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“Look at life all around; evergthing is growing,
evcrgthing is moving, forward.

T herefore | recommend keeping in touch
with life and with art.”

— Agrippina Vaganova



Summary

Dinophytes are unicellular eukaryotic algae and occur in nearly all marine and
freshwater habitats worldwide. The biodiversity assessment of dinophytes started
in the late 18" and early 19%™ century with light microscopy. For such historical
descriptions, drawings have been mostly designated as types, because no original
physical material is preserved. Based on these drawings many taxa cannot be
unambiguously determined leading to an inconsistently use of names and a
considerable taxonomic confusion. The International Code of Nomenclature for
algae, fungi, and plants (ICN) provides the tool for designating an epitype for the
clarification of such ambiguous historical names. An epitype is an interpretive,
clarifying type ensuring a strong link between the species, its scientific name, its
protologue and morphology as well as the genetic characterisation. Hence,
epitypification has a great potential for a clarified taxonomy in various unicellular
organismal groups.

The essential part of my project was the establishment of living dinophyte strains
and ensuring constant access to fresh material, which allows detailed
morphological investigations using light and scanning electron microscopy as well
as molecular analyses. The established strains provided information for the
specification of phylogenetic positions and resulted in the description of a new
family, two new genera and the two new species, Parvodinium marciniakii and P.
trawinskii. Furthermore, the established strains were used for the investigations
on morphological and molecular intraspecific variability and for reliable inferences
on the biogeography of dinophytes. Strains, established from samples collected at
the type locality, that were morphologically consistent with corresponding
protologues, were used for the taxonomic clarification of eight scientific names and
the designation of interpretative epitypes. Taxonomic activity is usually the result
of laborious work, which is associated with the gain of new morphological and

molecular data.



Zusammenfassung

Dinophyten sind einzellige eukaryotische Algen, die in limnischen und marinen Ha-
bitaten weltweit zu finden sind. Die Erfassung ihrer Diversitat begann bereits im
spaten 18. und frihen 19. Jahrhundert mittels Lichtmikroskopie. Fir die meisten
historischen Beschreibungen ist allerdings kein physisches Originalmaterial mehr
erhalten und das Typusmaterial besteht aus Zeichnungen. Basierend auf diesen
Zeichnungen kdnnen jedoch viele Taxa nicht zweifelsfrei bestimmt werden, was zu
einer uneinheitlichen Verwendung der Namen und folglich zu einer erheblichen
taxonomischen Verwirrung fihrt. Das grundlegende Werkzeug zur taxonomischen
Klarung derartiger mehrdeutiger Namen gibt der International Code of Nomencla-
ture for algae, fungi, and plants (ICN) mit der Moglichkeit einer Epitypisierung zur
Hand. Ein Epityp ist interpretatives, klarendes Typusmaterial, das eine Verknlip-
fung zwischen der Art, ihrem wissenschaftlichen Namen, ihrem Protolog, der Mor-
phologie sowie ihrer genetischen Information herstellt. Auf dem Weg zu einer
zweifelsfreien Taxonomie innerhalb der Dinophyten, sowie zahlreicher weiterer
einzelliger Organismengruppen, hat die Epitypisierung daher groRes Potenzial.

Wesentlicher Teil meines Projektes war die Etablierung von lebenden
Dinophytenstimmen, die die Grundlage fir detaillierte morphologische
Untersuchungen mittels Licht- und Rasterelektronenmikroskopie sowie fir
molekulare Analysen bildeten. Die Stamme lieferten Informationen Uber
phylogenetische Positionen und fihrten zu den Beschreibungen einer neuen
Familie, zweier neuer Gattungen sowie den neuen Arten Parvodinium marciniakii
und P. trawinskii. Des Weiteren dienten die Stamme den Untersuchungen zur
morphologischen und molekularen intraspezifischen Variabilitat und ermdglichten
zuverlassige Ruckschlisse Uber die Biogeographie. Stamme, die aus Proben
etabliert werden konnten, die an Typuslokalititen gesammelt wurden und
morphologisch mit den entsprechenden Protologen (ibereinstimmten, dienten der
Klarung von acht wissenschaftlichen Namen und der Benennung von
interpretativen Epitypen. Taxonomische Aktivitdt ist gewohnlich das Ergebnis
miihevoller Arbeit, die mit dem Zugewinn neuer morphologischer und molekularer

Daten einhergeht.
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General introduction

Biodiversity and ecology

Dinophytes are a highly diverse group of unicellular eukaryotic algae (Fig. 1) that
constitute a major component of the marine and freshwater phytoplankton and
play as primary producers an important role in the global aquatic ecosystems
(Fensome et al. 1993; Taylor et al. 2008). The word ‘dino-’ is derived from the
ancient Greek ‘6ivo¢’ meaning ‘whirling” and refers to the characteristic swimming
behaviour of the motile cells (Bltschli 1885). Dinophytes are distributed worldwide
and occur in nearly all marine and freshwater habitats from the polar regions to the
tropics. However, the species richness in marine environments, including estuaries

and brackish coastal waters, is remarkably higher than in freshwater environments.

Figure 1: Morphological diversity of motile and immotile stages of selected freshwater dinophytes (all
cells on the same scale). A-B Parvodinium cf. umbonatum (Peridiniopsidaceae). C-D Parvodinium tra-
winskii (Peridiniopsidaceae). E—F Parvodinium mixtum (Peridiniopsidaceae). G—H Chimonodinium lom-
nickii var. wierzejskii (Thoracosphaeraceae). | Peridinium bipes (Peridiniaceae). J—K Palatinus apiculatus
(Peridiniopsidaceae). L—M Peridinium cinctum (Peridiniaceae). N—O Spiniferodinium limneticum (Gym-
nodiniaceae).



From more than 2000 extant species, approximately 350 species are described
from freshwater habitats (Fensome et al. 1993; Taylor et al. 2008; Gémez 20123;
Mertens et al. 2012; Moestrup & Calado 2018).

Dinophytes exhibit an enormous diversity in lifestyle types and nutrition modes
(Gémez 2012b). Roughly half of the known dinophyte species are phototrophic,
possessing chloroplasts of multiple origins derived from red or green algae,
cryptomonades, haptophytes, or diatoms that have been acquired through several
endosymbiotic events (Keeling 2004). The other half lack chloroplasts and are
heterotrophic predators on bacteria, phytoplankton (including other dinophytes),
heterotrophic protists, metazoans, copepod eggs, and naupliar stages (Jacobson &
Anderson 1986; Jeong 1999; Anderson & Menden-Deuer 2017). Additionally, some
dinophytes are capable to combine photosynthesis with heterotrophy, termed
mixotrophy (Stoecker 1999; Jeong et al. 2004; Fawcett & Parrow 2014).

The majority of dinophytes are free-living, but some species are ecto- or
endoparasites with a wide host range including ciliates, other free-living
dinophytes, invertebrates, and vertebrates (Chatton 1920; Coats 1999; Levy et al.
2007; Skovgaard et al. 2012; Jung et al. 2016). In some cases, they are capable to
form mutualistic symbioses with various groups of protists and invertebrates such
as cnidarians, sponges, and molluscs (Trench 1993; Stat et al. 2008; Annenkova et
al. 2011; Hehenberger et al. 2016).

A few dinophytes are known to accumulate in masses causing algae blooms,
discolouring the coastal water (Fraga et al. 1995; Pienaar et al. 2007; Sampedro et
al. 2011; Tillmann et al. 2017) or lakes brownish or reddish (Horne et al. 1971;
Moestrup et al. 2006; Takano et al. 2008; Zhang et al. 2016). Mass accumulation of
toxin-producing dinophytes are of particular threat, because the toxins may
accumulate in the food web and are responsible for poisoning symptoms of fish
and shellfish as well as seabirds, marine mammals, and consequently humans
(Anderson 1995; Van Dolah 2000; Tillmann et al. 2009). In the last few decades,
mass accumulations of dinophytes appear to increase worldwide in frequency,
intensity, and geographic distribution, largely explained as a result of

anthropogenic eutrophication, introduction of invasive species as well as global
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climate changes (Fraga & Bakun 1993; Hallegraeff 1993; Anderson 1995; Sellner et
al. 2003).

Taxonomic unambiguity of scientific names is a necessary prerequisite for the
fundamental understanding of biodiversity and the communication about
organisms (Morrison et al. 2009; Steinicke 2014; Wilson 2017). Only reliable
species determinations make it possible, for example, to distinguish between toxic
and non-toxic species in order to avoid poisoning of humans and animals as well as
to detect invasive or bloom-forming species in a timely manner. In addition,
unambiguous names are necessary to make reliable inferences on species
distribution, as biogeography has not been well understood so far due to

misidentifications and unclear naming.
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General morphology

The life history of dinophytes is complex and consists of various stages, including
motile and immotile cells (Pfiester & Anderson 1987; Fensome et al. 1993;
Rengefors & Kremp 2018), both showing a great morphological diversity (Fig. 1).
The general morphology of motile dinophyte cells is summarised in Figure 2. A very
detailed compilation of the morphological traits of dinophyte cells is given in
Moestrup & Calado (2018), therefore only a brief overview is provided in this

section.

apex
B P
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flagellum

Figure 2: General morphology of a motile thecate cell. A ventral view. B dorsal view.

The size of motile cells ranges from a few um to 100 um in length, although a few
species (e.g. Noctiluca scintillans Macartney Kof. & Swezy) can reach sizes up to 2
mm (Taylor 1980). Typically, motile dinophyte cells are surrounded by a transversal
groove, termed cingulum, dividing the cell body into an epi- and hyposome (Fig. 2).
A longitudinal groove on the hyposome, so-called sulcus, defines the ventral side of
the cell. Motile cells have two morphologically differentiated flagella and comprise
a specialised layer of amphiesmal vesicles directly beneath the plasma membrane,
termed alveoli. The cellular alveoli sometimes contain cellulosic plates, that cover

the whole cell surface, building some sort of an ‘armour’ termed theca. The
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arrangement, number, and shape of such thecal plates serve as important
diagnostic characters for species determination and taxonomy (e.g. Taylor 1980;
Dodge 1985; Fensome et al. 1993). Dinophytes lacking such cellulosic plates are
termed athecate, naked or unarmoured.

The immotile stages of dinophytes (Fig. 1) have been extensively studied for marine
dinophyte species, whereas the immotile stages of freshwater species have
received less attention (Mertens et al. 2012). Of the approximately 350 species of
freshwater dinophytes, immotile cells have been described for only a quarter
(Mertens et al. 2012). The immotile stages can be distinguished based on either
ecological or morphological features (Fensome et al. 1993). The ecological and
widespread term ‘cysts’ is generally adopted for cells lacking flagella and thus the
ability of movement (Stosch 1973; Pfiester & Anderson 1987; Matsuoka & Fukuyo
2000). The distinction of cyst types is mainly based on their ecological functions.
For example, resting cysts are defined as resting zygotes formed by fusion of
gametes in the process of sexual reproduction (Matsuoka & Fukuyo 2000).
However ‘resting’ as well as ‘sexuality’ are both ecological functions, also occuring
independent of each other. Therefore, the mutual condition of functions is
problematic, because the life histories are rarely investigated and thus the
ecological functions of such cells as well as their ploidy level are largely unknown.
In such cases, a morphological rather than ecological distinction can be used.
Important morphological traits of immotile stages are colour, shape, surface
ornamentation as well as shape and position of the archeopyle, the opening

through which a motile cell or several of them germinate.
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Phylogenetic systematics and classification

Together with their closest relatives, namely apicomplexans and ciliates,
dinophytes belong to the alveolates, which are characterised by the presence of
alveoli directly beneath the plasma membrane (Escalante & Ayala 1995; Harper et
al. 2005; Adl et al. 2019). The ‘core’ dinophytes form a well-supported
monophyletic group (Fensome et al. 1999; Leander & Keeling 2004; Costas &
Goyanes 2005; Okamoto et al. 2012; Gu et al. 2013; Gottschling et al. 2020) based
on both molecular and morphological apomorphies such as two morphologically
differentiated flagella and the dinokaryotic nucleus with permanently condensed
liquid crystalline chromosomes that lack the typical eukaryotic nucleosomes (Lin
2011; Wisecaver & Hackett 2011; Gornik et al. 2019).

Traditionally, dinophytes were classified based on morphological characters
detectable by light microscopy. Traits such as cell size and shape, presence or
absence of an apical pore and an eyespot, the size ratio of epi- to hyposome, girdle
displacement, and position of the nucleus were considered as having diagnostic
potential. Additionally, the arrangement of the amphiesmal vesicles (filled or not
with cellulose thecal plates) as well as their number and shape were used as
important diagnostic characters for species determination. Based on these traits
extant dinophytes segregate into the following, morphologically well recognisable
groups: dinophysoid, gonyaulacoid, gymnodinioid, peridinioid, prorocentroid, and
suessioid (Taylor 1980; Fensome et al. 1993; Taylor 2004).

During the past three decades and in parallel to morphological investigations,
molecular phylogenetic studies have greatly contributed to the knowledge about
the relationships in dinophytes. Molecular phylogenetic trees early confirmed the
monophyly of the Dinophysales, Gonyaulacales, and Suessiales (Saldarriaga et al.
2004). However, molecular trees obtained from a single locus are generally poorly
resolved (Saldarriaga et al. 2004; Taylor 2004), and the morphologically well
circumscribed Peridiniales and Prorocentrales are only monophyletic using
concatenated sequences from nuclear (SSU, ITS, LSU, hsp90), mitochondrial (MT-
CYB, MT-CO1), and/or plastid (psbA, psbC) loci (Zhang et al. 2007; Murray et al.
2009; Orr et al. 2012; Tillmann et al. 2012; Gottschling & McLean 2013; Gu et al.
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2013). The athecate Gymnodiniales presents a monophyletic group once particular
taxa such as Brachidiniaceae and Tovelliaceae are excluded (Kremp et al. 2005;
Hansen & Daugbjerg 2011; Gottschling et al. 2012; Gu et al. 2013; Gottschling et al.
2020).

