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Abstract
To determine the intraspecific variability of microscopic organisms such as dinophytes is challenging, but can be achieved 
using cultured material. Unusual morphologies of Peridinium tuberosum assigned to the Peridinium cinctum species group 
have been described as bulges on the posterior end of the cell a hundred years ago and more, but its taxonomic significance 
is unclear at present. We collected field material in Germany and Poland in order to establish strains to study cell morphol-
ogy using light and scanning electron microscopy. For the cultured material, DNA sequence data from the rRNA operon 
was gained as well and included in molecular phylogenetics (including 22 new partial rRNA sequences). Two new, closely 
related ribotypes were detected, and all strains showed the principle morphology of P. cinctum having an asymmetric epi-
theca, a large first apical plate and a sulcus extending onto the epitheca. In the single-strain GeoM*979 assigned to one of 
the two new ribotypes, cells with bulges appeared rarely but consistently, mostly on the hypotheca, but other variations also 
occurred. Overall, cells of this strain display traits not observed before while studying cultured P. cinctum, and this distinction 
is further supported by molecular data and additional details of epithecal opening. However, there does not remain enough 
information to determine strain GeoM*979 as a separate species (namely P. tuberosum) and therefore, it is identified as 
Peridinium aff. cinctum until further notice.
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Introduction

Despite its ecological importance, species delimitation and 
identification of microscopic organisms such as dinophytes 
are no easy task to achieve (Manoylov, 2014; Morrison 
et al., 2009; Wilson, 2017). This is particularly true for 
many historical taxa, which have been described during the 
nineteenth and twentieth centuries (Kretschmann, Žerdoner 
Čalasan et al., 2018; Tillmann et al., 2019). At that time, 
contemporary methods were still not established, and taxo-
nomic delimitation heavily depended on the morphospecies 
concept based on structural traits only. Cells were observed 
in an environmental sample that contained numerous dif-
ferent organisms, making it difficult to recognise intraspe-
cific variability. Later, the cultivation of monoclonal strains 

allowed for consideration of intraspecific variability during 
morphological observations (Burkholder & Glibert, 2006; 
Kretschmann et al., 2022), which is combined with DNA 
sequence analysis today (Hebert et al., 2003).

The success of molecular data has brought discussions to 
employ the ribosomal ITS region as a species-specific marker 
in dinophytes (Gottschling et al., 2005; Ott et al., 2022; Stern 
et al., 2012). Molecular data analysis has helped tremendously 
to distinguish species (Kretschmann, Owsianny et al., 2018; 
Tillmann et al., 2014), but it also highlights some challenges, 
as the morphological analysis does not always correspond to 
molecular data. Molecular analysis has brought awareness to 
cryptic species that are genetically discernible but indistin-
guishable in morphology (Gottschling et al., 2005; Litaker 
et al., 2009; Montresor et al., 2003). An opposite case is seen 
in Apocalathium Craveiro, Daugbjerg, Moestrup & Calado: 
Despite their almost identical rRNA sequences, species differ 
in their morphology and ecology (Annenkova et al., 2015). 
Occasionally, dinophyte populations show also intraspecific 
variability of the rRNA operon, and different ribotypes are 
found in the same species (Izquierdo López et al., 2018; 
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Kremp et al., 2014; Nguyen-Ngoc et al., 2021). All these 
examples show that the application of molecular data as a 
unique identifier of species depends on the particular case. 
The best way of species identification is to follow the biologi-
cal species concept (Mayr, 1942): Individuals belonging to 
distinct species cannot reproduce or produce sterile offspring, 
but this criterion is methodologically challenging to apply in 
dinophytes or unicellular organisms in general.

Peridinium cinctum (O.F.Müll.) Ehrenb. (Peridiniaceae) 
is a common dinophyte with a considerably wide distribution 
in freshwater habitats of both temperate and tropical areas 
(Ehrenberg, 1832; Izquierdo López et al., 2018; Moestrup & 
Calado, 2018). The species inhabit eu- through oligotrophic 
water bodies with pH values varying from 4 to 8 (Moestrup 
& Calado, 2018). Its remarkable ability to adapt to the sur-
rounding conditions with almost no limits is described by 
Höll (1928). The dinophyte cell is circular in outline and 
divided by a cingulum into two parts. The cellulosic plates 
on the upper part are defined as epitheca and the plates on 
the lower part as hypotheca, whereas the epitheca has an 
asymmetrical plate pattern. The Kofoidean plate formula of 
the epitheca is 4′, 3a, 7″, first determined by Stein (1883), 
and the first apical plate is relatively large in comparison to  
the supposed close relative of P. cinctum, Peridinium  
gatunense Nygaard. The sulcus of P. cinctum extends onto the  
epitheca, which is larger than the hypotheca. Due to areola-
tion, the surface of the cells appears wrinkled.

