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Abstract

Two strains of peridinioids were isolated from a flooded stream near Aveiro, central Portugal, and examined by light
microscopy, scanning electron microscopy and serial-section transmission electron microscopy. The two strains showed
the same tabulation and cell shape as Peridiniopsis cunningtonii. One of the strains had lightly reticulated plates and spines
in most hypothecal plates, matching the features of typical P. cunningtonii. The other strain showed smooth plates and con-
sistently lacked spines in the apiculate hypotheca. The strains were similar in fine structure and had a central pyrenoid with a
starch sheath and perforated by cytoplasmic channels. Details of the flagellar apparatus matched those known from Parvo-
dinium, as did the remarkably long microtubular strand leading to an extruded peduncle that was visible in serial sections.
Phylogenetic analyses based on partial LSU rDNA and the concatenated ribosomal operon placed the strain with the smooth
hypotheca in a clade with Parvodinium species. The two strains grouped as closely related sister taxa in the partial LSU rDNA
phylogeny. A new combination is proposed, Parvodinium cunningtonii comb. nov. and a new variety, Parvodinium cunning-
tonii var. inerme var. nov., is described.
� 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

The genus Peridiniopsis Lemmermann, as currently cir-
cumscribed in the most recent flora on freshwater dinoflag-
ellates, is recognized as polyphyletic (Moestrup and Calado
2018). Fifteen species of Peridiniopsis are recognized in the
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flora, which are set apart from other peridinin-containing
peridinioids by having a combination of six cingular plates
and zero or one intercalary plates in the epitheca (Moestrup
and Calado 2018). The general plate formula given for Peri-
diniopsis in Moestrup and Calado (2018) is po, x, 3–50, 0–
1a, 6–700, 6c, 4–6s, 5000, 20000. This formula allows for differ-
ent combinations of numbers in different plate series and
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provides a practical but artificial means of classification of
the group. As an example, molecular-based phylogenies
recently revealed that the common freshwater species previ-
ously known as Peridiniopsis elpatiewskyi (Ostenfeld)
Bourrelly, which has no anterior intercalary plates, is a
member of Parvodinium Carty (Kretschmann et al. 2019).
With the transfer of P. elpatiewskyi to the genus Parvo-
dinium the circumscription of that genus has stretched to
include species without intercalary plates, in contrast to
the presence of two anterior intercalary plates in all its pre-
viously recognized species (Carty 2008; Kretschmann et al.
2019; Moestrup and Calado 2018). Both Parvodinium and
Peridiniopsis are currently assigned to the Peridiniopsi-
daceae, a monophyletic family that also includes the fresh-
water genus Palatinus Craveiro, Calado, Daugbjerg &
Moestrup and the marine genus Joshia Z. Luo, Na Wang,
K.N. Mertens & H. Gu (Gottschling et al. 2017; Luo
et al. 2020; Pandeirada et al. 2022). An additional species,
the marine dinoflagellate currently designated ‘Scrippsiella’
hexapraecingula because of its three anterior intercalary
plates, has also been shown to be a close relative of species
of Peridiniopsidaceae; reinvestigation of this species may
perhaps reveal a new genus of this family (Horiguchi and
Chihara 1983; Luo et al. 2020).

In the original description of the Peridiniopsidaceae, the
combined presence of six cingular plates and up to two
intercalary plates in the epitheca were two of the main fea-
tures considered to discriminate members of this family
from members of the Peridiniaceae (Gottschling et al.
2017). The internal cell features of the Peridiniopsidaceae
were summarized by Pandeirada et al. (2022) based on
detailed fine structure descriptions available for several
members of the family. This included Peridiniopsis borgei
Lemmermann (the type species of Peridiniopsis), Palatinus
apiculatus (Ehrenberg) Craveiro, Calado, Daugbjerg &
Moestrup (the type of Palatinus) and a species of the com-
plex Parvodinium umbonatum–P. inconspicuum (which
includes the type of Parvodinium; hereafter designated P.
umbonatum–inconspicuum); and was complemented with
more limited information available from Joshia chumpho-
nensis Z. Luo, Na Wang, K.N. Mertens & H. Gu, Parvo-
dinium parvulum (Wołoszyńska) Na Wang, K.N. Mertens
& H. Gu and ‘Scrippsiella’ hexapraecingula (Calado and
Moestrup 2002; Craveiro et al. 2009; Horiguchi and
Chihara 1983; Luo et al. 2020; Pandeirada et al. 2022).
The currently known ultrastructural features of the Peridin-
iopsidaceae may be summarized as follows: the eyespot is
of type A (with several layers of carotenoid-rich globules
included in a chloroplast lobe) or B (like type A but covered
on the sulcus side by a layer of vesicles with crystalloid
contents); the chloroplast lobes often show thylakoid-free
areas and are arranged in an extensive radial network, usu-
ally extending from a large central pyrenoid (which is some-
times penetrated by cytoplasmic channels), surrounded or
not by starch; an apical pore complex is usually present with
an underlying apical fibrous complex (absent in Palatinus);
an extruded peduncle is often present (visible in TEM;
absent in Palatinus); an extensive, internally divided micro-
tubular strand of the peduncle (MSP) is often present and
extends to the peduncle (reduced and not reaching the cell
surface in Palatinus); the pusule is variable, with different
combinations of flat vesicles, cylindroid tubes and ramify-
ing flat and tubular vesicles, with or without sac pusules;
the basal bodies form an angle of 80–90�, each basal body
associated with two microtubular roots; a layered connec-
tive (LC) links the dorsal side of the longitudinal micro-
tubular root (root 1; LMR/r1) with the proximal posterior
side of the transverse basal body (TB) and with a transverse
striated root; the proximal end of the LMR/r1 connects, by
two or three small fibres, to two or three triplets of the TB;
the right-hand side of the longitudinal basal body (LB) asso-
ciates with a single microtubule (single-stranded microtubu-
lar root; SMR/r2); the transverse microtubular root (root 3;
TMR/r3) nucleates variable numbers of microtubules (the
microtubular extension of the TMR; TMRE/r3E) with vari-
able paths and sometimes associated with fibrous material
(forming a circle with a fibrous core in P. borgei); the prox-
imal ends of the two basal bodies are usually not directly
linked by a fibre (present only in Palatinus); the exit points
of both flagella and peduncle are surrounded by prominent
striated collars that are usually connected to one another by
striated fibres (Pandeirada et al. 2022).

Here we report on the external morphology and fine
structure of two slightly different strains of peridinioids iso-
lated from a flooded area of a stream located near Aveiro,
central Portugal, both matching in shape and tabulation
Peridiniopsis cunningtonii Lemmermann. Phylogenetic
analyses based on rRNA gene sequences revealed that both
these strains are closely related to Parvodinium species. A
new combination in Parvodinium is proposed and a new
variety described.

Material and methods

Biological material

Two cultures of dinoflagellates, preliminarily identifiable
as Peridiniopsis cunningtonii, were started from cells iso-
lated from plankton samples collected in Ribeiro da Palha
(40�33.240ʹN, 8�34.095ʹW), a flooded stream near the vil-
lage of Nariz, Aveiro, Portugal, on two different dates.
One culture line, P. cunningtonii strain 1, was started from
a single cell isolated into MBL culture medium (Nichols
1973) from a sample collected on 16 July 2015. Cells from
strain 1 had the plate tabulation of Peridiniopsis cunning-
tonii but did not have the hypothecal spines characteristic
of typical P. cunningtonii. A second culture line, P. cun-
ningtonii strain 2, was started from a single cell, isolated
from a sample collected on 17 October 2016, into quadruple
concentration L16 medium supplemented with vitamins
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(Lindström 1991; Popovský and Pfiester 1990). Cells of
strain 2 came from a field population that displayed the
plate tabulation and hypothecal spines characteristic of typ-
ical P. cunningtonii, and cultured cells maintained these fea-
tures until the culture was lost six months later. Both
cultures were kept at 18�C and a 12:12 light:dark photope-
riod with a photon flux density of ca. 25 mmol m�2 s�1.