The further step towards a better understanding of dinophyte evolution marks the
use of next-generation sequence data (NGS; Janouskovec et al. 2017; Price &
Bhattacharya 2017). However, the phylogenetic relationship of the currently
known dinophyte diversity is still not sufficiently clarified at present, due to the
limited taxon sample (compared to the total diversity), insufficient sequence data
(frequent single loci only), and a strong rate heterogeneity (Gottschling et al. 2012;

Gu et al. 2013; Zerdoner Calasan et al. 2019).
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Current taxonomic state

Taxonomy is the science of identifying, describing, and classifying taxa. Each taxon
is given a Latinised name according to a formal system of naming, termed
nomenclature. Such work is essential for the assessment of biodiversity as well as
the common understanding of organisms (Morrison et al. 2009; Steinicke 2014;
Wilson 2017). In the fields of botany, mycology, and phycology, the formal
scientific naming and publishing of taxa is governed by a set of rules and
recommendations, namely the International Code of Nomenclature for algae, fungi,
and plants (ICN, formerly ICBN; Turland et al. 2018). According to the ICN, each
scientific species’ name should be formally linked to a physical specimen, termed
type, providing an objective and permanent link between a taxon and its name.
The designated type material is essential to the application of names and ensures
its uniqueness.

The biodiversity assessment of dinophytes started in the late 18" and early 19t
century. Early species descriptions from, for example, Ch.G. Ehrenberg (1795—-
1876), F. von Stein (1818-1885), and E. Lindemann (1888-1945) are based on
precise observations gained by light microscopy. However, such historical species’
descriptions may cause difficulties for several reasons:

(1) Only in rare cases, physical original material is preserved. A taxonomically
important example is the Ehrenberg Collection, containing several thousand
microscopic preparations and drawings, deposited at the Museum fiir Naturkunde
in Berlin (Fig. 3). However, the more common case is that no physical material is
preserved, or the material is lost or destroyed such as in the case of J. Wotoszyriska
(1882-1951), whose original material was destroyed during the Second World War
(pers. comm. Prof. Dr. Konrad Wotowski in June 2016). For that reason, drawings
have frequently served as types. However, such a drawing is always an
interpretation of the species morphology by the drawer and is usually simplified
(Gomez 2007).

(2) From a contemporary point of view, some historical descriptions lack
information for a reliable species determination about crucial characters such as

sizes of the cells (e.g. in Stein 1883) or thecal tabulation pattern, leading to
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different understandings and misinterpretations of species by further authors
(Gomez 2007; publication 2).

(3) Historical descriptions are based mostly on one or very few specimens found in
freshly collected or fixed field samples. However, observations on single cells imply
no evaluation of natural variability of morphological characters necessary to delimit
taxa (Hoppenrath et al. 2013; Leliaert et al. 2014). First cultivation experiments
were done by J. Wotoszyriska and E. Lindemann in the 1920’s (Wotoszyriska 1925;
Lindemann 1929).

(4) The life history of many dinophytes includes morphologically different stages.
In some instances, these stages have been described as separate species, before
their relationship was elucidated in the cultivation experiments (Wall & Dale 1967,
1968; Matsuoka 1988; Elbrachter et al. 2008). Different names for a single species
are considered as heterotypic synonyms. According to the priority principles in the
ICN, older names have priority over younger names (Turland et al. 2018).

Hence, in most cases the historical descriptions do not allow a reliable species
identification, and the taxonomic and nomenclatural situation is unclear. The
inconsistent use of names makes meaningful and taxonomically indisputable
conclusions about biodiversity, ecology, and distribution impossible. Thus, the
precise taxonomic identity of the majority of the dinophyte species remains to be
clarified until now.

During the last decades, molecular approaches have gained importance for
taxonomy. The use of a short standardised DNA sequence for species identification
is called DNA barcoding (Thomas 2009; Vernooy et al. 2010). The basis for this
approach is a large public DNA barcode reference library containing reliable DNA
barcodes—preferable from type specimens. Unidentified specimens could be
determined by finding the closest matching reference barcode in the library. For
dinophytes, the ribosomal internal transcribed spacer (ITS) region has been
proposed to serve as a species-specific DNA barcode (Laleunesse 2001; Gottschling
et al. 2005; Litaker et al. 2007; Stern et al. 2012).

Molecular sequence data have shown the existence of a large sequence diversity of
molecular ribotypes in morphologically indistinguishable taxa. The research on so-

called ‘cryptic species’ has increased in the past decades caused by an increasing
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availability on DNA sequence data (Bickford et al. 2007). Cryptic speciation has also
been reported for dinophytes (Montresor et al. 2003; Gottschling et al. 2005; Lilly
et al. 2007; Genovesi et al. 2010; Gémez et al. 2011; Murray et al. 2012; S6hner et
al. 2012; Anglés et al. 2017; Daugbjerg et al. 2019; publication 7-9). The discovery
of such species complexes indicates that morphology-based species determinations
should be handled with care and underlines the great importance to link a type
specimen to DNA sequence data since species cannot be distinguished based on

their morphology alone.
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Epitypification as a taxonomic tool

For character-poor, unicellular organisms, such as dinophytes, a reliable link
between the scientific species name and the genetic characterisation (i.e. DNA
barcoding) is of particular importance and crucial for a robust taxonomy. However,
the majority of dinophyte names are ambiguous, mostly because the types are not
linked to DNA. There is an ongoing debate how to proceed with unreliable
historical names and in hopes to reach a more stable taxonomy (Smith et al. 2016).
For the taxonomic clarification of ambiguous scientific names, the International
Code of Nomenclature for algae, fungi and plants (ICN) provides the tool to
designate an epitype (Greuter et al. 1994), described in Article 9.9 (Shenzhen
Code): ‘An epitype is a specimen or illustration selected to serve as an
interpretative type when the holotype, lectotype, or previously designated
neotype, or all original material associated with a validly published name, is
demonstrably ambiguous and cannot be critically identified for purposes of the
precise application of the name to a taxon.” (Turland et al. 2018). The designation
of epitypes enables to achieve a status of a clear and stable taxonomy especially in
unicellular organismal groups and strive towards keeping historic scientific names.
However, this approach has not been applied for dinophytes frequently before the
work presented here (Litaker et al. 2009; ZinBmeister et al. 2011; Nézan et al. 2012;
Saburova et al. 2012).

The basic prerequisite to apply the epitypification approach is to collect living
material at the type locality (or a locality that is as close as possible) and preferable
in the same season (Hyde & Zhang 2008; Kretschmann et al. 2014, 2015a, 2015b;
Gottschling et al. 2018, 2019; publication 1-3, 8). Established strains provide
material for morphological re-investigations for contemporary light and scanning
electron microscopy. Strains, which do not contradict the protologue (and
preferably agree with previous interpretations) are used for the designation of
interpretative epitypes in form of, for example, slides for light microscopy or
preparations for scanning electron microscopy and are deposited in natural history
collections. DNA barcoding of the epitypified strains is a key tool for reliable

species determination and a valuable contribution for a clear taxonomy.
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Aims of the thesis

1) Field work, strain isolation and cultivation

A fundamental step for my research is the extensive collection of freshwater tow
and sediment samples. The established, preferably monoclonal dinophyte strains
provide the material for comparative morphology and molecular investigations
(publication 1-9). Moreover, maintenance of strains is of key importance for
conservation, therefore corresponding strains are to be deposited in public culture
collections, such as the Central Collection of Algal Cultures (CCAC), Culture
Collection of Baltic Algae (CCBA), and Canadian Center for the Culture of

Microorganisms (CCCM; publication 1-3, 7-8).

2) Detailed morphological investigation of cultivated material

The established strains are the basis for detailed morphological studies using light
(incl. fluorescence) and scanning electron microscopy (publication 1-4, 7-9). The
focus of my thesis is the comprehensive morphological investigation of strains to
record different life history stages as well as intraspecific and intrastrain variability

(publication 1-4, 7-9).

3) Taxonomic work

Taxonomic unambiguity of scientific names is a necessary prerequisite for the

understanding of biodiversity and the communication about organisms. The

investigated strains provide the basis for resolving the taxonomy of the species

involved.

3.1 clarification of unreliable species names including the designation of epitypes
(publication 1-3, 8)

3.2 description of new taxa and names (publication 1, 5-6)

3.3 clarification of phylogenetic positions (publication 1, 4)
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4) Applied studies based on clarified taxonomy

Reliable species names and a clear taxonomy provides the basis for a wide range of
other scientific studies such as:

4.1 inferences on biogeography (publication 9)

4.2 investigation of evolutionary ecology (publication 2)

4.3 inferences of the chloroplast origin in dinophytes harbouring diatoms
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General discussion

Importance of (living) collections

Natural history collections (e.g. herbaria) document biodiversity over time and
space and are as such irreplaceable and of inestimable value for the humankind
(Michener 1970; Lane 1996; Powers et al. 2014). Each preserved specimen
provides information as inherent part of itself, for example, information about
anatomy, morphology, and genetics. Moreover, attached labels should provide
additional information, for example, about collector(s), collecting date and locality,
ecology, and/or biogeography (Lane 1996; Chavan & Krishnan 2003). Historically,
an important role of collections was to store specimens to ensure the unambiguity
of scientific names. Later, natural history collections have become an essential
source for a wide range of scientific studies, such as spatial and temporal
distribution of species (Lane 1996; James et al. 2018), phenological reconstructions
(Borchert 1996; Lavoie & Lachance 2006; Zohner & Renner 2014) or environmental
effects of climate change (Suarez & Tsutsui 2004; Lang et al. 2019). Furthermore,
the stored specimens, especially of types, are used to gain sequence information
for DNA barcoding (Pawlowski et al. 2012; international barcode of life project:

https://ibol.org/).

For unicellular organisms such as dinophytes, historical material is preserved in
very rare cases only. A taxonomically important example is the Ehrenberg
Collection incorporated into the Museum fir Naturkunde in Berlin (Fig. 3).
Ehrenberg was one of the most important early scientists working on the taxonomy

of microscopic organisms. The collection consists of several thousand raw samples,

Figure 3: Photographs of the Ehrenberg Collection during a trip to Berlin in June 2016. A shelve containing fol-
ders with stripes of Ehrenberg’s mica preparations. B close up of a folder with mica preparations. C close up
view of a strip and the labels with the taxon names.
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approximately 40.000 of microscopic preparations (Fig. 3C) as well as several
thousand drawings (Lazarus 1998; Lazarus & Jahn 1998). A recent example for the
great value of the Ehrenberg collection is the taxonomic clarification of
Glenodinium apiculatum Ehrenb. (publication 3). The species was described by
Ehrenberg more than 180 years ago collected near Berlin. The published figures as
well as original physical material mounted on a mica embedded in Canada Balsam
(Fig. 3C) show dinophyte cells with distinctive multiple minute spines at the
antapex. A newly established strain from the type locality was to a great extent
consistent with the original material provided by Ehrenberg, thus the strain was
used for further taxonomic purposes. Other examples for the taxonomic
clarification of Ehrenberg’s taxa are Cryptomonas lima Ehrenb. (MclLachlan et al.
1997), Peridinium acuminatum Ehrenb. (Kretschmann et al. 2015a) as well as
Prorocentrum micans Ehrenb. (Tillmann et al. 2019).

Another significant biological resource for scientific research are culture collections
of living algae. The cultivation of dinophytes provides a consistent access to living
material, which is necessary for morphological and molecular investigation using
contemporary techniques. Therefore, a fundamental step during my project was
the laborious collecting of field samples to obtain material for (preferably
monoclonal) strain establishment. More than 240 sediment and/or water tow
samples have been collected at 180 localities (110 localities were visited by me)
mainly in Germany and Poland, but also in Austria, Czech Republic, Denmark,
Ireland, Italy, Japan, and Romania. The isolation of single cells using microcapillary
pipettes is challenging and time-consuming. The establishment of well growing
monoclonal dinophyte strains is highly species dependent, however, on average
successfully for around 5 to 15% only (personal experience). During the course of
my study, | was successful in isolation and establishment of over 370 dinophyte
strains from environmental samples under semi-sterile conditions. The strains
were used for the description of new species (publication 1), the clarification of
taxonomic identities (publication 1-3, 8) and specification of phylogenetic
positions (publication 1-2, 4) as well as for investigations of morphological and
molecular intraspecific variability (publication 7) and for inferences on the

biogeography of dinophytes (publication 9).
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According to the ICN, the type material of a taxon may not be a living organism or
strain (Article 8.4: Shenzhen Code; Turland et al. 2018). Therefore, preparations of
permanent slides for light microscopy were prepared and are currently deposited
in the Centre of Excellence for Dinophyte Taxonomy (CEDIT; publication 1-3).
Duplicates of these permanent slides are held in Berlin and Munich. Preparations
for scanning electron microscopy (i.e. SEM stubs) are unpractical in terms of
transport and storage, because the stubs must not tilt and must be protected
against dust, water as well as general contact in any form. The significant
difference of the epitypes to the historical types is now that the epitypes are linked
to living material and thus enabling the generation of DNA sequences—the key tool
for reliable species determination. In addition, the corresponding strains were
transferred to public culture collections, such as the Central Collection of Algal
Cultures (CCAC), Culture Collection of Baltic Algae (CCBA), and Canadian Center for
the Culture of Microorganisms (CCCM) and are available for further investigations
using methodologies such as transmission electron microscopy (TEM) and next-

generation sequencing (NGS) approaches upon request.
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Morphological and molecular intraspecific variability

Traditionally, dinophytes are classified based on morphological traits detectable by
light microscopy. For thecate dinophytes, the plate pattern, in terms of the
number, the arrangement as well as the shape of plates, plays an important role to
delimitate taxa (e.g. Wotoszynska 1916; Lindemann 1919, 1920; Balech 1980; Abé
1981; Hoppenrath 2017). A century ago, E. Lindemann was the first to assess
morphological variability of the thecal plate pattern in Peridinium cinctum
(O.F.Mdiller) Ehrenb. He used morphological traits of motile cells mainly the
epithecal plate pattern as well as the general morphology to distinguish several
forms and varieties, but he was also aware of the difficulties in distinguishing
between new species, forms or varieties and individuals with an abnormal plate
pattern (Lindemann 1917, 1920). However, since then, Lindemann’s work has
fallen into oblivion, but with the application of DNA sequencing, the combination of
morphology and molecular characters enables new insights into intraspecific
taxonomic delimitations.