The intraspecific variability within P. cinctum has been 
a topic of interest for more than 100 years and investi-
gated also in recent years. Morphologically, plate splits 
and fusions in epithecal conformations are documented as 
well as shifts of specific sutures between the plates, and a 
considerable number of subspecific taxa at the rank of, for 
example, variety and form has been introduced in the past 
(Lefèvre, 1932; Lindemann, 1917, 1920). Izquierdo López 
et al. (2018) and Romeikat et al. (2019), who observed thou-
sands of cells, combined such morphological approaches 
with rRNA sequence data exhibiting five ribotypes. How-
ever, there are no correlations between morphology, genetic 
disposition or distribution resulting in a species concept of P. 
cinctum, for which a high intraspecific variability in various 
regards is assumed (Izquierdo López et al., 2018).

Some varieties of P. cinctum with an unusual morphology 
are also known. Cells with an epithecal plate pattern of P. 
cinctum but with ‘three massive protuberances emerging from 
the antapical cone as a tripod’ (Meunier, 1919: 53; Fig. 1) 
have been described as Peridinium tuberosum Meunier from 
Belgium. The protologue could be interpreted as provisional,  
in original words ‘nous l'appelons provisoirement Per.  
tuberosum’ (Meunier, 1919, p. 53), with the result that the 
name is not validly published based on Art. 36.1 (a) (see 
also Ex. 5) of the International Code of Nomenclature for 
algae, fungi, and plants (ICN; Turland et al., 2018). However, 

Article 36.1 was amended in Shenzhen to make it clearer that 
the criterion was whether or not the author was accepting  
the name rather than the specific words being used (although 
the existing examples were not reviewed to see if they 
reflected the new wording, pers. comm. John McNeill and 
Nicholas Turland)—thus, there should be no doubt but that 
P. tuberosum (and its combinations to a variety: Lindemann, 
1928, and a form: Lefèvre, 1932, under P. cinctum) is validly  
published. The name(s) were used by subsequent authors 
(Moestrup & Calado, 2018; Schiller, 1937; Киceлeв, 1950), 
also in some studies (Graffius, 1966; Carty, 2008; Shams 
et  al., 2012, occasionally not presenting the distinctive  
morphology described above: Baykal & Açıkgöz, 2004; 
Baykal et al., 2004). Meunier (1919, p. 12) did not provide 
precise measurements either for P. tuberosum or for other 
organisms he described (transl. ‘We therefore refrain from  
stating the sizes in micromillimetres, this only leaves  
inaccurate ideas in the mind’).

In this study, we present the morphology of the strain 
GeoM*979, some of whose cells have bulge-like structures 
erupting from the posterior end. We provide DNA sequence 
information associated with this unusual morphology, which 
appears consistent with the descriptions of P. tuberosum 
(Meunier, 1919). We further present the morphology of 
strains, which are closely related to GeoM*979 based on 
molecular sequence data, but do not show hypothecal pro-
tuberances. Our results expand the knowledge of dinophyte 
diversity, but species delimitation between P. cinctum and 
its putative relatives remains challenging.

Materials and methods

Strain GeoM*979 was established by micropipetting from 
field material collected at Lake Wojnowickie (Poland, 
Greater Poland, Leszno) on Jun 6, 2018. Seven additional 
strains were established from field material collected at 
the Jägerweiher (Germany, Rhineland-Palatinate, Lud-
wigshafen) on Jan 21, 2022. Cultivation using freshwater 
WC growth medium (Woods Hole Combo, modified after 
Guillard & Lorenzen, 1972) without silicate took place in 
climate chambers at 18 °C and 12 °C, respectively, and a 
12:12 h light:dark photoperiod. The strains (Table S1) are 
currently held in the culture collection at the Institute of Sys-
tematics, Biodiversity and Evolution of Plants (University of 
Munich) and are available upon request. Strain GeoM*979 
is additionally available as CCAC9309B at the Central Col-
lection of Algal Cultures (University of Duisburg-Essen), as 
CCAP1140/12 at the Culture Collection of Algae and Pro-
tozoa (Dunbeg) and as CCCM6036 at the Canadian Center 
for the Culture of Microorganisms (Vancouver).

Cells were observed and documented with a CKX41 
inverse microscope (Olympus; Hamburg, Germany) equipped 
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with a phase-contrast option. Images were taken with a DP73 
digital camera (Olympus) and if applicable, samples were 
covered with a droplet of Protogel (Protist Motility Inhibitor 
C340, Sciento; Manchester, UK). For nuclear staining, cells 
were treated with 4′‐6‐diamidino‐2‐phenylindole (DAPI, 
10 μg  ml−1 final concentration) for 10 min. For visualisation 
of the nuclei, and also for observing chloroplasts of motile 
cells applying autofluorescence, a DM1000 light micro-
scope (Leica; Wetzler, Germany) equipped with a DAPI 
filter (Leica; excitation: 350/50, dichroic mirror: 400, emis-
sion BP 460/50) and an I3 filter (Leica; excitation: 450/490, 
dichroic mirror: 510, emission LP 515) was used as described 
previously (Romeikat et al., 2020). Measurements were made 
using the programs ‘cellSens Entry’ (Olympus) and ‘Fiji’ 
(https:// imagej. net/ softw are/ fiji/).

