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Ultrastructure and phylogeny of Theleodinium calcisporum gen. et sp. nov.,
a freshwater dinoflagellate that produces calcareous cysts
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A freshwater photosynthetic dinoflagellate isolated from a shallow lake near Aveiro, Portugal, was examined by light
microscopy, scanning electron microscopy (SEM) and serial-section transmission electron microscopy (TEM), and
characterized genetically. Cells were small, spherical to slightly elongated, and had a projecting, nearly cylindrical, apical
pore. The chloroplasts were yellowish-brown, arranged near the surface of the cell, and had up to four pyrenoids
surrounded by starch sheaths. The cells had a peridinioid plate pattern with Kofoidian plate formula pp, cp, x, 3’ (seldom
4%), 2a, 7", 6c, 5s (6s7), 5'', 2", A small extruded peduncle was observed by SEM in cells with intact membranes. A
microtubular basket, made of about 46 microtubules disposed in four rows, was seen in the ventral area in connection
with the cytoplasmic extension that made the peduncle. The flagellar apparatus was typical of a peridinioid with two roots
associated with each of the basal bodies and a layered connective linking the proximal ends of roots 1 and 4. In dense
cultures, this organism produced a round resting cyst with a thick wall covered by irregular calcified elements. Energy
dispersive X-ray analysis (EDS) analysis of the cysts showed calcium as the most abundant element. A total of 3048
nucleotides of the nuclear ribosomal operon were sequenced and used in a phylogenetic analysis that placed this organism
as a sister group to a clade of Scrippsiella species and the parasitic Duboscquodinium collinii. Theleodinium calcisporum
gen. et sp. nov. is described for the first freshwater dinoflagellate reported to produce calcareous cysts.

Key Worbps: Calcareous cyst, Dinophyceae, ITS, LSU rDNA, Microtubular basket, Phylogeny, SSU rDNA,

Published 5 December 2013

Theleodinium gen. nov., Ultrastructure

INTRODUCTION

Calcareous dinoflagellates have the capacity to produce
calcified exoskeletal structures during at least one stage of
their life cycle, usually a resting cyst stage derived from a
zygote or perhaps from a vegetative cell (Gottschling ez al.
2012). In the genus Thoracosphaera Kamptner the stage
bearing a calcareous shell is instead interpreted as a
vegetative, coccoid cell (Tangen et al. 1982). The presence
of these calcareous structures has long been considered a
synapomorphic character supporting the monophyly of this
group of peridinioid dinoflagellates (Wall & Dale 1968).
Calcareous forms are currently included in the family
Thoracosphaeraceae together with some non-calcareous
representatives, such as the pfiesterians, a group of versatile
predators (e.g. Pfiesteria Steidinger & Burkholder, Tyranno-
dinium Calado, Craveiro, Daugbjerg & Moestrup), their
close relatives (e.g. Chimonodinium Craveiro, Calado,
Daugbjerg, Gert Hansen & Moestrup), and the parasite
Duboscquodinium collinii Grassé (Elbrachter er al. 2008;
Calado et al. 2009; Coats et al. 2010; Craveiro et al. 2011;
Gottschling er al. 2012). These non-calcareous relatives are
presumed to have secondarily lost the capacity to produce
calcareous structures (Gottschling et al. 2005a, 2012).
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The external morphology of swimming cells of calcareous
dinoflagellates is highly conserved; the theca comprises an
apical pore, three series of epithecal plates and two series of
hypothecal plates. The number of plates in major plate series
is essentially constant; although, the number of plates in the
cingulum varies between five and six (D’Onofrio et al. 1999;
Gottschling et al. 2005b). Conversely, cyst morphology in
this group of organisms is quite diverse and is important in
species description and identification (Janofske 2000; Zinss-
meister et al. 2012). The genus Scrippsiella Balech ex A.R.
Loeblich comprises approximately 20 species of calcareous
dinoflagellates, of which Scrippsiella trochoidea (F. Stein)
A.R. Loeblich is the most commonly reported (Zinssmeister
et al. 2011). Scrippsiella trochoidea has been suggested to
represent a complex of cryptic species, with genetic
differences not accompanied by differences in tabulation or
in cyst morphology (D’Onofrio et al. 1999; Montresor et al.
2003; Gottschling et al. 2005b). Studies on the fine structure
of calcareous dinoflagellates have been limited to vegetative
swimming stages (Gao & Dodge 1991; Craveiro et al. 2011),
vegetative coccoid stages of Thoracosphaera heimii (Loh-
mann) Kamptner (Tangen et al. 1982; Inouye & Pienaar
1983) and planozygote and calcareous cyst of Scrippsiella sp.
(Gao et al. 1989). Recently, the ultrastructure of the cysts at
an early development stage of several calcareous dinoflagel-
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lates was examined to investigate the biomineralization
process (Zinssmeister et al. 2013).

The classification of peridinioids was traditionally based
on thecal features and was not supported by DNA-based
phylogenetic hypotheses (Saldarriaga et al. 2004; Logares et
al. 2007). The ultrastructural analysis of the type species of
Peridinium Ehrenberg, P. cinctum (O.F. Miiller) Ehrenberg,
and Peridiniopsis Lemmermann, P. borgei Lemmermann,
and the inclusion of these species in DNA-based phyloge-
netic hypotheses formed a base of comparison with other
peridinioid species (Calado et al. 1999; Calado & Moestrup
2002; Moestrup & Daugbjerg 2007; Calado et al. 2009).
Phylogenetic relationships of non-calcareous peridinioids
have recently been addressed by combining information on
external morphology, fine structure and DNA-based phy-
logenies (Calado et al. 2009; Craveiro et al. 2011). Recently,
three new genera, Parvodinium Carty, Palatinus Craveiro,
Calado, Daugbjerg & Moestrup and Chimonodinium were
described to include three groups of species formerly
included in Peridinium sensu lato (Carty 2008; Craveiro et
al. 2009, 2011).

Peridinioid dinoflagellates producing calcareous cysts
have previously been reported only from marine salinity
regimes ranging from brackish waters in the Baltic Sea to
highly saline waters of the Mediterranean Sea (Zonneveld et
al. 2005). In this work, we describe a truly freshwater
peridinioid that produced, in culture, cysts with an outer
layer of irregular calcified crystals. We report on the
morphology of swimming cell and cyst, the ultrastructure
of the motile stage and a concatenated SSU, ITS and LSU
rDNA-based phylogeny, and describe the organism as a new
species of a new genus.

MATERIAL AND METHODS

The organism described herein was collected from a
freshwater lake in Gafanha da Boavista, ﬂhavo, Portugal
on 2 March 2011. The conductivity, pH and water
temperature measured during sampling were 323 ps/cm, 8.3
and 13.3°C respectively. Four motile cells that were lying on
the bottom of an excavated slide were isolated into four wells
with four times concentrated L16 medium (Linstrom 1991)
supplemented with vitamins according to Popovsky and
Pfiester (1990). Three of these isolates grew into cultures that
were maintained at 18°C with 12:12 light:dark photoperiod.
All observations were made on these cultures.

