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Pico- and nano-phytoplankton (respectively, 0.2—2 and 2-20 um in cell size) play
a key role in many marine ecosystems. In this size range, Bolidophyceae is a
group of eukaryotes that contains species with cells surrounded by 5 or 8 silica
plates (Parmales) as well as naked flagellated species (formerly Bolidomonadales).
Bolidophyceae share a common ancestor with diatoms, one of the most successful
groups of phytoplankton. This review summarizes the current information on taxonomy;,
phylogeny, ecology, and physiology obtained by recent studies using a range of
approaches including metabarcoding. Despite their rather small contribution to the
phytoplankton communities (on average less than 0.1%), Bolidophyceae are very
widespread throughout marine systems from the tropics to the pole. This review
concludes by discussing similarities and differences between Bolidophyceae and
diatoms.

Keywords: bolidophyceae, parmales, diatoms, genetic diversity, mitosis, geographical distribution, seasonal
dynamics and silicification

INTRODUCTION

Following the appearance of oxygenic photosynthesis in the ancestors of cyanobacteria,
this complex process was distributed across all eukaryotic lineages via permanent primary,
secondary, and tertiary endosymbioses (Not et al., 2012). Ocean photosynthesis is dominated by
phytoplankton, a functional group of single cell organisms including prokaryotes and eukaryotes.
In the late 70%, early 80s the work of Waterbury et al. (1979) and Johnson and Sieburth
(1982) revealed the importance of very small cells, some below one micron in size, for primary
productivity, which importance was formalized with the concept of the microbial loop by Azam
et al. (1983). However, it was only in the mid 90’s, when researchers began to investigate
the eukaryotic compartment of picophytoplankton, and realized that while cyanobacteria are
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very little diversified, at the least at the genus level with a couple
of taxa (Prochlorococcus, Synechococcus) dominating, eukaryotes
turned out to be very diverse with picoplankton taxa distributed
widely across several branches of eukaryotic tree of life (Vaulot
et al., 2008).

Microphytoplankton such as diatoms, dinoflagellates or
coccolithophorids that produce short lived blooms such as
Emiliania huxleyi, have been extensively investigated, in
contrast to other members of the picoplanktonic community.
A large number of photosynthetic picoeukaryotes species (and
clades) described to date belong to Stramenopiles (also called
Heterokonts), which are characterized by flagellated cells,
produced at least at some point of their life cycles, with two
unequal flagella (heterokont), one being ornamented with hair-
like structures called mastigonemes. Their plastids are thought
to have been acquired through secondary endosymbiosis and
typically contain chlorophylls a and c. Stramenopiles besides
include diatoms, a very successful lineage which cells are encased
in ornamented silica structures, Dictyochophyceae, also called
silicoflagellates, and Pelagophyceae, well known because of
the toxic algal blooms of the brown tide species Aureococcus
anophage [erkns and Aureoumbra lagunensis (Gobler and Sunda,
2012) or Pelagomonas calceolata, frequently isolated from
sea water. Although often seen as less diverse, some of these
groups play important ecological roles in marine ecosystems are
fundamental for our understanding of the evolution of algae.

Bolidophyceae, a class created by Guillou et al. (1999a) is
the Stramenopiles group phylogenetically nearest to the diatoms.
They are often detected in molecular surveys, although in low
abundance. We now know that they can occur as two distinct
forms, either silicified pico-sized (2-5 pm) or non-silicified
flagellated (1-1.7 pm) cells (Guillou et al., 1999a; Ichinomiya
et al,, 2011, 2016) and cultures from both forms have been
isolated from the marine environment. This review summarizes
the discovery of Bolidophyceae and current information of
phylogeny, ecology, and physiology obtained by recent studies
using a range of approaches. We discuss similarities and
differences between Bolidophyceae and diatoms to explore the
evolutionary link between these silicified algal groups.

DISCOVERY AND TAXONOMY

Well before the creation of the class Bolidophyceae, their silicified
forms (Figure 1) were first reported from scanning electron
microscopy (SEM) images in oceanic samples from the North
Pacific (Iwai and Nishida, 1976). Initially, they were thought
to be resting cysts of silicified loricate choanoflagellates (Silver
et al., 1980). However, the observation of red auto fluorescence
indicating the presence of chlorophyll and the existence of a
chloroplast in sectioned cells observed by transmission electron
microscopy revealed that they were active phytoplankton cells

Tetraparma

Pentalamina

ventral plate. Redrawn from Booth and Marchant (1987) with permission.

