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ABSTRACT
Recent molecular phylogenies that include species of Parvodinium revealed as its closest relatives the genera 
Peridiniopsis, Palatinus and Johsia. The clade containing these taxa is currently recognized as a family, 
Peridiniopsidaceae. The affinity between the members of Peridiniopsidaceae cuts across traditional boundaries based 
on features of the amphiesma, most notably the presence or absence of an apical pore complex. Detailed descriptions 
of the fine structure of Peridiniopsis and Palatinus are available from TEM studies of their type species. Here we 
provide a description in comparable detail of a species of the Parvodinium umbonatum–inconspicuum complex, which 
includes the type of the genus. The cells had an apical fibrous complex essentially similar to those described from other 
peridinioids prepared with comparable fixations. The pusular system was extensive and included areas with different 
aspects: an area with a sheet-like vesicle along the mid-right side of the cell, a ventral portion with ramified and 
anastomosed tubes and a somewhat flattened tube attached to the transverse flagellar canal. The most remarkable 
feature was the microtubular strand that extended from a ventral, protruding peduncle to the anterior part of the 
epicone, around an accumulation body, and came around along a more dorsal position toward the ventral side. This 
long microtubular strand of the peduncle (MSP) was reminiscent of the one described from Peridiniopsis borgei, both 
by its extension and looping path, and by the breaking up of the strand of microtubules into smaller portions with 
a wavy appearance; and contrasted with the reduced MSP of Palatinus apiculatus. The fine-structural features currently 
known from Peridiniopsidaceae are summarized. Members of the family include a flagellar apparatus with four 
microtubule-containing roots associated, the basal bodies inserted close to each other, nearly at right angles and 
a three-armed fibrous connective between root 1 and the transverse basal body.

HIGHLIGHTS
● Detailed fine structure of Parvodinium (of P. umbonatum–P. inconspicuum complex).
● Comparative analysis of the ultrastructure of Parvodinium and other Peridiniopsidaceae.
● Summary of ultrastructural features of the family Peridiniopsidaceae.
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Introduction

Over the past decade, many freshwater dinoflagellates 
formerly classified in the family Peridiniaceae have 
been reassigned to the mainly marine family 
Thoracosphaeraceae (including the Pfiesteriaceae), 
based on similarity of plate pattern, intracellular orga
nization and molecular data (Craveiro et al., 2011, 
2015, 2016; Moestrup & Calado, 2018). More recently, 
the family Peridiniopsidaceae was established to segre
gate from the Peridiniaceae three freshwater genera 
that consistently formed a well-supported clade in 
phylogenetic analyses based on ribosomal DNA 
sequences: Peridiniopsis Lemmermann, Parvodinium 
Carty and Palatinus Craveiro, Calado, Daugbjerg & 
Moestrup (Gottschling et al., 2017). The new genus 
Johsia Z.Luo, Na Wang, K.N.Mertens & H.Gu, was 

subsequently described from marine sediments of the 
Gulf of Thailand and off Manado (Indonesia), and 
added to the Peridiniopsidaceae (Luo et al., 2020). 
Another marine peridinioid, described from tide 
pools, ‘Scrippsiella’ hexapraecingula has been grouping 
in the phylogenetic trees with the Peridiniopsidaceae 
(Luo et al., 2020). Members of the family display 
morphological diversity in aspects traditionally consid
ered phylogenetically significant, such as the presence 
or absence of an apical pore. The amphiesmal arrange
ment of six plates in the cingulum and up to two 
anterior intercalary plates were suggested to be unify
ing features of the family (Gottschling et al., 2017; 
Kretschmann et al., 2018, 2019; Luo et al., 2020). 
However, it is unclear which internal cell features 
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may be considered characteristic of the group. 
Detailed fine-structural descriptions, including flagel
lar apparatus, pusular system and strands of micro
tubules related with a homology of a feeding 
apparatus, are available for the type species of 
Peridiniopsis (Calado & Moestrup, 2002) and 
Palatinus (Craveiro et al., 2009) but only limited 
information has been published for Parvodinium, 
Johsia and ‘Scrippsiella’ hexapraecingula (Seo & 
Fritz, 2002; Horiguchi et al., 1999; Luo et al., 
2020). Ultrastructural analyses of species of these 
genera are needed for a more complete character
ization of the Peridiniopsidaceae. Ultrastructural 
studies of peridinioids (e.g. Calado et al., 1999; 
Calado & Moestrup, 2002; Craveiro et al., 2009) 
have shown that their flagellar apparatus usually 
includes two microtubular roots associated with 
the longitudinal basal body (LB): a strand of micro
tubules on the left side of the LB, the so-called 
longitudinal microtubular root (LMR or r1 in 
Moestrup, 2000) and a single microtubule, on the 
right side of the LB, the so-called single microtub
ular root (SMR or r2 in Moestrup, 2000). 
Associated with the transverse basal body (TB) 
there are two other roots: a single microtubule, 
the transverse microtubular root (TMR or r3 in 
Moestrup, 2000) that nucleates one or several 
rows of microtubules (TMRE, transverse microtub
ular root extension), and a fibre associated with 
a microtubule, the transverse striated root and 
transverse striated root microtubule (TSR+TSRM/ 
r4 in Moestrup, 2000). Also characteristic of peri
dinioids is the presence of a layered connective 
(LC) that associates two of these roots (LMR/r1 
and TSR+TSRM/r4), one associated to each of the 
basal bodies (e.g. Calado et al., 1999; Craveiro 
et al., 2015). In other groups of dinoflagellates, 
the LC is usually replaced by an elongated striated 
fibre (the striated root connective, SRC), which 
links the same two roots at a more distal position 
(e.g. Iwataki et al., 2010; Pandeirada et al., 2021).

The pusular system is often very complex and 
difficult to elucidate due to the variable extent, to 
which pusular elements collapse in response to 
different fixation schedules (e.g. Craveiro et al., 
2009). Despite these difficulties, the pusular sys
tem has shown enough regularity in some dino
flagellate groups to be considered characteristic of 
those groups. A typical example is the strict tub
ular organization of the pusules of species of 
Tovelliaceae, in which pusular tubes display 
a regular arrangement of diverticula along part of 
their length and electron-opaque structures asso
ciated with the inner membrane in other areas 
(Lindberg et al., 2005; Calado, 2011).

Most of the photosynthetic peridinioids examined 
in detail with transmission electron microscopy 
(TEM) have either a single microtubular strand of 
the peduncle (MSP) or a more developed system, 
with up to eight partially overlapping rows of micro
tubules (microtubular basket, MB). The most exten
sive MBs are found in pfiesteriaceans, a group of 
predatory dinoflagellates that includes marine (e.g. 
Paulsenella and Pfiesteria; Schnepf et al., 1985; 
Litaker et al., 2002) and freshwater genera 
(Tyrannodinium; Calado & Moestrup, 1997), in 
which they play a role in food uptake (Hansen & 
Calado, 1999). In some freshwater members of the 
photosynthetic ‘calcareous’ clade, the 
Thoracosphaeraceae (e.g. Chimonodinium lomnickii 
and Naiadinium polonicum (Wołoszyńska) Carty; 
Craveiro et al., 2011, 2013), a conspicuous MB is 
present but there is no evidence yet of food uptake 
in these species. The MSP is a more generally dis
tributed structure that has been found in 
Borghiellaceae (Baldinia anauniensis Gert Hansen & 
Daugbjerg; Hansen et al., 2007), Tovelliaceae (e.g. 
Tovellia rubescens Pandeirada, Craveiro, Daugbjerg, 
Moestrup & Calado; Pandeirada et al., 2019), 
Suessiaceae (e.g. Prosoaulax lacustris (F.Stein) 
Calado & Moestrup; Calado et al., 1998) and also in 
the Peridiniopsidaceae (e.g. Peridiniopsis borgei; 
Calado & Moestrup, 1997).

The genus Parvodinium includes freshwater peridi
nioid species with the plate formula: po, x, 4’, 2a, 7”, 
6c, 5(?)s, 5”’, 2’”’ (Moestrup & Calado, 2018). About 16 
species are currently recognized in this genus, but 
species identification can be quite difficult due to the 
small size of the cells, the similarity between described 
species and the variations of plate tabulation within 
species (Elbrächter & Meyer, 2001; Carty, 2008; 
Moestrup & Calado, 2018; Kretschmann et al., 2018, 
2019; Luo et al., 2020). In particular, the identity of the 
type species of Parvodinium, P. umbonatum (F.Stein) 
Carty (=Peridinium umbonatum F.Stein) has been dif
ficult to ascertain. The concept of P. umbonatum, as 
given in one of the most influential monographs that 
includes this group of taxa (Lefèvre, 1932), depicts it as 
so closely related to the species Parvodinium inconspi
cuum (Lemmermann) Carty (=Peridinium inconspi
cuum Lemmermann) that the two species were 
considered synonyms by Popovský & Pfiester (1986, 
1990). The existence of a number of infraspecific taxa 
described in both these species further complicates the 
matter. However, populations identifiable as members 
of the complex P. umbonatum–P. inconspicuum can be 
easily found in different environments and often dis
play minor differences in size, tabulation, or the pre
sence of spines. This variability among populations, 
which suggests the existence of several species, was 
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the basis for keeping P. inconspicuum separate from 
P. umbonatum in the latest freshwater dinoflagellate 
flora (Moestrup & Calado, 2018). The recent descrip
tion of taxa in this species complex demonstrated 
a higher species-level diversity than was previously 
recognized (Kretschmann et al., 2018).