For the preparation of permanent slides, cells of the 
strain GeoM*979 were fixed with 2.5% glutaraldehyde 
(Plano; Wetzlar, Germany). Double-staining was per-
formed using 0.5% (water-based) astra blue in 2% tartaric 
acid (Fluka; Buchs, Switzerland) in WC medium and 0.1% 

(ethanol-based) eosin (Merck; Darmstadt, Germany) during 
a graded ethanol (Roth; Karlsruhe, Germany) series. Etha-
nol-based Technovit 7100 (Heraeus; Wehrheim, Germany) 
was used for embedding, following the manufacturer’s 
instructions. For the final specimens, 40 µl aliquots of the 
Technovit mixture including the embedded samples were 
transferred to three microscopic slides. The specimens are 
deposited at the Centre of Excellence for Dinophyte Tax-
onomy (CEDiT; Wilhelmshaven, Germany), and duplicates 
are held in Berlin, B and Munich, M.

Preparation for scanning electron microscopy (SEM) 
followed standard protocols (Gottschling et  al., 2012; 
Janofske, 1992). Cells were centrifuged at 500 rpm for 
10 min and afterwards, it was fixed in 2.5% glutaraldehyde 
overnight. The next day, the cells were filtered onto an 
OmniporeTM membrane filter (5 μm, Merck) placed in 
a  Swinnex® 130 filter holder (Merck) and washed three 
times in cacodylate buffer in 5 min and 2 × 15 min inter-
vals. The same washing steps were repeated in distilled 
water in 5 min and 15 min intervals. Cells were dehydrated 

Fig. 1  The original material of Peridinium tuberosum. Numbers 
indicated by Meunier (1919) follow: (23) Ventral view with sulcus 
extending onto the epitheca (similar to Peridinium cinctum but differ-
ent from Peridinium gatunense). (24) Dorsal view. (25) Apical view 

with asymmetrical epithecal plate pattern (similar to P. cinctum). 
(26) Antapical view. (27) Right lateral view with a slight tilt towards 
the front. Note the bulges on the posterior end of the cell in 23‒24, 
26‒27, which are distinctive traits of P. tuberosum 
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using a graded acetone series (Roth) in 15 min intervals 
(10%, 30%, 50%, 70%, 90%). Then, 100% acetone was 
used for the last dehydration step, repeated three times 
in 5 min and 2 × 30 min intervals. After critical point 
drying (K850 Critical Point Dryer, Quorum; Lewes, 
UK), cells were sputter-coated (BAL-TEC SCD 050; 
Schalksmühle, Germany) with platinum on an aluminium 
stub and mounted using Planocarbon (Plano). The material 
was observed with the SEM LEO438VP (LEO Electron 
Microscopy; Cambridge, England, UK). All images were 
adjusted in Photoshop (Adobe Systems; Munich, Ger-
many) and arranged with QuarkXPress (Quark Software; 
Hamburg, Germany).

DNA harvest and isolation, as well as PCR amplifica-
tion and sequencing, are described previously (Izquierdo 
López et al., 2018). To build the alignment, we defined 
three regions of the rRNA: SSU, ITS, LSU and included a 
systematically representative set of Peridiniaceae (Table S1, 
including information on the outgroup comprising Hetero-
capsaceae and Protoperidiniaceae), similar as previously 
compiled and covering the known rRNA diversity of Peri-
diniaceae (Holzer et al., 2022) and all ribotypes of P. cinc-
tum (Izquierdo López et al., 2018) from various European 
regions (no rRNA sequence information is available from 
outside Europe). Phylogenetic analyses were the same as 
those applied in Holzer et al. (2022). Secondary structures of 
ITS sequences (Gottschling & Plötner, 2004) were predicted 
using the Mfold software (Zuker, 2003; http:// www. unafo ld. 
org/ mfold/ appli catio ns/ rna- foldi ng- form. php).

Results

Strain GeoM*979

The strain GeoM*979 displayed flagellated, thecate cells 
(Figs. 2, 3b–c, f and 4) and coccoid cells (Fig. 3g, e), with 
thecate cells being predominant. Within the culture vessels, 
the flagellated cells swam often towards the light source. 
Living cells during exponential growth  had numerous 
golden through olive-brown chloroplasts (Figs. 2a, c, e, 3a, 
c–d, g and 4a–c). The nucleus was semi-anular (rectangular 
with rounded angles in the outline of dorsal or ventral view) 
and had a median, horizontal position (Fig. 2d). Accumula-
tion bodies with an orange or reddish colour were spotted 
in several cells (Figs. 2a, e, 3c–d, g and 4a). Cells in the 
stationary growth phase contained a high number of necrotic 
cells (Fig. 4d), and chloroplasts of such cells appeared grey.