FIGURE 1 | Silicified and flagellated species of Bolidophyceae. (a) Pentalamina corona, (b) Tetraparma pelagica, (c) Triparma laevis f. inornata, and (d) Triparma
eleuthera. Scale bars = 1 wm. Diagrams of silica plates in the three genera of silicified species (Parmales); D, dorsal plate; G, girdle plate; S, shield plate; and V,

Triparma
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(Marchant and McEldowney, 1986). Marchant and McEldownegristae. Phylogenetic analyses based on 18S ribosomal rRNA
(1986) could not establish their taxonomic position, althouglkequences from the new strain demonstrated thalaeviswas
they suggested some morphological similarities with other algal®sely related to Bolidophyceae (Ichinomiya et al., 2011), rather
groups such as Bacillariophyceae and Chrysophyceae. than part of Chrysophyceae as hypothesized initially (Booth
Booth and Marchant (1987) tentatively establishednd Marchant, 1987). Phylogenetic analyses using plastidial and
Parmales (Latin: small round shields) as a new order withimitochondrial encoded genes frorfi. laevisalso conrmed
Chrysophyceae. The taxonomy of Parmales was based on itsesistership with Bolidophyceae and diatoms (Tajima et al.,
morphological features of silica plates that can only be observedl16).
with SEM. Two families and three genera were established:Recent phylogenetic analyses using nuclear, plastidial, and
Pentalaminaceae with one genu®entalamina (Latin: ve mitochondrial genes from several novel strains, including a
plates) and Triparmaceae with two genefatraparma(Latin:  agellate form very closely related to the silici ed strains, led
four small round shields) andlriparma (Latin: three small to a taxonomic revisionT¥able 1) in which the order Parmales
round shields) Figures la—-§. Pentalaminahas 2 circular was included within the class Bolidophyceae @ulidomonas
shield plates of equal size, a larger ventral plate and 2 triradiaggecies were transferred to the gefiuparma(lchinomiyaetal.,
girdle plates.Tetraparmahas 3 shield plates of equal size, &016).
smaller ventral plate, a triradiate dorsal plate and 3 girdle plates.
Triparma has 3 shield plates of equal size, a larger ventral
plate, a triradiate dorsal plate and 3 girdle plates (Booth afl@ENETIC DIVERSITY
Marchant, 1987, 1988; Kosman et al., 1993; Bravo-Sierra and
Hernandez-Becerril, 2003; Konno and Jordan, 2007; Kondslade Diversity
etal., 2007). The analysis of full-length nuclear 18S rRNA gene sequences
The agellated forms of Bolidophycead-igure 1d) were from public databases revealed the existence of two
originally isolated from the Paci c Ocean and Mediterranean Seanvironmental clades (Env. clade | and IlI) in addition to
and described as two agellated speciBslidomonas paci ca the group corresponding to the gendgiparma (Ichinomiya
and B. mediterraneadi ering in the angle of the insertion of et al., 2016). These clades are only formed by environmental
the two agellum, swimming patterns as well as in 18S rRNAequences and no sequences from cultures or isolates
gene signatures (Guillou et al., 1999a). The naBwitlomonas are available. Within the Triparma group, sub-clades
refers to the rapid swimming behavior of the cells rememberiniprmed by sequences from strains and the environment
a racing car. A varietyB. pacica var. eleuthera was later corresponded to the speciebriparma eleuthera Triparma
proposed based on both cultures and environmental sequengexi ca, and Triparma mediterranea The ‘T. laevi§ sub-
(Guillou et al., 1999b). Analyses of photosynthetic pigments akde, including the specieb. laevisf. inornata, T. laevisf.
well as nuclear 18S rRNA and plastid RubisCO large subuiingispina Triparma strigata Triparma a . verrucosaand the
(rbch) sequences (Guillou et al., 1999a; Daugbjerg and Guilloagellated strain Triparma sp. RCC1657. Other molecular
2001) demonstrated the sister relationship betwBelidomonas markers (plastid 16S rRNA and rbcL, nuclear ITS rRNA and
and diatoms, althougtBolidomonasare agellates and lack the mitochondrial nadl) revealed the presence of two distinct
siliceous frustule characteristic of diatoms. Bolidophyceae wesgb-clades within the T. laevi§ sub-clade, hereafter called
thus proposed to be an intermediate group between diatoms afmt convenienceTriparma clade | with the two forms of
all other Stramenopiles (Guillou et al., 1999a). T. laevis(f. inornata, and longispina and Triparma clade 1l
For more than 24 years, Parmales escaped isolation. Thesth T. strigata T. a. verrucosaand the agellated strain
silici ed cells are small and di cult to distinguish them from RCC1657.
other small phytoplankton in eld samples under the light In order to review the current state of the diversity of
microscope. To overcome this problem, Ichinomiya et aBolidophyceae, we analyzed existing GenBank sequences
(2011) used the uorescence dye PDMPO (2-(4-pyridyl)-5as well as metabarcodes obtained from a range of recent
((4-(2-dimethylaminoethylaminocarbamoyl) methoxy)phenylstudies Table 2 focusing on the V4 region of the 18S rRNA
oxazole) (Shimizu et al., 2001), which is co-deposited witene (seeSupplementary Material for Methodology). The
silicon into the solid silica matrix of the newly produced celphylogenetic analysis of the newly obtained V4 sequences
walls and uoresces under UV excitation whenever silicic acifFigure 2) recovered the two major environmental clades
is polymerized forming biogenic silica. Using PDMPO stainingreviously described (Env. clade 1 and II, Ichinomiya
and a serial dilution technique, the rst Parmales strain wast al., 2016), but also revealed the existence of a third
established from Oyashio region of the western North Paci environmental clade (called Env. clade Ill) within which
(Ichinomiya et al., 2011). two sub-clades IlIA and IlIB can be clearly separated.
Scanning electron microscopy established that this stralbach environmental clade contained sequences from clone
belonged to the speci@siparma laevisnd transmission electron libraries (GenBank) as well as identical or nearly identical
microscope observations showed the typical ultrastructure ofetabarcode sequences from dierent surveys suggesting
photosynthetic Stramenopiles, with two endoplasmic reticulatbat these environmental clades are not artefactual. These
membranes surrounding the chloroplast, a girdle and two tenvironmental clades may, for some of them, correspond
three thylakoid lamellae as well as a mitochondrion with tubulaio species of Parmales (e.g., from genefatraparma
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TABLE 1 | Current taxonomy of Bolidophyceae.