A dinoflagellate strain isolated from fresh water in the 
Buçaco mountain, Central Portugal, revealed features 
that place it in the P. umbonatum–P. inconspicuum com
plex; this was confirmed by phylogenetic analyses based 
on rDNA sequences. The fine structure of this strain was 
studied in detail and compared with the features of 
a Danish population with similar morphology.

Materials and methods

Sampling and establishment of cultures

The Parvodinium strain described here comes from 
a freshwater tank in the gardens of the Buçaco Palace 
Hotel (40°22’33.74”N, 8°21’55.62”W; ~380 m altitude), 
Buçaco mountain, Central Portugal. A swimming cell, 
from a net sample (mesh size 25 µm) collected on 
7 July 2015, was isolated into a 96-well cell culture plate 
(Sarstdet, Numbrecht, Germany) with L16 medium 
(Lindström, 1991); and grew into a culture maintained 
at 18°C with 12h:12h light:dark photoperiod and photon 
flux density ca. 25 µmol m–2 s–1. Cells from this culture 
were transferred to DY-V medium (Andersen et al., 
1997) as they stopped growing in medium L16 and the 
culture was re-established under the same temperature, 
photoperiod and light intensity.

Cells of the Parvodinium umbonatum–P. inconspi
cuum species complex were isolated from a net sample 
collected in Gribsø, Hillerød, Denmark, on 7 October 
1996, and prepared for TEM (see below).

The phylogenetic analyses included a new sequence of 
Parvodinium elpatiewskyi (Ostenfeld) Kretschmann, 
Zerdoner & Gottschling, a species recently included in 
the Peridiniopsidaceae. The analysed strain was collected 
from a system of shallow, freshwater lakes in Gafanha da 
Boavista, Ílhavo, Aveiro (40°36’13.54”N, 8°41’49.17”W). 
A swimming cell of P. elpatiewskyi was isolated from 
a net sample collected on 29 September 2017 and origi
nated a culture from which rDNA was extracted. Cells in 
the culture divided slowly in quadruple concentration 
L16 medium (Lindström, 1991) at the same temperature, 
photoperiod and light intensity as above. The strain was 
characterized morphologically (Supplementary figs S1– 
S4) before the culture was lost.

Light microscopy (LM)

Swimming cells and empty thecae from Portuguese 
Parvodinium cultures were photographed with 
a ColorView IIIu Olympus camera (Olympus, 
Tokyo, Japan) mounted on a Zeiss Axioplan 2 

imaging light microscope (Zeiss, Oberkochen, 
Germany). Images showing the position of the 
nucleus in cells of Parvodinium from Buçaco that 
sunk to the bottom of culture wells were recorded 
with a JVC TK-C1481BEG colour video camera 
(Norbain SD, Reading, UK) mounted on a Leitz 
Labovert FS inverted light microscope (Leica 
Microsystems, Wetzlar, Germany).

Scanning electron microscopy (SEM)

A volume of 600 μl from Buçaco culture was fixed for 
1 h with 320 μl of a fixing mixture of 2% osmium 
tetroxide and saturated HgCl2 (3:1, v/v). Fixed mate
rial was retained on Nuclepore polycarbonate filters 
with 5-μm pore size (Whatman, GE Healthcare Life 
Sciences, Maidstone, UK) that were washed with dis
tilled water, dehydrated through a graded ethanol 
series and critical-point-dried in a Baltec CPD-030 
(Balzers, Liechtenstein). The filters were glued onto 
stubs, sputter-coated with gold-palladium and exam
ined with a JEOL JSM 6335F scanning electron 
microscope (Jeol, Tokyo, Japan) at University of 
Copenhagen.

Transmission electron microscopy (TEM)

Fixation of the Parvodinium strain from Buçaco fol
lowed two protocols, which differed only in the fixa
tive mixture: (1) a mixture of 1% glutaraldehyde and 
0.5% osmium tetroxide (final concentrations), both in 
phosphate buffer 0.1 M, pH 7.2; and (2) 2% glutar
aldehyde in the same buffer. In both cases, swimming 
cells were transferred to a watch glass with the fixa
tive. After ca. 1 h 20 min of fixation the cells were 
washed in phosphate buffer, incorporated into 1.5% 
agar blocks and postfixed for 2 h with 1% osmium 
tetroxide in phosphate buffer. The agar blocks with 
the cells were washed in phosphate buffer followed by 
distilled water, dehydrated through a graded ethanol 
series and propylene oxide, and embedded in Agar 
100 low viscosity resin (Agar Scientific, Stansted, 
Essex, UK). Cells were sectioned with a diamond 
knife in a Leica EM UC6 ultramicrotome. Ribbons 
of serial sections (70 nm thickness) were picked up 
with slot grids and transferred to Formvar film. They 
were contrasted with uranyl acetate and lead citrate. 
Serial sections of two cells were examined with 
a JEOL JEM 1010 electron microscope with a Gatan 
Orius digital camera (Gatan, Pleasanton, USA) at 
University of Copenhagen.

Swimming cells of Parvodinium umbonatum– 
P. inconspicuum complex were picked up from 
a sample collected in Gribsø, Denmark, and fixed 
for 20 min in 2% glutaraldehyde in sodium cacody
late buffer 0.1 M, pH 7.4. The rest of the procedure 
was similar to that described above, except for the use 
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of sodium cacodylate buffer for washing and Spurr 
resin (TAAB, Aldermaston, England) for embedding.

DNA extraction and PCR amplifications of SSU, ITS 
and LSU rDNA

DNA of the Buçaco strain of Parvodinium was 
extracted from a pellet obtained from centrifuging 
0.5 ml of culture at 200 rpm for 10 min, in 
a Universal 16 A centrifuge (Hettich Zentrifugen, 
Tuttlingen, Germany). The pellet was transferred to 
100 μl of the extracting solution QuickExtractTM 

FFPE DNA Extraction Kit (epicentre, Illumina, San 
Diego, California) and the kit instructions were fol
lowed. Two microlitres of the extracted DNA were 
used in the first PCR amplification of LSU rDNA, 
and one microlitre of the amplified product was used 
in a nested-PCR; the primers and thermal profiles for 
both amplifications are the same as in Pandeirada 
et al. (2014, 2017). For SSU rDNA and ITS amplifica
tions, 2 µl of extracted DNA were used with the same 
primers and thermal profile as in the second round of 
amplification described in Takano & Horiguchi 
(2005). The amplified rDNA was purified with the 
QIAquick PCR Purification Kit (Qiagen, Hilden, 
Germany) and sent to Macrogen Europe 
(Amsterdam, the Netherlands) for sequencing with 
the same primers used for PCR amplifications.

DNA was extracted from 50–70 swimming cells of 
P. elpatiewskyi culture and used in PCR amplifica
tions of rDNA (SSU, ITS and LSU), following the 
steps described for species of Sphaerodinium in 
Pandeirada et al. (2021). The purified DNA was 
sent for sequencing at Macrogen Europe.

Alignment and phylogeny

The phylogenetic position of the Buçaco strain of 
Parvodinium was inferred from analyses of nuclear- 
encoded LSU rDNA gene sequences and concatena
tion of SSU rDNA, ITS1 and ITS2, 5.8 rDNA and 
LSU rDNA. The LSU rDNA data matrix (1667 bp 
including introduced gaps) comprised 54 genera of 
dinoflagellates and a total of 90 taxa. The LSU rDNA 
sequences of three ciliates, four Apicomplexa and 
Perkinsus were also included and formed the out
group. This diverse assemblage of Alveolata was 
aligned using Muscle with default settings as imple
mented in JALVIEW (ver. 2.10.3b1, Waterhouse 
et al., 2009). The aligned sequences were analysed 
using two methods: Bayesian inference and 
Maximum likelihood. For Bayesian inference we 
used MrBayes (ver. 3.2.5 x64, Ronquist & 
Huelsenbeck, 2003) and for Maximum likelihood 
PhyML (ver. 3, Guindon et al., 2010). Bayesian ana
lysis was conducted on a local computer with 
5 million generations and a tree was sampled every 

1000 generations. The burn-in value was evaluated by 
plotting the LnL values as a function of generations in 
a spreadsheet. It occurred after 501 generations (con
servative number) and therefore 4500 trees were used 
for generating a 50% majority-rule consensus tree in 
PAUP* (ver. 4.0a build 169, Swofford, 2002). 
Maximum likelihood with 1000 bootstrap replica
tions used the general time-reversible (GTR) substi
tution model and the option ‘free rates’ as the model 
for rates across sites. PhyML was run through the 
online version available on the Montpellier bioinfor
matics platform.