An apical pore was absent in all thecate cells (Figs. 2g, 
3b and 4h), and the surface of the cellulosic plates was areo-
late. The sulcus extended onto the epitheca as a narrow slit 
(Fig. 2e–f, j). The epithecal plate pattern was asymmetrical 
and presented the Kofoidean formula 4′, 3a, 7′′ (Figs. 2g, 

3b and 4h). Taking the suture extending from plate 1′ as a 
median plane, the kite shape of plate 3′ and the elongated 
plates 4′ and 3a disturbed the symmetry of the epitheca. The 
pattern of the hypotheca was also asymmetrical with plate 
2′′′′ being larger than plate 1′′′′ (Figs. 2k and 4g).

Two distinct cell morphologies of the thecate cells could 
be distinguished. Approximately 95% of the cells showed a 
regular appearance, and the remaining cells had bulges of 
various shapes and positions on the cell body. The regular 
cells were circular in outline and dorsoventrally flattened 
(Fig. 2l–m). Within these cells, no distinct size classes were 
observed: Cell length ranged between 40 and 53 μm (mean, 
46 μm; median, 46 μm; SD, 4.0 μm; n = 50) and width 
between 37 and 48 μm (mean, 43 μm; median, 42 μm; SD, 
3.5 μm; n = 50). Having no difference in motility, tabulation 
pattern or chloroplast traits compared to the regular form, 
cells with bulges were rare but unmistakably appeared in 
every culture vessel. The frequency of such cells usually was 
5%, with the highest abundance of 10% in the exponentially 
growing, cultured cells of May 2021 (this material was taken 
for SEM examination). Maintenance time of a newly inocu-
lated strain did not seem to affect the appearance of cells 
with bulges and also in stationary growth phase, necrotic 
cells with bulges could be observed (Fig. 4d). Cell length 
ranged from 40 to 58 μm including the bulges (mean, 47 μm; 
median, 47 μm; SD, 5 μm; n = 50) and from 36 to 52 μm 
in width (mean, 41 μm; median, 40 μm; SD, 4 μm; n = 50) 
being only marginally different from the regular cells.

The appearance of bulges was variable (n = 50): They 
were considerably large and present either on the hypotheca 
only (50%; Fig. 4a–b, e–g) or on both hemispheres (40%; 
Fig. 4c–d, j) or on the epitheca only (10%). Observations 
in SEM showed that a single bulge arose from a particular 
thecal plate (Fig. 4e–j). The number of bulges per cell was 
not constant, varied between one and three and was rarely 
four (Fig. 4). If present on the hypotheca (n = 45), then two 
bulges on plate 1′′′′ and 2′′′′ (60%), one bulge on either plate 
1′′′′ or 2′′′′ (31%, rarely on plate 5′′′: Fig. 4g) or three bulges 
(9%) were counted. If present on the epitheca (n = 25), then 
three (44%), two (24%), one (24%; Fig. 4h–j) or more bulges 
(8%) were counted on different plates.

Fig. 2  Flagellated cells of strain GeoM*979. a‒f Light microscopy, 
g‒m scanning electron microscopy, a‒d images taken from the same 
cell. a Dorsal view. b‒c Chloroplasts (as inferred from autofluores-
cence) at two different focal planes, note the space occupied by the 
nucleus. d Cell nucleus with chromosomes (as inferred from astra 
blue staining). e Ventral view of living cell. f Empty theca (mirrored) 
portraying cellular plates on the ventral side. g Apical view. h Dorsal 
view. j Ventral view. k Antapical view. l Right lateral view. m Left 
lateral view. Plate labelling follows the Kofoidean notation, n′: api-
cal plate; n′′: precingular plate; n′′′; postcingular plate; n′′′′: antapical 
plate; na: anterior intercalary plate; sp: posterior sulcal plate. Scale 
bar = 10 µm
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Cell division was by eleuteroschisis. Empty thecae 
discarded by the cells formed clumps and could then be 
spotted with the naked eye. Nearly all thecae opened from 
the dorsal part of the epitheca, and epithecal plates dis-
integrated frequently into separated pieces. Only in some 
cases, larger parts remained intact, such as a lid of plates 
comprising plates 3′, all intercalary plates and plates 3′′‒5′′ 
and as the other piece the hypotheca, the cingular plates 
and plates 1′‒2′, 4′, 1′′‒2′′ and 6′′‒7′′ (Fig. 3b, f). Several 
cells enclosed in their parental theca were spotted either 

as pairs (Fig. 3a) or individually (Fig. 3d). Occasionally, 
two connectedly swimming cells were observed (Fig. 3c): 
These cells were bigger than an average cell across the 
strain and had two longitudinal flagella. In the presence of 
a light source, a portion of such cells swam away from the 
light, while some slowed down and eventually accumulated 
under the light source. The fate of the presumable zygotes 
was not determined.