For the investigation of morphological and molecular intraspecific variability,
approximately 70 monoclonal strains of P. cinctum were used, which originated
from samples collected across different freshwater sites in Central Europe
(publication 7). Based on the molecular analysis, the existence of a large sequence
diversity within the ITS region could be documented. Detailed morphological
investigations of the plate pattern of P. cinctum showed a notable variability, not
only between different strains, but also within monoclonal strains. Within the
strains, distinct morphotypes could be identified using the epithecal plate pattern.
However, the different ribotypes showed no clear correlation to the defined
morphotypes (and vice versa) and/or geographic occurrences. Moreover, it
remains unclear at present whether all the distinct ribotypes correspond to a single

species P. cinctum or support the existence of cryptic species.
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New taxa and names

Description of two new species

Freshwater dinophytes have been notoriously understudied in the past (Mertens et
al. 2012; Thessen et al. 2012; Goémez 2014). Approximately 350 species are
described from freshwater habitats (Taylor et al. 2008; Gémez 2012a; Mertens et
al. 2012; Moestrup & Calado 2018), but numerous new freshwater species
descriptions in recent years (e.g. Craveiro et al. 2013; Daugbjerg et al. 2014; Zhang
et al. 2014; Li et al. 2015; Zhang et al. 2016; Takahashi et al. 2017; Pandeirada et al.
2019) indicate that the diversity of freshwater dinophytes has been
underestimated. In addition, two species from freshwater environment have been
described new to science during my project (publication 1). Both species, namely
Parvodinium marciniakii Kretschmann, Owsianny, Zerdoner & Gottschling and P.
trawinskii Kretschmann, Owsianny, Zerdoner & Gottschling, have been found in
several lakes in the Polish Tatra Mountains. From this area, numerous dinophyte
species have been described mostly dating back to the first half of the 20™ century.
However, the taxonomic identity of most of them remains unclear.

P. marciniakii and P. trawinskii are closely related, and their general morphology of
the motile cells as well as molecular phylogenetics assigned the two new species to
Peridiniopsidaceae. A reason, why these species have not been recognised before,
is certainly its remote type locality, but may be also that both species are
morphologically similar to a number of already known species of Parvodinium Carty
and are difficult to distinguish by using light microscopy only. Furthermore, many
species of Parvodinium are characterised by a unique and distinctive combination
of traits rather than by a single autapomorphy. The description of two new species
is another indication that the biodiversity assessment of dinophytes is likely not yet
complete especially in unexplored remote areas such as water bodies at higher

altitudes.
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Phylogenetic position of Parvodinium elpatiewskyi

Historically, the classification of dinophytes was based entirely on morphological
traits detectable by light microscopy. For thecate dinophytes, the plate pattern has
been considered as a useful trait to delimitate and classify taxa. During the last
decades, the molecular approaches have gained importance in classification.
Detailed re-evaluations of morphological traits, combined with molecular
phylogenetic analysis, provide data for the specification of the position within
phylogenetic trees and result in the description of new genera (e.g. Karenia Gert
Hansen & Moestrup: Daugbjerg et al. 2000; Barrufeta N.Sampedro & S.Fraga:
Sampedro et al. 2011; Nusuttodinium Takano & T.Horig.: Takano et al. 2014;
Unruhdinium Gottschling, Blixaea Gottschling: publication 6) or even families (e.g.
Tovelliaceae: Lindberg et al. 2005; Peridiniopsidaceae: publication 5) as well as
new combinations of species names (Kremp et al. 2005; Hansen et al. 2007;
Kretschmann et al. 2014; Kretschmann et al. 2015a; publication 4).

Until present, the widespread freshwater dinophyte Parvodinium elpatiewskyi
(Ostenf.) Kretschmann, Zerdoner & Gottschling was placed in Peridiniopsis
Lemmerm., based on the epithecal plate tabulation exhibiting no intercalary plates.
However, their phylogenetic relationship has never been confirmed using
molecular data. A molecular phylogenetic analysis with newly collected material
showed that the species, having no intercalary plates on the epitheca, belongs to
the Peridiniopsidaceae and is clearly assigned to Parvodinium. This taxon exhibits
two intercalary plates and was as such (based solely on morphology) never
considered to be a close relative of Parvodinium elpatiewskyi. Therefore, the
combination of both, morphological and molecular data, is important to clarify

unresolved phylogenetic positions.
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Approaches to epitypification

Taxonomic work is essential for the fundamental understanding of biodiversity and
the communication about organisms. However, there is an ongoing debate how to
reach the objective of a clear and robust taxonomy and to avoid instability by the
introduction of historic scientific names (Smith et al. 2016). Some researchers have
advocated the view, that the potentially simplest and quickest solution is to
eliminate historic species names from contemporary taxonomy and start accepting
all the new names from a given date onwards (Smith et al. 2016). However, the
principle of the taxonomic priority of older scientific names is deeply rooted in the
ICN (Turland et al. 2018), therefore older names have priority over younger names,
despite their current potentially wider usage. In addition, the ICN provides the key
to achieve a status of a stable taxonomy, namely the designation of epitypes for
unreliable species names (Article 9.9: Shenzhen Code; Turland et al. 2018). During
the course of my project, | contributed to the taxonomic clarification of eight
scientific names and the designation of interpretative epitypes (publication 1-3, 8).
The most sensible approach for an adequate morphological and molecular re-
investigation is to collect living material at the type locality or as close as possible
and preferable at the same time of year (Hyde & Zhang 2008; publication 1-3, 8).
Although the contemporary occurrence of dinophytes at their type localities have
been rarely investigated, some species show a remarkably high site fidelity at
localities, even if they were last collected and documented a century or more ago
(ZinBmeister et al. 2011; Kretschmann et al. 2014, 2015a, 2015b). Moreover,
during the course of my thesis, this approach has been successfully applied to
Glenodinium apiculatum, Glenodinium oculatum F.Stein, three varieties of P.
cinctum (P. cinctum var. betacollineatum Er.Llindem., P. cinctum var.
epsiloncollineatum Er.Lindem., and P. cinctum var. irrequlatum Er.Lindem.),
Peridinium eximium Er.Lindem., and Peridinium mixtum Wotosz. ex Kretschmann,
Owsianny, Zerdoner & Gottschling (and its two varieties Peridinium mixtum var.
remotum Wotosz. ex Kretschmann, Owsianny, Zerdoner & Gottschling and
Peridinium mixtum var. conjunctum Wotosz. ex Kretschmann, Owsianny, Zerdoner

& Gottschling; publication 1-3, 8). Even though many localities around the world
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have changed ecologically due to a anthropogenic impact, the approach of
collecting at less modified localities (Litaker et al. 2009; Saburova et al. 2012; John
et al. 2014), and with comparable ecological conditions of that time, does not
appear as the most appropriate choice for the taxonomic clarification of unreliable
species names. In most cases, the historical protologues do not provide ecological
specifications for the type localities, therefore the exact ecological conditions are
unknown and cannot be compared with that of more natural habitats of today.
The ecological based approach is adequate for species descriptions with unknown,
not precise, or destroyed type locality or after an exhaustive, but unsuccessful

search of a species at its type locality.
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Applied studies based on clarified taxonomy

Biogeography

The focus of my thesis has been on the morphology and taxonomy of freshwater
dinophytes. Such taxonomic work is essential for the assessment of biodiversity as
well as the common understanding of organisms. Moreover, a clear and robust
taxonomy provides the basis for a wide range of other scientific applications such
as the investigations of the biogeography of dinophytes, monitoring with
contemporary techniques and reliable inferences of evolutionary relationships
among marine and freshwater species.

In general, dinophytes are distributed worldwide, but the biogeography of
unicellular organisms has been the subject of a recent debate. On the one hand,
some researchers claim that all protists such as dinophytes are cosmopolitan
organisms, and lack distinct distributions (Finlay 2002; Fenchel & Finlay 2004; Read
et al. 2013), implying ‘everything is everywhere’ while on the other hand,
researchers consider that protists actually consist of both wide-spread and
endemic species (Coleman 2001; Foissner 2006; Bass et al. 2007; Bates et al. 2013;
Kretschmann et al. 2015b). However, due to problems in reliable species
identification and naming of dinophytes particularly in case of historical species
descriptions, reliable conclusions about the biogeography are mostly impossible.
Additionally, some dinophyte lineages underwent cryptic speciation resulting in
morphologically indistinguishable species complexes (Montresor et al. 2003; John
et al. 2014; Laleunesse et al. 2018; Daugbjerg et al. 2019). Therefore, it is
necessary to include genetic information for species identification as well as to use
DNA-based records when assessing distribution (publication 9).

In the last decade, the knowledge on distribution of microorganisms has grown due
to the development of new techniques such as high-throughput sequencing of
environmental samples. Environmental sequencing is a cost-effective method to
provide information about the molecular diversity of a given group and to draw
conclusions about their distribution. However, reliable reference databases are
required to link the molecular data to species names (Gottschling et al. 2020;

publication 1-3, 8).
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Evolutionary ecology

Evolutionary ecology links the fields of both ecology and evolutionary biology
examining the evolutionary history of species. The quantification and dating of
transitions from marine into freshwater environment are the basis for the
understanding of the evolutionary processes leading to the diversification in
dinophytes. The different physical and chemical properties of marine and
freshwater habitats may act as a barrier limiting the frequency of transitions as well
as the followed diversification of dinophytes (Logares et al. 2007). Based on
molecular phylogenies, few monophyletic freshwater lineages that are distantly
related to marine species have been considered as indication for rare crossings of
the marine-freshwater boundary that has happened a long time ago (Logares et al.
2007). Moreover, fossils of putative freshwater dinophytes extends back until the
Mesozoic (Gray & Taylor 1988; Batten 1989), but the precise systematic affiliation
of such fossils has not yet been determined.

Molecular dated phylogenies help to shed light on such unresolved questions
related to evolutionary events. However, such studies are still rare for dinophytes
until now, because of restriction such as limited taxon sample, insufficient
sequence data, and high heterogeneity in substitution rates (Saldarriaga et al.
2004; Murray et al. 2005; Gottschling et al. 2012; Gu et al. 2013; Zerdoner Calasan
et al. 2019). In phylogenetic trees comprising a broader taxon sample, marine to
freshwater transitions are more frequent as previously assumed. The freshwater
lineages consist mostly of small polyphyletic and only distantly related species
groups, which implies independent, repeated colonisation events from the marine
into the freshwater environment (Kretschmann et al. 2015b; Zerdoner Calasan et
al. 2019; publication 2). Molecular clock analysis dated such transitions within
Gymnodiniacae and Peridiniales to 40 MYA. Since the Cretaceous, the marine to
freshwater transitions have been independently taking place at different times and
the followed diversification appears more gradual without noticeable major

environmental impacts (Zerdoner Calasan et al. 2019).
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Chloroplast origin in dinophytes harbouring diatoms

Dinophytes are known to possess chloroplasts of multiple origins that have been
acquired through several endosymbiotic events. The most common and
widespread chloroplast type is derived from a red alga, through secondary
endosymbiosis. Tertiary endosymbiosis is uniquely known from a few dinophytes
and describes an engulfment of a secondary plastid-containing endosymbiont such
as diatom algae in the Kryptoperidiniaceae. Chloroplasts are usually inherited from
the mother cell to each daughter cell during cell division leading to congruent
phylogenetic relationships between nuclear and chloroplast DNA sequences,
termed co-phylogeny. Within the Kryptoperidiniaceae, a concordance between the
phylogenies of the endosymbiotic diatoms and their hosting dinophytes would
indicate a shared evolutionary history of the dinophytes and its harbouring
diatoms. Molecular phylogenetic trees confirm the monophyly of all
Kryptoperidiniacae as part of the Peridiniales (Pienaar et al. 2007; Takano et al.
2008; Saburova et al. 2012; Janouskovec et al. 2017; Price & Bhattacharya 2017;
Yamada et al. 2017; Zerdoner Calasan et al. 2018; publication 2). However,
molecular phylogenetic analysis of diatoms including all sequences derived from
the endosymbionts of Kryptoperidiniaceae showed that almost all endosymbionts
found their closest relatives in free-living diatoms and not in other harboured algae
(Zerdoner Calasan et al. 2018). This observation indicates multiple independent
acquisition of endosymbiotic diatoms by hosting dinophytes through their

evolutionary history and rejects the indication of co-phylogeny as main mechanism.
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Conclusion and outlook