Light microscopy (LM)

Photographs were taken with a Zeiss Axioplan 2 imaging
light microscope (Zeiss, Oberkochen, Germany) equipped
with DP70 or ColorView IIIu Olympus cameras (Olympus,
Tokyo, Japan). Cell division in P. cunningtonii strain 1 was
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)

Three fixation protocols were used to observe different
aspects of motile cells of P. cunningtonii strain 1. For clear
observation of amphiesmal plates, cells were fixed by 1)
mixing equal volumes of culture and ethanol 50 %, for
40 min and 2) by mixing 0.95 ml of culture and 0.05 ml
2 % aqueous OsO4, for 5 min. Cells with the flagella
in situ were obtained by fixing 3) a mixture of two volumes
of culture and one volume of a 3:1 (v/v) mixture of aqueous
2 % OsO4 and saturated HgCl2, for 1 h. Fixed cells from all
fixation protocols were retained on Nuclepore polycarbon-
ate filters with 5-lm pore size (Whatman, GE Healthcare
Life Sciences, Maidstone, UK). Filters from fixations 2
and 3 were washed with distilled water for 30–45 min
before dehydration in a graded ethanol series, together with
filters from fixation 1. The dehydrated filters were critical-
point-dried in a Baltec CPD-030 (Balzers, Liechtenstein),
glued onto stubs and sputter-coated with gold–palladium.
Cells were observed in the scanning electron microscopes
Hitachi S-4100 (Hitachi High-Technologies, Tokyo, Japan)
and JEOL JSM 6335F (Jeol, Tokyo, Japan).

Transmission electron microscopy (TEM)

Swimming cells from both cultures were fixed for 40–
75 min in 2 % glutaraldehyde made in phosphate buffer
0.1 M, pH 7.2 (final concentration). In addition, swimming
cells from the culture of P. cunningtonii strain 2 were fixed
in a mixture of 1 % glutaraldehyde and 0.5 % OsO4 (final
concentrations) in phosphate buffer 0.1 M, pH 7.2, for
25 min. The fixed cells were washed in phosphate buffer,
included into 1.5 % agar blocks, and post-fixed with
0.5 % or 1 % OsO4 (final concentrations) in the same buffer.
After being washed in phosphate buffer and distilled water,
the blocks were dehydrated through a graded ethanol series
and propylene oxide, and embedded in low viscosity resin
(Agar Scientific, Stansted, Essex, UK). The blocks were
sectioned with an EM UC6 ultramicrotome (Leica
Microsystems, Wetzlar, Germany). Ribbons of serial sec-
tions (70 nm thick) were transferred with slot grids to For-
mvar film and stained with uranyl acetate and lead citrate.
Sections of three cells of P. cunningtonii strain 2 and three
cells of strain 1 were observed in a JEM 1010 electron
microscope (JEOL, Tokyo, Japan), equipped with a Gatan
Orius digital camera (Gatan Inc., Pleasanton, California,
USA).

Single-cell PCR amplification of LSU rDNA

Seven swimming cells from culture of P. cunningtonii
strain 1 were isolated into one 0.2-ml PCR tube and frozen
at –8�C for 2 days. PCR amplification of partial LSU rDNA
involved external primers D1R (Scholin et al. 1994) and 28-
1483R (Daugbjerg et al. 2000), and a bead of illustraTM
puReTaq Ready-To-Go PCR Beads kit (GE Healthcare,
UK). The reaction was conducted in a thermocycler
Biometra-Tprofessional (Biometra GmbH, Göttingen, Ger-
many), with thermal profile as in Pandeirada et al. (2014).
The amount of amplified LSU rDNA was increased through
nested PCR using 2 ml of the first PCR products and two
primer combinations: D1R with D3A and D3B with 28-
1483R. The thermal profile was the same as in Pandeirada
et al. (2017). The nested-PCR products were purified using
the QIAquick PCR Purification Kit (Qiagen, Hilden, Ger-
many), and sent to Macrogen Europe (Amsterdam, Nether-
lands) for sequence determination with primers D1R, D2C,
D3A, D3B and 28-1483R (Daugbjerg et al. 2000; Nunn
et al. 1996; Scholin et al. 1994).

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

About 50 swimming cells from each P. cunningtonii cul-
ture were submitted to DNA extraction with the
QuickExtractTM FFPE DNA Extraction Kit (epicentre, Illu-
mina, San Diego, California, USA), following the manufac-
turer’s instructions. Two microlitres of extracted DNA were
used in all PCR amplifications conducted. Amplification of
LSU rDNA of P. cunningtonii strain 2 was as described
above for strain 1 with the single modification of using
the specific Dino-ND primer (Hansen and Daugbjerg
2004) instead of the 28-1483R primer, in both initial and
nested PCRs. Amplifications of SSU rDNA and ITS rDNA
of P. cunningtonii strain 1 were based on Takano and
Horiguchi (2005) but going directly to the second round
of PCR amplification. The products from all PCR amplifica-
tions were purified with the QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany), and sent to Macrogen Europe
(Amsterdam, The Netherlands) for sequencing of SSU
rDNA and ITS rDNA from P. cunningtonii strain 1, with
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primers as in Takano and Horiguchi (2005), and for
sequencing of LSU rDNA from P. cunningtonii strain 2
using D1R, D2C, D3A, D3B and Dino-ND (Hansen and
Daugbjerg 2004; Nunn et al. 1996; Scholin et al 1994).

Sequence divergence

PAUP* (ver. 4.0a, build 169) was used to estimate
the divergence between the partial sequences of the
nuclear-encoded LSU rDNA of the two strains
(Swofford 2002).

Phylogeny

Two sequence data matrices were prepared to infer the
phylogeny of the two isolates of P. cunningtonii. The first
comprised partial sequences of nuclear-encoded LSU rDNA
(1,635 base pairs including introduced gaps) from P. cun-
ningtonii strain 2 and P. cunningtonii strain 1 together with
a diverse assemblage of dinoflagellates (52 genera, 84 dif-
ferent taxa). Ciliates, apicomplexans and Perkinsus formed
the outgroup taxa. For the second analysis based on con-
catenation of the ribosomal operon (3,923 base pairs includ-
ing introduced gaps of partial SSU rDNA, ITS 1, 5.8S
rDNA, ITS 2 and partial LSU rDNA) only strain 1 was
included together with some of the most closely related lin-
eages inferred from the LSU rDNA-based phylogeny. How-
ever, due to lack of sequence data for some rDNA
fragments, ‘Peridinium inconspicuum’ and ‘Peridinium cen-
tenniale’ were replaced with Parvodinium trawinskii
Kretschmann, Owsianny, Zerdoner & Gottschling and P.
marciniakii Kretschmann, Owsianny, Zerdoner & Gottschl-
ing. Therefore, the LSU rDNA phylogeny comprised a total
of 12 Parvodinium sequences whereas the concatenated
phylogeny included 10 Parvodinium sequences. Other
included dinoflagellates belonged to e.g., Palatinus, Peri-
dinium Ehrenberg, Johsia and Scrippsiella Balech. Two
species of Heterocapsa F. Stein formed the outgroup. See
Pandeirada et al. (2022) for information on alignments
and sequence editing. Two approaches were applied for
phylogenetic inference: Bayesian analysis (BA) and
RAxML as implemented in Geneious (ver. 2022.1.1). Com-
mon for both BA (ver. 3.2.6 of MrBayes by Huelsenbeck
and Ronquist (2001)) 5 million generations were run with
a tree sampled every 1,000 generations. The burn-in length
was set at 500,000 leaving 4,501 trees for the consensus
tree. Specifically for the concatenated data matrix, each
genetic marker was divided into five partitions (SSU,
ITS1, 5.8S, ITS2 and LSU) and allowed to evolve under
different models of sequence evolution by applying the ‘un-
link’ option in the command script. For RAxML (ver. 8,
Stamatakis 2014) the GTR GAMMA I option was used
with both alignments and 1,000 bootstrap replications were
included to evaluate the robustness of the tree topologies.
These values were mapped onto BA trees.
Results

The external morphology of strain 2 agrees with the mor-
phology of typical Peridiniopsis cunningtonii. In contrast,
strain 1 shows a slight difference in LSU rDNA sequence
and a constant, apparently inheritable, difference in mor-
phology from strain 2, which we consider worthy of formal
recognition at variety level within P. cunningtonii. In our
phylogenetic analyses both strains resolved in the same
clade as Parvodinium species, justifying a new combination
in Parvodinium. To avoid confusion in referring to the two
strains in the following text we will use the names formally
established later in the article: Parvodinium cunningtonii
var. cunningtonii for strain 2, and P. cunningtonii var. in-
erme var. nov. for strain 1 (see Taxonomic summary).