Based on the phylogenetic tree from analyses of 
LSU rDNA sequences, a concatenated data matrix 
comprising lineages of closely related dinoflagellates 
were prepared. The concatenated matrix comprised 
3923 bp including introduced gaps. The ingroup 
included 11 genera and 21 species (including the 
Buçaco strain of Parvodinium and P. elpatiewskyi) 
whereas Heterocapsa spp. formed the outgroup. 
Sequence alignment and phylogenetic inference fol
lowed the same approach as outlined above for LSU 
rDNA. However, attempting a more accurate model 
of sequence evolution the genetic markers (coding 
and non-coding) were divided into five data parti
tions (SSU rDNA, ITS1, 5.8S rDNA, ITS2 and LSU 
rDNA). Hence, each region could evolve under dif
ferent models of evolution using the ‘unlink’ option 
in MrBayes.

Results

Cell description from LM and SEM observations

Motile cells and empty thecae of the Parvodinium 
strain from Buçaco are shown in Figs 1–23. Cells 
were ovoid and slightly compressed dorsoventrally 
(Figs 1–3, 9–13, 15–19). The epicone was semi- 
elliptical to conical and larger than the hemispherical 
to trapezoidal hypocone (Figs 1, 2, 7–12, 15–18). The 
cingulum descended about half of its width, and the 
sulcus invaded slightly onto the epicone and widened 
markedly toward the antapex (Figs 9–11, 15, 16, 20, 
21). The apical pore complex (apc) was visible in 
ventral or dorsal view, protruding slightly at the 
apex (Figs 1, 4, 9, 15–18). Cells were 17.4 ± 2 μm 
long (range 10.5–21 μm; n = 68), 12.2 ± 1.5 μm wide 
(range 6.5–15 μm; n = 52) and 10.4 ± 1.2 μm thick 
(range 7.5–12.5 μm; n = 16). Individual measure
ments are presented in Supplementary table S1. 
Larger cells had a more angular shape (Fig. 4), and 
the smallest were roughly circular to slightly elon
gated (Figs 5, 6). No cysts were observed in the 
cultures.

Chloroplast lobes were golden or yellowish-brown, 
densely arranged in the epicone and appeared radiat
ing from a central area in some cells; no central 
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pyrenoid was noted (Figs 1–6). The nucleus was 
roundish to transversely elongated and occupied the 
hypocone up to about the cingulum level (Figs 2, 3, 
6). In some immobile cells lying at the bottom of 
culture wells the nucleus was seen to move towards 
the epicone in a process that took up to 5 hours 
(Figs 7, 8). A nearly rectangular eyespot, sometimes 
somewhat tilted, 2.5–3.5 μm long (n = 10), was seen 
in the sulcus (Figs 1, 3–5). In smaller cells, the eye
spot overlapped a large portion of the sulcus (Fig. 5).

The tabulation observed was (Kofoidian notation): 
po, cp, x, 4’, 2a, 7’’, 6c, 5s, 5’’’, 2’’’’. The epitheca included 
four apical and seven precingular plates, and two ante
rior intercalary plates (1a, 2a) on the dorsal side (Figs 9– 
19, 21). The anterior intercalary plates were, in most 
cases (64% of the cells; n = 50), separated from each 
other, with the third apical plate sharing a suture with 
the fourth precingular plate: a 3’–4’’’–conjunctum 
arrangement (Figs 12, 13, 19). In fewer cases (36% of 
the cells; n = 50), the intercalary plates were closer to 
each other and plates 3’ and 4’’ barely touched: a 3’–4’– 
contactum arrangement (Figs 14, 17, 18). The apical 
pore complex (apc) consisted of three plates: a central 
cover plate (cp), encircled by the pore plate (po), which 
showed a closed suture on the ventral side where the 
nearly rectangular canal (marked x) plate abutted 
(Figs 13, 16, 19, 22).

On the hypotheca, the first antapical plate (1’’’’) 
was smaller than the second (2’’’’), and there were five 
postcingular plates, of which plates 1’’’ and 5’’’ were 
the smallest (Figs 15, 20, 21). The cingulum included 
six plates of similar size except for the first that was 
somewhat shorter (Figs 9–12, 15–18). The sulcus 
included five plates: the anterior sulcal plate (as) 
slightly penetrated the epitheca; the posterior, and 
larger, sulcal plate (ps) extended to the antapex; the 
right sulcal plate (rs) extended into a flap that cov
ered the exit pores of the flagella and the peduncle, 
and partly overlapped both the left sulcal (ls) and the 
smaller accessory (acs) plates (Figs 15, 16, 20, 21, 23). 
An extruded peduncle ca. 4 μm long and 1.5 μm wide 
was visible in SEM (Figs 21, 23).

Three spines were regularly seen projecting from 
the edges of the antapical plates (Figs 1, 2, 4, 15, 16, 
20, 21). The largest was 1.5–2.1 µm long and pro
jected from plate 1’’’’ near the corner with plates ps 
and 2’’’’ (spine marked 1 in Figs 15, 16, 20, 21). 
A smaller spine, ca. 1 µm long, was usually present 
on plate 1’’’’ where it contacted plates ps and 1’’’ 
(marked 2 in Figs 15, 16, 20, 21); and another small 
spine projected from plate 2’’’’ near the corner abut
ting plates 4’’’ and 5’’’ (marked 3 in Figs 15, 16, 20, 
21). Shorter spines were seen irregularly along anta
pical sutures (e.g. spine marked 4 in Fig. 21).

Figs 1–14. Parvodinium strain from Buçaco; LM of vegetative cells (Figs 1–8) and empty thecae (Figs 9–14). Fig. 1. Ventral 
view in surface focus showing the apical pore complex (apc), the eyespot (e) in the sulcus, and the position of two antapical 
spines (arrows). Fig. 2. Optical section of the same cell as in Fig. 1 with the nucleus (n) in the hypocone and the chloroplast 
lobes (ch) in the epicone. Fig. 3. Lateral view of a slightly dorsoventrally compressed cell. Fig. 4. Ventral view in surface 
focus of a larger cell with an angular outline. Figs 5, 6. Surface focus and optical section of a small, slightly elongated cell 
showing the eyespot (e) and the nucleus (n), respectively. Figs 7, 8. Still frames from a video recording made in an inverted 
microscope, of a small immobile cell, taken with 5 h interval, depicting the movement of the nucleus (n) towards the 
epicone. Figs 9–11. Empty thecae in ventral, left and right views showing Kofoidian notation of some plates. Figs 12, 13. 
Dorsal and apical views of two thecae with 3’-4’’–conjunctum arrangement of plates. Fig. 14. Dorsal-anterior view with 3’- 
4’’–contactum arrangement of plates. as and rs, anterior and right sulcal plates. Scale bars: Figs 1–6, 9–14 same scale as in 
Fig. 14, 10 μm; Figs 7, 8 to the same scale, 10 μm.
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The plate surface was generally smooth, with the 
appearance of a faint reticulation when seen in SEM 
(Fig. 20, white arrows). Trichocyst pores were present 
throughout the cell surface but were absent from 
sutures and were not seen in the apc nor in right and 
left sulcal plates; each pore was surrounded by about 
a dozen small knobs, each about 40 nm in diameter 
(Figs 15–20, 22). Some, presumably older cells, showed 
wide sutures, up to over 1 µm, which were distinctly 
striated (Figs 17–19, 22, short black arrows). Plate over
lap is indicated in Figs 16–18, marked with arrowheads. 
The tendential direction of overlapping was from dorsal 
to ventral side in the epitheca, cingulum and hypotheca. 
The plates that overlapped all the neighbour plates 
(keystone plates) were plate 4’’’ in the epitheca, plate 
3’’’ in the hypotheca and plate c4 in the cingulum.

General cell ultrastructure (TEM)

The three cells analysed by TEM revealed similar 
fine-structural features (Supplementary figs S5–S19, 

Figs. 24–44). General ultrastructural aspects are sum
marized in Supplementary figs S5, S12, S13, S17. 
Chloroplast lobes (ch) radiated from a central area 
near the base of the epicone and extended along the 
surface in the peripheral cytoplasm (Supplementary 
figs S5, S13, S17). Although some chloroplast lobes 
had thylakoid-free areas (Supplementary fig. S5, 
arrows), no pyrenoid complex was detected. Oil dro
plets (O), starch grains (st) and trichocysts (t) were 
seen at the cell periphery (Supplementary fig. S5). 
A distinct accumulation body (ab) was present on 
the anterior-left side of the epicone (Supplementary 
fig. S13). Pusular tubes and vesicles were visible along 
the longitudinal axis of the cell, but especially in the 
mid-ventral area (Supplementary fig. S5, pu). 
A cytoplasmic extension limited by a single mem
brane is shown outside the cell, near the sulcus, in 
Supplementary figs S5, S17. This so-called peduncle 
was supported by a microtubular strand (MSP) and 
contained round, electron-opaque bodies 
(Supplementary figs S5, S6, S17). An eyespot of type 

Figs 15–18. Parvodinium strain from Buçaco, SEM. Kofoidian notation. Figs 15, 16. Ventral and ventral-left views showing 
the five sulcal plates: anterior sulcal plate (as), right sulcal plate (rs), left sulcal plate (ls), posterior sulcal plate (ps) and the 
accessory sulcal plate (acs). The antapical spines are numbered 1 to 3. The apical pore complex (apc) is visible in Fig. 16. 
Figs 17, 18. Dorsal-left and dorsal-right views of thecae with wide striated sutures (arrows). Arrowheads in Figs 16–18 
indicate the direction of plate overlap. Scale bars: Fig. 15, 5 μm; Figs 16–18 to the same scale, 5 μm.
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A (Moestrup & Daugbjerg, 2007) was located beneath 
the sulcus, and comprised numerous oil globules 
arranged in two rows inside a chloroplast lobe, 
underlying the microtubules of the longitudinal 
microtubular root (LMR/r1) (Supplementary figs 
S5, S7).