class, order, family, genus, species, subspecies, forma (= synonym, basyonym)

Reference

Class Bolidophyceae Guillou et Chrétiennot-Dinet emend. Ichinomiya et Lopes dos Santos

Order Parmales Booth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos
Santos

Family Pentalaminaceae Marchant emend. Konno et Jordan
Genus PentalaminaMarchant
Pentalamina coronaMarchant

Family Triparmaceae Booth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos

Santos (= “Octolaminaceae” Booth et Marchant)
Genus TetraparmaBooth emend. Konno et Jordan
Tetraparma catiniferakonno et al.
Tetraparma graciliskonno et al.

Tetraparma insectaBravo-Sierra et Hernandez-Becerril emend. Fujita et Jordan

Tetraparma pelagicaBooth et Marchant
Tetraparma silveraeFujita et Jordan
Tetraparma trulliferaFujita et Jordan

Genus TriparmaBooth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos
Santos (=Bolidomonas Guillou et Chrétiennot-Dinet)

Triparma columaceaBooth

Triparma columaceaf. convexaKonno et al.

Triparma columaceaf. mbriata Konno et al.

Triparma columaceaf. longiseta Fujita et Jordan

Triparma columaceasubsp. alata Marchant

Triparma eleutheralchinomiya et Lopes dos Santos ( = Bolidomonas paci ca var. eleutherd)
Triparma laevisBooth

Triparma laevisf. fusiforminsFujita et Jordan

Triparma. laevisf. inornata Konno et al.

Triparma laevisf. longispinaKonno et al.