The cultures of both strains were unialgal and presum-
ably monoclonal since they both resulted from single cells.
These cultures diverged markedly in asexual growth.
Gamete fusion was not detected in either strain, despite
the observation of cysts in cultures of Parvodinium cun-
ningtonii var. inerme var. nov. Cyst formation and germina-
tion were not followed, and an archeopyle was not
observed. Parvodinium cunningtonii var. inerme has been
in culture for about seven years and has usually high num-
bers of motile cells. Parvodinium cunningtonii var. cun-
ningtonii persisted in culture only for about half a year,
always with very low numbers of motile cells and without
the formation of cysts.

Cell morphology of Parvodinium cunningtonii var.
inerme var. nov.

Motile cells and cysts are shown in Figs. 1 and 2. Cells
were ovoid to pyriform and somewhat compressed
dorsoventrally (Figs. 1A–D; 2A–C). The epicone was con-
ical, with an apical pore complex (apc) in the prominent
apex, and was longer than the round to conical, antapically
pointed hypocone (Figs. 1A–D; 2A–F). The submedian cin-
gulum was almost circular (Figs. 1A–D; 2A–C; 2F). The
sulcus somewhat penetrated the epicone, and extended also
toward the antapex (Fig. 2A, B, F). Cells were 24.1 ± 2.9
lm long (range 17.7–30.0 lm; n = 60), 17.1 ± 2.4 lm wide
(range 11.8–20.7 lm; n = 41), and 14.4 ± 0.9 lm thick
(range 12.7–16.4 lm; n = 14).

Chloroplast lobes were yellowish-brown and radiated
from a central pyrenoid to the cell periphery (Fig. 1A–D).
One accumulation body (ac) was sometimes notorious
above the central pyrenoid (Fig. 1B). The nucleus was ellip-
soid and occupied most of the hypocone (Fig. 1B, D). A
rectangular, orange eyespot, somewhat slanted relative to
the longitudinal axis of the cell, 3.0–4.5 lm long
(n = 12), was present in the upper part of the sulcus
(Fig. 1A, C).

The plate tabulation was po, cp, x, 40, 1a, 600, 6c, 5 s, 5000,
20000 (Kofoidian notation). The epitheca included four apical



Fig. 1. Parvodinium cunningtonii var. inerme var. nov., LM. (A,
B) Ventral and left-lateral views of vegetative cell showing the
pointed antapical end (arrow), the apical pore complex (apc), the
eyespot (e), the nucleus (n) in the hypocone, and the pyrenoid (py)
and accumulation body (ac) in the epicone. (C, D) Vegetative cell
focused in different planes showing the eyespot (e), the nucleus (n)
and chloroplast lobes (ch) radiating from the central pyrenoid (py).
(E, F) Cysts smooth-walled, with similar shape as the vegetative
cells. Cyst contents are predominantly colourless with faint traces
of chloroplast lobes (ch) and a large accumulation body (ac). All to
the same scale. Scale bar: 10 lm.
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plates, six precingular plates, and a single anterior inter-
calary plate 1a on the left-dorsal side (Fig. 2A–D). Some
variation of the epithecal tabulation was observed; out of
27 cells analysed, 21 had the usual plate tabulation (40,
1a), two cells had four apical and zero anterior intercalary
plates (40, 0a; not shown) and four cells had five apical
and zero anterior intercalary plates (50, 0a; Fig. 2E). Three
plates formed the apc: a central cover plate (cp) encircled
by the pore plate (po), and a rectangular canal plate (x)
tightly appressed to the ventral side of po (Fig. 2D, E).
On the hypotheca there were two antapical plates (10000

and 20000) of similar size, and five postcingular plates, of
which 3000 was the largest and 5000 the smallest (Fig. 2A–
C, F). The sulcus was composed of five plates: an anterior
sulcal plate (as) extending somewhat into the epitheca; a lar-
ger, posterior sulcal plate (ps) extending to the antapex; a
right sulcal (rs) plate extending as a flap, hiding the exit
pores of the flagella and peduncle, and partially overlapping
the left (ls) and the small accessory sulcal plates (acs)
(Fig. 2A, B, F). Six plates formed the cingulum, of which
the first plate (c1) was shorter and partially included in
the anterior-left side of the sulcus (Fig. 2A–C, F). The sixth
cingular plate (c6) descended slightly distally by nearly half
the cingulum width (Fig. 2A, B). The limits of this plate
(c6) coincided roughly with the limits of the sixth precingu-
lar (600) and fifth postcingular (5000) plates; similarly, the lim-
its of plates c4 and c5 were coincident with those of
postcingular plates 3000 and 4000, respectively (Fig. 2A–C,
F). An antapical projection (apiculus), 0.5–1.8 lm long
(n = 15), typically occurred in plate 10000, near the suture
with plate 20000, or right at the suture between antapical plates
(Fig. 2B, C, F).

Plates were smooth and the observed sutures were thin.
Trichocyst pores occurred throughout the cell surface but
were absent from the apc and from the right and left sulcal
plates (Fig. 2B–F). Cells that stopped swimming exited the
theca through the dorsal side, with at least the fourth precin-
gular plate being discarded (not shown).

Cyst walls were smooth, apparently including an endo-
spore, and matched the shape of the motile cells (a pointed
cyst with submedian paracingulum); they were almost
colourless with faint traces of chloroplast lobes and con-
tained an orange-red accumulation body (Fig. 1E, F). Cysts
were 20.5–28.0 lm long and 13.5–24.0 lm wide (n = 27).

Cell division in Parvodinium cunningtonii var.
inerme var. nov.

Division stages were observed in immobile cells that
were isolated from the bottom of the culture batches into
separate wells with culture medium and followed using
the inverted microscope. These immobile cells were mor-
phologically similar to motile cells, except for the absence
of flagella (Fig. 3A), and were more abundant during the
first two or three hours of the light phase. The nucleus of
these cells migrated from the hypocone to the epicone over
a period of 1–3 h (Fig. 3A, B), followed by nuclear division
that progressed for about 4 h (Fig. 3C, D). Cytokinesis
started shortly after the two separated nuclei were clearly
visible in the cell, with a cleavage furrow progressively
extending to the area between the nuclei (Fig. 3D, E). About
1.5 h since the cleavage furrow started to become visible,
the incompletely divided daughter cells emerged, with a
gentle amoeboid movement, through the dorsal side of the



Fig. 2. Parvodinium cunningtonii var. inerme var. nov., SEM. Plates are labelled in Kofoidian notation. (A) Ventral view of a cell with
preserved outer membranes and transverse (tf) and longitudinal flagella (lf), prepared with fixation 3. (B–C) Ventral and dorsal/right view of
cells prepared with fixation protocol 2. Five plates form the sulcus: anterior (as), right (rs), left (ls) and posterior (ps) sulcal plates, plus
smaller accessory sulcal plate (acs) (seen in A, B, F). (D–E) Apical views of cells prepared with fixation 1, showing the typical tabulation
with one intercalary plate (in D) and one variation with five apical plates and no intercalary plate (in E). Apical pore complex (apc) with pore
plate (po), cover plate (cp) and canal plate (x). (F) Antapical view of a cell prepared with fixation 2. The pointed antapical end is indicated
by a black arrow and trichocysts pores by white arrows. Scale bars: 5 lm (A–C, F); 3 mm (D, E).
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theca, at the level of the cingulum (Fig. 3F–H). The
released, incompletely divided cells showed two separate
hypocones, each one with a nucleus and an eyespot (e),
and only one epicone and one cingulum (Fig. 3F, H).
Two longitudinal flagella and one or two transverse flagella
were usually present, but they were not in the furrows at this
stage. The dividing cell remained motionless for a few sec-
onds and sunk; it started to swim after the flagella were
accommodated in the cingulum and both sulci (Fig. 3G,
H). This swimming stage continued for about 6 h, up to
the first 3–4 h of the dark phase. The division and final sep-
aration of the two cells was never observed, showing that