In oblique sections through the apical pore complex 
(apc) the apical cytoplasm appeared highly vesiculate 
(Supplementary fig. S12). Serial sections through the 
apc revealed both round and elongated vesicles under
neath the pore, with some tubular vesicles extending 
through the apical-most cytoplasm toward the cover 
plate (Supplementary figs S8–S12). The cytoplasm 
inside the pore plate opening, underneath the cover 
plate, was lined with electron-opaque material, from 
which radiated several fibres that were striated in at 
least some views (Supplementary figs S8–S11).

Pusular system

The pusular system of the cells examined was rather 
extensive and complex. Three distinct portions are tenta
tively recognized based on the appearance and 

distribution in the cell of the pusular elements 
(Supplementary figs S5, S12–S19, Figs 24, 25, 28–36). 
The most extensive portion was mainly composed of 
a flat, sheet-like vesicle that extended for nearly 4 µm 
from the ventral area into the middle and right side of the 
cell. It occurred in a vesicle-rich cytoplasmic region that 
also contained starch grains and oil droplets 
(Supplementary figs S13, S17, Fig. 24). This so-called 
pusular sheet (PuS) was a flat vesicle with a somewhat 
electron-opaque lumen mostly 40–50 nm thick (Fig. 24). 
It attained its largest development near the mid-ventral 
area and extended anteriorly toward the cell’s right, 
where it progressively lost its nearly uninterrupted flat 
appearance and ramified into tubular portions and smal
ler vesicles with different profiles (Fig. 24). In its posterior 
part, the pusular sheet ramified extensively into more 
irregular vesicles that contained numerous, somewhat 
elongated, electron-opaque bodies about 100 × 400 nm 
(Supplementary figs S17, S19). Similar bodies occurred 
inside the more or less collapsed longitudinal flagellar 
canal (LFC), where some ramifications of the pusular 
sheet attached (not shown).

A different pusular arrangement accompanied the 
microtubular strand of the peduncle (MSP, described 

Figs 19–23. Parvodinium strain from Buçaco, SEM. Kofoidian notation. Fig. 19. Apical view of a theca with wide striated 
sutures (arrows); apc, apical pore complex. Fig. 20. Antapical view showing two antapical plates of different size and five 
postcingular plates. The antapical spines are numbered 1 to 3. The sulcal plates are visible: anterior sulcal plate (as), right 
sulcal plate (rs), left sulcal plate (ls), posterior sulcal plate (ps) and the accessory sulcal plate (acs). All plates have 
a reticulated ornamentation (white arrows). Fig. 21. Ventral-antapical view of a cell with a peduncle protruding from 
the sulcus (large white arrow); the exit-pore of the transverse flagellum (large black arrow) is visible. An extra antapical 
spine is present (numbered 4). Fig. 22. Apical pore complex (apc), comprising pore plate (po), cover plate (cp) and canal 
plate (x). Trichocyst pores surrounded by small knobs (white arrow) and striation in the wide sutures are visible (short 
black arrows). Fig. 23. Detail of Fig. 21, showing the exit-pore of the transverse flagellum (black arrow) and the peduncle 
(white arrow). Scale bars: Figs 19–21, 5 μm; Fig. 22, 500 nm; Fig. 23, 1 μm.
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below), extending from the area of emergence of the 
peduncle (Supplementary figs S12–S16, Figs 24, 25, 
28; PuN). This pusular area was mainly composed of 
20–30 nm wide tubes, which ramified and anasto
mosed, forming a roughly cylindrical network. The 
lumen of the tubes of this part of the pusule was 
distinctly more electron-translucent than that of the 
PuS (Supplementary figs S14, S16, Figs 24, 25). The 
orientation of the PuN was approximately parallel to 
the PuS and the two systems were perhaps connected 
by narrow tubes (Fig. 24); however, we were unable 
to demonstrate a continuity between membranes of 
the tubes and the sheet, possibly because of the con
voluted shape of the tubes in the area between the 
two pusular systems. No pusular elements were visi
ble in the emergent part of the peduncle 
(Supplementary fig. S6).

The third pusular arrangement comprised a single, 
somewhat flattened tube about 100 × 250 nm in cross 
section, which opened into the anterior-dorsal side of 
the transverse flagellar canal (TFC) and extended into 
the left-dorsal side of the cell (Figs 31–36, white arrow). 
Parts of the tube membrane had a dotted appearance 
similar to that visible in the upper tube of 
Supplementary fig. S19. The tube descended for about 
2 µm and turned toward the centre of the cell, where it 
apparently branched (not shown); the branches 
approached the other portions of the pusule making 
their distinction uncertain, although the dotted appear
ance of some tubes in the ventral area may indicate their 
continuity with this transverse pusular tube.

Microtubular strand of the peduncle (MSP)

A single row of microtubules was found in the 
extruded portion of the peduncle and in the ventral 
area of the cell, near the basal bodies. This MSP 
extended into the cell, arching and breaking up into 
several groups of microtubules along its 15-μm path 
(Supplementary figs S12–S19, Figs 24–30). 
A schematic view of the whole path of the MSP is 
given in a left-ventral view in Fig. 26. The position of 
the MSP relative to the components of the flagellar 
apparatus is shown in left view in Fig. 27.

About 35 microtubules tightly arranged as a single 
row formed the MSP near the emergence area of the 
peduncle (Figs 25–27). A fibrous collar (striated col
lar of the peduncle, PSC) surrounded the cytoplasm, 
including the MSP, that extended from the cell 
(Figs 25, 27). In the ventral area the MSP passed 
along the network of pusular tubes, PuN (Figs 24, 
25) and extended on the ventral-right side of the 
basal bodies (Figs 26–30) toward an accumulation 
body (ab) on the anterior-left area of the epicone 
(Supplementary figs S12–S16, Fig. 26). The path of 
the MSP between the ventral area and the anterior 
edge of the ab was somewhat wavy (Supplementary 
figs S12, S14, Fig. 26), with a tendency for the micro
tubules to separate irregularly into several groups that 
appeared to re-associate further along (not shown). 
Electron-opaque bodies were visible near most of the 
ventral portion of the MSP (Supplementary figs 
S15, S18).

Figs 24–25. Parvodinium strain from Buçaco, TEM. Ventral area with pusular system and microtubular strand of the 
peduncle (MSP); continuation of the series of sections shown in Supplementary figs S12–S16. Slanted numbers indicate the 
section number in the series. Fig. 24. The single row of microtubules from the microtubular strand of the peduncle and two 
pusular elements: the flat, sheet-like vesicle (PuS) and the network of pusular tubes (PuN). Fig. 25. Emergence area of the 
peduncle with the MSP extending along the PuN. The striated collar of the peduncle (PSC) contacts the transverse striated 
collar (TSC). O, oil droplets; s, sulcus; st, starch grains. Scale bars: Fig. 24, 2 μm; Fig. 25, 500 nm.
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The MSP inflected to the left around the anterior- 
dorsal part of the ab and divided into two groups with 
slightly different routes (Supplementary figs S13, S15, 
S17, S18, Fig. 26). Both of these groups divided again 
creating a complex set of small microtubular strands, 
visible in sections through the mid-ventral part of the 
cell (Supplementary figs S15, S18, microtubular 
groups 1–4).

Flagellar apparatus

A schematic reconstruction of the flagellar apparatus as 
seen from the left of the cell is given in Fig. 27. Serial 
sections of the flagellar base area in an anterior-ventral- 
left point of view are shown in Figs 28–40; and from 
approximately left to right, with the cell slightly tilted 
toward the observer, in Figs 41–44. The basal bodies were 

Fig. 26. Schematic representation of a cell’s left-ventral view showing the plates and internally, the relative position of the 
nucleus, accumulation body, flagellar apparatus (represented by the basal bodies) and the path of the microtubular strand of 
the peduncle (MSP).
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inserted at an angle of ~90°, as estimated from serial 
sections (Figs 27, 31–44). Fibrous material was visible 
around the areas of emergence of each flagellum and the 
peduncle (marked as striated collars, TSC, LSC or PSC, 
in Figs 27–32, 34, 38–40, 43, 44). Two microtubular roots 
were associated with each basal body. A single 

microtubule, forming the transverse microtubular root 
(TMR/r3), attached to the proximal-anterior end of the 
TB, extended towards the upper side of the transverse 
flagellar canal (TFC) and nucleated a strand of about 11 
microtubules (the transverse microtubular root exten
sion, TMRE/r3 extension) that curved around the 