Light micrographs of motile cells and cysts were taken
with a Zeiss Axioplan 2 imaging light microscope (Carl
Zeiss, Oberkochen, Germany) equipped with a DP70
Olympus camera (Olympus Corp., Tokyo, Japan). For
SEM, cells were prepared according to three protocols that
differed in the first fixation step. Protocol (1) was used to
remove the outer membranes and visualize plate boundaries.
Protocols (2) and (3) were used to preserve outer mem-
branes, flagella and peduncle, with slightly better results in
(3). In protocol (1) 0.5 ml of culture was fixed with 25%
ethanol (final concentration) for 40 min; in (2) 0.6 ml of
culture was fixed with an equal volume of a fixative mixture
made of saturated HgCl, and 2% osmium tetroxide in a

proportion of 1:5, for 10 min; in (3) 0.8 ml of culture was
fixed with 0.4 ml of a fixative mixture made of saturated
HgCl, and 2% osmium tetroxide in a proportion of 1:3, for
10 min. In all cases, fixation cells were collected onto 8 um-
pore Isopore polycarbonate membrane filters in Swinnex
filter holders (Millipore Corp., Billerica, Massachusetts,
USA), washed with distilled water for 30 min and
dehydrated through a graded ethanol series. In protocol (1)
the cells were critical-point-dried right after the dehydration.
In protocols (2) and (3) cells stayed overnight in 100%
ethanol before they were critical-point-dried. The dried
filters were glued onto stubs, sputter-coated with gold-
palladium and examined with a Hitachi S-4100 scanning
electron microscope (Hitachi High-Technologies Corp.,
Tokyo, Japan).

Cysts were collected with a micropipette from the bottom
of culture wells, transferred onto graphite-covered stubs and
left to dry at room temperature. EDS of these uncoated cysts
was performed in a Hitachi S-4100 scanning electron
microscope (Hitachi High-Technologies Corp., Tokyo,
Japan) equipped with a RONTEC EDS System with a
UHYV Dewar detector (Rontec GmbH, now Bruker Nano
GmbH, Berlin, Germany).

Transmission electron microscopy (TEM)

For Transmission electron microscopy (TEM), swimming
cells in culture were individually picked up, transferred to a
mixture of 1% glutaraldehyde and 0.5% osmium tetroxide
(final concentrations) in phosphate buffer 0.1 M, pH 7.2, and
fixed for 20 minutes. After being washed in the same buffer,
cells were embedded in 1.5% agar blocks and post-fixed
overnight in 0.5% buffered osmium tetroxide. Following
rinses in phosphate buffer and distilled water, the cells in the
agar blocks were dehydrated through a graded ethanol series
and propylene oxide, and embedded in Spurr’s resin. The resin
blocks were cured for about 14 hours at 70°C. Nine cells were
sectioned with a diamond knife on an EM UC6 ultramicro-
tome (Leica Microsystems, Wetzlar, Germany). Ribbons of
serial sections, about 70 nm thick, were picked up with slot
grids and placed on Formvar film. After drying, the sections
were stained with uranyl acetate and lead citrate. Serial
sections of five cells were examined using a JEOL JEM 1010
transmission electron microscope.

DNA extraction and PCR amplification of ribosomal operon

For DNA extraction, 10 ml of a culture of Theleodinium
calcisporum was centrifuged at 2500 rpm for 10 min at room
temperature. Having discarded the supernatant the cell pellet
was transferred to a 1.5 ml Eppendorf tube and placed at —20
°C until extraction of genomic DNA. For this we used the
CTAB (hexadecyltrimethylammonium bromide) method as
previously outlined in Daugbjerg ez al. (1994). Amplification
of the nuclear ribosomal operon (SSU rDNA, ITS 1, 5.8S
rDNA and ITS 2 and approximately 700 nucleotides of LSU
rDNA) was completed using three separate PCR reactions
providing a total of 3048 nucleotides. PCR amplification of
SSU and LSU rDNA was performed using primers
NDI-ND6 and DI-ND28-1483, respectively (see table 1 in
Hansen et al. 2007 for primer sequences). Chemicals
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(including their concentrations) and temperature profile
conditions for PCR amplification of SSU and LSU rDNA
were identical to those described in Hansen ez al. (2003). For
sequence determination of ITS 1 and 2 including the 5.8S
rDNA we used the common ITS1 and ITS4 primers designed
by White ez al. (1990). PCR amplification used the Emer-
aldAmp GT PCR Master Mix following the manufacturer’s
recommendations (TaKaRa Bio Inc, Shiga, Japan). Temper-
ature profile: 1X (98°C), 35X (98°C for 10 s, 60°C for 30 s and
72°C for 1 min), 1X (72°C for 2 min). Expected lengths of
DNA fragments were confirmed by electrophoresis using 1.5%
agarose gels run for 20 min at 150 V. The gel contained
ethidium bromide (SSU and LSU rDNA) or GelRed (ITS)
and PCR fragments were viewed under a UV light table.
Fragment lengths were compared to those of the molecular
marker Phi X175 HAE III (ABgene, Rockford, IL, USA).
PCR products were purified using the NucleoFast 96 PCR kit
from Macherey-Nagel (GmbH & Co. KG, Diiren, Germany),
following the manufacturer’s recommendations. 500 ng of air-
dried PCR products were sent to Macrogen (Seoul, Korea) for
sequence determination in both directions.

Alignment and phylogenetic analyses

For alignment and phylogenetic analyses, the ~3 k nucleotides
determined in this study were added to an existing alignment
compiled by Gottschling et al. (2012). This data matrix
included a diverse assemblage of dinoflagellates (118 taxa and
37 genera) and a total of 4618 positions including introduced
gaps. It was used to infer the phylogeny of Thoracosphaer-
aceae and is available at http://datadryad.org/handle/10255/
dryad.33663 as file Fig02.nex. The data matrix analyzed here
thus contained 119 taxa and 4620 positions, and we used
Jalview (ver. 2.8) for sequence editing (Waterhouse ez al.
2009). The ingroup of dinoflagellates were rooted using three
apicomplexans and two species of Perkinsus. MrBayes (v. 3.2,
Ronquist & Huelsenbeck 2003) was used to perform Bayesian
analysis with a general time reversible substitution model. In
an attempt to more accurately model sequence evolution of
the ribosomal operon we divided the data into five partitions
(i.e. SSU rDNA, ITS 1, 5.8S rDNA, ITS 2 and LSU rDNA),
thus allowing each of these regions to have evolved under
different models of evolution by using the ‘unlink’ option.
Two independent Markov Chain Monte Carlo (MCMC)
(each comprising one cold and three heated chains) were run
for 2 X 10° generations. Parameter values and trees were
sampled and saved every 200th generation. With Microsoft
Excel we plotted the log likelihood values as a function of
generations. The InL values converged at ca. —89,313.7 after
80,200 generations. This left 9600 trees and these were
imported into PAUP* (Swofford 2002) to produce a 50%
majority rule consensus tree. Posterior probabilities (pp) were
also obtained from the 9600 trees and the values added to the
tree topology. Maximum likelihood analyses were performed
using PhyML (Guindon et al. 2010). For this we used the
parameter settings suggested by Modeltest (v. 3.7, Posada &
Crandall 1998) with gamma shape G =0.42 and proportion of
invariable sites I =0.18. We used 500 bootstrap replications in
maximum likelihood to evaluate the robustness of the tree
topology. PhyML was run via the online version freely

available at the Bioportal, University of Oslo. We used
PAUP* to calculate sequence divergence estimates.

A phylogeny based on ITS 1, 5.8S rDNA and ITS 2 was
used to further explore the phylogeny of Theleodinium
calcisporum; we compiled a second data matrix similar to
Zinssmeister ez al. (2012). It included a higher number of
supposedly closely related dinoflagellates such as Calciodinel-
lum spp. (three species), Pernambugia tuberosa (Kamptner)
Janofske & Karwath and eight additional species of Scrip-
psiella compared to the diversity included in Figs 61 and S1
(online). The ‘ITS 1-5.8 S rDNA-ITS 2’ data matrix with 655
nucleotides (including introduced gaps) was analyzed using
Bayesian analysis with division into three partitions (see
above) and maximum likelihood, with an ingroup of 24 taxa
and Peridinium cinctum as the outgroup. The alignment was
generated using Clustal W as implemented in Jalview ver. 2.8
(Waterhouse e al. 2009). In Bayesian analysis we ran 2 X 10°
generations and the burn-in was obtained after 20,200
generations (print frequency = 200). This left 9900 trees for a
50% majority rule consensus tree. For maximum likelihood
analysis we used PhyML with settings of gamma shape G =
1.16 and proportion of invariable sites I = 0.404 as suggested
by jModelTest ver. 2.1.3 (Darriba et al. 2012). Bootstrap
analyses included 1000 replications. The PhyML analysis was
run through the South of France bioinformatics platform.