Reliable species identification and clarified taxonomy is essential for reliable and
comparative studies of dinophyte species, because reliable species names form the
basis for all further investigations or studies. To ensure reliable species
identification and the consistent use of names, the ICN specifies that the
application of scientific names is determined by nomenclatural types and each
name must be correctly typified. However, the concept has limitations for
unicellular organisms, especially for historic descriptions as the original material
consists mostly of drawings. In many cases, historic type material is ambiguous
because it does not provide sufficient information for unambiguous species
determination especially in terms of morphological differentiation within cryptic
species complexes. However, it is precisely these properties that make dinophytes
a suitable group for epitypifying. Thus, epitypification is a key tool for reliable
species determination ensuring an unambiguous links between the species, its
scientific name, its protologue, morphology, and genetic characterisation.
However, despite its great potential to clarify taxonomic confusions, in forms of
synonyms and wrongly applied names, relatively few of such studies have used this
approach in the past. In the course of my work | have succeeded in clarifying the
identity of eight scientific names by means of epitypifying, but the taxonomic

identity of the majority of the dinophyte species remains to be clarified until now.
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Because of a great variety of remote localities and cold habitats, the Tatra Mountains are home to many
freshwater protist lineages. Dinophytes have been subjected to a number of studies from this area
dating mostly to the first half of the 20th century, but their true diversity remains elusive until today.
We collected water tow samples at five lakes in the Tatra Mountains in order to establish monoclonal
strains. We found four lineages that were distinctive in terms of morphology and DNA sequence data
and that could be assigned to peridinialean Parvodinium. These four species can be readily distin-
guished based on a general shape, size, thecal plate tabulation pattern and presence or absence of an
antapical protuberance. The plate overlap pattern is considered conserved at higher taxonomic levels,
and the divergent keystone Plate 3’ in Parvodinium marciniakii, sp. nov., thus appears as a striking
diagnostic character. For taxonomic conclusion, we describe two species new to science and validate
three old scientific names (i.e., one species and two varieties). Our study underlines that the biodiver-
sity assessment, particularly of species adapted to cold environments, is anything but completed as
shown from remote and unexplored European landscapes such as the Tatra Mountains.

© 2018 Elsevier GmbH. All rights reserved.
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Introduction
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belt of terminal moraines). With 7,081 lakes cover-
ing an area of over 1ha (Choinski 2006), Poland
has a great number of isolated water bodies on a
relatively small area. Its geological structure has
been shaped primarily by the continental collision
of Europe and Africa over the past 60 million years
(Passendorfer in Mirek 1996). The Pleistocene
glaciations of northern Europe (Lindner et al. 2004;
Pelzer 1991) had later on a strong impact on
community dynamics. This is true in particular for
(unicellular) freshwater organisms, when they are
subjected to enforced dispersal/migration and to
speciation due to habitat fragmentation/isolation in
a relatively short period of time. Before exploring
any specific ecological or phylogenetic research
question in this area, it is of fundamental necessity
to revise and clarify the taxonomy of the organisms
under investigation.

Unambiguous scientific names are prerequisite
for meaningful and taxonomically indisputable con-
clusions about biology and potential conservation
strategies of a certain taxon, but we lack basic
data on reliable species numbers and lists of cor-
rect scientific names (i.e., a taxonomy adjusted
to synonyms avoiding pseudospecies). Dinophytes
are no exception. Not less than ten taxa at the
species level (and some more below the species
level) have been described from various lakes in
the Tatra Mountains (Wotoszynska 1916, 1919,
1936), but the taxonomic identity of the major-
ity of them remains obscure. Most of them are
considered endemic to the Tatra area (Kawecka
in Mirek 1996) such as gymnodinialean Spinif-
erodinium limneticum (Wotosz.) Kretschmann &
Gottschling, which is so far unknown from localities
outside the Tatra Mountains (Kretschmann et al.
2015b).

Freshwater dinophytes have been notoriously
understudied in the past (Gomez 2014; Mertens
et al. 2012; Popovsky and Pfiester 1990; Thessen
et al. 2012). Many of the species exhibiting a theca
composed of cellulosic plates are found in two
distinct lineages of the Peridiniales, namely the
Peridiniaceae and the Peridiniopsidaceae. The lat-
ter may appear morphologically heterogeneous at
first sight, but their representatives exhibit consis-
tently maximally two intercalary plates as well as
six cingular plates (Bourrelly 1968; Carty 2008;
Craveiro et al. 2009; Gottschling et al. 2017;
Kretschmann et al. 2018; Popovsky and Pfiester
1986) contrasting the three intercalary plates and
five cingular plates in Peridiniaceae. As an integral
element of the Peridiniopsidaceae, ten species of
Parvodinium Carty are currently accepted (Carty
2008). However, a-taxonomy is challenging in Par-
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Figure 1. Schematic drawing of the three different
dorsal epithecal conformations (after Carty 2008;
Lefevre 1932; Lindemann 1918a,b; Popovsky 1968).
A. <conjunctums> tabulation type. B. <contactum> tab-
ulation type. C. <remotum> tabulation type.

vodinium (last but not least also because of its
small cell size), and the exact number of species
is thus unknown at present. Parvodinium includes
some frequently encountered species such as Par-
vodinium inconspicuum (Lemmerm.) Carty and
Parvodinium umbonatum (F.Stein) Carty, but a rea-
sonable number of imperfectly known taxa such as
“Peridinium” minimum A.J.Schill. and “Peridinium’
tatricum Wotosz. could also belong to it (the latter
two names are currently regarded as synonyms of
P, umbonatum: Popovsky & Pfiester, 1990, but their
precise taxonomic status has not been worked out
yet).

Despite their small size, all species of Parvo-
dinium are characterised by the presence of two
anterior intercalary plates. Three distinct conforma-
tions of the dorsal epitheca have been known so far
(Carty 2008; Lefévre 1932; Lindemann 1918a,b;
Popovsky 1968; Fig. 1). In the <conjunctum>
tabulation, the third apical plate shares one plate
side with the fourth precingular plate in a way
that both intercalary plates are separated and are
regularly pentagonal in shape. Plates 3’ and 4” are
separated by the two anterior intercalary plates
in the <remotum> tabulation, leading to shared
plate sides and irregularly hexagonal shapes of
the anterior intercalary plates. In the <contactum>
tabulation, Plates 3’ and 4” as well as both inter-
calary plates all meet at a certain point of the
epitheca, so that the sutures between the plates
form a cross on the dorsal cell side. All three
different tabulation types may occur within a mon-
oclonal strain (of, e.g., P umbonatum: Elbrachter
and Meyer, 2001), indicating that this trait varies to
a certain extent and is not necessarily diagnostic
to delimitate taxa of Parvodinium.

The plate overlap (or imbrication) pattern is a
useful trait to determine plate homologies and
to infer phylogenetic relationships of dinophytes
(Below 1987; Netzel and Durr 1984). For example,
the fourth precingular plate is the keystone plate
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(i.e., a plate overlapping all adjacent plates) in
representatives of the Peridiniales with seven
precingular plates [including P umbonatum:
Elbrachter and Meyer, 2001, and Scrippsiella
acuminata (Ehrenb.) Kretschmann, Zinssmeis-
ter, S.Soehner, Elbr., Kusber & Gottschling:
Kretschmann et al. 2015a], while those of Amphido-
mataceae and Gonyaulacales have the third precin-
gular plate playing the role of the keystone plate
(Dodge 1988; Fensome et al. 1993; Tillmann et al.
2012, 2014). Anyhow, the imbrication pattern is
investigated for a handful of dinophyte species only,
thus we are far away from any general assessment
of its significance for taxonomy and phylogenetic
relevance. In this study, we provide detailed
descriptions of species assigned to Parvodinium
that we collected at remote and unexplored locali-
ties in the Polish Tatra Mountains. We aim at a better
knowledge of this ecologically important though
imperfectly known group of freshwater dinophytes.

Results

Morphology of Parvodinium marciniakii,
Sp. nov.

The strains GeoM*701 and GeoM*750 (collected at
Dtugi Staw Gasienicowy) as well as GeoM*708 and
GeoM*709 (collected at Zielony Staw Gasienicowy)
grew especially well in WC medium at 12°C
and were morphologically indistinguishable. They
exhibited both motile thecate cells (Figs 2A-C, 3A,
4A-C, G) and immotile coccoid cells (Figs 2D-F,
3B-C, 4F), but the motile cells were predominant.
The coloration of the motile cells was golden-brown
in the upper part of the theca whereas in the lower
part of the cell, content was brown-hyaline and
showed a small, red area (interpreted as eyespot) in
the sulcal region (Fig. 2A—C). The dinokaryon with
distinctly condensed chromosomes was located
mostly in the hypotheca.

Thecate cells were widely through very widely
ovoid, and the epitheca was larger than the
hypotheca (Figs 2A-C, 3A, 4A-C). The shape of
the epitheca was semi-elliptical in outline with an
obtuse apex. The hypotheca was semi-circular
through trapezoidal in outline and showed a
single, antapical spine. The size of the motile cells
ranged from 18-24 um (GeoM*709; mean: 22 pm;
median: 22 pm; sd: 1 wum; n=50) in length and from
1521 pum (GeoM*709; mean: 18 um; median:
17 wm; sd: 1 pm; n=50) in width. The cingulum was
excavated, and it surrounded the motile cell with a
descendent displacement of approximately one half

Figure 2. Motile thecate and immotile cells of Parvo-
dinium marciniakii, sp. nov. (GeoM*709; LM; all at the
same scale). A-B. motile thecate cells in ventral view.
C. motile thecate cell in dorsal view. Black arrowhead
indicates the red eyespot. D—E. immotile coccoid cells.
F. immotile coccoid cell with theca remnant.
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Figure 3. Motile and immotile stages (stained with
astra blue and eosin) prepared as a holotype of Par-
vodinium marciniakii, sp. nov. (GeoM*709; LM; all at
the same scale). A. motile thecate cell. B. immotile
coccoid cell with theca remnant. C. immotile coccoid
cell.

of its own width (Fig. 4A). The sulcus was likewise
excavated, extending slightly into the epitheca. It
widened towards the posterior end of the cell and
reached down nearly to the antapex (Fig. 4A).

The motile cells were covered by a theca (astra
blue staining indicated their cellulosic composition).
The cell surface of the thecal plates was smooth
and scattered randomly with small, circular pores
(probably openings of trichocysts). The thecate
plate formula was pp, cp, x, 4, 2a, 77, 6¢, 5s, 5", 2"
(Figs 4A-E, G-I, 14A-D). The arrangement of the
epithecal plates was symmetric and showed three
different tabulation types, with the <conjunctum>
tabulation being predominant. The quantification of
the tabulation types is given in Table 2.

The apical pore complex consisted of a nearly
circular apical pore plate, a cover plate and a canal
(or x or preapical) plate (Fig. 4H). The cingulum
was composed of six plates of different size. The
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Figure 4. Motile thecate and immaotile cells of Parvodinium marciniakii, sp. nov. (A—E, G-H. GeoM*709; F, I.
GeoM*708; SEM,; all at the same scale). A—E. thecae showing the tabulation pattern (asterisks indicate the
sulcal plate Sm). A. ventral view. B—C. dorsal view showing the <conjunctum> tabulation type. D. apical view
showing the <conjunctum> tabulation type. E. antapical view. F. immotile coccoid cell showing a smooth surface.
G-J. examples of variations in thecal plate pattern (asterisks indicate the sulcal plate Sm). G. subdivision of the
apical Plate 1’. H. additional anterior intercalary plate. I. additional antapical plate. Abbreviations: cp: closing
plate. n’: apical plate. n”: precingular plate. n”’: postcingular plate. n””: antapical plate. na: anterior intercalary
plate. nC: cingular plate. pp: pore plate. Sa: anterior sulcal plate. Sd: right sulcal plate. Sm: median sulcal plate.
Sp: posterior sulcal plate. Ss: left sulcal plate. x: canal (preapical) plate.

sulcus consisted of five plates, where the plates
Sm and Ss were small and partially covered by the
large plate Sd. The thickened left edge of the Sd
plate extended towards the middle of the sulcus and
covered the flagellar pores. The Sp plate was rela-
tively large and reached down to the antapex. The

arrangement of the hypothecal plates was nearly
symmetrical and composed of five postcingular
plates varying slightly in size and two antapical
plates, where the antapical Plate 2" was slightly
larger than the Plate 1””. The posterior spine of var-
ious shapes and lengths was an extension of the
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Figure 5. Motile thecate and immotile cells of Parvodinium trawinskii, sp. nov. (GeoM*753; LM; all at the same
scale). A-D. motile thecate cells. A-B. ventral view. C-D. dorsal view (black arrowheads indicate the eyespot).
E-F. empty thecae. E. ventral-lateral view. F. dorsal view showing the <remotum> tabulation type. G-K. immotile
coccoid cells showing variation in size and shape. J. coccoid cell with theca remnant.

antapical Plate 1”7 and emerged from its margin
at the contact site with the sulcal plate Sp and the
antapical Plate 1”7 (Fig. 4A-C, E). In the cultivated
strains, only a few deviations from the typical plate
pattern were observed regarding epi- or hypothecal
plates (Fig. 4G-I).

