.

Host Genus Host Species Host Clade *
Genome-

Sequenced
Viruses

Prasinovirus
Isolates Isolation Sites References

Micromonas

commoda A.ABC.12 MpV-12T 31 North Atlantic, North Sea [83,84]

bravo B.E.3 - 7 Mediterranean Sea,
North Atlantic [84,85]

pusilla C.D.5 MpV-SP1,
MpV-P1 35

Mediterranean Sea, North
Atlantic, North Pacific,

North Sea
[73,83,84]

polaris Ea - 4 Barents and Greenland
Seas (Spitsbergen) [86]

candidate sp. 2 unknown MpV1 16 Mediterranean Sea,
North Atlantic [84,87]

Unclassified
Mamiellales † unknown unknown - 11 North Atlantic

(English Channel) [84,87]

Ostreococcus

lucimarinus A
OlV1, OlV2, OlV3,
OlV4, OlV5, OlV6,

OlV7
27

Mediterranean Sea,
North Atlantic, North
Pacific, South Pacific

[88,89]

sp. B OtV2 1 North Atlantic [90]

tauri C OtV1, OtV5, OtV6 54 Mediterranean lagoon,
North Atlantic [91–94]

mediterraneus D OmV1, OmV2 7 Mediterranean lagoon [47,81]

* Clade names sensu [17]. † Classified in [87] as Micromonas RCC2485 clade A and identified as related to unknown
Mamiellales sp. RCC391 [6].
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Figure 2. Diversity of prasinovirus isolates and MAGs based on the phylogeny of DNA polymerase
B protein sequences. Virus names in bold are prasinovirus isolates with sequenced genomes, except
PBCV1 (Paramecium bursaria chlorella virus 1), which is the representative freshwater chlorovirus
used as the sister taxon to root the tree. All other sequences are MAGs from recent studies classed
as “Prasinoviridae” [95]. Protein sequences were aligned in MAFFT (v.7.313) with the L-INS-i
algorithm [96], positions with >50% gaps were trimmed in Goalign (v0.3.2) [97], and the maximum-
likelihood (LG +F+R4 model) phylogeny and bootstrapping (1000 replicates) were calculated in
IQ-TREE (v.2.0.6) [98] and visualized in iTOL (v6) [99]. Black nodes show bootstrap support >80%.
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The only other type of virus infecting Mamiellales has a dsRNA genome (family Re-
oviridae), which infects Micromonas commoda and was designated Mimovirus MpRV for M.
pusilla RNA virus [100] (where the host strain LAC38 was later reclassified [86]). Nonethe-
less, as virus isolation efforts on Mamiellales strains consistently retrieve prasinoviruses
(Table 2), this suggests that they are the most common viruses of Mamiellales.

4.2. Host Range of Available Isolated Prasinoviruses

Currently, there are 22 prasinovirus isolates with genome sequences available (Table 2).
For Micromonas and Ostreococcus, which have multiple hosts and virus strains are avail-
able, two patterns in host–virus interactions are evident. Within a viral clade, host range
exists on a continuum from “specialist” viruses, capable of infecting only a single host
strain, to “generalist” viruses, capable of infecting multiple host strains in a “nested” or
hierarchical interaction network. Between viral clades, there is little cross-infection of algae
outside the host species group, which is evident as a “modular” host–virus interaction
network [84,87,101,102]. The broadest host range prasinovirus strains so far observed can
infect across three species of Micromonas [86] and Ostreococcus [103]. All isolates thus far
have been reported to infect only a single genus. However, a reanalysis of host strain
RCC2485 that was described as Micromonas clade A [87] indicates it is likely a new genus
corresponding to the unknown Mamiellales (RCC391) that diverged between Mamiella and
the Mantoniella/Micromonas clade in its 18S rRNA phylogeny [6]. As these viruses isolated
on RCC2485 were able to infect Micromonas bravo, they suggest prasinoviruses thought to
strictly infect species from the Micromonas genus may in fact infect a wider range of the
related genera Mamiella and Mantoniella.