Fig. 3. Parvodinium cunningtonii var. inerme var. nov., LM. (A–H) Division of an immobile cell. Image-series from video recording, with
elapsed time indicated. (A) Cell without flagella with the nucleus (n) in the hypocone. apc, apical pore complex. (B–E) Nuclear migration to
the epicone, where mitosis took place. A cleavage furrow is seen (D, E) between the two nuclei formed. (F–H) Incompletely divided
daughter cells exited the theca (arrowhead). Arrows point two longitudinal flagella and transverse flagellum in G. The eyespot in one
hypocone is visible (e, in H). (I) Another cell in division that stopped swimming and exited the theca (arrowhead). Scale bars: 10 lm.
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the complete process of division was very long (more than
15 h). Similar swimming stages were observed in the cul-
ture throughout the light and dark phases, with more or less
developed thecal plates that were shed during temporary
stops (Fig. 3I). No evidence of fusion of cells, or planozy-
gotes (flagellated cells with two sulcal flagella) was ever
observed in this culture. The cysts observed were therefore
perhaps of asexual origin. However, based on the presence
of a thick wall they may be interpreted as resting cysts.

Cell morphology of Parvodinium cunningtonii var.
cunningtonii

Motile cells and empty thecae, with plates marked in
Kofoidian notation, are shown in Fig. 4. Cells were ovoid
and somewhat compressed dorsoventrally (Fig. 4A–J, L,
M). The epicone was conical, topped with an apical pore
complex (apc) and slightly longer than the rounded-
trapezoidal hypocone, which presented antapical and
postcingular spines (Fig. 4). The cingulum was almost cir-
cular (Fig. 4C–E, M). The sulcus penetrated the epicone
and extended toward the antapex (Fig. 4E, H, M). Cells
were 26–32 lm long (n = 12) and 19–25 lm wide (n = 10).

Chloroplast lobes were yellowish-brown and radiated
from the centre of the cell to the periphery; a pyrenoid
was not clearly visible in LM. One accumulation body
(ac) was usually prominent in the epicone (Fig. 4A–D). In
the upper part of the sulcus was a rectangular dark-orange
eyespot (e) somewhat slanted relative to the cell axis,
3.5–4.0 lm long (n = 5) (Fig. 4A–D). The nucleus (n)
was ellipsoid and occupied part of the hypocone (Fig. 4D).
The plate tabulation was po, cp, x, 40, 1a, 600, 6c, 5 s, 5000,
20000. No variations were detected in the number of inter-
calary and apical plates in the cells observed. The apical
plates were all six-sided, while the precingular plates and
the anterior intercalary plate were five-sided; the postcingu-
lar plates were all four-sided and somewhat trapezoid
except for plate 3000, which was five-sided; the antapical
plates were both five-sided. All plates were lightly reticu-
lated, and sometimes separated by wide sutures; the
hypothecal plates were ornamented with spines. In most
cells all postcingular and antapical plates, except plate 3000,
had at least one spine, and cells with two spines in some
plates (most commonly plates 1000, 5000, 10000 and 20000) were
sometimes observed (Fig. 4E–J, L, M). The longest spines
were in the antapical plates (10000 and 20000) and were up to
5 mm long.

General fine structure (TEM)

The general fine structure observed in cells of the two
strains was similar (Fig. 5). The ellipsoid nucleus was in
the mid-dorsal side of the hypocone (Fig. 5A). Chloroplast
lobes (ch), with thylakoids in groups of three per lamella,
radiated in all directions from a prominent pyrenoid (py)
located in the epicone; at the periphery of the cell, the
chloroplast lobes extended tangentially, covering most of
the cell surface (Fig. 5A, D, E). The pyrenoid was sur-
rounded by starch (st) and its matrix was perforated by
numerous, scattered cytoplasmic channels, mostly ca.
40 nm in diameter; pusular elements were also observed
in a few, wider cytoplasmic channels (Fig. 5E, F). Tri-



Fig. 4. Parvodinium cunningtonii var. cunningtonii, LM. (A, B) Ventral and left-ventral views of one cell with chloroplast lobes (ch)
radiating from the centre, an accumulation body (ac) in the epicone and the eyespot in the sulcal region. Antapical and postcingular spines
are prominent (arrows). apc, apical pore complex. (C, D) Ventral view and optical section of a cell with short spines in the hypotheca, the
nucleus (n) in the hypocone, the eyespot (e) and accumulation body (ac); the apical pore complex (apc) is indicated. (E–L) Empty theca in
different views showing plates labelled in Kofoidian notation. Antapical and postcingular plates with prominent spines (arrows). The apical
pore complex (apc) includes a short canal plate (x). (M) Ventral view of a different theca with two postcingular spines (arrows) visible. The
five sulcal plates are indicated: anterior (as), right (rs), left (ls), posterior (ps) and the smaller accessory sulcal plate (acs). Scale bars: 10 lm;
(A–J, L, M) to the same scale.
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chocysts (t) were usually present in the peripheral cyto-
plasm (Fig. 5A, C, E). Starch grains were scattered in the
cell but were more numerous in the hypocone, whereas
oil droplets (o) were more abundant in the epicone
(Fig. 5A). An eyespot, consisting of four to five layers of
globules inside the ventral surface of a chloroplast lobe,
was present in the sulcus (Fig. 5A, B). In distal portions
of this chloroplast lobe, near the edge of the eyespot, the
layers of globules were shorter and partially intercalated
with thylakoid bands (not shown). Each individual globule
measured 100 to 120 nm in diameter.

Longitudinal sections through the apical pore complex
(apc) exposed an apparently continuous fibrous layer
(Fig. 6A–D) underlying the pore plate (po). The posterior
portion of the fibrous layer subdivided into several some-
what striated fibers that extended along the peripheral cyto-
plasm for about 500 nm (arrowheads in Fig. 6E). The
cytoplasm of this apical region was rich in irregularly
shaped vesicles with clear contents and elongated necks that
extended toward the cover plate (white arrows in Fig. 6A–
C).

Pusular system

In both Parvodinium cunningtonii strains, two sets of
pusular elements (membrane-bounded compartments
wrapped in a vesicle) were observed, each one associated
with one of the flagellar canals (Figs. 7; 8E; 9B, C; 10A,
B, H; 11E; 12A). One pusular tube (pu), more or less flat-
tened in some regions, opened at the transverse flagellar
canal (TFC) and extended to the dorsal-right side of the cell
with several ramifications (Figs. 7A, C–E; 10A, B). At least
one of these ramified pusular tubes extended into the pyre-
noid and was visible inside cytoplasmic channels that pen-
etrated chloroplast lobes and the pyrenoid (Figs. 5E, F; 7A,
F). This pusular tube, near the connection to the TFC, was
ca. 300 nm wide and had the three pusular membranes usu-
ally closely appressed (Figs. 9B, C; 10A, B). In other por-
tions, along the extension of the ramified pusular tube, the
surrounding vesicle had numerous fenestrations, resulting
from links between its outer and inner membranes, which
left the inner membrane of the pusule in contact with the
cytoplasm (arrows, Fig. 7B). Some portions of the pusular
tube were internally lined by electron-opaque granules ca.
15 nm in diameter (Figs. 5F; 7E, F). Connected to the lon-
gitudinal flagellar canal (LFC), there was a pusular vesicle
(puv), slightly collapsed and with an irregular shape, that
ramified and extended c. 3.5 mm toward the centre of the
cell (Figs. 7G; 8E; 10H). The lumen of this puv included
several vesicles with irregularly shaped granulated bodies
(arrowheads in Figs. 7G; 8E; 10H).