Coccoid cells were globose or ovoid and had a smooth 
surface (Fig. 4e, g). Their length ranged from 31 to 57 μm 

Fig. 3  Developmental stages of strain GeoM*979. a‒d, f‒g Light 
microscopy, e scanning electron microscopy. a Two thecate cells 
enclosed in the parental theca. b Opened theca, ventral view, note 
that opening starts from the dorsal part of the cell and the lid com-
posed of the plates 3′, 1a‒3a, 3′′‒5′′. c Two connected, swimming 
cells. d Two connected, immotile cells enclosed in the parental the-

cae. e Coccoid cell. f Opened theca, dorsal view, note that a ventral 
lid is removed and the dorsal part still connected to the hypotheca.  
g Coccoid cell. Plate labelling follows the Kofoidean notation, n′: api-
cal plate; n′′: precingular plate; na: anterior intercalary plate. Scale 
bar = 10 µm
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(mean, 40 μm; median, 39 μm; SD, 5 μm; n = 50) and their 
width from 26 to 44 μm (mean, 34 μm; median, 33 μm; SD, 
4 μm; n = 50). Some of the coccoid cells, either one or two, 
were observed in an empty theca (Fig. 3d). The fate of such 
cells could not be determined.

Phylogenetically related strains

All strains showed flagellated, thecate cells (Fig. 5a‒d) and 
coccoid cells (Fig. 5e‒f), with the flagellated cells being 
predominant. The strains were indistinguishable in gross 

Fig. 4  Cells with bulges of strain GeoM*979. a‒d Light microscopy, 
e‒j scanning electron microscopy; bulges are indicated by arrows.  
a‒b Different shapes and colours of cells with two bulges on hypotheca.  
c Vital cell with bulges on epi- and hypotheca. d Necrotic cell with 
bulges on epi- and hypotheca. e Dorsal view with prominent bulges 
on hypotheca and possibly smaller bulges on epitheca. f Right lat- 

eral view with bulge on hypotheca. g Antapical view with prominent 
bulge on plate 2′′′′ and smaller bulge on plate 5′′′. h Apical view of a 
cell with bulge on plate 4′. j Lateral view of a cell with bulges on epi- 
and hypotheca. Plate labelling follows the Kofoidean notation, n′: apical 
plate; n′′: precingular plate; n′′′: postcingular plate; n′′′′: antapical plate; 
na: anterior intercalary plate. Scale bar = 10 µm

Bumps on the back: An unusual morphology in phylogenetically distinct Peridinium aff. cinctum… 7
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morphology and are described here cumulatively. Thecate 
cells were mostly motile (Fig. 5a‒d), but they could also 
be immotile (Fig. 5g‒h) lying on the ground of the culture 
vessels. This phenomenon became more abundant towards 
the stationary growth phase. The cells were circular in out-
line and dorsoventrally compressed (Fig. 5a‒c). They pos-
sessed a large number of golden-brown chloroplasts (colour 
in varying intensity: Fig. 5a‒h) evenly distributed over the 
cell but leaving space for the nucleus (Fig. 5n). Only necrotic 
cells showed a grey through dark colouration of the plastids 
(similar to Fig. 4d). The nucleus was semi-anular (rectan-
gular with rounded angles in outline of dorso-ventral view) 
and had a median, horizontal position (similar to Fig. 2d).

An apical pore was absent in all thecate cells, and the sur-
face of the cellulosic thecal plates was areolate (Fig. 5j‒m). 
The sulcus extended onto the epitheca as a narrow slit 
(Fig. 5b, l). The epithecal plate pattern was asymmetrical 
and presented the Kofoidean formula 4′, 3a, 7′′ (Fig. 5j). The 
size of thecate cells (all strains) ranged from 24 to 61 µm in 
length (mean = 44 µm, SD = 4.8 µm, n = 350) and from 22 to 
58 µm in width (mean = 41 µm, SD = 5.3 µm, n = 350; separate 
measurement for individual strains are provided as Fig. S1). 
Among ca. 2800 inspected cells, there was a single individual 
with a structure similar to a bulge on the epitheca (Fig. 5d).

Rarely, two connected cells, each in its own thecate shell, 
were observed (Fig. 5h). Cell division was by eleuteroschi-
sis, always with two daughter cells enclosed in a parental 
theca (Fig. 5g), and began on the dorsal side of the cell 
(Fig. 5l‒m). During thecal opening, epithecal plates disin-
tegrated frequently into separated pieces and only in some 
cases, larger parts remained intact. The predominant lid was 
comprised of plates 2′‒4′, all intercalary plates and plates 
2′′‒6′′ (n = 26, Fig. 5j) and as the other piece the hypotheca, 
the cingular plates and plates 1′, 1′′ and 7′′.

Coccoid cells were rare (3%, n = 2800), almost circular 
in outline and had a smooth surface (Fig. 5e, f). In general, 
they were smaller than the thecate cells, ranging from 21 to 
68 μm (mean, 36 μm; median, 34 μm; SD, 10 μm; n = 50) in 

length and from 19 to 63 μm (mean, 33 μm; median, 32 μm; 
SD, 9 μm; n = 50) in width. They were formed intrathecately 
and were released by ecdysis, but the fate of such cells could 
not be observed.