RESULTS

Theleodinium Craveiro, Pandeirada, Daugbjerg,
Moestrup & Calado gen. nov.

DESCRIPTION: Free-living photosynthetic dinoflagellate; amphiesma
of motile cells with well-developed plates arranged in a peridinioid
pattern; Kofoidian plate formula typically pp, cp, x, 3/, 2a, 7/, 6¢, 5s
(6s7), 5", 2", the number of apical plates occasionally up to four
(through division of plate 2"); apical pore projecting, nipple-like; small
extruded peduncle present, supported by a microtubular basket of
three or four rows of microtubules and accompanied by electron-
opaque, elongated vesicles in its distal part; pusular system with
flattened, convoluted tubes wrapped in a vesicle, on the right-ventral
side of the cell, connected with the longitudinal flagellar canal;
pyrenoids present; theca opening along the upper edge of the
cingulum; resting cyst with a thick wall covered by calcified elements.

TYPE SPECIES: Theleodinium calcisporum Craveiro, Pandeirada,
Daugbjerg, Moestrup & Calado sp. nov.

ETYMOLOGY: Greek OnAn, “nipple”, from the shape of the apical
protuberance. The termination —dinium, originally from Greek divn,
“vortex”, is common in dinoflagellate generic names.

Theleodinium calcisporum Craveiro, Pandeirada, Daugbjerg,
Moestrup & Calado sp. nov.
Figs 1-26

DESCRIPTION: Motile cells small, 16-25 ym long and 13-23 pm
wide, globose or slightly flattened dorsoventrally; roundish cells, epi-
and hypocone of similar size; plates with scattered trichocyst pores
but otherwise smooth; chloroplasts yellowish-brown with the lobes
arranged mainly near the surface of the cell; three or four starch-
enveloped pyrenoids penetrated by thylakoids; eyespot absent;
nucleus located dorsally at cingulum level; resting cyst round, with
calcified outer layer made of variable crystalline elements, sometimes
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Figs 1-5. Theleodinium calcisporum, SEM and LM.

Fig. 1. Ventral view of a cell with preserved outer membranes, flagella and peduncle (SEM). The proximal part of the transverse flagellum
(TF) is visible in the cingulum. The longitudinal flagellum (LF) emerges in the sulcus, on the right side of a small peduncle (Pe). Scale bar =

S pm.

Fig. 2. Apical view of a cell with preserved membranes (SEM). The ventral side of the cell is facing the top of the image. The central

protuberance corresponds to the apical pore. Scale bar =5 pm.

Figs 3, 4. Longitudinal views of two cells in LM showing the central nucleus (N) and the chloroplast lobes with pyrenoids (arrows). Scale

bar = 10 pm.

Fig. 5. Higher magnification of the apical pore of the cell in Fig. 2 (SEM). Scale bar =1 um.

up to 25 pum thick but mostly 1-2 um thick, paratabulation not visible;
living in freshwater; nuclear-encoded SSU, ITS and partial LSU
rRNA gene sequence = GenBank accession KC699492.

HOLOTYPE: SEM stub with critical point dried material, with
flagella and outer membranes removed, showing thecal plates,
deposited at the University of Aveiro Herbarium registered as AVE-
A-T-2. Figures 6-10 and 1517 illustrate cells from this stub, and Figs
11-14 summarize the main surface features of this material.

ISOTYPE: Graphite-covered SEM stub with air-dried, uncoated
material from the same clonal culture as the holotype, with calcified

cysts used for EDS analysis and some collapsed cells, deposited at the
University of Aveiro Herbarium registered as AVE-A-T-3.

_ TYPE LOCALITY: Freshwater, shallow lake in Gafanha da Boavista,
[lhavo, Portugal (40°36"13.54"N, 8°41'49.17"W), type collected on 2
March 2011.

ETYMOLOGY: Calcisporum (Latin = calcified spore) refers to the
resting cysts with a layer of calcified crystals outside the organic cell
wall.

Cells were spherical to slightly elongated, not compressed
or only slightly compressed dorsoventrally (Figs 1-4). The
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Figs 6-10. Theleodinium calcisporum, SEM. Plates are labelled in Kofoidian notation.
Fig. 6. Ventral-apical view showing the three apical and the two anterior intercalary plates. The first, narrow cingular plate, partly located

in the sulcal area, is marked T/cl. Same scale as Fig. 7.

Fig. 7. Dorsal view showing intercalary plates and the dorsal plates of the precingular, cingular and postcingular series. Scale bar =5 pm.
Fig. 8. Ventral-antapical view of the hypotheca. Anterior (as), right (rs), left (Is) and posterior (ps) sulcal plates. Two accessory sulcal plates
are partly visible under the raised left side of the rs: the larger arrow points to the suture between the ps and the posterior accessory plate
and the smaller arrow indicates the suture between the two accessory sulcal plates. Scale bar =5 pum.

Fig. 9. Detail of sulcal area. The arrow indicates the accessory sulcal plate. Scale bar =2 um.

Fig. 10. Antapical view showing two antapical plates of similar size and five postcingular plates. Scale bar = 5 pm.

cingulum was located equatorially with a minor downward
shift at the distal end, dividing the cell into similar-sized,
hemispherical epi- and hypocone (Figs 1, 3, 4). The cell apex
shows a projecting, almost cylindrical, apical pore, 1.0-1.1
um long and 1.2-1.5 pm wide (Figs 1, 5). The sulcus did not
invade the epitheca. Length of cells varied between 16 and 25
um and width between 13 and 23 pm (n = 45), length:width
ratio 1.0-1.3. A small extruded peduncle, ca. 2 um long and
0.5 um wide, was visible in SEM in cells that retained the
outer membranes and flagella (Fig. 1).

The brown chloroplast lobes were located near the cell
surface; up to four large pyrenoids surrounded by starch

sheaths were present in the cell (Figs 3, 4). The nucleus was
located at cingulum level in the mid-dorsal side of the cell
(Figs 3, 4).