Flagellar apparatus

The flagellar apparatus of the two strains was identical
and is here shown in series of sections from a cell of Par-



Fig. 5. Parvodinium cunningtonii var. inerme var. nov. (A–D) and P. cunningtonii var. cunningtonii (E, F), general ultrastructural features,
TEM. (A) Longitudinal section of a cell view from the right side, showing the position of the nucleus (n) and chloroplast lobes (ch) radiating
from the central pyrenoid (py). Ramifications and thylakoid-free areas visible in radiating lobes (arrows). e, eyespot; t, trichocysts; o, oil
droplets; st, starch; c, cingulum; s, sulcus. (B) Detail of eyespot with four adjacent rows of globules (thick arrow) disposed along the ventral
surface of a chloroplast lobe, in front of the thylakoids (thin arrows). The longitudinal microtubular root (LMR/r1) lays between the cell
surface and the chloroplast lobe. (C) Longitudinal section of a trichocyst. (D) Chloroplast lobe (ch) radiating from the central pyrenoid (py)
complex (ellipse in A), showing the three-thylakoid lamella (arrows). (E) Transverse section in apical view of a cell sectioned above the
cingulum level showing the chloroplast lobes (ch) radiating from the pyrenoid (py) surrounded by starch (st). s, sulcal area; tf, transverse
flagella. (F) Magnification of pyrenoid matrix (ellipse in E) traversed by cytoplasmic channels (black arrows); the larger cytoplasmic
channel includes a pusular element (pu) with dotted lumen (white arrows). Scale bars: 5 lm (A, E); 300 nm (B–D, F).
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Fig. 6. Parvodinium cunningtonii var. cunningtonii, apical pore complex, TEM (initial fixative containing OsO4). Non-adjacent oblique-
longitudinal serial sections, proceeding from the anterior-right side of the cell. Slanted numbers represent section numbers. (A, B) Sections
through the pore plate (po) with enclosed cytoplasm, and the cover plate (cp). Fibrous layer is marked (black arrows) underneath the po and
extending to the apical-most cytoplasm. Several vesicles extend towards the cp (white arrows). (C, D) Tangential sections through the pore
plate (po) and the cover plate (cp), showing fibres (black arrows) and vesicles (white arrows). (E) Individualized fibres (arrowheads) in cross
section underneath the Po. Scale bar: 500 nm.
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vodinium cunningtonii var. inerme, advancing from the
apex to the antapex of the cell (Fig. 8A–H) and from two
cells of P. cunningtonii var. cunningtonii, one also sec-
tioned from the apex to the antapex but slightly tilted to
the right (Fig. 10A–H) and a second one sectioned from
right to left (Fig. 11A–E). The two basal bodies formed
an angle of about 90�, as inferred from serial sections,
and had their proximal ends almost touching (Fig. 8E).
The points of emergence of the transverse and longitudinal
flagella (TF and LF, respectively) were surrounded by rings
of striated material (the TSC and LSC, transverse and lon-
gitudinal striated collar, respectively). The transverse basal
body (TB) was associated with two microtubular roots. A
single microtubule, the transverse microtubular root
(TMR/r3), curved along the anterior-ventral side of the
transverse flagellar canal (TFC), near a small row of col-
lared pits (arrowheads in Fig. 8B, C), and associated with
the anterior-dorsal base of the TB (Figs. 8B–D; 10B;
11B). In its distal end, the TMR nucleated a strand of ca.
22 microtubules, the so-called transverse microtubular root
extension (TMRE/r3E), which followed the anterior side of
the TFC and then curved along its dorsal side into a poste-
rior direction for about 1.5 mm, until it suddenly turned to
the dorsal side of the cell (Figs. 9A–C; 11C–E; 12A). The
second microtubular root associated with the TB was a sin-
gle microtubule running alongside a striated fibre (TSR and
TSRM/r4); the TSR was ca. 40 nm thick and together with
the TSRM/r4 extended from the proximal-dorsal side of the
TB for about 400 nm toward the TSC (Figs. 8G, H; 9A;
10B, C). The longitudinal basal body (LB) was also linked
to two microtubular roots: a single-stranded microtubular
root (SMR/r2) that started near the proximal-right side of
the LB and curved slightly into a dorsal-posterior direction
for about 550 nm; the second microtubular root was a strand
of ca. seven microtubules (the longitudinal microtubular
root, LMR/r1) that associated with the proximal-left side
of the LB and curved slightly into a dorsal-posterior direc-
tion, in a roughly parallel route to the SMR/r2; the number
of microtubules increased posteriorly to about 30, which
came to lie underneath the cell surface down to the level
of the eyespot (Figs. 5B; 7D, G; 8F–H; 9A–C; 10E–H;
11B). The two basal bodies were indirectly linked by a lay-
ered structure, the so-called layered connective (LC), which
in transverse section was ca. 74 nm thick, 105 nm wide and



Fig. 7. Parvodinium cunningtonii var. inerme var. nov. (A, B) and P. cunningtonii var. cunningtonii (C–F), pusular system, TEM. (A)
Pusular tube (pu) connecting to the transverse flagellar canal (TFC) and extending from the ventral area to the centre of the cell. A portion of
the pusular tube is seen included in a chloroplast lobe. TB, transverse basal body. (B) Detail of pusular tube with the enveloping vesicle,
showing fenestrations (black arrows). (C, D) Pusular flattened tubes (pu) ramify and extend from the ventral region to the interior of the cell.
(E) Detail of ramified portion of the pusular tube with dotted contents (arrows). (F) Tangential section through a pusular tube with dotted
content (arrows) that penetrates the pyrenoid (py). (G) Pusular vesicle (puv) with vesicle including a granulated body (arrowhead),
associated to the longitudinal flagellar canal (LFC). LB, longitudinal basal body; LMR/r1, longitudinal microtubular root; PSC, peduncle
striated collar. Scale bars: 1 lm (A, C, D); 200 nm (B, E, F); 500 nm (G).
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280 nm long. The LC was made of two electron-opaque lay-
ers separated by a more electron-translucent layer, and con-
tacted with its anterior surface the TB, and with the
posterior surface an electron-opaque layer of material that
covered the dorsal side of the LMR/r1 (Figs. 8G–H;
11B). The proximal end of the TSR and TSRM/r4 also con-
tacted the anterior layer of the LC. Two or three small fibres
linked the dorsal face of the proximal end of the LMR to
two or three triplets of the posterior side of the TB
(Fig. 11B).
Peduncle and microtubular strand of the peduncle
(MSP)

An extruded peduncle was observed in sections of both
Parvodinium cunningtonii var. cunningtonii and P. cun-
ningtonii var. inerme (Figs. 9A; 10G; 11D). The peduncle
was composed of cytoplasm lined by a single-membrane,
and included a group of ca. 20 microtubules, the so-called
microtubular strand of the peduncle (MSP). The peduncle



Fig. 8. Parvodinium cunningtonii var. inerme var. nov., flagellar apparatus, TEM. Non-adjacent serial sections progressing from the apex to
the antapex of a cell slightly tilted to the dorsal side. Slanted numbers indicate the section number. (A–D) The microtubular strand of the
peduncle (MSP) and the transverse microtubular root extension (TMRE/r3E) are seen progressing to the basal bodies. The transverse
microtubular root (TMR/r3) that nucleates the TMRE/r3E is seen near collared pits (arrowheads), ending near the transverse basal body
(TB). Two replicated basal bodies (BB1, BB2) are visible in B and C. (E) Both basal bodies, the TB and the longitudinal basal body (LB),
and the MSP are visible as well as the transverse striated collar (TSC) and the peduncle striated collar (PSC). A large pusular vesicle (puv) is
seen to emerge from the longitudinal flagellar canal and includes vesicles with granulated bodies (arrowheads). (F–H) The single-stranded
microtubular root (SMR/r2) and the longitudinal microtubular root (LMR/r1) are present on the left and right side of the LB, respectively.
The layered connective (LC) appears between the LB and TB. TSR, transverse striated root. Scale bars: 500 nm; (A–D, F–H) to the same
scale.
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extruded through a collar of fibrous material, the so-called
peduncular striated collar (PSC) and extended to the exte-
rior of the cell through a narrow canal, ca. 1.3 mm
long � 0.4 mm high � 0.25 mm wide. It was lined by 4–6
platelets with a somewhat fibrous aspect, different from that
of the larger plates (Fig. 10G, H). Outside the cell, the
peduncle was up to 3.5 mm long and 1.5 mm wide. The
MSP extended to the interior of the cell, arranged as two
slightly overlapping rows of about 20 and 15 microtubules
each, accompanied in this ventral area of the cell by several
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tubular vesicles with clear contents (arrows in Fig. 10B, D).
Electron-opaque bodies were not detected along the MSP.
The MSP had an estimated path in the cell of 15–20 mm,
ascending on the ventral right side of the basal bodies,
slightly curving to the ventral-left side of the central pyre-
noid and up to near an accumulation body (Figs. 10A–G;
11A, B; 12B). Here it curved and extended back to the right
side of the cell, passing on the ventral side of the pyrenoid
(Fig. 12A, B). It ended between the pyrenoid and the
nucleus, almost reaching the distal end of the TMRE/r3E
(not shown).