Molecular phylogenetics

The SSU + ITS + LSU alignment was 1802 + 684 + 2511 bp 
long and composed of 329 + 342 + 466 parsimony-informative  
sites (23%, mean of 16.97 per terminal taxon) and 1920 
distinct RAxML alignment patterns. Conflicting topolo-
gies in separate analyses of the different rRNA regions 
were not observed. Figure 6 shows the best-scoring ML tree 
(− ln = 21,884.93), with the majority of nodes showing high 
if not maximal support. The Peridiniaceae were monophy-
letic (100LBS, 1.00BPP) and segregated into Peridinium 
volzii Lemmerm. (100LBS, 1.00BPP), Peridinium willei 
Huitf.-Kaas (100LBS, 1.00BPP), Peridinium bipes F.Stein 
(83LBS, 0.98BPP), Peridinium limbatum (A.Stokes) Lem-
merm. (100LBS, 1.00BPP), P. gatunense (single accession) 
and P. cinctum (98LBS, 1.00BPP).

Peridinium cinctum segregated into seven (two of 
which new) ITS ribotypes, namely rb1 (74LBS, 0.96BPP), 
rb2 (69LBS), rb3 (100LBS, 1.00BPP), rb4 (100LBS), 
rb5 (100LBS, 1.00BPP), rb6 (single accession) and rb7 
(100LBS, 1.00BPP). The distinction between rb1 and rb2 
was not very clear in the molecular tree but additionally to 
two differing positions, rb2 showed a 13 bp long deletion in 
the beginning of the ITS2 loop region by comparison to all 
other ribotypes including rb1. In the V4 region of the SSU, 
rb6 differed from rb1, rb2, rb3 and rb4 in 2 positions and 
rb1 and rb2 from rb3, rb4 and rb6 in 3 positions (data for 
other ribotypes not available). Sequence variability among 
ribotypes was also present in the LSU D1/D2 region, total-
ling 15 positions in the alignment. No compensatory base 
substitutions or altered secondary structures were identi-
fied among the ITS ribotypes assigned to P. cinctum. No 
correlation between phylogeny of P. cinctum and biogeog-
raphy could be stated but occasionally, different ribotypes 
were detected from the same locality (e.g., GeoM*978: rb2, 
GeoM*981: rb1, GeoM*979: rb6 from Lake Wojnowickie 
in June 2018).

Discussion

Strain GeoM*979 shows a morphology similar 
to Peridinium tuberosum

Thousands of cells from multiple strains have been observed 
in cultured material of P. cinctum (Izquierdo López et al., 
2018; Romeikat et al., 2019), but never with any kind of 
protuberance on the hypotheca. With its cells having 

Fig. 5  Cells of phylogenetically related strains (light microscopy).  
a Thecate cell in dorsal view. b Thecate cell in ventral view, note the  
sulcus extending onto the epitheca (arrow). c Putatively necrotic, 
thecate cell. d Thecate cell with one bulge on the epitheca (arrow), 
note that this was the only such cell among thousands of inspected 
cells. e, f Coccoid cells, apparently without thecae. g Two thecate 
cells enclosed in the parental theca. h Two connected, immotile cells 
enclosed in the parental thecae. j Lid of epitheca in dorsal-apical 
view (mirrored), composed of plates 2′‒4′, all intercalary plates and 
plates 2′′‒6′′. l‒m Same opened theca in ventral view (l) and dor-
sal view (m), note the sulcus extending onto the epitheca (arrow), 
the dorsal opening and all apical and all intercalary plates and plates 
3′′‒5′′ remaining with the hypotheca. n Chloroplasts (as inferred 
from autofluorescence), note the space occupied by the nucleus. Plate 
labelling follows the Kofoidean notation, n′: apical plate; n′′: precin-
gular plate; n′′′: postcingular plate; na: anterior intercalary plate. 
Scale = 10 µm

◂
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bulges of various positions and shapes on the surface,  
strain GeoM*979 is thus unique but otherwise presents a 
morphology that is consistent with P. cinctum. The chance 
that the previous studies have overlooked cells with such 
a distinct trait is nearly impossible, and it is notably also 
absent from material likewise collected at Lake Wojnow-
ickie at the same time (i.e., GeoM*978, GeoM*981). So far, 
five different ribotypes have been detected in association 
with P. cinctum (all without bulges: Izquierdo López et al., 
2018) and notably, any protuberance is absent even from 
cells exhibiting a new ribotype, which is presented in this 
study and shows a close relationship to strain GeoM*979. 
Albeit rare, the bulges on the hypotheca are a consistent trait 
of strain GeoM*979 based on the inspection of thousands 
of cells in all stages of growth. They are neither an artefact 
(i.e., corresponding cells are viable just like the remaining 
regular cells) nor an abnormality formed due to environmen-
tal conditions (i.e., being the same as for the strains having 
cells without bulges). Therefore, the occasional phenotype 
of strain GeoM*979 is likely fixed in its genotype.