Fig. 27. Schematic representation of the flagellar base area of Parvodinium, viewed from the left side of the cell. The 
transverse and peduncle striated collars are made transparent to allow observation of underlying structures. SMR (r2), 
single-stranded microtubular root; LMR-TBc, three short fibrous connectives between the layer of electron-opaque material 
on the anterior-dorsal side of the LMR/r1 and microtubular triplets of the TB.
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Figs 28–37. Parvodinium strain from Buçaco, flagellar apparatus, TEM. Non-adjacent serial sections progressing toward the 
left-dorsal side, seen from the right-ventral side. Slanted numbers indicate the section number in the series. Fig. 28. Ventral 
area of the cell, somewhat detached from the theca, with the pusular system (PuN and PuS), the microtubular strand of the 
peduncle (MSP) and the transverse microtubular root extension (TMRE). Figs 29, 30. The TMRE and the MSP are present 
near the peduncle striated collar (PSC) and the transverse striated collar (TSC). The TMRE is nucleated by the transverse 
microtubular root (TMR/r3), that runs near collared pits (black arrow). Figs 31–33. The proximal end of the TMR/r3 
approaches the proximal end of the transverse basal body (TB). A flattened pusular tube (white arrow) opens into the 
anterior-dorsal side of the transverse flagellar canal. Figs 34–37. The proximal end of the longitudinal microtubular root 
(LMR/r1) is visible contacting the proximal end of the longitudinal basal body (LB). The transverse striated root (TSR) and 
its associated microtubule (TSRM/r4) extend from near the TSC to the proximal-dorsal side of the TB. Scale bars: Fig. 28, 1 
μm; Figs 29–37, 500 nm.
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anterior margin of TFC and continued in a posterior-left 
direction (Figs 27–33). The transverse striated root and 
its associated microtubule (TSR and TSRM/r4) pro
gressed from the proximal-dorsal side of the TB toward 
the transverse striated collar (TSC; Figs 27, 34–37, 41, 
42). Both TSR and TB contacted the anterior part of 
a layered connective (LC) about 250 nm long and 70 
nm thick (Figs 27, 38, 41, 42). A layer of electron- 
opaque material connected the posterior layer of the 
LC to the dorsal side of the longitudinal microtubular 
root (LMR/r1) (Figs 27, 38, 39, 41). Three short 
fibrous connectives extended from microtubular tri
plets of the TB to a layer of electron-opaque material 
on the dorsal face of the proximal end of the LMR/r1 

(Figs 27, 41, 42, double white arrow). About 10 
microtubules were present in this proximal end of 
the LMR/r1, but this number increased towards the 
sulcus (Figs 36–40). The right-hand side of the LMR/ 
r1 contacted the proximal end of the LB (Figs 27, 36– 
44). The distal part of the LMR/r1 extended poster
iorly on the left side of the longitudinal flagellar canal 
(LFC), passed next to the LSC and continued along 
the ventral side, adjacent to the amphiesmal vesicles 
lining the sulcus. A single-stranded microtubular 
root (SMR/r2) extended from the proximal-right 
side of the LB for about 650 nm, in a path nearly 
parallel to the LMR/r1 and ended near the surface of 
the LFC (Figs 27, 43, 44).

Figs 38–40. Parvodinium strain from Buçaco, flagellar apparatus, TEM. Continuation of the series of sections shown in 
Figs 28–37; adjacent serial sections. Slanted numbers indicate the section number in the series. The layered connective (LC) 
is linked, in its posterior side, to a layer of electron-opaque material (double arrows) that covers the dorsal side of the 
longitudinal microtubular root (LMR/r1). The longitudinal striated collar (LSC) surrounds, almost completely, the opening 
of the longitudinal flagellar canal (LFC). LB, longitudinal basal body. Scale bar: Figs 38–40 to the same scale, 500 nm.

Figs 41–44. Parvodinium strain from Denmark, flagellar apparatus, TEM. Non-adjacent serial sections progressing toward 
the right-antapical side, seen from the left-apical side. Slanted numbers indicate the section number in the series. Figs 41, 
42. Three short fibres (double white arrows) connect the transverse basal body (TB) to the dorsal side of the proximal end 
of the longitudinal microtubular root (LMR/r1). Note the layer of electron-opaque material (double black arrows) that 
covers the dorsal side of the LMR/r1. Figs 43, 44. The single-stranded microtubular root (SMR/r2) is visible on the right 
side of the longitudinal basal body (LB). LC, layered connective; LFC, longitudinal flagellar canal; LSC, longitudinal striated 
collar; TSR, transverse striated root. Scale bar: Figs 41–44 to the same scale, 200 nm.
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Phylogeny

The position of Parvodinium within a large assem
blage of dinoflagellates was examined by phyloge
netic analyses based on nuclear-encoded partial 
LSU rDNA sequences (a single-gene tree). The 
resulting tree topology is shown in Fig. 45 and 
here Parvodinium formed a monophyletic group 
(marked as Parvodinium spp.). However, this only 
received little support from posterior probability 
(PP = 0.83) and Maximum likelihood bootstrap 
(BS = 59%). This clade containing species of 
Parvodinium was divided into two lineages, each 
fairly well supported. Hence, one clade comprised 
Parvodinium mixtum Kretschmann, Owsianny, 
Zerdoner & Gottschling, P. parvulum 
(Wołoszyńska) Na Wang, K.N.Mertens, H.Gu, 
P. elpatiewskyi, Parvodinium ‘Buçaco’, ‘Peridinium 
inconspicuum’ strains CCAP 1140 and UTEX 2255 
(PP = 0.97 and BS = 94%). The other clade con
tained ‘Peridinium umbonatum var. inaequale’, 
Parvodinium cf. centenniale, Parvodinium cf. umbo
natum strain GeoM*795 and Peridinium centen
niale (Playfair) Carty (PP = 0.94 and BS = 79%). 
The clade, marked as Parvodinium spp., formed 
a sister group to Johsia chumphonensis Z.Luo, Na 
Wang, K.N.Mertens & H.Gu, Peridiniopsis borgei 
Lemmermann and Palatinus spp. However, this 
branching pattern received very little support 
from posterior probability (PP = 0.71) and no sup
port from ML bootstrap (BS < 50%). The larger 
clade was part of a polytomy containing seven 
other lineages. The deepest lineages forming the 
backbone of the tree containing dinoflagellates 
were also unresolved (polytomy). However, most 
of these individual lineages received high branch 
support from posterior probabilities and bootstrap 
replicates.

The phylogenetic inference based on the con
catenated data matrix and containing species clo
sely related to Parvodinium based on the analysis 
of LSU rDNA revealed fairly good to moderate 
support for a monophyletic origin of 
Parvodinium from posterior probability and boot
strap, respectively (PP = 0.95 and BS = 70%) 
(Supplementary fig. S20). The seven species (nine 
strains) assigned to Parvodinium, and the clade 
comprising Palatinus apiculatus (Ehrenberg) 
Craveiro, Calado, Daugbjerg & Moestrup, 
Peridiniopsis borgei and Johsia chumphonensis 
formed a highly supported monophyletic clade 
(PP = 1.0 and BS = 98%). For the core group of 
Parvodinium species, a highly supported relation
ship was observed between the three strains of 
P. mixtum but also for the shared, and based on 
the short branch lengths, a relative recent ancestry 
between P. parvulum, P. elpatiewskyi, P. trawinskii 

Kretschmann, Owsianny, Zerdoner & Gottschling, 
Parvodinium ‘Buçaco’ and P. mixtum (PP = 1.0 
and BS = 100%). The other deep lineage of 
ingroup taxa formed a highly supported lineage 
comprising Pfiesteria, Apocalathium, Scrippsiella 
spp., Naiadinium, Duboscquodinium and 
Theleodinium (PP = 1.0, BS = 100%). Note that 
Scrippsiella did not form a monophyletic group 
due to the clustering of Duboscquodinium collinii.

Discussion

Identity and phylogenetic affinities of the Buçaco 
strain

The cells of the culture strain examined showed the 
general features of the P. umbonatum– 
P. inconspicuum species complex. Relevant characters 
include the conspicuous apical pore complex located 
at the centre of the cell apex, the two similar-sized 
anterior intercalary plates symmetrically positioned 
on the dorsal side of the epitheca, the slightly des
cending cingulum, delimiting the longer anterior part 
of the cell from the shorter hypotheca, and the mod
erately compressed, ovoid to ellipsoid shape of the 
cell. Particularly significant is the shape of the sulcus, 
forming a trapezoid indentation in the epitheca and 
strongly widening toward the antapex. All the char
acters mentioned above are present in P. mixtum, 
P. trawinskii and P. marciniakii Kretschmann, 
Owsianny, Zerdoner & Gottschling (Kretschmann 
et al., 2018), all of which appear in the same well- 
supported clade of the concatenated phylogenetic tree 
(Supplementary fig. S20) as Parvodinium ‘Buçaco’. 
The other species in that clade, P. elpatiewskyi, lacks 
the intercalary plates but its sulcus shows the same 
general outline, slightly indenting the epitheca and 
widening toward the antapex (Moestrup & Calado, 
2018; Kretschmann et al., 2019). Parvodinium from 
Buçaco appears as a sister taxon to Parvodinium 
mixtum (Supplementary fig. S20), with which it 
shares the same pattern of plate overlap 
(Kretschmann et al., 2018).