Plate tabulation is shown in SEM (Figs 6-10) and is
represented in the schematic drawings of Figs 11-14.
Epithecal tabulation was unusual and somewhat variable.
Only three apical plates were usually found surrounding the
apical pore complex (Figs 6, 11-13, 15, 16). In the most
common plate organization the first apical plate was thin
and eclongated, while the second apical plate was almost
rectangular and extended around the left-dorsal side of the
apical pore complex to contact the wider apical plate 3 on
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[\

Figs 11-14. Theleodinium calcisporum, schematic drawings showing morphology and plate arrangement. Plates are labelled in Kofoidian
notation. The thin arrow points to the cover plate (cp) and the thick arrow to the pore plate (pp); x marks the canal plate. Scale bar =5 pum.
Figures 11-14 represent ventral, dorsal, apical and antapical views, respectively.

the dorsal-right side of the cell (Figs 6, 13, 15). Two anterior
intercalary plates were present in the dorsal side, with plate
la usually larger than 2a (Figs 6, 7, 12, 13). The number of
precingular plates was consistently seven (Figs 6, 7, 11-13);
precingular plates 1 to 5 were usually smaller than

precingular plates 6 and 7 (Figs 6, 13). The apical pore
complex was made of three platelets; the canal plate (marked
x in Figs 6, 11, 13, 15-17) was rectangular (1.4-2 pm long) or
sometimes a little wider toward the pore plate (up to 1 pm
wide) than toward apical plate 1 (0.6-1 pm wide); the round
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Figs 15-17. Theleodinium calcisporum, variation in number and shape of apical plates. Plates are labelled in Kofoidian notation; x, canal
plate; cp, cover plate; pp, pore plate. Scale bar =2 pm.
Fig. 15. First apical plate narrow.
Fig. 16. First apical plate rhombic.
Fig. 17. Apical plate 2 divided into two, forming a symmetrical arrangement around the apical pore.

pore plate (pp), which was usually collapsed in cells without
the outer membranes and resembled a thick ring (Figs 6, 15—
17); and the small cover plate (cp; diameter ca. 0.8 um) (Figs
6, 13, 15-17). In the cingulum there were six plates. The first
cingular plate was short and its right side invaded the sulcal
area; plates in this position are usually called transitional
(labelled T in Figs 6, 8, 11). The hypotheca had five
postcingular and two antapical plates of similar size (Figs 8,
10, 14). Five plates were regularly seen in the sulcus (Figs 8,
9, 11): the anterior sulcal plate (as), the right (rs) and left (Is)
sulcal plates, the posterior sulcal plate (ps) and an
intermediate, smaller plate, partially covered by the raised
left border of the right sulcal plate, here called accessory
sulcal plate (large arrow in Figs 8, 9). The small arrow in Fig.
8 points to what seems to be a suture, indicating the possible
presence of two accessory plates in an anterior-posterior
alignment under the border of rs, which would correspond to
a total of six sulcal plates.

Variation to the general tabulation type described above
was found in the cultures, mainly affecting the shape and
number of apical plates. The first apical plate varied from very
narrow and almost linear (Figs 6, 11, 13, 15) to wider and
more rhombic (Figs 16, 17). Another important variation was
seen in apical plate 2, which was divided into two plates in
about 13% (n = 23) of the cells in culture (Fig. 17).

The surfaces of all plates were completely smooth and
perforated by small circular pores (probably trichocyst
pores) randomly distributed (Figs 6-10). Sutures between
plates were mostly very narrow and when a little wider they
were not ornamented (Fig. 10). The theca opened along the
upper edge of the cingulum for releasing dividing or ecdysing
cells (Figs 8, 10).

Cysts were observed for the first time in 24-well tissue
culture plates, in cultures about three months old. Although
large numbers of cysts were commonly found on the bottom
of old cultures kept in wells, cyst formation was not detected
in cultures maintained in 50-ml tissue culture flasks, perhaps
because cell density was always smaller in these larger
volumes. Cysts were round to slightly elongate with 17.1—

29.6 um in diameter (n = 15; Figs 18-23, 25). Cyst contents
were usually colourless with the exception of one or two
large red or orange bodies (Fig. 20). The cyst wall consisted
of a layer of apparently crystalline elements (Figs 18, 19, 21—
26) covering a thick, presumably organic layer (Fig. 20). The
crystals were sometimes few, small and almost cubic,
scattered along the cyst surface (Figs 22-24). The most
common cyst type had the entire surface covered by larger
crystalline elements, angular or irregular in shape and
arrangement (Fig. 18), or by irregular but round-edged
crystals (Figs 19, 25, 26). In yet other cases the cysts were
very large, up to 60 um diameters, and the crystal elements
were difficult to separate from each other (Fig. 21). Some
cysts had an opening with an irregular shape, perhaps
representing the archeopyle formed during cyst germination
(Fig. 25). No sign of paratabulation was observed.

The calcareous nature of the cyst wall was tested by
adding a drop of 45% acetic acid to cysts like the one in Fig.
19 under the light microscope. Within seconds to a few
minutes, the cysts lost all the crystal elements and showed a
smooth wall about 1 pm thick (Fig. 20). Analysis of crystal-
covered cysts by EDS showed calcium as the most abundant
element (Fig. 27).

The internal fine structure of the cell was typical of
dinoflagellates. General cell views are shown in longitudinal-
tangential and transverse sections of two cells in Figs 28 and
29. The chloroplast lobes were located predominantly near
the cell surface and had some thylakoid-free areas; the
ellipsoid nucleus (N) was located on the dorsal side of the cell
(Fig. 29). Although chloroplasts had typically three thyla-
koids per lamella, arrangements of five or six thylakoids per
lamella and larger, almost granum-like stacks were also
observed (Figs 30, 31). Up to four large starch-covered
pyrenoids (P) per cell were found (Figs 28, 29). Several
chloroplast lobes radiated from each pyrenoid (Fig. 28).
Pyrenoids were penetrated by two-thylakoid lamellae (ar-
rows in Figs 30, 32). Oil droplets (O) and starch grains (S)
were distributed in the cell cytoplasm (Figs 28, 29).
Trichocysts were widely scattered over the cell cytoplasm
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Figs 18-26. Theleodinium calcisporum, cysts, SEM and LM.

Fig. 18. Round cyst with well-developed crystals of irregular shape, SEM. Scale bar = 10 pm.

Fig. 19. Cyst with well-developed crystals, LM. Scale bar = 10 um.

Fig. 20. Same specimen as in Fig. 19, with round, smooth wall after dissolution of calcified layer through the addition of 45% acetic acid.
The arrow indicates coloured body. Same scale as Fig. 19.

Fig. 21. Cyst with very thick layer of crystals, LM. Arrowheads point to the cell in the central part of the cyst. The arrow indicates the

remnants of a theca. Scale bar = 10 pm.

Fig. 22. Cyst with small crystals dispersed on the organic wall, LM. Same scale as Fig. 19.

Fig. 23. Cyst with small cubic crystals dispersed on the organic wall, similar to the one in Fig. 22, SEM. Scale bar = 5 pm.

Fig. 24. Detail of the cubic crystals in Fig. 23, SEM. Scale bar =2 um.

Fig. 25. Cyst with large irregular crystals and an opening (archeopyle?), SEM. Scale bar = 10 pm.

Fig. 26. Detail of crystals of a cyst similar to the one in Fig. 25, perhaps representing a more developed stage, SEM. Same scale as Fig. 23.

(Fig. 28, t). One or two accumulation bodies were found in
the epicone of all cells examined (not shown). No eyespot
was seen in the sulcal area of the cells observed.

Longitudinal sections through the apical pore complex
showed the pore plate with three zones of different aspect
inside the same amphiesmal vesicle: a basal zone, with the
same appearance as other thecal plates; a more fibrous-
looking middle zone that formed the raised side of the apical
pore; and a third small zone with a darker fibrous aspect on
the apical side of a section through the middle of the
structure (Figs 33-36). The cover plate (cp) was about 0.5
um thick and had also a fibrous aspect (Figs 33, 34).

The pore and cover plates were underlain by a more or less
compact fibrous layer. Several distinct fibres extended from
the central, compact fibrous layer (arrowheads in Figs 33—

ca 27

03 08 13

18 23 28 33 38 43 48
keV

Fig. 27. Spectrum obtained from elemental EDS microanalysis of a
Theleodinium calcisporum cyst. The peaks are labelled with the EDS
line of the corresponding element.
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Figs 28-32. Theleodinium calcisporum, general ultrastructural features, TEM.
Fig. 28. Oblique longitudinal section of a cell viewed from the dorsal-right side showing the apical pore complex (apc), the chloroplast
lobes (Ch) near the cell surface, one pyrenoid (P) and the distribution of oil droplets (O), starch (S) and trichocysts (t). Scale bar =5 pm.
Fig. 29. Approximately transverse section through the middle part of the cell (antapical view). The nucleus (N) with a nucleolus (n) is on
the dorsal side. Two pyrenoids (P) are visible on peripheral chloroplast lobes (Ch). O, oil droplets; S, starch. Scale bar =5 pum.
Fig. 30. Pyrenoid (P) matrix penetrated by thylakoid lamellae (arrow). Starch grains (S) surround the pyrenoid. Scale bar = 500 nm.
Fig. 31. Chloroplast lobe showing thylakoid lamellae in groups of three or four. In the central part a pseudogranum-like stack of

thylakoids (arrowheads). Scale bar = 500 nm.