Of the P. cinctum species group with an asymmetrical epi-
theca (Moestrup & Calado, 2018), two taxa are conceivable to 
represent our observation of strain GeoM*979 having bulges of 
various positions and shapes, namely P. tuberosum (Meunier, 

1919) and Peridinium gatunense var. carinatum (Steinecke & 
Er.Lindem.) Moestrup & Calado (Steinecke & Lindemann, 
1923). The latter has an asymmetrical epitheca (like P. cinc-
tum) and comb-like flanges (Steinecke & Lindemann, 1923) 
on the posterior end of the cell (Fig. 7). In fact, the illustrations 
provided by Meunier (1919) and Steinecke and Lindemann 
(1923) appear similar (Lindemann, 1928) at first glance, and 
it is the sulcus that helps to distinguish both taxa (Moestrup & 
Calado, 2018): In cells of P. gatunense and its varieties, it does 
not extend onto the epitheca, but it does so in P. cinctum. Each 
cell observed of strain GeoM*979 has its sulcus extending onto 
the epitheca and hence, we can exclude the possible identifica-
tion of this strain with P. gatunense var. carinatum. However, 
plate 1′ is smaller in P. gatunense than in P. cinctum, and P. 
gatunense var. carinatum would have a considerably large such 
plate for this species.

Beyond P. gatunense var. carinatum, the question 
remains, whether cells of strain GeoM*979 correspond 
to those described by Meunier (1919). Both the original 
illustrations (Fig. 1) and the cells of strain GeoM*979 have 
bulges positioned at the posterior end, and their epitheca 
tabulation pattern is identical. However, strain GeoM*979 
exhibits traits that Meunier (1919) did not observe: Cells 
with bulges show variability in the number and their posi-
tions. Meunier (1919), and subsequently also Graffius 
(1966), consistently presented and drew three bulges on the 
hypotheca, whereas cells of strain GeoM*979 have—if pre-
sent—predominantly two bulges. Moreover, cells of strain 
GeoM*979 occasionally display bulges on the epitheca only 
or on both hemispheres. In the original illustrations (Fig. 1), 
the bulges appear generally smaller arising from the centre 
of a thecal plate, whereas in the living material, the bigger 
bulges more or less occupy the entire plate.

It should be noted that Meunier (1919) observed 
field material and was, therefore, silent about possible 

Fig. 6  A molecular phylogeny of 56 systematically representa-
tive Peridiniaceae, including 42 accessions assignable to P. cinc-
tum from various geographic regions. Maximum likelihood tree  
(– ln = 21,884.93), as inferred from a rRNA nucleotide alignment (1137 
parsimony-informative sites) and with strain number information. 
Numbers on branches are ML bootstrap (above) and Bayesian support  
values (below) for the clusters (asterisks indicate maximal support 
values, values under 50 and 0.90, respectively, are not shown). Clades 
are indicated (CZE Czech Republic, E East, GER Germany, HET Het-
erocapsaceae, N North, PPE Protoperidiniaceae, POL Poland, rbn 
ribotype n, S South, SWE Sweden, UKR Ukraine, W West)

◂

Fig. 7  Original material of Peridinium gatunense var. carinatum 
(Steinecke & Lindemann, 1923), note the bulges on the hypotheca 
and that the sulcus does not extend onto the epitheca. (1) Ventral 
view with two bulges on hypotheca. (2) Dorsal view with two bulges 

on hypotheca having comb-like flanges. (3) Apical view with asym-
metrical plate pattern, as it is characteristic for the Peridinium cinc-
tum species group (Moestrup & Calado, 2018)
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intraspecific variability. Particularly, it remains unclear 
whether single unusual cells of a population otherwise 
appearing as P. cinctum were observed; and whether the 
illustrations correspond to one cell depicted from several 
views, or to different cells always showing the same position 
and number of bulges on the cells’ surface; and how abun-
dant the morphology was—overall, it remains the question 
of a rarely documented species consistently and not only 
sporadically showing three bulges on the posterior end of 
the cell. Anyhow, the differences between the historical and 
our living material cause reluctance to identify cells of strain 
GeoM*979 as P. tuberosum. To clarify its taxonomy, new 
biological material should be collected at the type locality 
in Belgium.

Developments

Eleutheroschisis is the regular division type of peridinialean 
dinophytes (Fensome et al., 1993; Moestrup & Calado, 
2018). In Peridinium, regular mitosis may take place by 
usually two cells formed within a parental theca (Schilling, 
1891; Lindemann, 1929; Lefèvre, 1932; Dürr, 1979a; de 
facto a sporocyst), and this is confirmed here for all strains 
under investigation. However, the thecal opening shows vari-
ation: The lid of strain GeoM*979 appears identical to the 
observations of Boltovskoy (1975) and Dürr (1979a) for P. 
cinctum and of Holzer et al. (2022) for P. volzii, but the lids 
of the other strains under study include additionally at least 
plates 2′ and 4′. Notably, this conformation corresponds to 
previous observations of more cultured material of P. cinc-
tum, irrespectively of the ribotype (Izquierdo López et al., 
2018; Romeikat et al., 2019).