The original description of Peridinium inconspi
cuum Lemmermann was rather brief, did not include 
any details about the plates and was not accompanied 
by an illustration (Lemmermann, 1899). The earliest 
illustrations by Lemmermann show the oval outline 
of the cell, the slightly descending cingulum, the axial 
position of the apical pore and the presence of three 
spines aligned with the sutures of the antapical plates 
(Lemmermann, 1905, 1910; figures reproduced in 
Moestrup & Calado, 2018). Although 
Lemmermann’s (1910) figures lack precision, as seen 
in the representation of a similar-looking narrow 
plate at the apex in both ventral and dorsal views, 
the position of the three spines in a dorsal view of the 
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Fig. 45. Phylogeny based on partial nuclear-encoded LSU rDNA sequences (1667 bp including introduced gaps) of 54 genera of 
dinoflagellates and inferred from Bayesian analysis. For this analysis three ciliates, four apicomplexans and Perkinsus andrewsi were 
used as outgroup taxa. Branch support was evaluated from posterior probabilities (PP ≥ 0.5) from Bayesian analyses and bootstrap 
(1000 replications, BS ≥ 50%) from maximum likelihood analyses, respectively. These support values are written to the left of 
internodes. A hyphen (-) indicates values below 0.5 for PP and 50% for bootstrap. GenBank accession numbers and, in some cases, 
strain numbers for Parvodinium spp. are written after the species epithet. The evolutionary lineage containing Parvodinium spp. is 
marked in grey, and the sequences determined in this study are in bold. The branch lengths are proportional to the number of 
character changes, see scale bar below the phylogenetic tree.
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cell (Lemmermann, 1910, p. 663, fig. 29), and the 
distinctly smaller size of antapical plate 1, suggest 
the arrangement we document for the Buçaco strain.

Stein’s (1883) original drawings of Peridinium 
umbonatum show details of the main plates in ventral 
and dorsal views, and include the complete tabulation 
of the epitheca in an apical view that shows a very 
slight dorsoventral compression. The cell outline 
appears distinctive in Stein’s drawings, but the rather 
long, nearly truncated-cone-shaped ring of precingu
lar plates has not been documented from other speci
mens. A description of P. umbonatum was included 
in Lemmermann (1910), who added to two of Stein’s 
illustrations, in ventral and dorsal view, an apical and 
an antapical view by Schilling (1891), both of which 
showed a distinct dorsoventral compression. Lefèvre 
(1932) summarized the observations on 
P. umbonatum, P. inconspicuum and their infraspe
cific taxa, and established the concepts for these taxa 
that would influence the application of the names for 
the following decades (Schiller, 1935; Huber- 
Pestalozzi, 1950; Starmach, 1974). The overlap of 
features recognized by Lefèvre (1932) for the two 
species is quite extensive, with only size as a guide 
to identify populations of small cells (15–25 µm long) 
as P. inconspicuum and populations of cells longer 
than 30 µm as P. umbonatum, and leaving an uncom
fortable overlap in the 25–30 µm range. In view of the 
natural variability in cell size found in many popula
tions, and of the difficulty of selecting features that 
could reliably distinguish P. inconspicuum from 
P. umbonatum, the decision to treat the two names 
as synonyms was understandable (Popovský & 
Pfiester, 1986, 1990). However, the description of 
new taxa by the combined application of morpholo
gical and genetic analyses demonstrated more spe
cies-level diversity than previously recognized and 
highlighted the need for well-defined (morphologi
cally and genetically) taxonomic and nomenclatural 
reference points in this group of species 
(Kretschmann et al., 2018). The description of new 
taxa in this core group of Parvodinium species pre
supposes the establishment of a distinction between 
the newly described species and these older names. 
Several GenBank entries with the names 
P. inconspicuum and P. umbonatum are available 
and these names have been included in published 
phylogenetic trees (Logares et al., 2007; 
Kretschmann et al., 2018; Luo et al., 2019). 
However, the morphological characterization of the 
strains from which the DNA sequences were deter
mined is scarce or non-existent and the topological 
location of strains with the same name in phyloge
netic trees is often inconsistent (Saldarriaga et al., 
2001; Stern et al., 2012; Kretschmann et al., 2018). 
Nomenclatural stability will eventually require that 
a strain be accepted as fixing the application of each 

name. While the choice of a reference strain for each 
of the species P. umbonatum and P. inconspicuum 
may have to be largely arbitrary, given the difficulty 
of defining characters and distinguishing the species 
morphologically, it is desirable that the selection of 
a reference strain be accompanied by a detailed mor
phological analysis and include the sequencing of, at 
least, major portions of the ribosomal operon, which 
are commonly used for phylogenetic inferences in 
dinoflagellates. A strain with small cells and 
a morphology compatible with early drawings of the 
species, similar to the Buçaco strain described herein, 
would appear eligible as a reference point fixing the 
application of the name P. inconspicuum. Ideally, the 
selected strain would come from one of the original 
locations for the taxon, namely two islands in Hawaii 
(Molokai and Oahu) and Chatham Islands, off the 
coast of New Zealand, some 7500 km south of 
Hawaii.

The selection of a morphologically and genetically 
characterized strain for fixing the application of the 
name P. umbonatum may have a larger impact on 
nomenclature because this is the type species of the 
genus. The use of the name in published phylogenetic 
trees may induce the tacit selection of one of the 
sequences available in GenBank as representing the 
phylogenetic position of P. umbonatum. However, 
the retrieval of two fairly well supported, separate 
lineages with Parvodinium species in the phylogenetic 
tree based on LSU rDNA (Fig. 45) recommends 
a closer look at the taxa in the clade containing 
Parvodinium cf. umbonatum GeoM*795, ‘Peridinium 
umbonatum var. inaequale’ and P. centenniale. For 
example, EF058254 is currently labelled ‘Dinophyceae 
sp. strain CCAC0002’ in GenBank; it was submitted 
as ‘Peridinium centenniale CCAC0002’ by Logares 
et al. (2007) and was referred as Parvodinium cen
tenniale by Kretschmann et al. (2018). Both 
Parvodinium cf. umbonatum GeoM*795 and 
‘Peridinium umbonatum var. inaequale’ were illu
strated, and they both show a broadly round epitheca 
that is wider than the hypotheca (Zhang et al., 2011; 
Kretschmann et al., 2018). A distinctly narrower 
hypotheca was the basis for the original distinction 
of Peridinium umbonatum var. inaequale 
Lemmermann (1910, pp. 669, 670), which, however, 
still showed the pronounced widening of the sulcus 
toward the antapex. In his monograph, Lefèvre (1932, 
pp. 123, 124) adopted a broader concept of the vari
ety and combined illustrations of cells with the typical 
widening sulcus and a symmetrical tabulation with 
others showing a smaller sulcus with a round poster
ior end, an off-axis apical pore and a somewhat asym
metrical arrangement of plates on the epitheca – 
a combination of characters reminiscent of 
P. centenniale as depicted by Playfair (1920) and 
Ling et al. (1989). The illustrations given for 
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Parvodinium cf. umbonatum GeoM*795 show 
a narrower sulcus that closes posteriorly on the ven
tral side, and a slight asymmetry of outline and plate 
disposition, which suggest affinity with P. centenniale 
(Kretschmann et al., 2018). Since the original illustra
tions of P. umbonatum show a symmetrical epithecal 
tabulation and the posteriorly widening sulcus, the 
effect of selecting a reference strain for the type of 
Parvodinium from this clade with apparent affinities 
with P. centenniale would be to change the applica
tion of the name relative to the one that prevailed for 
more than eight decades, viz. a species closely related 
to, and difficult to distinguish from, P. inconspicuum. 
Since no DNA sequence can be assigned at present to 
a strain unequivocally with the morphology of 
P. umbonatum, we suggest that stability and historical 
continuity of the application of species names in 
Parvodinium may be achieved by selecting as refer
ence strain a population, or culture, with the general 
features of species in the clade of P. inconspicuum, 
P. mixtum and P. trawinskii, and an average cell 
length near or above 30 µm.

General ultrastructure and apical pore complex

Cells of the Parvodinium strain from Buçaco showed 
the fine-structural features typical of 
a photosynthetic dinoflagellate: a nucleus with con
densed chromosomes, numerous chloroplast pro
files, pusular system, trichocysts, and starch grains 
and oil droplets as reserves. No pyrenoids were 
observed; however, the chloroplast lobes had 
a radial disposition towards the centre of the cell 
compatible with what was observed by Seo & Fritz 
(2002) in ‘Peridinium inconspicuum’ strain UTEX 
LB2255, which appears in our LSU rDNA-based 
phylogenetic tree in the same clade as Parvodinium 
from Buçaco (accession KY996802). The quantity of 
starch accumulated and the presence or absence of 
a central pyrenoid (expressed as thylakoid-free areas 
of chloroplast lobes) were reported by Seo & Fritz 
(2002) to vary according to the light or dark phase 
in cultures of some dinoflagellates. This variability 
was not examined in our strain and, although it 
cannot be excluded that a central region rich in 
chloroplast lobes with thylakoid-free areas resem
bling a central compound pyrenoid may be formed 
in some conditions, no traces of a well-defined, 
central pyrenoid were found. The presence of 
a more or less complex central pyrenoid has been 
considered characteristic of other members of the 
Peridiniopsidaceae (Gottschling et al., 2017). 
Peridiniopsis and Johsia have a single round pyre
noid surrounded by starch, whereas the central pyr
enoid in Palatinus radiates into the associated 
chloroplast lobes (Calado & Moestrup, 2002; 
Craveiro et al., 2009; Luo et al., 2020). In contrast, 

typical Peridiniaceae, e.g. Peridinium cinctum (O.F. 
Müller) Ehrenberg and P. gatunense Nygaard, do 
not show this type of large, well-defined pyrenoid, 
only thylakoid-free areas in some chloroplast lobes 
(Messer & Ben-Shaul, 1969; Calado et al., 1999).