There is a strong correlation between the PolB phylogeny and diversity of isolated
prasinoviruses and their host diversity (Figure 2). Bathycoccus-infecting and Ostreococcus-
infecting prasinoviruses so far identified fall within single clades (Figure 2). Conversely,
Micromonas is the most species-rich genus, and Micromonas-infecting viruses have the most
genetic diversity, being separated into at least two distinct clades (Figure 2). Within these
genus-specific clades, some species specificity is evident; for example, O. lucimarinus viruses
are all from one of two well-defined clades [89], although it remains to be seen with wider
isolation efforts if these tendencies remain. In addition, host species with overlapping
habitats, such as O. tauri and O. mediterraneus, as well as O. lucimarinus and Ostreococcus
sp. clade B, have viruses from the same prasinovirus clade (Figure 2). Similarly, prasi-
noviruses appear to infect across species that are sympatric; for example, the most frequent
cross-species infecting Micromonas viruses are between M. commoda and M. pusilla [84].
Overall, this suggests cospeciation between prasinoviruses and Mamiellales is occurring,
punctuated by some host-species switching/expansion events. The largest potential host
switch in the known prasinovirus lineages is the earlier divergence of Micromonas in the
Mamiellales phylogeny (Table 1) compared to the earlier divergence of Bathycoccus viruses
in the Prasinovirus PolB tree (Figure 2).

Metagenomic surveys have shown that prasinoviruses are present in diverse aquatic
environments and comprise numerous clades for which there are no isolated represen-
tatives (Figure 2). By far the most prasinovirus diversity explored comes from marine
metagenomes with Bathycoccus-infecting and Micromonas-infecting clades seeming to be
the most prevalent and diverse. This is in line with the wider distribution of these species
in open-ocean environments. Prasinovirus MAGs have been retrieved from freshwater
lakes, Dishui Lake (Shanghai, China) [103,104] and a lake from Yellowstone National Park
(USA) [105], which tend to form “freshwater” prasinovirus clades albeit mixed with se-
quences from marine environments. Similarly, there are prasinoviruses retrieved from
hypersaline lakes that form clades with marine sequences without cultured representatives.
Given the high specificity of isolated prasinoviruses to Mamiellophyceae, it is likely these
unknown prasinoviruses also infect Mamiellophyceae species. We can infer that MAGs
within the Bathycoccus-infecting, Micromonas-infecting and Ostreococcus-infecting clades
infect these genera, although it is possible that yet-to-be-discovered viruses within these
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clades infect other genera. Likely hosts for these unknown prasinovirus clades are other
genera of Mamiellophyceae with no known viruses, such as Crustomastix, Mantoniella and
Mamiella. The hosts of prasinovirus clades from lakes may therefore be the freshwater
genus Monomastix, although it is clear there is no strict demarcation between prasinovirus
clades and environmental conditions, and likely estuarine clades can tolerate a broad range
of salinities.

The broader diversity in prasinovirus MAGs compared to isolates is likely caused by a
bias in isolation efforts. First, only a handful of Mamiellales host strains have been used to
isolate viruses. It may well be the case that the unknown marine prasinovirus clades simply
infect other strains of Mamiellales outside the most studied representative strains. Second,
the vast majority of prasinoviruses have been isolated from coastal waters. Prasinovirus
MAGs, on the other hand, have been sampled from a wider range of environments, and the
marine samples include far more open-ocean sites, showing how the cultivable prasinovirus
diversity is strongly biased to coastal areas. Future isolation efforts therefore should utilize
a broader range of host strains and environments to improve the represented diversity of
isolated prasinoviruses.

4.3. Do Prasinoviruses Co-Occur with Their Host?

The availability of cultured Mamiellales–prasinovirus systems and the specificity of
their interaction opened an avenue to test if prasinoviruses co-occur with their hosts and to
what extent they are related to the host population demise. A culture-based strategy to do
this is to obtain a time course of infectious viruses by plaque assays or end-point dilutions,
ideally coupled with simultaneous measures of the algal population dynamics (by flow
cytometry, fluorescence in situ hybridization (FISH) or serial dilution). This has been done
for Micromonas [76,84,86,101,106] and Ostreococcus [93], often showing prasinoviruses to be
present year-round. For Micromonas, cycling between host clades indeed coincided with the
succession of prasinoviral clades [84]. However, no clear association was found between
O. tauri and OtV abundance [93], as specific quantification of these tiny host cells was
challenging.

The wealth of metagenomic data and sequencing databases permits a new lens
to determine if prasinoviruses are important regulators of Mamiellales. Three metage-
nomic studies confirm the strong co-occurrence between prasinoviruses and Mamiel-
lophyceae [82,107,108] in the marine environment. Moreover, there was also a significant
link between free prasinoviruses and carbon export [109]. At a specific taxonomic level,
a global metagenomic survey of Bathycoccus species and Bathycoccus-infecting viruses [9]
has revealed a tight co-occurrence between host and prasinovirus clades in 29/31 samples.
VirusFISH, whereby viruses and hosts are marked by specific DNA probes, permitted the
quantification of infected and non-infected cells showing between 0–60% of Ostreococcus
cells in the natural population in the Cantabrian Sea were infected over the year but only
in surface water [110]. These studies pave the way for future work on species-level co-
occurrences of Mamiellales and prasinoviruses at global and local scales, as much remains
to be discovered about the extent of viral control on phytoplankton dynamics.