Along the thecal plate boundaries, an over-
lap pattern of adjacent plates could be inferred
(Figs 4A-E, G-I, 14A-D). Generally, it followed
an imbricate pattern from dorsal towards ventral
direction. In the epithecal plate series, the dorsal-
lateral precingular Plate 3” was the keystone plate
whereas in the cingulum, it was the Plate 4C. The
keystone plate of the hypotheca was postcingu-
lar Plate 3”. In the cultivation plates, numerous
empty thecae were observed indicating cell division
by eleutheroschisis. Thecate cells opened (mostly)
along the upper ridge of the cingulum (i.e., the cin-
gulum was attached to the hypotheca) to release
dividing or ecdysing cells (Figs 2F, 3B, 4D-E,
H-I). Single coccoid cells developed intrathecately
and were released after shedding of the theca
(Figs 2F, 3B). Coccoid cells were golden-brown
in colour and mostly widely ovoid through elon-
gated in shape (Fig. 2D—F). The size was variable
and ranged from 18-32 um in length (GeoM*709;
mean: 22 um; median: 21 um; SD: 4 um; n=>50),
1420 pm in width (GeoM*709; mean: 17 pm;
median: 17 um; SD: 1 um; n=50) and had a smooth
surface (Fig. 4F). The cytoplasm of the coccoid
cells was filled with numerous brown granules and

contained frequently a large, red accumulation
body (Fig. 2D).

Morphology of Parvodinium trawinskii, sp.
nov.

The strains GeoM*702, GeoM*703, GeoM*704,
GeoM*749 and GeoM*753 (all collected at Dtugi
Staw Gasienicowy) grew especially well in WC
medium at 12°C and were morphologically indis-
tinguishable. They exhibited motile thecate cells
(Figs 5A-D, 7A-D, G, 1) as well as immotile coccoid
cells (Figs 5G—K, 6C-D, 7H), but the motile cells
were predominant. In the epitheca of the motile
cells, the cell content was yellow through golden-
brown in colour and densely filled with numerous
granules. The dinokaryon with distinctly condensed
chromosomes was located in the hypotheca, which
led to a hyaline appearance of the lower cell part
(Fig. 5A-D). In the sulcal region, a red area (inter-
preted as eyespot) was observed (Fig. 5C-D).
Thecate cells were ovoid and the epitheca was
larger than the hypotheca (Figs 5A-F, 6A-B, 7A,
D). The shape of the epitheca was semi-elliptical
in outline with a flattened tip. The hypotheca was
semi-circular through trapezoidal in outline and
showed a single, antapical spine (Figs 5A-D, 7A,
C-D, F). The size of the motile cells ranged
from 21-26 pm (GeoM*753; mean: 24 pm; median:
24 pum; sd: 1pum; n=50) in length and from
18-23 um (GeoM*753; mean: 20um; median:



Figure 6. Motile and immotile stages (stained with
astra blue and eosin) prepared as a holotype of Par-
vodinium trawinskii, sp. nov. (GeoM*753; LM; all at
the same scale). A. empty theca in ventral view. B.
empty theca in dorsal view showing the <remotum>
tabulation type. C-D. immotile coccoid cells.

20 wm; sd: 1 uwm; n=50) in width. The cingulum
was excavated and surrounded the motile cell with
a descendent displacement of approximately one
half of its own width (Figs 5SE-F, 6A, 7A). The sulcus
was likewise excavated, extended into the epitheca,
widened towards the posterior end of the cell and
reached down to the antapex.

The motile cells were covered by a theca, which
possessed numerous, small pits on the cell surface
organised in vertical rows (Fig. 7A-G, 1). Addition-
ally, few, small circular pores (probably openings of
trichocysts) were irregularly scattered over the the-
cal plates. The thecate plate formula was pp, cp, X,
4, 2a,7", 6c,5s,5”, 2" (Figs 5E-F, 6A-B, 7A-G,
I, 14E-H). The arrangement of the epithecal plates
was symmetric and showed mostly the <remotum>
tabulation type (Figs 5F, 6B, 7B—E, G, Table 2). Both
anterior intercalary plates were hexagonal in shape
and the length of the common suture varied barely.
The cingulum was composed of six plates of simi-
lar size except for Plate 1C, which was smaller. The
sulcus consisted of five plates, where the plates Sm
and Ss were small and partially covered by the large
Sd plate. The left edge of the Sd plate, and the pos-
terior end of the Sa plate, was covered by flagellar
pores. The Sp plate was relatively large and reach-
ing all the way up to the antapex. The arrangement
of the hypothecal plates was nearly symmetrical.
The hypotheca was composed of five postcingular

Puzzling Parvodinium 211

and two antapical plates of almost the same size.
The posterior spine of various shapes and lengths
emerged from the thecal plate margin between the
sulcal plate Sp and antapical Plate 1" as well as
from the margin between the two antapical plates.
In the cultivated strains, only a few deviations from
the typical epithecal plate pattern (such as fusion
of plates: Fig. 71) were observed.

The plate overlap pattern in epithecal, cingular
and hypothecal plate series followed the general
gradient from dorsal towards ventral site (Figs
7A—G, |, 14E—H). In the epitheca, the dorsal precin-
gular Plate 4” was the keystone plate, whereas
the keystone plate function in the cingular series
belonged to the dorsal Plate 4C. The keystone
plate of the hypotheca was postcingular Plate
3”. Numerous empty thecae on the bottom of
the cultivation plates indicated a cell division by
eleutheroschisis. Dividing or ecdysing cells exited
thecate cells through an opening on the hypotheca.
Single coccoid cells developed intrathecately and
were released after shedding of the theca (Fig. 5J).
Coccoid cells were ovoid through spherical in shape
(Figs 5G-K, 6C—-D, 7H) and variable in size ranging
from 21-34 pminlength (GeoM*753; mean: 26 pm;
median: 24 um; SD: 3 um; n=50), 17-33 um in
width (GeoM*753; mean: 23 pm; median: 22 pm;
SD: 3wm; n=50) and had a smooth surface
(Fig. 7H). The cytoplasm of the coccoid cells was
filled with numerous golden-brown through brown
granules of varying size and usually contained a
large, red accumulation body (Fig. 5G-K).

Morphology of Parvodinium mixtum, sp.
nov., and its varieties P mixtum var.
remotum, var. nov., and P mixtum var.
conjunctum, var. nov.

The single cells of the strains GeoM*695,
GeoM*706, Geo*707, GeoM*751 and GeoM*752
(collected at Zielony Staw Gasienicowy),
GeoM*716, GeoM*717, GeoM*720 and GeoM*746
(collected at Litworowy Staw) as well as GeoM*710,
GeoM*711, GeoM*754 and GeoM*755 (collected
at Morskie Oko) grew especially well in WC
medium at 12°C (GeoM*695 and GeoM*720 also
at 18°C) and were indistinguishable in their gross
morphology. However, all (notably monoclonal)
strains showed variability regarding different
tabulation types. The strains exhibited different
frequencies of such tabulation types (Table 2),
hence the strains were determined as P. mixtum,
sp. nov., var. mixtum (GeoM*706 and GeoM*720),
P mixtum var. conjunctum, var. nov. (GeoM*695;
GeoM*711), and P mixtum var. remotum, var.
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Figure 7. Motile thecate and immotile cells of Parvodinium trawinskii, sp. nov. (A-F; GeoM*753; G-l.
GeoM*749; SEM; all at the same scale). A—-G. motile thecate cells showing the tabulation pattern (asterisks
indicate the sulcal plate Sm). A. ventral view. B-D. dorsal view showing the <remotum> tabulation type. E.
apical view showing the <remotum> tabulation type. F. antapical view. G. dorsal view showing the <remotum>
tabulation type. H. immotile coccoid cell showing a smooth surface. I. unusual plate pattern showing the pres-
ence of only one anterior intercalary plate (assumed to be the result of the fusion of both intercalary plates:
the missing suture is indicated by ‘+’). Abbreviations: cp: closing plate. n’: apical plate. n”: precingular plate.
n”’: postcingular plate. n””: antapical plate. na: anterior intercalary plate. nC: cingular plate. pp: pore plate. Sa:
anterior sulcal plate. Sd: right sulcal plate. Sm: median sulcal plate. Sp: posterior sulcal plate. Ss: left sulcal
plate. x: canal (preapical) plate.
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Figure 8. Motile thecate and immotile cells of Par-
vodinium mixtum, sp. nov., var. mixtum (GeoM*720;
LM; all at the same scale). A—C. motile thecate cells
showing variation in size and shape. D—F. empty the-
cae in dorsal view showing different tabulation types.
D. <conjunctum> tabulation type. E-F. <remotum>
tabulation type. G-l. immotile coccoid cells showing
variation in size. I. coccoid cell with theca remnant.

nov. (GeoM*717). Because of the variability within
monoclonal strains, they were all considered to
represent a single species, namely P. mixtum, sp.
nov., which is characterised further below.

All strains exhibited both motile thecate cells
(Figs 8A—-C, 9A-B, 10, 11A-C, H-I, 12A, G, 13A-H)
and immotile coccoid cells (Figs 8G—I, 9F, 11E-F,
L—M, 12F, L), but the motile cells were predominant.
These were golden-brown in colour and densely
filled with numerous granules. The dinokaryon with
distinctly condensed chromosomes was located
mostly in the hypotheca (Fig. 11A-B) and only
occasionally positioned in the epitheca. In the sul-
cal region, a red area (interpreted as eyespot) was
observed (Fig. 11C).

Thecate cells were ovate in outline and had a
slightly larger epitheca. The shape of the epitheca
was semi-elliptical in outline with a slightly acumi-
nate apex. The hypotheca was hemispherical
without postcingular or antapical protuberances
(Figs 8A—-C, 9A-B, 10A-B, 11A-C, H-l, 12A,
G, 13A, E). In strain GeoM*720, the size of the
motile cells ranged from 14-23 pm (mean: 19 pm;
median: 19 um; sd: 2pum; n=50) in length and
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Figure 9. Motile and immotile stages (stained with
astra blue and eosin) prepared as a holotype of Parvo-
dinium mixtum, sp. nov., var. mixtum (GeoM*720; LM,;
all at the same scale). A-B. motile theca in ventral
view. C-E. empty thecae. C. ventral view. D. dorsal
view showing the <conjunctum> tabulation type. E.
dorsal view showing the <remotum> tabulation type.
F. immotile coccoid cell.

from 12-21 um (mean: 17 um; median: 17 um;
sd: 2um; n=50) in width, and the other strains
showed comparable measures (documented, but
not explicitly reported here). The cingulum was
excavated, and it surrounded the motile cell with
a descendent displacement of approximately one
third of its own width (Figs 9C, 10A-B, 12B, H, 13A,
E). The epi- and hypothecal cingular edges had
short and slightly jagged lists (Fig. 10A-B, D-I).
The sulcus was likewise excavated and extended
into the epitheca. It widened towards the posterior
end of the cell and reached down to the antapex
(Figs 9C, 10A-B, 12B, H, 13A, E).

The motile cells were covered by a theca built of
thick, cellulosic plates (Figs 8D-F, 9C-E, 10, 11D,
J-K, 12B-E, H-K, 13A-H) that were particularly
more pronounced than in P marciniakii, sp. nov.
The cell surface of the thecal plates showed a light
reticulate ornamentation and was irregularly scat-
tered with small circular pores (probably openings
of trichocysts) on the thecal plates. The sutures
between the plates varied in their thickness and
were cross-striated (Figs 10, 13A—H).

The thecate plate formula was pp, cp, x, 4/, 2a,
7", 6c, bs, 5", 2" (Figs 8D-F, 9C-E, 10, 11D, J-K,
12B-E, H-K, 13A-H, 14l-L). The arrangement of
the epithecal plates was symmetric and showed all
three different tabulation types (<conjunctum>: Figs
8D, 9D, 10G-I, 11J, 121-J, 13F=G, <contactum>:
Fig. 10F; <remotum>: Figs 8E-F, 9E, 10D-E, 11D,
12C-D, 13B-C). The quantification of the tabula-
tion types for several strains is given in Table 2.
The apical pore complex consisted of a nearly cir-
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Figure 10. Thecae of Parvodinium mixtum var. mixtum, var. nov., showing the plate tabulation pattern
(GeoM*720; SEM; all at the same scale). A. ventral view. B. lateral view (asterisk indicates the sulcal plate Sm).
C. antapical view (asterisk indicates the sulcal plate Sm). D-I. dorsal view on epitheca showing the presence of
all three tabulation types. D—E. <remotum> tabulation type. F. <contactum> tabulation type. G-l. <conjunctum>
tabulation type. Abbreviations: n’: apical plate. n”: precingular plate. n”’: postcingular plate. n””: antapical plate.
na: anterior intercalary plate. nC: cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate. Sm: median
sulcal plate. Sp: posterior sulcal plate. Ss: left sulcal plate.
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Figure 11. Varieties of Peridinium mixtum, sp. nov. (A-F, H-M; LM; all at the same scale). A-F. Par-
vodinium mixtum var. remotum, var. nov. (GeoM*717). A—C. motile thecate cells. A-B. ventral view.
C. dorsal view (black arrowhead indicates the red eyespot). D. empty epitheca showing the <remo-
tum> tabulation type. E-F. immotile coccoid cells. G. original drawings reproduced from Wotoszynska
(1952: pl. Xll) showing Peridinium mixtum tab. remotum (pl. XIl 5-10) and Peridinium mixtum tab.
conjunctum (pl. XII 11). Figures 6 and 11 correspond to the holotypes of Peridinium mixtum var.
remotum, var. nov., and Peridinium mixtum var. conjunctum, var. nov., respectively (accessed from
https://pbsociety.org.pl/journals/index.php/asbp/article/view/asbp.1952.020/6455). H-M. Parvodinium mixtum
var. conjunctum, var. nov. (GeoM*711). H-Il. motile thecate cells in ventral view. J-K. empty thecae. J. dor-
sal view showing the <conjunctum> tabulation type. K. antapical view. L-M. immotile coccoid cells showing
variation in size and shape. Abbreviation: n: nucleus.