Fig. 32. Section through the pyrenoid (P) matrix completely surrounded by starch (S). Portions of thylakoid lamellae are visible inside

(arrow). Scale bar =1 um.

36) and continued under the canal plate and apical plates 2
and 3 for at least 0.5 pum (not shown).

The pusular system was composed of convoluted,
somewhat flattened tubes wrapped in a vesicle, located on
the right-ventral side of the cell, near the basal bodies (Figs
37, 38). No clear ramifications of pusular elements were
demonstrated. Two tubes seemed to connect to the

longitudinal flagellar canal, which appeared collapsed in all
cells examined (Figs 39—41): one tube was about 100 nm wide
near the connection to the flagellar canal, where the three
pusular membranes were closely appressed (Fig. 40, white
arrow); the zone of apparent connection of the other tube
was wider (ca. 300 nm) and occurred next to a layer of
parallel fibril-like structures nearly 30 nm apart from each
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Figs 33-36. Theleodinium calcisporum, apical pore complex, TEM. Non-adjacent, serial longitudinal sections viewed from the dorsal-right

side of the cell. Slanted numbers represent section numbers.

Fig. 33. Tangential section through the pore plate showing three different parts: the basal part with the white general aspect of other plates
(three thin arrows), a medium part with a more fibrous aspect (two thin arrows) and a darker apical part (one thin arrow). The cover plate
(cp) is covering the whole of the pore plate. Several fibers are seen under both the cover and pore plates (arrowheads). Scale bar = 500 nm.
Fig. 34. Section through the cover plate (cp) and pore plate with its three different-looking zones indicated as explained in Fig. 35. Fibers

marked with arrowheads. Same scale as Fig. 35.

Figs 35-36. Fibers under the ventral-left side of the pore plate, marked with arrowheads. Scale bar = 500 nm, serves both figures.

other (Fig. 41). No pusular elements were found connecting
to the transverse flagellar canal.

A schematic reconstruction of the flagellar apparatus
structures found in the ventral area, as seen from the left side
of the cell, is presented in Fig. 39. This includes the peduncle
and its associated microtubules (microtubular basket, MB),
the basal bodies and associated roots, collars and pusular
elements. In the series presented in Figs 40-48 these
components are seen approximately from the right-antapical

side of the cell and in Figs 49-51 from the right-dorsal side.
In Figs 52-55 a detail of this area is shown in an almost
ventral view.

The transverse (TB) and longitudinal (LB) basal bodies
formed an angle of about 80°-90°, as estimated from the
reconstruction of the serial sections. Both longitudinal and
transverse flagella exited from the flagellar canals to the
exterior of the cell through pores encircled by complete rings
of fibrous material called longitudinal (LSC) and transverse

Figs 37-38. Theleodinium calcisporum, pusular system, TEM.
Fig. 37. Transverse section of a cell (apical view) showing pusular tubes (thin arrows) near the ventral area where a basal body (thick
arrow) is seen. N, nucleus; t, trichocyst. Scale bar = 1 pm.
Fig. 38. Higher magnification of a pusular tube. Scale bar = 500 nm.
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Fig. 39. Schematic reconstruction of the flagellar base area of Theleodinium calcisporum, viewed from the cell’s left. The transverse and
longitudinal striated collars, surrounding the exits points of the flagella, are rendered transparent to allow visualization of underlying
structures. LMR-TBc, fibrous connective between the longitudinal microtubular root (root 1) and the transverse basal body.

striated collars (TSC), respectively (Figs 4041, 46-48).
There were four roots associated with the basal bodies, two
with each one. The single-stranded microtubular root (SMR,
designated r2 in Moestrup 2000) associated obliquely with
the anterior-right side of the LB, curved to the dorsal side
and toward the antapex of the cell (Figs 39, 42-43). A row of
microtubules, the longitudinal microtubular root (LMR, rl
in Moestrup 2000) associated with the anterior-left side of
the LB and extended roughly parallel to the SMR/r2 toward
the antapex, passing near the LSC (Figs 39, 41, 44-47). The

LMR/rl comprised about nine microtubules in its proximal,
anterior end, and the number increased distally, reaching
some 20 microtubules in the sulcal region (Fig. 39). The
dorsal face of the LMR/rl at its proximal end was linked by
a two-layered fibre to the proximal, posterior surface of the
TB. This connective, designated LMR-TBc, was made of one
electron-opaque, 80-nm thick layer that coated the LMR/rl
microtubules over an area of roughly 230 nm by 200 nm and
was itself covered by a layer with a more fibrous appearance
about 100 nm thick that contacted two adjacent triplets of
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Figs 40-48. Theleodinium calcisporum, flagellar apparatus, TEM. Slanted numbers represent section numbers. Non-adjacent serial sections
proceeding toward the left-apical side of the cell (viewed from the right-antapical end). Scale bars = 500 nm.
Fig. 40. A pusular tube (white arrow) is seen near the collapsed longitudinal flagellar canal and longitudinal striated collar (LSC).
Fig. 41. Another type of tube (white arrow), covered by parallel micro-fibrillar structures (thin arrows), near the collapsed longitudinal
flagellar canal. LB, longitudinal basal body; LMR/r1, Longitudinal microtubular root (root 1); LSC, longitudinal striated collar. Same

scale as Fig. 46.

Figs 42-43. Single-stranded microtubular root (SMR/r2) on the right side of the longitudinal basal body (LB). Same scale as Fig. 46.

Figs 44-48. The longitudinal basal body (LB) disappears and the longitudinal microtubular root (LMR/rl) is seen with some electron-
opaque material on its dorsal side (arrowhead in Fig. 46). The layered connective (LC) appears on the dorsal side of the LMR between the
electron-opaque material and the transverse basal body (TB). A connective is present between the proximal part of the LMR/rl and the TB
(LMR/r1-TBc). Four parallel rows of microtubules forming the microtubular basket (MB) are seen close to the transverse striated collar

(TSC). All to the same scale.

the TB (Figs 39, 47, 51). Posterior and nearly adjacent to the
LMR-TBc a layer of electron-opaque material coated the
dorsal face of the LMR/r1, providing a wide connection with
the posterior face of the so-called layered connective (LC)
(Figs 39, 4647, 50-52). The LC was nearly 800 nm long and
130 nm thick. As seen in almost cross-section, obtained
through extensive tilting in the microscope, the LC was
composed of two external electron-opaque layers about 30
nm thick (Figs 52-54) and three internal electron-transpar-
ent layers, each 35 nm thick, separated by two parallel, very
thin, dark layers (Figs 52-54).

A single-stranded transverse microtubular root (TMR, r3
in Moestrup 2000) extended from the anterior-proximal side
of the TB, curving toward the apex along the transverse
flagellar canal (TFC), next to a row of collared pits (Figs 39,
49-51). Some 300 nm from the TB the TMR/r3 nucleated an
extension of about 25 microtubules (labelled TMRE) that
extended along the anterior side of the TFC. A second root
connected with the TB was the so-called transverse striated
root (TSR) and its associated microtubule (TSRM, r4 in
Moestrup 2000). The proximal end of the TSRM/r4
associated with the anterior layer of the LC and the
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Figs 49-55. Theleodinium calcisporum, details of the flagellar apparatus, TEM. Slanted numbers represent section numbers. All to the same

scale. Scale bar = 500 nm.