5. Conclusions and Perspectives

Compared to prokaryotic phytoplankton, there are still major gaps in our understand-
ing of the biogeography and ecology of eukaryotic green algae because of a major technical
challenge in characterizing eukaryotic genomes. The size and complexity of eukaryotic
genomes make it more challenging and will need further innovation in bioinformatics algo-
rithms and/or sequencing technologies. In addition, there are only limited algal reference
genomes available for mapping metagenomic and metatranscriptomic data, which would
require more sequencing efforts.

The metagenomic analyses of microbial communities continue to evolve by techno-
logical improvements in DNA and RNA sequencing. Long-read sequencing technolo-
gies (>10 kb) can improve genome assemblies and assignment of taxonomy and func-
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tion [111,112]. As long-read sequencing becomes cheaper and more accurate, it will become
easier to retrieve novel metagenome-assembled genomes from the global metagenomic
data to study population dynamics of the uncultured Mamiellophyceae. However, there is
an urgent need to expand high-quality annotation databases so that we can understand the
mechanisms of the green algal functions.

Other sequencing platforms are also emerging, such as the high-throughput chromo-
some conformation capture (Hi-C) method, a DNA proximity technique that displays great
potential to overcome the bottlenecks in the metagenomic binning approach [113]. Hi-C
has been used extensively in medical research to determine the scaffolding of chromosomes.
When applied to metagenomics (metagenomic Hi-C), the Hi-C technique is combined with
traditional shotgun sequencing to retrieve high-quality MAGs from a single sample [114].
The Hi-C method involves crosslinking DNA in a live population using formaldehyde to
hold DNA shape in place. Next, a series of standard molecular techniques are performed
to label the parts of DNA that are near one another, physically join them, concentrate them
and cut the DNA into small pieces. This results in short DNA sequences that are composed
of two different regions of DNA which were physically close to each other in the live cell.
In this way, a forward read and a reverse read will be from two different parts of one or
more chromosomes which are linked together in a probabilistic manner, dependent on
proximity within the live cell, as sequences are indeed closest when they occupy the same
cell. It enables the identification of DNA molecules that are physically co-located near one
another within a cell through next-generation sequencing. Hi-C sequencing has also been
recently applied to artificial metagenomes [115] and recently to natural metagenomes [116]
to assemble genomes of different species and identify the structure of chromosomes, the
presence of plasmids within cells and potentially host and viral interactions [117]. Other
molecular biology techniques, such as proximity ligation, have recently been applied to
marine water samples to identify novel virus–host associations [118]. With this kind of host
non-specific ligation method compared to the traditional host–virus isolation and infection
method, there is hope to identify uncultured Mamiellophyceae host and viral associations
in the natural environment and link environmental functions to taxonomic units.

Whereas metagenomics can inform a marine microbial community’s metabolic and
functional capacity, it cannot differentiate between expressed and non-expressed genes.
The expression level of the genes may vary because of different physiological statuses in
response to the surrounding environment. Thus, metagenomics fails to envisage the in
situ metabolic activity. On the other hand, metatranscriptomics enables the analysis of the
relative abundance of transcripts from genes expressed in the environment and, therefore,
better delineates the ongoing ecological processes in response to nutrient availability, diel
variability and harmful algal bloom formation [119–121]. In addition, the integration of
metagenomic and metatranscriptomic data can quantify levels of gene expression based
on gene abundance and provide important insights. For example, the abundances of
genes and transcripts from global ocean microbial communities at the species level were
used to determine the changes of biogeochemical processes involved in photosynthesis,
carbon cycling and nitrogen cycling across latitude and depth [122]. However, such
studies have yet to be conducted targeting the Mamiellophyceae. The rapid increase in
metatranscriptome studies in the ocean and the more adequate algal reference genomes
can facilitate these functional metatranscriptomic analyses. Thus, we can obtain novel
insights into the active algal members, their gene expression and metabolic pathways across
different environmental conditions.

Although a multi-omics-based ecological analysis of the marine phytoplankton com-
munity can reveal the relation between physicochemical factors and the dynamics of
eukaryotic algae and viruses, cultivation of eukaryotic algae is still the most reliable ap-
proach of validating the ecological hypotheses generated from the field research. Moreover,
establishing stable cultures facilitates biotechnology applications, including novel bioactive
compound discovery and production, which are rarely explored in the Mamiellophyceae.
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