Figure 12. Motile and immotile stages (stained with astra blue and eosin) prepared as the epitype of Peridinium
mixtum var. remotum, var. nov. (A—F; GeoM*717; LM) and Peridinium mixtum var. conjunctum, var. nov. (G-L;
GeoM*711; LM; all at the same scale). A. motile thecate cell. B-E. empty thecae. B. ventral view. C-D. dorsal
view showing the <remotum> tabulation type. E. antapical view. F. immotile coccoid cell. G. motile thecate cell.
H-K. empty thecae. H. ventral view. l. dorsal-lateral view showing the <conjunctum> tabulation type. J. dorsal
view showing the <conjunctum> tabulation type. K. antapical view. L. immotile coccoid cell with theca remnant.
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Figure 13. Motile and immotile stages of Parvodinium mixtum var. remotum, var. nov. (A-D; GeoM*717; SEM)
and Parvodinium mixtum var. conjunctum, var. nov. (E-l; GeoM*711; SEM,; all at the same scale). A-H. thecae
(asterisks indicate the sulcal plate Sm). A. ventral view. B. dorsal-lateral view showing the <remotum> tabulation
type. C. apical view showing the <remotum> tabulation type with an unusual plate overlapping of the two anterior
intercalary plates. D. antapical view. E. ventral view. F-G. dorsal view showing the <conjunctum> tabulation
type. H. antanpical view. l. immotile coccoid cell showing a smooth surface. Abbreviations: cp: closing plate.
n’: apical plate. n”: precingular plate. n”’: postcingular plate. n””: antapical plate. na: anterior intercalary plate.
nC: cingular plate. pp: pore plate. Sa: anterior sulcal plate. Sd: right sulcal plate. Sm: median sulcal plate. Sp:
posterior sulcal plate. Ss: left sulcal plate. x: canal (preapical) plate.



cular apical pore plate, a cover plate and a canal
(or X or preapical) plate (Fig. 13C). The cingulum
was composed of six plates of different sizes. The
sulcus consisted of five plates, where the plates
Sm and Ss were small and partially covered by
the large plate Sd. The thickened, left edge of the
Sd plate, and the posterior end of the Sa plate,
extended towards the middle of the sulcus and cov-
ered the flagellar pores. The Sp plate was relatively
large and reached the antapex. The arrangement
of the hypothecal plates was nearly symmetrical
and composed of five postcingular plates of similar
size and two antapical plates, where the antapi-
cal Plate 2”7 was slightly larger than the Plate
1////.

Along the boundaries of the thecal plates, an
overlap of adjacent plates was visible (Figs 10,
13A-H, 14l-L). Generally, it followed an imbri-
cate pattern from dorsal towards ventral site: In
the epitheca, the dorsal precingular Plate 4” was
the keystone plate, as it was Plate 4C in the
cingulum plate series. The keystone plate of the
hypotheca was postcingular Plate 3. Motile cells
having a <remotum> tabulation type mostly showed
an overlap of the intercalary Plate 1a over Plate
2a (Fig. 13B) but occasionally, Plate 1a was over-
lapped by Plate 2a (Fig. 13C).

Numerous empty thecae were observed either at
the bottom of the cultivation plates or floating in the
medium indicating cell division by eleutheroschi-
sis. Dividing or ecdysing cells exited thecate cells
through an opening on the hypotheca (Figs 9C,
12C). Single coccoid cells developed intrathecately
and were released after shedding of the theca
(Figs 8l, 12L). Coccoid cells were coloured golden-
brown through yellow-hyaline and were mostly
widely ovoid in shape (Figs 8G-l, 11E-F, L-M,
12F, L, 13l). The size was variable and ranged
from 13-22 uminlength (GeoM*720; mean: 18 um;
median: 18 um; SD: 2 um; n=50), 12-21 um in
width (GeoM*720; mean: 16 um; median: 16 pm;
SD: 2pum; n=50) and had a smooth surface
(Fig. 13l). The cytoplasm of the coccoid cells was
filled with numerous, brown granules and frequently
contained a large, red accumulation body (Figs
8G-I, 11E-F, L-M).

Morphology of Parvodinium cf.
umbonatum

The strains GeoM*791, GeoM*792, GeoM*795,
GeoM*796 and GeoM*797 (all collected at
Toporowy Staw Nizni), grew especially well in
WC medium at 18°C and were morphologically
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indistinguishable. They exhibited motile thecate
cells (Fig. 15A-B, D-E) as well as immotile coccoid
cells (Fig. 15C), but the motile cells were pre-
dominant. The thecate cells were yellow through
golden-brown in colour and frequently contained
a large, red ccumulation body in the epitheca.
The overall shape was ovoid and the epitheca
was larger than the hypotheca (Fig. 15A-B). The
epitheca was broadly rounded in outline with a
slightly obtuse apex at the position of the apical
pore, which was slightly displaced to the left
lateral cell side. The hypotheca was semi-circular
through trapezoidal in outline and was more
narrow than the epitheca. The size of the motile
cells ranged from 21-30 pum (GeoM*795; mean:
26 wm; median: 26 pm; sd: 2 um; n=50) in length
and from 17-25pum (GeoM*795; mean: 21 um;
median: 21 pm; sd: 2um; n=50) in width. The
cingulum was excavated, and surrounded the
cell with a descendent displacement compris-
ing of approximately one third of its own width
(Fig. 15D).

The motile cells were covered by a theca, with
irregularly scattered small circular pores (proba-
bly openings of trichocysts) on the plate surface.
The thecate plate formula was pp, cp, x, 4, 2a,
7", 6¢, 5s, 57, 2 (Fig. 15D-E). The arrange-
ment of the epithecal plates was more or less
symmetric and within cultivated strains, all three
different tabulation types were found. Numer-
ous empty thecae indicated a cell division by
eleutheroschisis. Coccoid cells were reddish-brown
through dark brown in colour, ovoid through spher-
ical in shape (Fig. 15C) and variable in size
ranging from 21-38 um in length (GeoM*795;
mean: 29 um; median: 29 um; SD: 3 um; n=>50),
20-35pum in width (GeoM*795; mean: 27 pm;
median: 26 pm; SD: 4 um; n=50) and had a smooth
surface.

Molecular diversity within Parvodinium

In total, sequences were generated and deposited
as 37 new GenBank entries in the course of
the study (Supplementary Material Table S1).
The SSU+ITS+LSU alignment was 1,796 + 696
+ 2,460 bp long and comprised 97 + 346 + 274 par-
simony informative sites (14%, mean of 10.10 per
terminal taxon) as well as 1,521 distinct alignment
patterns. Figure 16

shows the best-scoring Maximum Likelihood
(ML) tree (—In=19,175.85) recovering the Peridin-
iopsidaceae as monophyletic (100LBS, 1.00BPP),
including Palatinus (100LBS, 1.00BPP), Parvo-
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Figure 14. Schematic drawings of the thecal plate pattern. A—D. Parvodinium marciniakii, sp. nov. A. ventral
view. B. dorsal view. C. apical view. D. antapical view. E=H. Parvodinium trawinskii, sp. nov. E. ventral view. F.
dorsal view. G. apical view. H. antapical view. I-L. Parvodinium mixtum, sp. nov. l. ventral view. J. dorsal view.
K. apical view (note that the <conjunctum> tabulation type is depicted, but the <contactum> and the <remotum>
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Figure 15. Motile thecate and immotile cells of Parvodinium cf. umbonatum (GeoM*795; A-C: LM; all at the
same scale; D-E: SEM; all at the same scale). A-B. motile thecate cells. C. immotile coccoid cell. D. motile
thecate cell in ventral view. E. motile thecate cell in dorsal view.

dinium (100LBS, .91BPP) and Peridiniopsis (single
accession). Furthermore, Palatinus and Parvo-
dinium also appeared to be closely related (92LBS,
.92BPP).

Strains established in this study from five differ-
ent lakes in the Polish Tatra Mountains were placed
in four distinct lineages of Parvodinium, each
of them showing low genetic variability (without
any correlation to predominant tabulation types).
Three of such lineages, namely P. marciniakii,
sp. nov. (100LBS, 1.00BPP), P trawinskii, sp.
nov. (100LBS, 1.00BPP) and P mixtum, sp. nov.
(97LBS, 1.00BPP), were inferred from sequences
unknown to science until the present study, while
the strains collected at Toporowy Staw Nizni con-
stituted a clade with accessions assigned to, and
with the morphology of, P umbonatum (100LBS,
1.00BPP). In the molecular phylogeny, P. marcini-
akii, sp. nov.,, and P trawinskii, sp. nov., were
the only lineages of Parvodinium exhibiting distinct
antapical spines, but were only distantly related
in the molecular tree. There was some size over-
lap between species of Parvodinium, but cells
from Parvodinium excluding P. centenniale and P,
umbonatum were significantly smaller than those of
the other Peridiniopsidaceae (p <0.001; ny =300,
n, =50).

Discussion

Dinophyte Diversity in the Tatra
Mountains

A hot spot is circumscribed as a biogeographic
region with significant levels of biodiversity that
is threatened with destruction (Mittermeier et al.
2005). The Tatra Mountains, with their numerous
bodies of water exhibiting a great variety of ecologi-
cal licences, may fulfil such criteria for cold-adapted
freshwater organisms. A considerable number of
dinophytes have been described from there, many
of which are unknown from outside the mountain
range (Kretschmann et al. 2015b; Wotoszyrska
1916, 1919, 1935, 1936). Larger parts of the
mountains are under effective natural protection;
however, severe threat is presented last but not
least by the ongoing global warming (particularly if
the organisms are adapted to cold water habitats).
That this Central European ecosystem (at least in
the microbiome sense) remains imperfectly known
at present is also illustrated by our descriptions of
not less than three dinophyte species new to sci-
ence, collected only within two days in autumn of
2015.

Some of the new species are not documented
from a single, but several lakes in the Tatra Moun-

types also occur). L. antapical view. Abbreviations: cp: closing plate. n’: apical plate. n”: precingular plate. n”’:
postcingular plate. n””: antapical plate. na: anterior intercalary plate. nC: cingular plate. pp: pore plate. Sa:
anterior sulcal plate. Sd: right sulcal plate. Sm: median sulcal plate. Sp: posterior sulcal plate. Ss: left sulcal
plate. x: canal (preapical) plate. Arrowheads in C-D, G—H and K-L indicate plate overlap pattern. Keystone
plates of the pre- and postcingular plate series are shaded in grey.
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Figure 16. Maximum Likelihood (ML) tree (—In=19175.85) of 71 peridinialean operational taxonomic units
(OTUs) under the GTR +T" substitution model. Typified OTUs are highlighted in bold, and branch lengths are
drawn to scale, with the scale bar indicating the number of nucleotide substitutions per site. The numbers on
the branches are statistical support values (above: ML bootstrap values, values <50 are not shown; below:



tains (Supplementary Material Table S1). Thus,
several similar species, presumably with similar
ecological requirements, can be found at the same
locality, which challenges explanations for their evo-
lutionary origin (being supposedly not allopatric).
As likely endemics, all the new taxa are hitherto
exclusively known from lakes in the Tatra Moun-
tains. Their geographical origin remains unknown
as well, as most Tatra lakes are younger than the
last glacial period. If the sampled lakes are all
younger than 10,000 years (Klimaszewski in Mirek
1996; tajczak in Mirek 1996), then the inhabit-
ing species must have originated somewhere else.
Therefore, the extant distribution must be a result
of dispersal caused by, for example, water connec-
tions (Wit-Jozwik 1974; Wit-Jézwik and Ziemonska
in Trafas 1985) or birds (Cichocki 2015), which can
play the role of vectors (Padisak 2009) when flying
from valley to valley (and concomitantly from lake to
lake). The importance of Tatra lakes having karstic
origin (Lajczak in Mirek 1996) and/or ice-free val-
leys (Marks 2004; Makos et al. 2013) as possible
refugia for survival during glaciation remains to be
worked out in future research.

Interpretations of the Molecular Tree

The general morphology of the motile cells (includ-
ing the thecal plate pattern), as well as molecular
phylogenetics of all Tatra strains under investiga-
tion, confirm their correct systematic placement
to the Peridiniopsidaceae, and more specifically
to Parvodinium. Two intercalary plates as well as
six cingular plates are both found in all of our
morphologically investigated strains. Within Peri-
diniopsidaceae, Parvodinium includes the smallest
dinophytes known so far. However, cells of strains
assigned to P centenniale and P umbonatum
(i.e., ours as well as CCAC strains: Supplemen-
tary Material Tabel S1, pers. comm. B. Melkonian;
FACHB238: Zhang et al. 2011) are significantly
larger than those of our three new species and
P inconspicuum (Tardio et al. 2009). Size is not
necessarily indicative for relationships in the dino-
phytes, but the small cell size in this latter subset of
Parvodinium can be considered apomorphic. To the
contrary, species of Parvodinium exhibiting antapi-
cal protuberance do not constitute a monophyletic

Puzzling Parvodinium 221

group in the molecular tree. Presence or absence of
such trait thus appears diagnostic to delimit species
but is of limited value for phylogenetic inference, as
it is also the case within, for example, the Amphido-
mataceae (Tillmann et al. 2014). The small cell size
in the subset of Parvodinium may correlate with
the ecological preference for cold habitats (Fig. 16).
The precise collection circumstances of the strains
UTEX2255 (locality unknown) and CCAP1140/3
(from Northern Germany; Supplementary Material
Table S1) are unknown, but all the other represen-
tatives of the group have been collected from water,
whose temperature does not exceed 10°C, and our
strains grow best at 12°C.