Life history or metagenesis of Peridiniaceae is complex 
and not fully understood at present, but P. cinctum is con-
sidered isogamous and homothallic (Dürr, 1979b; Pfiester, 
1975; Spector et al., 1981). Sexual processes can be induced 
in cultivation by using nitrogen-deficient media, but zygotes 
(at least in P. willei: Pfiester, 1976) can also be observed in 
the field (i.e., with regular nitrogen supply). Parental thecae 
with two viable daughter cells inside could represent also 
(mitotic) gamete formation (de facto a gametocyst, mor-
phologically indistinguishable from the sporocyst described 
above) if such cells would fuse after release.

The two observed cells, swimming together and having two 
longitudinal flagella, are most likely fusing gametes (previ-
ously illustrated also in SEM: Dürr, 1979a), and at least some 
of the cells presented here can be associated with sexual pro-
cesses of P. cinctum. In a multi-step process, they develop 
over a planozygote to a hypnozygote by size increase, loss of 
mobility and perpetuation of the thecal plate covering and to 
overcome uncomfortable ecological conditions (Boltovskoy, 
1975; Dürr, 1979b; Pfiester, 1975; Spector et al., 1981). Nota-
bly, the warty appearance of late hypnozygotes (Pfiester, 1975; 

Pfiester & Skvarla, 1980) resembles to some degree the cells 
described by Meunier (1919). Exact cell size is not provided 
with the protologue (though being in the same range as P. wil-
lei likewise depicted on the plate), but hypnozygotes are in any 
case much bigger than the cells with bulges presented here.

The formation of coccoid cells such as the hypnozy- 
gotes (‘cysts’: Stosch, 1973; Dale, 1983) has been improvi-
dently interpreted as (diploid) part of (obligate) life history. 
However, morphologically different coccoid cells (again  
intrathecately, but solitary formed) have been additionally 
reported for P. cinctum (Dangeard, 1939; Eren, 1969; Pfiester, 
1975). They are smaller than the hypnozygotes, have no indication  
of thecal plates and are confirmed here as well [but never in 
combination with the development of extensive mucilage as 
reported from Peridinium cinctum forma westii (Lemmerm.) 
Er.Lindem.: Virieux, 1914]. Such coccoid cells may repre- 
sent the haploid stage (e.g., as a facultative dormant stage)  
like the regular thecate cells, as has been suggested for P.  
volzii (Holzer et al., 2022). A single flagellated cell germi- 
nates from such coccoid cell (Eren, 1969) by an archaeopyle  
and a process unknown so far.

Taxonomic delimitation in Peridiniaceae

Species of the Peridiniaceae appear different from other 
dinophytes regarding the taxonomic delimitation based 
on DNA sequence data. In fact, 97% of dinophyte species 
can be identified based on combined ITS + LSU sequence 
data (Ott et al., 2022), but species of Peridinium show a 
considerable variation of rRNA sequences even within spe-
cies (Gottschling et al., 2020; Holzer et al., 2022; Izquierdo 
López et al., 2018). The branches within P. cinctum (i.e., 
including also sequences of strain GeoM*979) are of com-
parable length like in the other species of Peridinium with 
more than one accession included (i.e., P. bipes, P. limbatum, 
P. volzii, P. willei) that the status of a taxonomically distinct 
P. tuberosum is at least challenged. Peridinium appears simi-
lar in this respect to other dinophytes such as Alexandrium 
Balech (Kremp et al., 2014) and Ostreopsis E.J.Schmidt 
(Nguyen-Ngoc et al., 2021) from the Gonyaulacales.

In the phylogenetic DNA tree, strain GeoM*979 
together with other strains constitute the sister lineage of 
a core cluster up to now associated with P. cinctum. The 
unusual morphology presented here is found in this lineage 
only, and this could be indicative of its taxonomic status as 
a separate species. However, the trait of bulges on the pos-
terior cell’s surface is truly rare, and the majority of cells 
(also of the related strains) shows a morphology indistin-
guishable from P. cinctum (Izquierdo López et al., 2018; 
Romeikat et al., 2019). Similarly, the epithecal opening 
does not have the potential to delimitate P. cinctum, the 
lineage including GeoM*979 and other species of Peri-
dinium (which should be studied in more detail regarding 
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this trait anyway). The lack of compensatory base substitu-
tions in the ITS sequences of the strains studied here may 
also argue for a single, morphologically and molecularly 
variable species (Coleman, 2009). A separate species, if 
accepted, could be reliably identified by DNA sequence 
information only and from a practical perspective, the 
remaining supposedly cryptic species (Gottschling et al., 
2005; Litaker et al., 2009; Montresor et al., 2003; Wang 
et al., 2019) with a morphology consistent with P. cinctum 
are difficult or even not to recognise at all in the field. We 
decided to determine the strain GeoM*979 (and the phy-
logenetically related strains) as Peridinium aff. cinctum, as 
long as the true taxonomic status remains elusive. It can-
not be excluded that in fact, P. tuberosum is a heterotypic 
synonym of P. cinctum (Moestrup & Calado, 2018).
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