An eyespot type A (Moestrup & Calado, 2018), 
consisting of one or more rows of lipid globules 
included in a chloroplast lobe, was observed in our 
strain and agrees with observations from Luo et al. 
(2020) for Parvodinium parvulum. An eyespot of type 
A is also present in Palatinus (Craveiro et al., 2009) 
and ‘Scrippsiella’ hexapraecingula (Horiguchi et al., 
1999), whereas an eyespot of type B, with a layer of 
crystal-containing vesicles overlying a lipid globule- 
containing chloroplast lobe, was found in 
Peridiniopsis borgei and in Johsia chumphonensis 
(Calado & Moestrup, 2002; Luo et al., 2020). The 
eyespot type A is most common in the Peridiniales 
and Thoracosphaerales, while the eyespot type B has 
been mainly found in the family Borghiellaceae 
(Moestrup & Calado, 2018).

An apical pore complex is present in almost all 
peridinioids but is absent from species of Peridinium 
subg. Cleistoperidinium (Peridiniaceae) and from 
Palatinus, the only genus of the Peridiniopsidaceae 
without it. When present, the apical pore is usually 
underlain by fibres (apical fibrous complex) above 
a cytoplasm region rich in vesicles (e.g. Roberts 
et al., 1987; Hansen et al., 1996; Craveiro et al., 
2011). The appearance of the fibrous complex is 
somewhat influenced by the type of fixation (Calado 
& Moestrup, 2002), which complicates comparisons 
between different taxa. Our observations on the 
Parvodinium strain from Buçaco are compatible 
with what was shown in cells of Scrippsiella sweeneyae 
Balech, Peridiniopsis borgei, Chimonodinium lom
nickii (Wołoszyńska) Craveiro, Calado, Daugbjerg, 
Gert Hansen & Moestrup and Theleodinium calcis
porum Craveiro, Pandeirada, Daugbjerg, Moestrup & 
Calado, all of which were fixed with a mixture of 
glutaraldehyde and osmium tetroxide: an uninter
rupted fibrous layer lining the inner cylindrical raised 
area of the pore plate, which extends posteriorly 
along the cell surface as several independent fibres 
(Roberts et al., 1987; Calado & Moestrup, 2002; 
Craveiro et al., 2011, 2013).

Pusular system

The complex pusular system found in Parvodinium, 
with three distinct areas, has not been previously 
described from other dinoflagellates. The so-called 
pusular network (PuN) resembles, to some extent, 
the flattened and ramified pusular vesicles of 
Scrippsiella trochoidea (F.Stein) A.R.Loeblich 
(Thoracosphaeraceae), which however, was restricted 
to a smaller region on the right mid-ventral side of 
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the cell (Craveiro et al., 2011). Pusular structure was 
described in detail in two other Peridiniopsidaceae, 
Peridiniopsis borgei and Palatinus apiculatus; both 
showed a large sac pusule connected to the LFC 
(Calado & Moestrup, 2002; Craveiro et al., 2009). 
A sac pusule was not observed in the Parvodinium 
cells examined, either because the collapse of the 
ventral region may have concealed this feature, or 
because it is absent from this species. Both 
Peridiniopsis borgei and Palatinus apiculatus have 
flattened pusular vesicles scattered in the cell; in 
addition, two distinct pusular tubes connect to the 
TFC, and one to the LFC, of P. apiculatus (Calado & 
Moestrup, 2002; Craveiro et al., 2009). A somewhat 
flattened pusular tube was also connected to the TFC 
in Parvodinium. Pusular tubes are some of the most 
common types of pusular structures in dinoflagel
lates, although they vary in number, width and in 
connecting to either the TFC or the LFC. The differ
ent pusular structures observed in Parvodinium con
trast with the pusular organization of several other 
peridinioids, e.g. the genera Chimnodinium and 
Apocalathium (Thoracosphaeraceae), in which well- 
defined pusular tubes opening at the flagellar canals 
were the only pusular structures observed (Craveiro 
et al., 2011, 2016).

Microtubular strand of the peduncle (MSP)

The MSP described herein for Parvodinium has 
a path inside the cell reminiscent of the one observed 
in P. borgei (Calado & Moestrup, 1997), although 
with a smaller number of microtubules (ca. 40 instead 
of ca. 80 in P. borgei). In both species the MSP 
extended from an extruded peduncle on the ventral 
area and was accompanied in this ventral region by 
electron-opaque bodies. The MSP continued toward 
the anterior-left side of the epicone in both 
Parvodinium and P. borgei, and in both cases the 
microtubular strand divided into several groups and 
was somewhat wavy in parts of its path (Calado & 
Moestrup, 1997). In contrast, Palatinus has a more 
simple strand of microtubules that lacks accompany
ing vesicles and does not extend into a peduncle; 
however, judging from its position and orientation 
it was considered homologous to the MSP (Craveiro 
et al., 2009). The ultrastructure of the recently 
described marine genus Johsia was not examined in 
detail and no information concerning a MB or MSP 
is available (Luo et al., 2020). ‘Scrippsiella’ hexaprae
cingula was observed with an extruded peduncle 
similar to those known to be supported by an internal 
MSP or MB; this is compatible with its phylogenetic 
relationship to P. borgei (Horiguchi & Chihara, 1983; 
Luo et al., 2020). As a contrast to what has been 
observed in members of the Peridiniopsidaceae, in 
the Peridiniaceae, as represented by the type species 

Peridinium cinctum, no type of microtubular system 
homologous to an MSP has been found (Calado et al., 
1999).

Flagellar apparatus

The general organization of the flagellar apparatus of 
peridinioids shows several variations concerning the 
presence or absence of small connectives linking its 
various components. One of these connectives, con
sisting of well-defined fibres associating the anterior- 
dorsal side of the LMR/r1 with two or three triplets of 
the TB (the LMR-TBc), was found in all members of 
the Peridiniopsidaceae for which detailed ultrastruc
tural information is available: Peridiniopsis borgei 
(Calado & Moestrup, 1997), Palatinus apiculatus 
(Craveiro et al., 2009) and Parvodinium (present 
work). In contrast to what was found in the 
Peridiniopsidaceae, the Thoracosphaeraceae revealed 
more variation, with some members also showing 
fibres attaching to two or three triplets of the TB 
(e.g. Theleodinium calcisporum and Apocalathium 
aciculiferum (Lemmermann) Craveiro, Daugbjerg, 
Moestrup & Calado; Craveiro et al., 2013, 2016), 
whereas others, like Chimonodinium lomnickii, have 
a single, wider band of thin fibres attaching to the TB 
(Craveiro et al., 2011). A third variation was found in 
Naiadinium polonicum, in which the basal bodies 
were more widely separated and the only fibrous 
connection between LMR/r1 and TB was provided 
by the LC (Craveiro et al., 2015). In Peridinium 
cinctum (Peridiniaceae) the LC was also the only 
structure found linking LMR/r1 and TB (Calado 
et al., 1999).