Species delimitation in Parvodinium is challeng-
ing (Carty 2008; Popovsky and Pfiester 1986). Any-
how, many taxa have already been described, fre-
quently without clear documentation of diagnostic
traits. Moreover, a considerable number of names
are crosswise transferred between taxa, eventually
pending on individual concepts and/or interpreta-
tions and occasionally violating information from
the protologue. Overall, the species under inves-
tigation here are very similar, but P. marciniakii, sp.
nov., and P, trawinskii, sp. nov., (both exhibiting an
antapical spine) are clearly separated because of
such a distinctive and persisting trait. Plate overlap
patterns are considered conserved at higher tax-
onomic levels (Elbréachter and Meyer 2001; Netzel
and DUrr 1984; Tillmann and Elbrachter 2010), and
this is — to the best of our knowledge — the first
time that two different keystone plates are diagnos-
tic to distinguish taxa at the species level (Fig. 14).
Before, an inverted plate (flip-flop’) overlap
between the cingular plates C3 and C4, and thus a
rare case of intra-specific variability in this respect,
has been documented in Heterocapsa steinii Till-
mann, Gottschling, Hoppenrath, Kusber & Elbr. only
(Tillmann et al. 2017). Furthermore, Parvodinium
marciniakii, sp. nov., is different in the separation of
Plates 5" and Sp, which are adjacent in P mixtum,
sp. nov., and P, trawinskii, sp. nov. (Fig. 14).

Variability of the Epithecal Conformation

Regarding the conformation of the two epithe-
cal Plates 3 and 4", previous authors have
distinguished tabulation types such as <conjunc-

Bayesian posterior probabilities, values <.90 are not shown; asterisks indicate maximal support). Accessions
exhibiting antapical protuberances are highlighted in grey boxes, and the node with the apomorphic reduction
of cell size is also indicated. Abbreviations: D: Dtugi Staw Gasienicowy. M: Morskie Oko. T: Toporowy Staw
Nizni. L: Litworowy Staw Gasienicowy. Z: Zielony Staw Gasienicowy.
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tum>, <contactum> and <remotum> (Lefevre 1932;
Lindemann 1918a,b; Fig. 1). It is worth mention-
ing that none of these nor any of the consecutive
authors (Carty 2008; Elbrachter and Meyer 2001)
have considered this trait significant in order to
distinguish species. We confirm this appraisal by
showing that all forms can be present in the same
(monoclonal) strain (not only of P mixtum, sp. nov.,
but also of P, cf. umbonatum). Such observations
are indicative for an affiliation with the same iso-
lated reproductive unit and thus the species status,
respectively. It is tempting to speculate whether
the three different phenotypes correspond with an
expression of dominant/recessive inheritance with
incomplete dominance (Mendel 1866). To the best
of our knowledge, this would be the first mention of
such a connection in the dinophytes.

Several taxa of Parvodinium including “P”
tatricum (Wotoszynska 1916) are documented from
the Polish Tatra Mountains. However, this species
is significantly larger (i.e., longer than 35 pm) than
any of the organisms investigated in the present
study. After Jadwiga Wotoszynska’s death in 1951,
a number of further Parvodiniumtaxa from the Tatra
Mountains have been introduced (Wotoszynska
1952), but they all lack a description and are there-
fore not validly published. However, their taxonomic
concepts are clear from J. Wotoszynska’s excel-
lent drawings exhibiting minute details (Fig. 11G),
and several of our strains can be reliably assigned
to the names, introduced in her publications. In P,
mixtum, sp. nov., for example, she was aware of
different conformations of the epitheca, which is
expressed in the proposed epithets, <conjunctum>
and <remotum>. In some of our strains, one of the
two types is predominant (e.g., <conjunctums> in
GeoM*711, <remotum> in GeoM*717) and today,
we can use this distinction for the validation of the
two varieties (in the sense of inventorying distinct
phenotypes present in a population) based on J.
Wotoszynska’s observation more than half a cen-
tury ago (see Taxonomic activity). For P mixtum
itself, no illustration is available and for typification
of the taxon, we used a strain exhibiting both types
to an equal amount (see Taxonomic activity).

Delimitations of the New Species from the
Historical Names (Table 3;
Supplementary Material Figs S1-S2)

Many Peridiniopsidaceae show a variously spinu-
lose hypotheca (Carty 2008; Craveiro et al. 2009;
Kretschmann et al. 2018; Popovsky and Pfiester
1986), and also Parvodinium includes represen-
tatives with one (or only occasionally with more)

distinct, spine-like protuberance(s). Parvodinium
marciniakii, sp. nov., and P trawinskii, sp. nov.,
differ from other ‘armed’ Parvodinium taxa based
on the smaller size [larger in Parvodinium deflan-
drei (M.Lefevre) Carty and “P” tatricum] and the
wider (instead of the slender shape as in “P”
tatricum) and rounder shapes in outline [instead of
the pentagonal shapes of Parvodinium africanum
(Lemmerm.) Carty, P. deflandrei and “Peridinium’
marchicum Lemmerm.]; these two new taxa fur-
ther have a more regularly formed epitheca [not
as conical as in P, africanum, P. deflandrei, Parvo-
dinium goslaviense (Wotosz) Carty, “P” marchicum,
“Peridinium” munusculum Er. Lindem. and “P”
tatricum), possess antapical plates of similar size
(and not unequal size as in P africanum and “P”
marchicum), and the cingulum is in a sub-median
position (and not median as in P. africanum, “P”
marchicum, “P” munusculum and “P” tatricum);
Parvodinium marciniakii, sp. nov., and P, trawinskii,
sp. nov., show only a single protuberance (instead
of two or three spines as in P. deflandrei, P. incon-
spicuum, “P” marchicum, “P” munusculum and “P”
tatricum), and they perform photosynthesis [instead
of being heterotrophic as P goslaviense; Lefevre
1927; Lemmermann 1899, 1910; Lemmermann
in West 1907; Lindemann 1918a,b; Wotoszynska
1916].

Parvodinium mixtum, sp. nov. (including the
new/old varieties), does not have any antapical
protuberance and differs from other such species
of Parvodinium based on its smaller size [larger
in Parvodinium centenniale (Playfair) Carty, “Peri-
dinium” dzieduszyckiiWotosz., “Peridinium” linzium
Er.Lindem., Parvodinium lubieniense (Wotosz.)
Carty and Parvodinium morzinense (M.Lefévre)
Carty] and its ovate shape in outline (neither cir-
cular as in P centenniale nor heptagonal as in
“Peridinium” minimum A.J.Schill.); it is also wider
(and not as slender as in Parvodinium belizense
Carty and “Peridinium” orrei Huitf.-Kaas), has a
more regularly shaped epitheca (neither as conical
asin P, belizense, “P” dzieduszyckii, P lubieniense,
“P” minimum and “P” orrei nor as dome-shaped
as in P umbonatum) and has a wider cingulum
(narrower in P centenniale and P umbonatum) in
a sub-median position (not in a median position
as in “P” dzieduszyckii, “P” linzium and P lubie-
niense); it possess antapical plates of similar size
(and not unequal size as in “P” dzieduszyckii and
P belizense) and has straight sutures (instead of
the arcuate sutures in P morzinense; Carty and
Wujek 2003; Huitfeldt-Kaas 1906; Lefévre 1925;
Lemmermann 1910; Lindemann 1918b; Playfair
1920; Schilling 1891; Stein 1883; Wotoszynska
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Table 2. Phenotypic variability in the type material of Tatra Parvodinium species. The predominant phenotype

is highlighted in bold.

Strain No. <conjunctum> <contactum> <remotum>
tabulation tabulation tabulation

Parvodinium marciniakii, sp. nov. GeoM*709 86.7% 21% 11.2% n=196
Parvodinium trawinskii, sp. nov. GeoM*749 98.0% 1.6% 0.4% n=245

GeoM*753 99.6% 0.2% 0.2% n=524
Parvodinium mixtum, sp. nov. GeoM*720 47.2% 6.4% 46.4% n=>551

GeoM*706 29.6% 5.3% 65.1% n=524
P mixtum var. remotum, var. nov. GeoM*717 18.6% 3.1% 78.3% n=603
P. mixtum var. conjunctum, var. nov. GeoM*711 85.4% 3.0% 11.6% n=562

GeoM*695 88.8% 3.7% 7.5% n=510

berance of Plate 1””. Tabulation formula: APC (pp,
cp, x), 4, 2a, 7", 6c¢, 5s, 5", 2"”; the Plates 3’ and
4" predominantly adjacent; the plates Sp and 5"
not adjacent; the epithecal keystone plate: 3”.

Note: A detailed description for the strain, from
which type material was prepared, is provided
in the Results section and a diagnosis in the
Discussion section.

Etymology: The epithet honours our friend and
member of our research team, Grzegorz Marciniak,
acknowledging his long-term and enthusiastic sup-
port of field work in the Tatra Mountains. Grzegorz
Marciniak is likewise one of the collectors of the
new species.

2. Parvodinium trawinskii Kretschmann,
Owsianny, Zerdoner & Gottschling, sp.
nov.—TYPE [slide with non-fossil speci-
mens]: Poland. Lesser Poland, Tatra, Diugi
Staw Gasienicowy, 22 Sep 2015 PM.
Owsianny, K. Trawinski & G. Marciniak PL019
[J. Kretschmann GeoM*753] (holotype, des-

ignated here: CEDIiT-2018H80!, isotypes,
designated here: B400042054! M-0289941!)
[http://phycobank.org/100119].

Description: Dinophytes small, phototrophic,

thecate, the thecal plate pattern distinct. Cells
2126 pum long, 18-23 pm wide, ellipsoid, with
flattened hypotheca and a characteristic, short,
spine-like protuberance of Plate 1””. Tabulation
formula: APC (pp, cp, x), 4, 2a, 7", 6¢, 5s, 5, 2"";
the Plates 3’ and 4” predominantly separated; the
plates Sp and 5" adjacent; the epithecal keystone
plate: 4”.

Note: A detailed description for the strain, from
which type material was prepared, is provided
in the Results section and a diagnosis in the
Discussion section.

Etymology: The epithet honours our friend and
member of our research team, Krzysztof Trawinski,
acknowledging his long-term and enthusiastic
support of field work in the Tatra Mountains.
Krzysztof Trawinski is likewise one of the collectors
of the new species.

3. Parvodinium mixtum Wotosz. ex
Kretschmann, Owsianny, Zerdoner &
Gottschling, sp. nov. Peridinium mixtum

Wotosz., not validly published (ICN Art. 38.1.),
Acta Societatis Botanicorum Poloniae 21: 315.
1952.—TYPE [slide with non-fossil specimens]:
Poland. Lesser Poland, Tatra, Litworowy Staw
Gasienicowy, 22 Sep 2015: PM. Owsianny
PLO18 [J. Kretschmann GeoM*720] (holotype,
designated here: CEDIT-2018H81!, isotypes,
designated here: B400042055! M-0289942!)
[http://phycobank.org/100120]. Note that no orig-
inal material (particularly no illustration) can be
associated with this name.

Description: Dinophytes small, phototrophic,
thecate, the thecal plate pattern distinct. Cells
14-23 um long, 12-21 pwm wide, very widely ovoid,
the antapex without protuberance. Tabulation
formula: APC (pp, cp, x), 4, 2a, 7", 6¢c, 5s, 57,
2""; the Plates 3’ and 4” adjacent or separated to
similar amounts; the plates Sp and 5” adjacent;
the epithecal keystone plate: 4”.

Note: A detailed description for the strain, from
which type material was prepared, is provided
in the Results section and a diagnosis in the
Discussion section.

Additionally to Parvodinium mixtum var. mixtum
(ICN Art. 26), two new varieties can be distin-
guished:

3a. Parvodinium mixtum var. remotum Wotosz.
ex Kretschmann, Owsianny, Zerdoner &
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Gottschling, var. nov. Peridinium mixtum tab.
remotum Wotosz., not validly published (ICN Art.
38.1.), Acta Societatis Botanicorum Poloniae
21: 315, pl. Xl 5-10. 1952.—TYPE [illustra-

tion]: Poland. Lesser Poland, Tatra, without
exact locality, without date: J. Wotoszynska
s.n. (holotype, designated here: pl. Xl 6

in Acta Societatis Botanicorum Poloniae 21.
1952) [http://phycobank.org/100121]; [slide with
non-fossil specimens]: Poland. Lesser Poland,
Tatra, Litworowy Staw Gasienicowy, 22 Sep
2015: PM. Owsianny PL018 [J. Kretschmann
GeoM*717] (epitype, designated here: CEDIT-
2018E82!, duplicates: B 40 0042056! M-0289943!)
[http://phycobank.org/100122].

Description: Dinphytes small, phototrophic, the-
cate, the thecal plate pattern distinct. Cells
15-24 pum long, 19-24 pm wide, very widely ovoid,
the antapex without protuberance. Tabulation
formula: APC (pp, cp, x), 4/, 2a, 7", 6c¢, 5s, 5, 2"";
the Plates 3’ and 4” predominantly separated; the
plates Sp and 5 adjacent; the epithecal keystone
plate: 4”.

Note: A diagnosis is provided in the Discussion
section.