Sequence divergence and phylogeny

The genetic distance (sequence divergence) between the
two strains of P. cunningtonii was calculated based on the
Kimura-2-parameter model and it had a value of 0.0032.
This estimate was based on four substitutions out of 1,260
base pairs of the nuclear-encoded LSU rDNA being
compared.

The tree topology based on partial LSU rDNA included a
diverse assemblage of dinoflagellates in addition to the two
newly determined sequences of Parvodinium cunningtonii
var. cunningtonii (GenBank accession ON980538) and P.
cunningtonii var. inerme (GenBank accession ON980539).
Fig. 13 shows 12 strains of Parvodinium (three of them
referred as ‘Peridinium’ as in the original articles where
they were sequenced) forming a monophyletic clade with
high support from posterior probability (PP = 0.99) and
moderate support from bootstrap (BS = 78 %). The two
strains of P. cunningtonii were sister taxa with maximum
support. Together they formed a sister group to a clade that
included Parvodinium parvulum, P. elpatiewskyi (Osten-
feld) Kretschmann, Zerdoner & Gottschling, P. mixtum
Kretschmann, Owsianny, Zerdoner & Gottschling, ‘P.
inconspicuum’ and one unidentified strain. The support for
this branching pattern was PP = 1.0 and BS = 90 %. The
earliest diverging lineage within Parvodinium consisted of
‘Peridinium umbonatum var. inaequale’, ‘P. centenniale’
and two strains with uncertain identity. Following the
Fig. 9. Parvodinium cunningtonii var. inerme var. nov., flagellar
apparatus and peduncle, TEM. Continuation of series from Fig. 8.
Slanted numbers indicate the section number. (A) A small
peduncle (Pe) surrounded by the peduncle striated collar (PSC)
is extruded; the microtubules forming the Pe are marked by
arrows. The longitudinal microtubular root (LMR/r1), the single-
stranded microtubular root (SMR/r2) and the transverse striated
root microtubule (TSRM/r4) are still visible. TMRE/r3E, trans-
verse microtubular root extension; TFC, transverse flagellar canal;
LFC, longitudinal flagellar canal. (B, C) The TMRE/r3E curves
and extends to the dorsal side of the cell. Note the pusular tube
(pu) that emerges from the TFC. Scale bars: 500 nm; (B, C) to the
same scale.
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LSU rDNA-based phylogeny the closest sister lineage to
Parvodinium encompassed Palatinus spp., Peridiniopsis
borgei and Johsia chumphonensis. However, this branching
pattern was not well supported (PP = 0.78 and BS < 50 %).
As is typical for gene trees based on LSU rDNA sequences
the backbone of dinoflagellates lineages was unresolved
(polytomy) leaving us with no possibility to infer their evo-
lutionary history.

In the concatenated analysis which only comprised the
most closely related dinoflagellate lineages based on the
LSU rDNA data matrix, both BA and RaxML suggested
Parvodinium to be monophyletic (PP = 0.98 and
BS = 77 %). With respect to Parvodinium cunningtoniii
var. inerme (GenBank accession ON980537) it branched
off as the second deepest lineage among Parvodinium
spp. and thus formed a sister taxon to most species except
‘Parvodinium cf. umbonatum’ (Fig. 14). The phylogenetic
position of P. cunningtonii var. inerme also received high
branch support (PP = 1.0 and BS = 99 %). Furthermore,
the branch length to P. cunningtonii var. inerme was rela-
tively long indicating that the species was genetically dis-
tinct. Contrary, the branch lengths (genetic distances)
between congeners (P. parvulum, P. elpatiewskyi, P. mix-
tum and P. trawinskii) were comparatively short.

Discussion

Identity and phylogenetic affinities

The general morphology, plate arrangement and spine
distribution of the culture line designated above as ‘strain
20/P. cunningtonii identifies it as Peridiniopsis cunningtonii,
as described by Lemmermann in West (1907) from the Afri-
can Lake Tanganyika and represented in freshwater
dinoflagellate floras (Lefèvre 1932, as Peridinium cunning-
tonii (Lemmermann) Lemmermann; Moestrup and Calado
2018; Popovský and Pfiester 1990). The epithecal tabula-
tion observed in cells of this strain corresponds to the one
described for Peridinium cunningtonii var. pseudoquadri-
dens Er. Lindemann (1919). We follow Lefe`vre (1932),
Fig. 10. Parvodinium cunningtonii var. cunningtonii, flagellar apparatus
the apex to the antapex of a cell slightly tilted to the right. Slanted numb
root extension (TMRE/r3E), sectioned after its curvature, and two rows
vesicles (black arrows) are visible. A pusular tube (pu) extends from the
transverse striated root (TSR), with its associated transverse striated r
(TMR/r3) are seen approaching the transverse basal body (TB). Note the
the transverse flagellum, from the outer thecal plates (double arrowhea
single-stranded microtubular root (SMR/r2) are seen joining the longitu
side of the LMR/r1 (white arrows). (G, H) The peduncle (Pe), surrounde
a narrow canal made by platelets (pl). The longitudinal flagellar canal (L
bodies (arrowheads). Double arrowheads indicate the outer thecal plates
All to the same scale. Scale bar: 500 nm.
who regarded this as a tabulation variant, and take Linde-
mann’s variety as a synonym of Peridiniopsis cunningtonii,
pending further research on these variations (Kretschmann
et al. 2019). The presence of spines in the major hypothecal
plates, except on plate 3000, agrees with the original drawings
and description, and with several later representations of the
species (West 1907; Lindemann 1919, as Peridinium cun-
ningtonii var. pseudoquadridens; Bourrelly 1970; Couté
and Iltis 1984; Hansen and Flaim 2007).

The absence of spines in the hypotheca of cells of the
population from which strain 1 originated, and the con-
stancy of this feature in culture, would impede the morpho-
logical identification of this material as typical P.
cunningtonii, despite the similarity in epithecal tabulation
of the two strains. The variations in the position of plate
1a (contacting the apical pore in a few of the cells exam-
ined) seen in strain 1 further suggest that such tabulation
variants carry a reduced taxonomic signal. The very small
genetic distance found between the two strains studied
herein indicates close relatedness, and we therefore describe
strain 1 as a variety within the same species. The new vari-
ety is distinguished from other varieties of Peridiniopsis
cunningtonii recognized in Moestrup and Calado (2018) –
P. cunningtonii var. excavata (M. Lefèvre) Moestrup and
P. cunningtonii var. treubii (Wołoszyńska) Moestrup – by
the pointed antapex and the absence of hypothecal spines.

The LSU rDNA-based phylogeny resolved the two
strains herein reported on as sister taxa. Both this and the
concatenated phylogeny placed the species in a clade that
includes species of Parvodinium, whereas the type of Peri-
diniopsis appeared in a different clade together with the
genera Johsia and Palatinus. The corresponding transfer
to the genus Parvodinium of P. cunningtonii is effected
below (see Taxonomic summary).