Figs 49-51. Non-adjacent, longitudinal serial sections viewed from the right-dorsal side of the cell. The transverse microtubular root
(TMR/r3) is seen close to the proximal end of the transverse basal body (TB) in Fig. 49 and extends toward a row of collared pits. The
transverse microtubular root extension (TMRE) is also visible. The transverse striated root (TSR) is seen close to the TB. LB, longitudinal
basal body; LC, layered connective; LMR/rl, longitudinal microtubular root; LMR-TBc, fibrous connective between the longitudinal

microtubular root (root 1) and the transverse basal body.

Figs 52-55. Adjacent serial sections that were tilted to show the aspect of the layered connective (LC) when in transverse section. The
transverse striated root (TSR), with the transverse striated root microtubule (TSRM/r4), is attached to the anterior side of the LC. LMR/

rl, longitudinal microtubular root; TB, transverse basal body.

proximal-posterior end of the TB, from where it extended to
the left of the cell for about 500 nm (Figs 49-55).
Longitudinal sections through the ventral area showed the
peduncle, a small cytoplasmic extension limited by a single
membrane and surrounded in the exit point by a complete
ring of fibrous material (peduncle striated collar, PSC) (Figs
56, 57). The PSC was located to the left of the striated collar
of the longitudinal flagellum (LSC) and connected with the
flagellar collars through striated collar extensions (Fig. 39).
Four parallel rows of microtubules formed the microtubular
basket (MB). From the PSC area the MB extended ventrally
to the anterior left side of the cell for nearly 80 sections
(about 6 um) passing near an accumulation body (Figs 56—
59). In a more internal and apical position, the MB was
accompanied by elongated, electron-opaque vesicles on one
side and by elongated, more transparent and slender vesicles
on the other (Fig. 59). A transverse section of the MB, near
the exit point, showed a total of 46 microtubules arranged in
four parallel rows of four to 24 microtubules (Fig. 60).

Phylogeny of Theleodinium calcisporum

The phylogenetic backbone (i.e. the deep branches in the
dinoflagellate tree) more or less formed a polytomy (see
complete phylogenetic tree in Fig. S1) with no support from
posterior probabilities (pp < 0.5) and bootstrap values (BS <

50%). This was in contrast to many of the dinoflagellate
lineages at the systematic level of orders and below. A subset
of this phylogenetic tree containing only the closest relatives of
the species of interest to this study, Theleodinium calcisporum,
is shown in Fig. 61. Theleodinium calcisporum, together with
Duboscquodinium collinii, Scrippsiella sweeneyae A.R. Loe-
blich and Scrippsiella trochoidea formed a highly supported
sister group to Tintinnophagus acutus Coats (pp=1.0 and BS=
100%). The relationship between Duboscquodinium and
Scrippsiella spp. received no statistical support in the analyses
conducted here (pp = 0.69 and BS < 50%). The clade with
Tintinnophagus, Theleodinium and Scrippsiella spp. (labelled
clade 1 in Fig. 61) formed a sister group to a large clade
containing Thoracosphaera, Peridinium aciculiferum Lemmer-
mann and the pfiesteriaceans (i.e. Stoeckeria sp., Pfiesteria
spp., Cryptoperidiniopsis spp. and Luciella spp.), labelled clade
2 in Fig. 61. This relationship received maximum support in
posterior probability and good support in ML bootstrap value
(BS=281%). It should be noted that the tree topology obtained
from Bayesian analysis of the partitioned data did not differ
significantly from that obtained with a non-partitioned setting
(data not shown).

The topology obtained using a Bayesian approach to infer
the phylogeny of Theleodinium calcisporum on the basis of ITS
1, 5.8 S rDNA and ITS 2 is shown in Fig. 62. Theleodinium
formed a sister taxon to Scrippsiella donghaiensis but this
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Figs 56-60. Theleodinium calcisporum, peduncle and microtubular basket, TEM.
Figs 56-58. Non-adjacent serial sections proceeding from ventral to dorsal, showing a complete collar (PSC) around the base of a small
peduncle (p), and the collars for the transverse (TSC) and longitudinal (LSC) basal bodies. Rows of microtubules are marked with thin
arrows. Slanted numbers represent section numbers. Scale bar = 500 nm.
Fig. 59. Microtubular basket seen in a more internal position in the cell (ca. 5.5 pm from the area of emergence of the peduncle). The
microtubules (thin arrows) are seen parallel to several elongated vesicles (arrowheads) and lighter elongated vesicles (short arrows). Same

scale as Fig. 58.

Fig. 60. Transverse section through the microtubular basket near the emergence point from the cell, with four parallel rows of

microtubules. Scale bar =200 nm.

relationship received little statistical support from Bayesian
analysis (pp = 0.65) and BS < 50% in maximum likelihood
analyses. Rather Theleodinium was part of an assemblage of
species assigned to the Scrippsiella (viz. Scrippsiella rotunda
and Scrippsiella infula) and Calciodinellum (viz. Calciodinellum
albatrosianum and Calciodinellum operosum). This lineage was
highly supported in Bayesian analysis (pp = 0.99) but not in
maximum likelihood (BS < 50%). In fact the tree topology of
the deepest branches received low statistical support (partic-
ularly in maximum likelihood bootstrap analyses) and thus
formed a polytomy. However, Theleodinium calcisporum did
seem to constitute a distinct lineage within this unresolved
tree, as it did not group strongly with any of the included
species of Scrippsiella.

The sequence divergence estimated for species included
within clade 1 and Thoracosphaera of clade 2 (Figs 61 and S1
online) varied between 1.9% for the pair Scrippsiella sweeneyae
(HQ845331)—Scrippsiella ““trochoidea” (HM483396) and
13.3% for Thoracosphaera heimii (HQ845327)—Tintinnophagus
acutus (HM483397) when based on Kimura-2-p distances
(data not shown). Among the pairwise comparisons 7heleo-
dinium calcisporum had its highest sequence divergence to
Thoracosphaera heimii (10.8%) and its lowest divergence to
Duboscquodinium collinii (HM483398) (3.8%), again based on
Kimura-2-p distances. These sequence divergence estimates
were based a total of 3068 nucleotides including internal gaps.

DISCUSSION

The typical epithecal tabulation found in Theleodinium
calcisporum, with an elongate apical plate 2 that curves
around the apical pore, is very unusual and has no match
among regular tabulation types of freshwater dinoflagellate
species. However, in a discussion about tabulation variabil-
ity in peridinioids, Lindemann (1926, fig. 9) depicted a plate
arrangement just like that of Theleodinium calcisporum,
which he interpreted as one of several tabulation variants of
the species Staszicella dinobryonis Wotoszynska. The genus
Staszicella Wotoszynska was originally separated from other
armoured dinoflagellates on the basis of the smaller epicone
relative to the hypocone (Wotoszynska 1916, 1917). The
epithet of the only described species of Staszicella alludes to
the tendency of the cells to form non-motile stages attached
to the loricae of Dinobryon (Chrysophyceae) species by
means of mucilage secreted from a wide apical pore complex
(Wotoszynska 1916). The typical tabulation illustrated by
Wotoszynska (1916, pl. 12, fig. 40) displayed an asymmet-
rical arrangement of five apical plates surrounding a
remarkably large pore complex, a single square-rhomboid
anterior intercalary and seven precingular plates. The
representation of an abnormal epithecal tabulation (Wot-
oszynska 1917, pl. 12, fig. 27) seems to have originated an
unwarranted idea that the taxon is unusually variable in
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Fig. 61. Portion of a molecular phylogeny of dinoflagellates to show the position of Theleodinium calcisporum (arrow) based on an alignment
that comprised 4620 nucleotides (including introduced gaps). It was originally compiled by Gottschling e a/. (2012) and included nuclear
encoded ribosomal genes (SSU, 5.8S and partial LSU rDNA) and intergenic spacer regions (ITS 1 and 2). The tree topology was obtained
from Bayesian analysis and the outgroup taxa consisted of three apicomplexans and Perkinsus spp. Branch support values given at internodes
are from posterior probabilities (> 0.5) and maximum likelihood bootstrapanalyses with 500 replications (> 50%). Maximum branch support
(posterior probability = 1 and 100% in ML bootstrap) is indicated by filled black circles. Branch lengths are proportional to the number of
character changes. Only the clades containing the closest relatives of Theleodinium calcisporum are shown here. The complete molecular

phylogeny is shown in supplemental material as Fig. S1.