Triparma laevisf. mexicana(Kosman) Bravo-Sierra et Hernandez-Becerril
(=Triparma laevissubsp. mexicanaKosman)

Triparma laevissubsp. pinnatilobataMarchant
Triparma laevissubsp. ramispinaMarchant

Triparma mediterraneaGuillou et Chrétiennot-Dinet) Ichinomiya et Lopes dos Santos
(= Bolidomonas mediterraneaGuillou et Chrétiennot-Dinet)

Triparma paci ca (Guillou et Chrétiennot-Dinet) Ichinomiya et Lopes dos Santos
(= Bolidomonas paci ca Guillou et Chrétiennot-Dinet)

Triparma retinervisBooth
Triparma retinervid. tortispina Fujita et Jordan
Triparma retinervissubsp. crenata Booth
Triparma strigataBooth
Triparma verrucosaBooth

Guillou et al., 1999a ; Ichinomiya et al., 2016

Booth and Marchant, 1987; Konno and Jordan, 2007;
Ichinomiya et al., 2016

Booth and Marchant, 1987; Konno and Jordan, 2007
Booth and Marchant, 1987
Booth and Marchant, 1987

Booth and Marchant, 1987; Booth and Marchant, 1988;
Konno and Jordan, 2007; Ichinomiya et al., 2016

Booth and Marchant, 1987; Konno and Jordan, 2007
Konno et al., 2007
Konno et al., 2007

Bravo-Sierra and Hernandez-Becerril, 2003; Fujita and
Jordan, 2017

Booth and Marchant, 1987
Fujita and Jordan, 2017
Fujita and Jordan, 2017

Booth and Marchant, 1987; Guillou et al., 1999a ; Konno
and Jordan, 2007; Ichinomiya et al., 2016

Booth and Marchant, 1987
Konno et al., 2007

Konno et al., 2007

Fujita and Jordan, 2017

Ichinomiya et al., 2016
Booth and Marchant, 1987
Fujita and Jordan, 2017
Konno et al., 2007

Konno et al., 2007

Kosman et al., 1993; Bravo-Sierra and Hernandez-Becerril,

2003

Booth and Marchant, 1987

Booth and Marchant, 1987

Guillou et al., 1999a ; Ichinomiya et al., 2016

Guillou et al., 1999a ; Ichinomiya et al., 2016

Booth and Marchant, 1987
Fujita and Jordan, 2017

Booth and Marchant, 1987
Booth and Marchant, 1987
Booth and Marchant, 1987

Adapted from Ichinomiya and Kuwata (2017) with permission.

or Pentalamind that have not yet been isolated

cultures.

into helix B9 Figure 3). We located in Helices Il and Il the

universal hallmarks proposed by Mai and Coleman (1997) and

Muller et al. (2007): the pyrimidine—pyrimidine (Y=Y) mismatch
Diversity Within the Genus Triparma in helix Il and YRRY (pyrimidine — purine — pyrimidine) motif
We explored the level of inter- and intra-clade diversity withiron the % side of Helix IlI, respectively, at alignment positions
the genusTriparmaby analyzing the folding pattern of the ITS295 and 148 and between nucleotides 205 and Zigu(es 3
(seeSupplementary Materialfor Methodology) from 14 strains 4). In all strains analyzed, the Y=Y mismatch was represented
previously described in Ichinomiya et al. (2016). The general IT®Y the pair U x C, with the exception oF. paci ca strains (U
secondary structure of Bolidophyceae proposed contains tkéJ), and the YRRY motif of helix Ill by the sequence UGGU
four-helices domains known in many eukaryotic taxa in additiorfFigure 3).
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TABLE 2 | List of metabarcoding studies using the V4 region of the 18S rRNA genes that have been used for the phylogenefiigure 2 ) and the biogeography analyses
(Figures 6, 7).

Data set Region Samples # Bioproject Sequencer Clustering Reference

OSD - LGC - 2014 Ocean 157 PRJEB8682 lllumina 0.97 Kopf et al., 2015
MALINA — Monier 2014 Arctic Ocean 24 PRJINA202104 454 0.98 Monier et al., 2013, 2014
ACME - Comeau — 2011 Arctic Ocean 11 SRA029114 454 0.98 Comeau et al., 2011
Nansen Basin — Met es — 2016 Arctic Ocean 17 PRJEB11449 454 0.97 Met es et al., 2016
Southern Ocean — Wolf — 2014 Southern Ocean 6 PRJINA176875 454 0.97 Wolf et al., 2014

Fieldes Bay — Luo — 2016 Southern Ocean 10 PRJINA254097 lllumina 0.97 Luo et al., 2015

Fram Strait — Kilias — 2013 Arctic Ocean 5 454 0.97 Kilias et al., 2013

See Supplementary Material for details.