Within peridinioids, variation was also found in 
the arrangement and number of microtubules that 
form the extension of the TMR/r3. In the 
Peridiniopsidaceae, three different types of TMR/r3 
extension were observed until now, the simplest 
being the one described here for Parvodinium with 
a single strand of 11 microtubules. In Palatinus api
culatus the TMR/r3 looped around the transverse 
flagellar canal before nucleating one or two rows of 
20 microtubules (Craveiro et al., 2009). A more pecu
liar TMR/r3 extension was described from 
Peridiniopsis borgei; it was composed of ca. 35 micro
tubules, of which 23 gradually assumed a cylindrical 
arrangement surrounding a fibrous core and 
extended around a large, central vesicle (Calado & 
Moestrup, 2002). In the Thoracosphaeraceae, 
Chimonodinium lomnickii also showed a TMR/r3 
extension with an association with fibrous material, 
although it did not develop into the association seen 
in P. borgei (Craveiro et al., 2011). These variations 
on the type of TMR/r3 extension, which cross family 
borders, seem to devalue its potential to reflect phy
logenetic relationships.
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A description of the fine structure of the family 
Peridiniopsidaceae, based on current knowledge, may 
be (see also Supplementary table S2): cells with an 
extensive network of chloroplast lobes bounded by 
three membranes, with thylakoids predominantly 
associated in lamellae of three (peridinin chloroplast 
type); thylakoid-free areas usually present in some 
chloroplast lobes; a large, inner pyrenoid, extending 
into radial lobes (Palatinus), round and surrounded 
by starch (Peridiniopsis, Johsia, ‘Scrippsiella’ hexa
praecingula), or pyrenoid absent (Parvodinium). 
Cytoplasmic channels sometimes penetrating the pyr
enoid (Palatinus). Food reserves as starch grains and 
oil droplets, sometimes localized in different areas of 
the cell (Peridiniopsis). Eyespot present, of type 
A (Parvodinium, Palatinus, ‘Scrippsiella’ hexapraecin
gula) or B (Peridiniopsis, Johsia) with at least two 
(Parvodinium, Palatinus, Johsia, ‘Scrippsiella’ hexa
praecingula) and up to six layers (Peridiniopsis; four 
layers in Parvodinium parvulum) of globules inside 
chloroplast lobe. Trichocysts present throughout the 
cell, of a single type. Apical pore complex present 
(Peridiniopsis, Parvodinium, Johsia, ‘Scrippsiella’ hex
apraecingula) underlain by apical fibrous complex 
(unknown in Johsia and ‘Scrippsiella’ hexapraecin
gula), or absent (Palatinus). Mid-ventral area with 
extruded peduncle (Peridiniopsis, Parvodinium, 
‘Scrippsiella’ hexapraecingula) or peduncle absent 
(Palatinus; unknown in Johsia); microtubular strand 
homologous with MSP present (unknown in Johsia), 
reduced and without connection to the cell surface 
(Palatinus) or penetrating the peduncle and extend
ing over the anterior area of the epicone and return
ing to the ventral area as separate rows of 
microtubules (Peridiniopsis, Parvodinium). Pusule 
(unknown in Johsia and ‘Scrippsiella’ hexapraecin
gula) comprising flat vesicles and cylindroid tubes 
of variable diameter (Palatinus), a combination of 
rounded and flat vesicles (Peridiniopsis) or a very 
extensive assortment of ramifying flat and tubular 
vesicles with variable appearance (Parvodinium). 
Large sac pusule connected to the LFC 
(Peridiniopsis, Palatinus) or absent (Parvodinium). 
Flagellar apparatus (unknown in Johsia and 
‘Scrippsiella’ hexapraecingula) with basal bodies 
inserted about 100 nm apart and forming a 80–90° 
angle, each basal body associated with two microtu
bule-containing roots; LMR/r1 proximal end with 
5–10 microtubules that do not extend beyond the 
LB, up to 30–40 microtubules distally; fibrous layer 
on dorsal face of LMR/r1 connecting to base of TB 
and TSR by an LC (striated root connective absent); 
proximal end of LMR/r1 linked by group of 2–3 
fibres to 2–3 triplets of the TB; proximal ends of 
BBs linked by a striated fibre (Palatinus) or without 
direct connection (Peridiniopsis, Parvodinium); TMR/ 
r3 extending around TFC (Peridiniopsis, Palatinus) or 

relatively short (Parvodinium), nucleating an exten
sion of microtubules (TMRE) toward the dorsal side 
of the cell; TMRE with about 10–20 microtubules in 
a flat layer (Palatinus, Parvodinium) or about 35 
proximately and arranged into a circle of 23 micro
tubules around a fibrous axis distally (Peridiniopsis). 
Distal part of flagellar canals (exit point of each 
flagellum) surrounded by conspicuous fibrous rings 
that are connected by one (Peridiniopsis, 
Parvodinium) or two fibrous extensions (Palatinus); 
when present, exit point of extended peduncle also 
surrounded by fibrous ring. Except for a short con
nective attaching the LMR/r1 of Peridiniopsis to the 
fibrous material that limited the longitudinal flagellar 
canal, there are no fibres associated with the ventral 
face of this multistranded root; and there are no 
dorsal connectives linking the flagellar apparatus to 
other cytoplasmic structures.
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Supplementary figs S1–S4. LM and SEM of Parvodinium 
elpatiewskyi strain from Gafanha da Boavista, Ílhavo. 
Supplementary fig. S1. Ventral view of a living cell (LM). 
Nucleus (n), eyespot (e) and radiating chloroplast lobes 
(ch). Supplementary figs S2, S3. Superficial and deeper 
focus, from ventral to dorsal view, of an empty theca 
(LM). Supplementary fig. S4. Apical view of a cell showing 
the cingulum (c), the apical pore complex (apc) and plates 
marked in Kofoidean notation (SEM). Cells for SEM obser
vation were fixed for 2 h 30 min in a mixture of 1:1 culture 
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volume and 50% ethanol. Scale bars: Supplementary figs 
S1–S3, 10 mm; Supplementary fig. S4, 5 mm.
Supplementary figs S5–S7. Parvodinium strain from 
Buçaco, TEM. Supplementary fig. S5. Longitudinal section 
of a cell seen from the right-ventral side showing the 
chloroplast lobes (ch) with some thylakoid-free areas 
(short black arrows), oil droplets (O), starch grains (st) 
and trichocysts (t), scattered in the cell periphery. The 
eyespot (e) is visible in the sulcal region near pusular 
elements (pu). An almost transverse section of a peduncle 
(long black arrow) is present outside the cell. 
Supplementary fig. S6. Magnification of the peduncle dis
playing a strand of microtubules (thin arrows), and some 
electron-opaque vesicles (larger arrows). Supplementary 
fig. S7. Magnification of the eyespot-containing chloroplast 
lobe with two rows of globules (arrows) with the long
itudinal microtubular root (LMR/r1) in the ventral side. 
Scale bars: Supplementary fig. S5, 2 mm; Supplementary 
figs S6, S7, 500 nm.
Supplementary figs S8–S11. Parvodinium strain from 
Buçaco, TEM. Longitudinal serial sections through the 
apical pore complex, viewed from the right-ventral side of 
the cell. Slanted numbers indicate the section number in 
the series. Supplementary figs S8, S9. Several striated fibers 
(long arrows) and a round vesicle (short arrow) are seen 
under the pore plate (Po). The cover plate (cp) is seen on 
top of the Po. Supplementary figs S10, S11. Several round 
and elongated vesicles (short arrows) extend under the Po 
and converge toward the cp. Scale bars: 500 nm.
Supplementary figs S12–S16. Parvodinium strain from 
Buçaco, TEM. Pusular system and microtubular strand of 
the peduncle (MSP) in longitudinal serial sections proceed
ing toward the left-dorsal side, seen from the right-ventral 
side. Slanted numbers indicate the section number in the 
series. Supplementary figs S12, S13. The path of the MSP, 
breached up in several rows of microtubules and marked 
by arrows, is shown in two sections, the second one, 47 
sections towards the left-dorsal side of the cell. In 
Supplementary fig. S12 the rows of microtubules are closer 
together and near the network of pusular tubes (PuN). The 
short arrow points to the apical pore. In Supplementary fig. 
S13 some rows are visible further up in the epicone, near 
an accumulation body (ab), while a single row of micro
tubules is present in the ventral area, near the PuN; the flat 
pusular vesicle (PuS) is visible on the right side of the cell. 
Supplementary fig. S14. Magnification of the microtubules 
and PuN from Supplementary fig. S12. Supplementary figs 
S15, S16. Magnification from Supplementary fig. S13, of 
four strands (marked 1–4) of microtubules visible near the 
ab (Supplementary fig. S15) and the microtubules in the 
ventral area (Supplementary fig. S16). Electron-opaque 
bodies are marked by short arrows (Supplementary fig. 
S15). c, cingulum; O, oil droplets; PuS, pusular sheet; s, 
sulcus; st, starch grains. Scale bars: Supplementary figs S12, 
S13, 5 mm; Supplementary figs S14–S16, 500 nm.
Supplementary Figs S17–S19. Parvodinium strain from 
Buçaco, TEM. Pusular system and microtubular strand of 
the peduncle (MSP); continuation of the series of sections 
shown in Figs 24, 25. Supplementary fig. S17. General 
view showing the descending path of the microtubular 
strand of the peduncle after inflecting to the left side of 
the cell (thin arrows). The pusular network (PuN) and 
pusular sheet (PuS) are visible on the ventral-right side of 
the cell. A transverse section through a detached peduncle 
(short arrow) is visible outside the cell, on the ventral 
side, near the sulcus (s). Supplementary fig. S18. 
Magnification of Supplementary fig. S17 showing four 

rows of microtubules from the MSP and electron-opaque 
bodies (short arrows). Supplementary fig. S19. 
Magnification of the PuS from Supplementary fig. S17 
containing electron-opaque bodies (black arrows) and a 
tubular portion with dot-like contents reminiscent of the 
pusular tube associated with the TFC (white arrow). c, 
cingulum; e, eyespot; O, oil droplets; s, sulcus; st, starch 
grains. Scale bars: Supplementary fig. S17, 5 mm; 
Supplementary figs S18, S19, 500 nm.
Supplementary Fig. S20. Concatenated phylogeny based 
on 3923 base pairs of large subunit rDNA, internal tran
scribed spacers, 5.8S rDNA and small subunit rDNA of 12 
genera of Dinophyceae (27 sequences) and inferred from 
Bayesian analysis. For this analysis Heterocapsa spp. were 
used as outgroup taxa. Branch support was evaluated from 
posterior probabilities (probabilities (PP ≥ 0.5) from 
Bayesian analyses and bootstrap (1000 replications, BS ≥ 
50%) from maximum likelihood analyses, respectively. 
These support values are written at internodes. A hyphen 
(-) indicates values below 0.5 for PP and 50% for bootstrap. 
GenBank accession numbers are written after the species 
epithet. Sequences determined in this study were bold 
faced. The branch lengths are proportional to the number 
of character changes, see scale bar below the phylogenetic 
tree.
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