plate arrangement, despite Wotoszynska’s (1917) statement
that the number of plates is constant. Lindemann (1926)
reported on populations with equal-sized epi- and hypocones
that occasionally attached to Dinobryon and elaborated on
the purported tabulation variability to interpret a number of
variants in epithecal plate dispositions as derived from

Staszicella dinobryonis typical plate arrangement. The
variants were apparently reported from several different
populations (Lindemann 1926), which diverged more or less
significantly from Staszicella dinobryonis tabulation and
showed a notably smaller apical pore complex. The typical
features described for Staszicella dinobryonis, including the
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large pore complex, have recently been documented by
modern methods in populations from the Trentino Province,
Italy (Hansen & Flaim 2007). Lindemann’s (1926) variations
represent therefore one or several species but are unlikely to
be Staszicella dinobryonis. As Lindemann did not describe
the cell contents it is uncertain whether he depicted the
species we report on; there was no mention of an apical
protuberance in any of the cells and the tabulation type we
found in about 13% of the cells, with four symmetrically
arranged apical and two intercalary plates, was not among
the variants he described (Lindemann 1926).

Our cultures of Theleodinium calcisporum did not ap-
proach the morphology, tabulation or shape of the apical
complex of Staszicella dinobryonis as described by Wo-
oszynska (1916, 1917) and Hansen & Flaim (2007).
Moreover, the numerous yellowish-brown chloroplast lobes
that were evident along the surface of Theleodinium
calcisporum cells, some distinctly associated with pyrenoids,
contrast with Wotoszynska’s (1916) statement that the
chloroplasts were difficult to detect, a difficulty shared by
Hansen & Flaim (2007), who hypothesized that Staszicella
dinobryonis may actually be colourless from the analysis of
fixed material.

The cells of Theleodinium calcisporum showed a typical
dinoflagellate fine-structural organization with a regular
dinokaryon and chloroplast lobes with the membrane
arrangements usual in peridinin-containing species. The
presence of stacks of more than three thylakoids in several
chloroplast lobes of Theleodinium calcisporum, some of
which resembled pseudo-grana, is uncommon in dinoflagel-
lates; although, regular grana formation has been shown in
Gonyaulax spinifera (Claparéede & J. Lachmann) Diesing
(Hansen er al. 1996). Both the physiological and the
phylogenetic significance of these elaborate thylakoid stacks
in dinoflagellates are unknown.

Although the pore plate of Theleodinium calcisporum is
unusually elevated the features observed in the apical fibrous
complex are the usual for this type of structure (Roberts et
al. 1987). However, the amphiesmal vesicle profiles without
plate material observed between the pore and cover plates of
Chimonodinium lomnickii, Scrippsiella trochoidea, Scrippsiel-
la sweeneyae and Heterocapsa pygmaea A.R. Loeblich, R.J.
Schmidt & Sherley (Roberts et al. 1987; Craveiro et al. 2011)
were not found in Theleodinium calcisporum.

An eyespot of type A, formed by osmiophilic globules
located in a chloroplast lobe in the sulcal area (Moestrup &
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Daugbjerg 2007; Craveiro et al. 2010) is common in
autotrophic peridinioids, e.g. Peridinium cinctum, Chimono-
dinium lomnickii and Scrippsiella trochoidea (Calado et al.
1999; Craveiro et al. 2011) and was therefore expected in our
material. However, it was not visible in light microscopy and
it was not detected in TEM; although, the ventral area of five
cells was examined in serial sections.

Comparison with non-calcareous peridinioids

The reconstruction of the flagellar apparatus of several
peridinioids has disclosed a number of features that seem to
be characteristic of the group. A single-stranded microtubular
root associated with the right side of the longitudinal basal
body (r2, SMR) and a layered connective (LC) between the
longitudinal microtubular root (r1, LMR) and the transverse
basal body have been found in all peridinioids studied in detail
(Calado et al. 1999; Calado & Moestrup 2002; Calado et al.
2009; Craveiro et al. 2009; Craveiro et al. 2011). Although the
LC was found only in peridinioids the r2/SMR was also found
in gonyaulacoids and in Baldinia anauniensis Gert Hansen &
Daugbjerg (Hansen & Moestrup 1998; Hansen et al. 2007).
Unsurprisingly, these two features are present in the flagellar
apparatus of Theleodinium calcisporum, which shows greater
overall similarity to the homologous area of Chimonodinium
lomnickii than to any other basal body region known in detail
(Craveiro et al. 2011). A notable difference is the absence in
Theleodinium calcisporum of the association of a fibre with the
transverse microtubular root extension (TMRE), as seen in
Chimonodinium lomnickii (Craveiro et al. 2011). The signifi-
cance of this fibre-microtubular root association, which was
found most developed in Peridiniopsis borgei (Calado &
Moestrup 2002), is unknown.

The resemblance between the flagellar base regions of
Theleodinium calcisporum and Chimonodinium lomnickii ex-
tends to the microtubular basket (MB), which shows
essentially similar paths and number of rows of microtubules
in both species (Craveiro et al. 2011). The presence of a MB
suggests phylogenetic relationship with the pfiesteriaceans,
which use a more extensive version of this microtubular
structure to feed (Litaker et al. 2002; Calado et al. 2009).
Although previously thought to comprise only marine species,
the pfiesteriaceans are represented in freshwater by Tyranno-
dinium edax (A.J. Schilling) Calado, a widespread and
common species previously referred to as Peridiniopsis
berolinensis (Lemmermann) Bourrelly (Wedemayer & Wilcox
1984; Calado & Moestrup 1997; Calado 2011). In contrast to
the feeding cells of the pfiesteriaceans, which have no lasting
functional chloroplasts, both Theleodinium calcisporum and
Chimonodinium lomnickii are photosynthetic and have not
been shown to use their MB.

Other peridinioids that are not members of the Thoracos-
phaeraceae sensu Elbrichter ez al. (2008) are not known to
possess a MB. In Palatinus apiculatus (Ehrenberg) Craveiro,
Calado, Daugbjerg & Moestrup a single, apparently reduced,
microtubular strand (usually labelled MSP) is present in a
position homologous to the MB location (Craveiro et al.
2009). No microtubular system homologous to a MB or MSP
was found in Peridinium cinctum (Calado et al. 1999). Both
Peridinium and Palatinus lack an apical pore complex and
each presents differences in thecal and internal cell organiza-

tion (see discussion in Craveiro et al. 2011). In Peridiniopsis
borgei a single strand of 75-80 microtubules extended for over
20 um from a small, flat peduncle to the left side of the cell and
progressively divided into two and then four strands that
continued toward the dorsal part of the cell (Calado &
Moestrup 2002). This peculiar microtubular system, of
unknown function, is accompanied by Peridiniopsis borgeri’s
unusual tabulation, with three apical plates and a single
anterior intercalary plate in a bilaterally symmetrical dispo-
sition, and an internal cell organization with a unique
combination of a large sac pusule connected to the
longitudinal flagellar canal and a single, large, dorsal pyrenoid
enveloped by starch (Calado & Moestrup 2002).