FIGURE 2 | ML phylogenetic tree based on the V4 region of the 18S rRNA gene based both on GenBank sequences available from the?Pfatabase (Guillou et al.,
2013) and on metabarcodes OTUs obtained from the studies listed iflable 2 (see Methodology inSupplementary Material ). The tree was constructed with
phyML and dots correspond to nodes with SH-like branch support>0.90. GenBank sequences from environmental samples are colored in blue and those from
cultures, in red.
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FIGURE 3 | General structure model of the ITS2 molecule of th@riparmaclades. The four major helices are labeled as Helix | — Helix IV and the interaction region of
5.8S and 28S rRNA as B9. Numbers refer to the alignment positions and those between brackets to the compared positions in each helix. The nucleotides that are
100% conserved in the helices spacers, hallmarks positions in helices Il and Il and rst two base pairs of the helices are shown. The gray dots represent segments
that display length and sequence variation (see Methodology iBupplementary Material ).

The spacers between helices B9 and I, | and I, Il and llgenus T. paci ca, T. mediterranea, T. eleuthefaiparmal and
and IV and B9 were conserved in length and sequence amohgsensulchinomiya et al., 2016) is composed by at least one
the clades Kigure 3), as well as the rst two base pairs ofspeciesKigure 4).
helices 1, 1I, and Ill. In contrast, the spacer between helices At the intra -clade level, no CBC, nor hCBCs were identi ed
Il and IV showed greater variation between Bolidophyceagetween the two forms of. laevis f. inornataand f.longispina
clades but it was conserved at the intra-clade lekF@ure 3. (Triparma clade 1), that dier by the plate morphology,
Helices B9 (a region of the 5.8S and 28S rRNA interaction) aistiggesting that these two forms may belong to the same species,
Il showed good intra and inter-clade conservatioRigure 3 although the absence of CBCs is not an absolute indicator that
and Supplementary Figure L The ITS2 sequence froM. a. two organisms belong to the same species (Muller et al., 2007,
verrucosas incomplete and the®ide arm of helix B9 could not Caisova et al., 2011, 2013). However, at least one CBC is a good
be determined $upplementary Figure L indicator (93.1% of con dence for plants and fungi) that in most
The identi cation of CBCs in Bolidophyceae ITS2 secondargf the cases, two organisms represent distinct species (Muller
structure was based on the phenetic approach which reliesal., 2007). Fofriparmaclade Il (T. a. verrucosaT. strigata,
on a base pair sequence comparison of all CBCs betwesrd Triparma sp RCC1657), no CBC or hCBCs were identi ed
two sequences without direct reference to their evolutionafdyetween the morpho speci€s a. verrucosaand T. strigata
origin (Muller et al., 2007; Coleman, 2009). The phylogenetithe ITS operon sequences from these two strains, including
approach method which considers the status of a given babe two internal transcribed spacers and 5.8S rRNA, are nearly
pair in the ancestor of two sister taxon could not be appliedtlentical (99.1%) di ering only by six nucleotides. Although three
for Bolidophyceae given the con icting branching pattern amon@f these substitutions are within the 1TS2, none correspond to

phylogenies (for more details see Ichinomiya et al., 2016). a nucleotide pair in the ITS2 secondary structufggire 4).
Putative CBCs, hCBCs, and non-CBCs type changes wétewever, betweefiriparma sp RCC1657 on the one side and
identi ed in the conserved regions of the helices B9, I, IIT. a. verrucosaplus T. strigataon the other side, 1 hCBC

and Il within each clade and between claddsg(re 4 and (helix B9, position 6Supplementary Figure Jand 1 CBC (helix
Supplementary Figure ). Helix IV (Figure 4) was not included IV, box, Supplementary Figure ) were identi ed, suggesting

in the inter-clade analysis given its known variable naturthat Triparmaclade Il is composed by at least two species, one
(Coleman, 2007). Several CBCs and hCBCs were identi ed @trresponding tdlriparma sp RCC1657 and the other By a .
inter-clade level suggesting that each clade witfiniparma verrucosandT. strigata
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