Cyst and cell division

The cyst produced by Parvodinium cunningtonii var. in-
erme is smooth-walled, with the same shape of the swim-
ming cell, similarly to what was found in species of the
and peduncle, TEM. Non-adjacent serial sections progressing from
ers indicate the section number. (A–D) The transverse microtubular
of the microtubular strand of the peduncle (MSP) accompanied by
transverse flagellar canal (TFC) to the dorsal side of the cell. The

oot microtubule (TSRM/r4), and the transverse microtubular root
different aspect of the platelets (pl), that form the exiting canal of
ds). (E, F) The longitudinal microtubular root (LMR/r1) and the
dinal basal body (LB). Electron-opaque material covers the dorsal
d by the peduncle striated collar (PSC) at its base, extrudes through
FC) extends into the pusular vesicle (puv) that includes granulated
. TSC, transverse striated collar; LSC, longitudinal striated collar.
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P. umbonatum–inconspicuum complex (Chu et al. 2008;
Tardio et al. 2009; Wall et al. 1973). Spherical to ovoid
cysts with smooth wall have been described from several
Parvodinium species, e.g., P. marciniakii, P. mixtum, P.
elpatiewskyi (Kretschmann et al. 2018, 2019) as well as
from P. cunningtonii (Lemmermann 1910; Sako et al.
1984). The spherical cyst described for P. cunningtonii by
Sako et al. (1984) resulted from transformation of a sexually
produced planozygote. However, sexual reproduction was
not detected in our cultures.

Cell division in Peridiniales commonly occurs after the
cell stops swimming and two daughter cells form inside
the old amphiesma, from which the cells emerge, in most
cases, completely separated (Fensome et al. 1993;
Moestrup and Calado 2018). Although complete separation
of daughter cells was never observed in P. cunningtonii var.
inerme, it is noteworthy that the process leading to cell divi-
sion in this taxon somewhat resembles the one described
from some members of the Peridiniopsidaceae, such as
Palatinus apiculatus and ‘Scrippsiella’ hexapraecingula.
In the latter two taxa, an incompletely divided daughter cell
exits the parental amphiesma and remains swimming for
some time in this semi-divided stage before completing
division (Craveiro et al. 2009; Horiguchi and Chihara
1983; West 1909). The formation of thecal plates in the
incompletely divided stage, which resulted in a compound
theca, was described by Lindemann (1919, as Peridinium
cunningtonii var. pseudoquadridens).

General fine structure and apical pore complex

The general fine-structural features of Parvodinium cun-
ningtonii and var. inerme are the typical for photosynthetic
dinoflagellates with an apical pore, including: a nucleus
with condensed chromosomes; chloroplast lobes with thy-
lakoids arranged in groups of three; a pusular system; tri-
chocysts, oil droplets and starch grains scattered in the
cytoplasm; and a complex of fibres associated with the api-
cal pore. This complex of fibres resembles the apical pore
complex recently described from a strain of the Parvo-
dinium umbonatum–inconspicuum complex and those of
several other peridinioids with an apical pore, e.g. Scripp-
Fig. 11. Parvodinium cunningtonii var. cunningtonii, flagellar appara
adjacent longitudinal serial sections proceeding toward the left side of the
number. (A) General view of the cell showing the position of the nucleus
(st), the somewhat retracted ventral region with the transverse basal bod
(MSP). (B) The transverse basal body (TB) connects to the proximal-dor
short fibres (two arrows). The layered connective (LC) is between the
LMR/r1 and the TB. The microtubular strand of the peduncle (MSP,
transverse microtubular root extension (TMRE/r3E) shows its curving p
Note the ascending path of the MSP (black letters) in the ventral side of
dorsal side. LMR/r1, longitudinal microtubular root; TMR/r3, transverse
(A); 1 lm (C); 500 nm (B, D, E).
siella sweeneyae Balech, Peridiniopsis borgei, Chimono-
dinium lomnickii (Wołoszyńska) Craveiro, Calado,
Daugbjerg, Gert Hansen & Moestrup and Theleodinium cal-
cisporum Craveiro, Pandeirada, Daugbjerg, Moestrup &
Calado (Calado and Moestrup 2002; Craveiro et al. 2011,
2013; Roberts et al. 1987). Although the aspect of the apical
fibrous complex depends upon the fixation method used
(here shown from material fixed with a mixture containing
osmium tetroxide), the basic arrangement of a fibrous cylin-
der that lines the inside of the pore plate and extends poste-
riorly into several peripheral fibres seems to be common to
all these species (Pandeirada et al. 2022; Roberts et al.
1987).

The presence in both strains of P. cunningtonii of a pyr-
enoid surrounded by a starch sheath in the middle of the
epicone, from which the chloroplast lobes extend to the
periphery, differs from what was found in Parvodinium
umbonatum–inconspicuum and in P. parvulum, but resem-
bles that found in Peridiniopsis borgei and Johsia chum-
phonensis (Calado and Moestrup 2002; Luo et al. 2020;
Pandeirada et al. 2022). The presence of numerous cyto-
plasmic channels of irregular shape within the pyrenoid
matrix is a relatively uncommon feature shared with Palat-
inus apiculatus, in which the central pyrenoid differs from
that of P. cunningtonii in being somewhat stellate and by
lacking a starch sheath (Craveiro et al. 2009). A pyrenoid
penetrated by cytoplasmic channels is also present in Bys-
matrum arenicola T. Horiguchi & Pienaar (Horiguchi and
Pienaar 1988, as ‘Scrippsiella arenicola’ nom. inval.) and
in species of Heterocapsa, two genera distantly related to
the Peridiniopsidaceae (Tamura et al. 2005; Tillmann
et al. 2017).

The eyespot in both strains of P. cunningtonii is of type
A, as observed in all Parvodinium species for which ultra-
structural features are known (Luo et al. 2020; Pandeirada
et al. 2022).

Pusule and flagellar apparatus

Long, well-defined pusular tubes were found associated
with the transverse flagellar canal (TFC) in Palatinus apic-
ulatus (two tubes) and in Parvodinium umbonatum–incon-
tus and microtubular strand of the peduncle (MSP), TEM. Non-
cell, view from the right side. Slanted numbers indicate the section
(n) with one nucleolus (nu), the pyrenoid (py) surrounded by starch
y (TB) and the position of the microtubular strand of the peduncle
sal side of the longitudinal microtubular root (LMR/r1) through two
electron-opaque material (white arrows) on the dorsal side of the
black letters) extends to the anterior side of the cell. (C–E) The
ath around the anterior side of the transverse flagellar canal (TFC).
the cell and the descending path of the MSP (white letters) to the
microtubular root; PSC, peduncular striated collar. Scale bars: 5 mm



18 M.S. Pandeirada et al. / European Journal of Protistology 86 (2022) 125930
spicuum (one tube) but are absent in Peridiniopsis borgei
(Calado and Moestrup 2002; Craveiro et al. 2009;
Pandeirada et al. 2022). Parvodinium cunningtonii var. cun-
ningtonii and P. cunningtonii var. inerme also showed one
pusular tube connected to the TFC, which branched distally
and was internally lined by electron-opaque granules in
some portions of its extension. This part of the pusular
apparatus is reminiscent of the one found in Parvodinium
umbonatum–inconspicuum (Pandeirada et al. 2022). Peri-
diniopsis borgei and Palatinus apiculatus have a sac pusule
associated with the longitudinal flagellar canal (LFC), in
contrast to P. umbonatum–inconspicuum and P. cunning-
tonii, which lack a sac pusule; instead, there is in the former
a complex system that includes a flat vesicle that ramifies
into tubular portions, and a complex network of tubes;
and in the latter, a simple flat pusular vesicle with several
ramifications (Pandeirada et al. 2022; present work).
Despite their complexity, which makes them difficult to
compare, the pusular systems so far described from Parvo-
dinium species seem to display more affinities with one
another than with the pusular arrangements described from
other Peridiniopsidaceae (particularly Peridiniopsis borgei
and Palatinus apiculatus).