As shown above, Theleodinium calcisporum appears close to
Chimonodinium lomnickii in several aspects. However, the two
species differ in the following points: Chimonodinium lomnickii
has an epithecal tabulation with four apical and three
intercalary plates, possesses a large eyespot, has no defined
pyrenoids and its pusular system is formed by two well-defined
tubes, each connected to one flagellar canal (Craveiro et al.
2011).

Comparison with other calcareous peridinioids

The capability of producing calcareous cysts is the most
intriguing feature of Theleodinium calcisporum. Until now, this
characteristic was known only from marine dinoflagellates.
The production of calcareous cell covers has been considered
an apomorphy of the Thoracosphaeraceae, a family that
includes also non-calcareous species, which are presumed to
have secondarily lost this feature (Gottschling er al. 2012).
Genera that produce calcareous cysts or coccoid stages during
their life cycle (e.g. Scrippsiella, Calciodinellum Deflandre,
Calcigonellum Deflandre, Calcicarpinum Deflandre, Penta-
pharsodinium Indelicato & A.R. Loeblich, Pernambugia
Janofske & Karwath) have motile stages with similar epithecal
tabulation: pp, cp, X, 4', 3a, 7"’. Small differences occur in a
few Scrippsiella species, with intercalary plates la and 3a
abutting each other instead of the usual disposition in a row of
the intercalary plates (Montresor & Zingone 1988; Montresor
1995; Gottschling et al. 2005b). A significant difference occurs
in the number of cingular plates of Pentapharsodinium, which
are five rather than the usual six (one small, so-called
transitional, plus five) found in other genera (D’Onofrio et
al. 1999). Theleodinium calcisporum approaches the Scrip-
psiella group in having six cingular plates (T + 5); although, its
epithecal tabulation is quite distinct.

The morphology of calcareous cysts is diverse and often
complements, or even fundaments, discrimination of species
with very similar motile stages (e.g. Zinssmeister et al. 2012).
High variability in cyst morphology has also been reported
within strains of calcareous dinoflagellates (Gottschling et al.
2005b). Cysts of Theleodinium calcisporum varied in the extent
of the calcified layer and in crystal shape. The Theleodinium
cysts with cubic, scattered crystals represented on Figs 22-24
are reminiscent of the one described by Montresor ez al. (2003,
fig. 28) as a variation in a strain of Scrippsiella trochoidea. 1t
appears possible that these types represent an early stage of
cyst formation as in both cases cysts with larger crystals
forming a more complete envelope were also found (Mon-
tresor et al. 2003).
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The prominent starch-enveloped pyrenoids present in
Theleodinium calcisporum suggest proximity to the group of
organisms with calcareous cysts, as starch-enveloped pyre-
noids are a regular feature of Scrippsiella species, and also of
Calciodinellum and Calcigonellum (D’Onofrio et al. 1999).
Pyrenoids adjacent to starch grains have recently been
reported also in Leonella granifera (D. Fiitterer) Janofske &
Karwath, Thoracosphaera heimii and Pernambugia tuberosa
(Zinssmeister et al. 2013).

Fine-structural comparison between Theleodinium calcispo-
rum and Scrippsiella (as represented by Scrippsiella trochoidea,
see Craveiro et al. 2011) reveals a rather similar general
organization of the motile cell but also exposes some
important differences. One is the presence of a relatively small
eyespot in Scrippsiella trochoidea. Another difference is the
pusular system of Scrippsiella trochoidea, with tubular or
flattened, ramified vesicles concentrated on a large portion of
the right mid-ventral cytoplasm. Perhaps more significant are
the canals formed by what seem to be supernumerary plates at
the exit point of the flagella of Scrippsiella trochoidea
(Craveiro et al. 2011). However, the most striking difference
is the absence of any microtubular system that could be
considered homologous to a MB or MSP in Scrippsiella, as
determined in four cells of Scrippsiella trochoidea examined in
serial sections (Craveiro et al. 2011), and corroborated by
published SEM images of Scrippsiella species, which do not
show an emergent peduncle (contrast with the peduncle of
Theleodinium calcisporum, visible in Fig. 1).

In summary, the fine structure of Theleodinium calcisporum
places it in an intermediate position between Scrippsiella and
Chimonodinium. In having two characters that are presumably
ancestral in the group, viz. the production of calcareous cysts
and the MB, Theleodinium appears closer to the common
ancestor of Scrippsiella and Chimonodinium. However, from
the Scrippsiella and Chimonodinium lineages, which have a
similar plate organization, it diverged in tabulation; and it
diverged from the Scrippsiella lineage in habitat.

Molecular phylogeny

The most inclusive phylogenetic tree (Figs 61 and S1 online)
shows Theleodinium in a statistically supported clade together
with species of Scrippsiella and Duboscquodinium collinii. This
clade in turn appears as a sister group to Tintinnophagus
acutus; although, with no statistical support. The close
relationship between Scrippsiella species and the parasitic
Duboscquodinium collinii, and the association of this group
with Tintinnophagus acutus has been previously retrieved by
Coats et al. (2010) and Gottschling er al. (2012). Current
knowledge on the structure and lifestyle of Duboscquodinium
collinii is insufficient to provide phenotypic characters that
may explain the affinities suggested in this phylogenetic
hypothesis (Coats et al. 2010; 2012). On the other hand, some
scrippsielloid features were demonstrated for the dinospore of
Tintinnophagus acutus; there is a projecting apical pore and
thecal plates seem to be present (Coats ez al. 2010). Consistent
with its parasitic (predatory) nature a peduncle was shown by
SEM in Tintinnophagus (Coats et al. 2010), suggesting the
presence of a MB. This represents another assortment of
characters in what appears to be a remarkably variable clade.
The placement of Theleodinium calcisporum in this clade is

compatible with its combination of Scrippsiella features (e.g.
general cell organization, with chloroplasts and pyrenoids,
and production of calcareous cysts) with the retention of the
feeding apparatus (i.e. the M B, with its associated vesicles and
a ring of fibrous material surrounding the exit point of a
peduncle).

The topology of the tree based on ITS-5.8S rDNA (Fig. 62)
is generally compatible with that shown in Figs 61 and Sl
(online); although, most branches received little or no
statistical support. The two clades shown in Zinssmeister et
al. (2012) with species currenty classified in Scrippsiella and
Calciodinellum are retrieved in the present ITS tree, with
Theleodinium associated with the clade not containing typical
Scrippsiella species (Scrippsiella sweeneyae, Scrippsiella tro-
choidea). In view of the differences in fine structural features
between Theleodinium and those reported for Scrippsiella
trochoidea (Craveiro et al. 2011) it appears interesting to
examine the ultrastructure of species in the clade that contains
the new genus.

The genus Chimonodinium, not included in our trees for lack
of ITS sequence data, has been shown in previously published
phylogenetic trees based on SSU and on LSU rDNA to group
with the pfiesteriacean clade, close to the branching point of
Peridinium aciculiferum (see Craveiro et al. 2011). This is
compatible with the picture given by the structural analysis,
that Theleodinium occupies an intermediate evolutionary
position between the Scrippsiella clade and the clade
containing Chimonodinium and the pfiesteriaceans.
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