In general, the flagellar apparatus of the two varieties of
Parvodinium cunningtonii is similar to that recently
described from Parvodinium umbonatum–inconspicuum.
The differences that stand out are mainly quantitative, par-
ticularly in the number of microtubules in the TMRE/r3E
(one row of ca. 22 in P. cunningtonii and one row of ca.
11 in P. umbonatum–inconspicuum) and in the path they
describe (Pandeirada et al. 2022). In P. umbonatum–incon-
spicuum the TMRE/r3E is relatively short and extends to
the dorsal-left side of the cell, over the TFC, whereas in
P. cunningtonii the path is longer and more complex, with
the TMRE/r3E curving around the anterior edge of the TFC
and continuing in a posterior direction until it turns and
extends to the dorsal side of the cell. Among the species
of Peridiniopsidaceae so far examined in detail, the
TMRE/r3E of Peridiniopsis borgei is the most distinct, with
23 microtubules branching off from a larger microtubular
strand to make a cylindrical arrangement around an axial
fibre; the arrangement is stable along a path of over
Fig. 12. Parvodinium cunningtonii var. cunningtonii, microtubu-
lar strand of the peduncle (MSP) and transverse microtubular root
extension (TMRE/r3E), TEM. Continuation of series of sections
from Fig. 11. Slanted numbers indicate the section number. (A)
The position of the MSP is indicated in the ascending path (black
letters) on the ventral side of the pyrenoid (py) and on the
descending path (white letters) passing near the TMRE/r3E. (B)
Longitudinal section showing the relative position of the MSP on
the ascending path, near the accumulation body (ac), and also in
the descending path on the anterior-ventral side of the pyrenoid. n,
nucleus; o, oil globule; pu, pusule; st, starch grains; t, trichocyst.
Scale bars: 1 lm (A); 1 lm (D); 500 nm (B, C, E).
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Fig. 13. Phylogeny of Parvodinium cunningtonii var. cunningtonii and P. cunningtonii var. inerme based on nuclear-encoded partial LSU
rDNA (1,635 base pairs, including introduced gaps). The phylogeny was inferred from Bayesian analysis (BA) and included a diverse
assemblage of dinoflagellates (83 sequences and 52 genera). Ciliates, apicomplexans and Perkinsus formed the outgroup. Robustness of the
tree topology (branch support) was obtained from posterior probabilities (PP � 0.5; BA) and bootstrap (BS � 50 %; 1,000 replications in
RAxML). The values are written at internodes. PP < 0.5 and BS < 50 % are denoted by a dash (-). Filled circles indicate the highest possible
support: 1.0 in BA and 100 % in BS. GenBank accession numbers follow the names of species. The branch lengths are proportional to the
number of character changes, see scale bar.
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Fig. 14. Phylogeny of Parvodinium cunningtonii var. inerme based on concatenation of SSU rDNA, ITS 1, 5.8S rDNA, ITS 2 and partial
LSU rDNA totaling 3,923 base pairs. The phylogeny was inferred from Bayesian analysis (BA) and included 27 other dinoflagellate
sequences of which 10 belonged to Parvodinium spp. Heterocapsa spp. formed the outgroup. Robustness of the tree topology (branch
support) was obtained from posterior probabilities (PP � 0.5; BA) and bootstrap (BS � 50 %; 1,000 replications in RAxML). The values are
written at internodes. PP < 0.5 and BS < 50 % are denoted by a dash (-). Filled circles indicate the highest possible support: 1.0 in BA and
100 % in BS. GenBank accession numbers follow the names of species. The branch lengths are proportional to the number of character
changes, see scale bar.
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10 mm around a large sac pusule, toward the dorsally
located pyrenoid (Calado and Moestrup 2002). The
TMRE/r3E of Palatinus apiculatus is much simpler, con-
sisting of one or two strands of microtubules that curve
around the ventral and the anterior surfaces of the TFC
(Craveiro et al. 2009). Features like the angle and relative
position of basal bodies, the four microtubule-containing
roots and the layered connective linking LMR/r1 to TSR
and TB (and the absence of a longer connective between
these two roots) do not seem to provide distinctive charac-
ters between the genera of Peridiniopsidaceae. In addition, a
two- or three-armed fibrous connective between LMR/r1
and triplets of the TB seems to be shared by members of
the Peridiniopsidaceae (see Pandeirada et al. 2022).
Peduncle and microtubular strand of the peduncle

In dinoflagellates, a cytoplasmic extension protruding
from the ventral surface, near the insertion area of the flag-
ella (commonly referred to as a peduncle, or sometimes a
feeding tube, or a pallium), is usually supported internally
by a microtubular strand (MSP) or a microtubular basket
(MB) (Calado and Moestrup 1997, 2002). Although the
use of the peduncle, feeding tube or pallium for feeding is
well documented (e.g., Calado et al. 1998; Calado and
Moestrup 1997; reviewed in Hansen and Calado 1999) no
unequivocal evidence of the use of extracellular organic
particles as food by species of Peridiniopsidaceae is avail-
able, and the use of MSP and peduncle in the group is
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uncertain. In spite of this, an extruded peduncle has been
found in several species of Peridiniopsidaceae. Whereas in
P. cunningtonii and Peridiniopsis borgei an extruded
peduncle was detected only in TEM sections, in P. umbon-
atum–inconspicuum it was also visible in SEM (Pandeirada
et al. 2022). The path of the MSP inside the cell is rather
extensive and complex in all these Parvodinium strains
and is reminiscent of what was described for P. borgei,
which has however a larger number of microtubules (ca.
80) (Calado and Moestrup 2002; Pandeirada et al. 2022).
Electron-opaque bodies have typically been associated with
all types of microtubular apparatuses known to be involved
in supporting, or driving, food-uptaking peduncles, feeding
tubes and palliums, whether large or small (Calado et al.
1998; Calado and Moestrup 1997; Jacobsen and Anderson
1992). Electron-opaque bodies, and sometimes also
electron-translucent elongated vesicles, have also been
found in association with the MSP or MB in several photo-
synthetic dinoflagellates not known to feed on organic par-
ticles (e.g., P. borgei and Naiadinium polonicum
(Wołoszyńska) Carty, respectively; Calado and Moestrup
2002; Craveiro et al. 2015). The absence of the electron-
opaque bodies in Parvodinium cunningtonii contrasts with
the observation of electron-opaque vesicles in the extruded
peduncle of P. umbonatum–inconspicuum (Pandeirada et al.
2022). Palatinus apiculatus is so far the only member of the
Peridiniopsidaceae examined in fine-structural detail that
did not show a peduncle and has a relatively small MSP
without associated vesicles (Craveiro et al. 2009). Whether
these differences reflect different stages in a progressive loss
of feeding-related characters inherited from a heterotrophic
or mixotrophic ancestor is not clear.

The addition of P. cunningtonii to the family Peridiniop-
sidaceae adds variation in two series of plates to the previ-
ously known range of epithecal tabulations: the variants 40,
1a and 50 in the apical region, and six precingular plates
(rather than seven) on the base of the epitheca. This under-
lines the unreliability of tabulation formulas for establishing
a classification, and the uncertainty about the phylogenetic
affinities of other taxa currently classified as Peridiniopsis
or Parvodinium and not yet analysed by modern methods.

Taxonomic summary

Meeting the requirements of the ICN 2018 (Turland et al.
2018).

Parvodinium cunningtonii (Lemmermann)
Pandeirada, Craveiro, Daugbjerg, Moestrup and
Calado comb. nov.

Basionym: Peridiniopsis cunningtonii Lemmermann in
West 1907, J. Linn. Soc., Bot. 38, p. 189, pl. 9, fig. 2.

Homotypic synonym: Peridinium cunningtonii (Lem-
mermann) Lemmermann 1910, p. 671.
Parvodinium cunningtonii var. inerme Pandeirada,
Craveiro, Daugbjerg, Moestrup and Calado var.
nov.

Diagnosis: Differs from Parvodinium cunningtonii var.
cunningtonii in the shape of the hypocone, which tapers into
an antapical apiculum, and by lacking spines in the
hypotheca; the amphiesmal plates are generally smooth;
cells, on average, slightly smaller than the typical variety,
mostly 18–30 mm long, 12–21 mm wide and 13–16 mm
thick. The genetic distance from the strain of P. cunning-
tonii var. cunningtonii described herein is 0.0032, represent-
ing four substitutions out of 1260 base pairs of the nuclear-
encoded LSU rDNA.

Holotype: SEM stub with critical-point-dried cells from
a culture batch, fixed in ethanol 25 % (final concentration).
Deposited at the University of Aveiro Herbarium, registered
as AVE-A-T-15. Fig. 2B, C illustrate cells from this stub.
GenBank accession ON980537.

Type locality: Flooded area of the freshwater stream
Ribeiro da Palha near the village of Nariz, Aveiro, Portugal
(40�33.240ʹN, 8�34.095ʹW), collected 16 July 2015 by M.
Pandeirada.

Etymology: Infraspecific epithet from Latin inermis, -e,
unarmed, without spines or prickles.
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