3b. Parvodinium mixtum var. conjunctum
Wotosz. ex Kretschmann, Owsianny, Zerdoner
& Gottschling, var. nov. Peridinium mixtum tab.
conjunctum Wotosz., not validly published (ICN
Art. 38.1.), Acta Societatis Botanicorum Polo-
niae 21: 315, pl. XII 11. 1952.—TYPE [illustration]:
Poland. Lesser Poland, Tatra, Morskie Oko, without
date: J. Wotoszynska s.n. (holotype, designated
here: pl. Xll 11 in Acta Societatis Botanicorum
Poloniae 21. 1952) [http://phycobank.org/100123];
[slide with non-fossil specimens]: Poland. Lesser
Poland, Tatra, Morkie Oko, 23 Sep 2015: PM.
Owsianny, G. Marciniak & K. Trawinski PL017 [J.
Kretschmann GeoM*711] (epitype, designated
here: CEDIT-2018E83!, duplicates: B 40 0042057!
M-0289944!) [http://phycobank.org/100124].

Description: Dinphytes small, phototrophic, the-
cate. Cells 14—24 pm long, 13-22 pm wide, very
widely ovoid, the antapex without protuberance.
Tabulation formula: APC (pp, cp, x), 4, 2a, 7", 6c,
5s, 57, 2"; the Plates 3’ and 4” predominantly
adjacent; the plates Sp and 5” adjacent; the
epithecal keystone plate: 4”.

Note: A diagnosis is provided in the Discussion
section.

Methods

Study area: Water tow samples were collected at five lakes in
the Tatra Mountains (Tatra National Park, Republic of Poland)
— Dtugi Staw Gasienicowy, Litworowy Staw Gasienicowy and
Zielony Staw Gasienicowy on 22 Sep 2015, Morskie Oko on
23 Sep 2015 and Toporowy Staw Nizni on 4 Aug 2016 using
a plankton net with a mesh size of 10 wum. Major geographical,
morphological and habitat characteristics of the investigated
lakes are given in Table 1.

The bedrock of the Tatra Mountains area is heteroge-
neous and is dominated by granite, gneiss, mica schist and
limestone (Hoficka et al. 2006; Passendorfer in Mirek 1996;
Piotrowska et al. 2013). The majority of lakes is situated in
the alpine zone (including Dtugi Staw Gasienicowy, Zielony
Staw Gasienicowy and Litworowy Staw Gasienicowy), and
only approximately 30% of lakes in the Tatra Mountains are
located in the forest zone, below 1550 m a.s.l. (e.g., Toporowy
Staw Nizni). Baumgart-Kotarba et al. (1993), tajczak in Mirek
(1996), Kopacek et al. (2004), Kopacek et al. (2006), Borowiak
et al. (2006), Choinski and Strzelczak (2011) and Choinski and
Pociask-Karteczka (2014) provide more detailed descriptions
of the study area, including the main characteristics of lakes
and their catchments (i.e., geographical, geological and hydro-
chemical data). Hydrobiological, especially physiological and
ecological, circumscriptions are summarised in Wotoszynska
(1952), Sieminska (1970), Kawecka in Mirek (1996), Cabata
(2005), Horicka et al. (2006), Piatek (2006, 2007), Sacherova
et al. (2006) and Lenarczyk and Tsarenko (2013).

Cultivation and morphology: Single motile cells were
isolated and placed in 24-well microplates (Zefa; Munich,
Germany) containing freshwater WC growth medium (Woods
Hole Combo, modified after Guillard and Lorenzen 1972)
without silicate. The plates were stored in climate chambers
at 12°C or 18°C and under 12:12h light:dark photoperiod.
The established monoclonal strains are currently held in
the culture collection at the Institute of Systematic Botany
and Mycology (University of Munich) and are available upon
request. Substrains have been submitted to the Culture
Collection of Algae at the University of Cologne: CCAC and
the Culture Collection of Baltic Algae: CCBA.

For the preparation of the types, cells of the monoclonal
strains were fixed with 2.5% glutaraldehyde (agar scientific;
Stansted, Essex, UK). Double-staining was carried out 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. Ethanol-based Technovit
7100 (Heraeus; Wehrheim, Germany) was used for embed-
ding, following the manufacturer’s instructions. For the final
preparation, 30 ul aliquots of the Technovit mixture including
the embedded samples were transferred to three slides. The
types are deposited at the Centre of Excellence for Dinophyte
Taxonomy (CEDIT; Wilhelmshaven, Germany), and duplicates
are held in Berlin, B and Munich, M (see section Taxo-
nomic activity). Types and names are registered at PhycoBank
[http://phycobank.org].

Cells were observed, documented and measured under a
CKX41 inverted microscope (Olympus; Hamburg, Germany)
equipped with a phase contrast option and a DP73 digital
camera (Olympus). The preparative techniques for light and



scanning electron microscopy (SEM) followed standard pro-
tocols (Janofske 2000) and were the same as described in
Gottschling et al. (2012). Briefly, cells were fixed in 2.5% glu-
taraldehyde overnight. Afterwards, specimens were dehydrated
in a graded acetone series and critical point dried, followed by
sputter-coating with platinum. The Kofoidean system (Fensome
et al. 1993; Taylor 1980) was used to designate the plate
formula. Image adjustments (such as scaling, cropping, white-
balancing, colour management) were carried out in Photoshop®
and lllustrator” (Adobe Systems; Munich, Germany), respec-
tively, and images were arranged in QuarkXPress® (Quark
Software; Hamburg, Germany). For the statistical analysis of
the thecate cell length, R v3.4.2 (R Core Team 2017; freely
available at http://www.R-project.org/) and a one-tailed t test
(Gosset 1908) with equal variances were used.

Molecular phylogenetics: Genomic DNA was extracted
from fresh material using the Nucleo Spin Plant Il Kit (Machery-
Nagel: Duren, Germany). Various regions of the ribosomal
RNA (rRNA) genes including the Internal Transcribed Spacers
(ITSs) were amplified using primer pairs specified previously
(Gu et al. 2013) and following standard protocols (Gottschling
and Plétner 2004; Gottschling et al. 2012). For alignment con-
stitution, we defined three regions of the rRNA: SSU, ITS, LSU
and included all Peridiniopsidaceae (Gottschling et al. 2017),
whose sequence information of at least two regions were avail-
able, along with all rRNA sequences available from Parvodinium
(the only exception was a short and uninformative EF581380
sequence: Kretschmann et al. 2018; Supplementary Material
Table S1). For outgroup comparison, we used all sequences
of Heterocapsa F.Stein and Scrippsiella Balech sensu lato, of
which all three rRNA regions were available. Separate matri-
ces were constructed, aligned using ‘MAFFT’ v6.502a (Katoh
and Standley 2013) and concatenated afterwards. The aligned
matrices are available as *.nex files upon request. Phylogenetic
analyses were carried out using standard procedures described
earlier (Kretschmann et al. 2018).
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ARTICLE INFO ABSTRACT

Keywords: Peridinialean dinophytes include a unique evolutionary group of algae harboring a diatom as an endosymbiont
Epitype (Kryptoperidiniaceae), whose phylogenetic origin and internal relationships are not fully resolved at present.
Molecular sequence diagnostics Several interpretations of the thecal plate pattern present in Durinskia oculata currently compete and lead to
Morphology considerable taxonomic confusion. Moreover, it is unclear at present whether the species is restricted to

Ribosomal RNA
Sequence comparison
Taxonomy

freshwater habitats, or occurs in the marine environment as well. We collected material at the type locality of D.
oculata in the Czech Republic and established monoclonal strains. Dinophyte cells were studied using light and
electron microscopy, and we also determined DNA sequences of several rRNA regions (including the Internal
Transcribed Spacers) for molecular characterization and phylogenetics. The morphology of strain GeoM:#662
indicated a plate formula of Po, X, 4/, 2a, 6”, 5c, 5s, 57, 2", which was sustained also in form of a microscopic
slide serving as an epitype. In the molecular DNA tree based on a matrix composed of concatenated rRNA
sequences, strain GeoM:x662 showed a close relationship to other species of Durinskia, and the freshwater species
clearly differs from the marine members. Two independent colonization events from the marine into the
freshwater environment can be inferred within the Kryptoperidiniaceae. We provide a summarizing cladogram
of dinophytes harboring a diatom as endosymbiont with evolutionary novelties indicated as well as a mor-

phological key to the 6 species of Durinskia that are currently accepted.

1. Introduction

Glenodinium oculatum F.Stein was first described by Stein (1883),
who observed the species in water tow samples from the Vltava river
near Prague (Czech Republic) collected on an unknown date between
1879 and 1883. No physical specimen linked to the original publication
could be found in the course of the present study and therefore, pl. III
5-7 in Stein (1883; Fig. 1) is the only original material of G. oculatum. It
shows thecate dinophyte cells with a (very) widely ovate outline in
ventral view and an epitheca, which is slightly larger than a corre-
sponding hypotheca. Furthermore, chloroplasts are present, and the
dinophyte nucleus is located in the epithecal part of the cell. Another
subcellular structure is the small, red eyespot situated in the sulcal
region of the hypotheca, and the drawing of pl. III 5 (Stein, 1883) shows
a distinctive descendent displacement of the cingulum of about its own
width. Remarkable is also the life history stage with two daughter cells
included in the shell of a coccoid cell (pl. III 7 in Stein, 1883). S.F.N.R.
von Stein did not provide scales for his drawings, but the cells’ ap-
proximate size is in the range of Heterocapsa steinii Tillmann,

* Corresponding author.
E-mail address: gottschling@bio.Imu.de (M. Gottschling).

http://dx.doi.org/10.1016/j.ympev.2017.10.011

Gottschling, Hoppenrath, Kusber & Elbr. (= Heterocapsa triquetra sensu
Stein, 1883; Tillmann et al., 2017) and Scrippsiella acuminata Kretsch-
mann, Elbr., Zinssmeister, S.Soehner, Kirsch, Kusber & Gottschling
[= Scrippsiella trochoidea (F.Stein) A.R.Loebl.] likewise depicted on the
same plate.

The plate pattern of G. oculatum is not described in the protologue
(Stein, 1883) and was controversial among subsequent authors.
Wotoszyniska (1917) was the first to provide drawings with indicated
thecal plates and introduced a plate formula with 3 apical, 1 anterior
intercalary and 7 precingular plates. The corresponding images have
been copied variously or slightly modified in text books (Schiller, 1937;
Thompson, 1951; Starmach, 1974; Carty, 2014; Table 1). Jadwiga
Woloszynska’s observations were confirmed, but also challenged by
Lindemann (1926), who considered plate arrangement as a variation of
patterns and shifting plates (germ., ‘bewegliche Hiillenfelderung’) pre-
sent in G. oculatum. Among 5 variant types, he described also a plate
pattern with 4 apical, 2 anterior intercalary and 6 precingular plates. It
was Hansen and Flaim (2007), who first showed the consistency of such
a plate pattern using scanning electron microscopy (SEM) and
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S.

Fig. 1. Original drawings of Glenodinium oculatum reproduced from Stein (1883). The
leftmost illustration corresponds to the lectotype.

transferred G. oculatum taxonomically to Durinskia Carty & El.R.Cox.
However, the concept of Hansen and Flaim (2007) was rarely adopted
since then (Kpaxmasbhsiit, 2011; Darki, 2014) and was not used even in
renown textbooks by Lewis and Dodge (2011) and Carty (2014).

Durinskia belongs to a unique group of Dinophyceae (Dinoflagellata
under zoological nomenclature) hosting a tertiary endosymbiont de-
rived from a diatom (Tomas et al., 1973; Horiguchi and Pienaar, 1994;
Chesnick et al., 1997), named the Kryptoperidiniaceae (Lindemann,
1926). Those so called ‘dinotoms’ (Imanian et al., 2011) further include
Blixaea Gottschling, Galeidinium Tam. & T.Horig., Kryptoperidinium
Er.Lindem., and Unruhdinium Gottschling (Tamura et al., 2005;
Horiguchi and Takano, 2006; Hansen et al., 2007; Zhang et al., 2011b;
Gagat et al., 2014; Gottschling et al., 2017; Yamada et al., 2017;
Zerdoner Calasan et al., 2017; the rarely encountered Dinothrix Pascher
may also belong to this group). Besides ‘possessing a diatom en-
dosymbiont’ as a highly derived trait, the monophyly of the Krypto-
peridiniaceae is also supported by a unique and morphologically con-
served type of an eyespot (Dodge, 1984; Horiguchi and Pienaar, 1991;
Kreimer, 1999; Pienaar et al., 2007; Takano et al., 2008) that has
possibly derived from the original chloroplast (Moestrup and
Daugbjerg, 2007). In molecular trees, the Kryptoperidiniaceae con-
stitute a highly supported monophyletic group, but it is not finally re-
solved at present whether they are embedded in the Thoraco-
sphaeraceae or constitute their sister group (Gottschling and McLean,
2013).

In its current circumscription, Durinskia comprises marine (Kofoid
and Swezy, 1921; Pienaar et al., 2007), brackish (Levander, 1894), and
freshwater species as well (Stein, 1883; Wotoszyrniska, 1916). One of the
main goals in evolutionary ecology of protists is to understand the
processes of marine to freshwater transitions. The osmotic difference
between those ecosystems may act as a highly efficient barrier limiting
the frequency of transitions (Logares et al., 2007b). However, this
scenario is challenged in dinophytes by recent data indicating multiple
lineages conquering the barrier in diverse groups such as Thoraco-
sphaeraceae (Moestrup and Daugbjerg, 2007; Craveiro et al., 2013;
Gottschling and Sohner, 2013) and Gymnodiniaceae (Kretschmann
et al., 2015). Thus, the frequency of dinophyte marine to freshwater
transitions, and their impact on diversification, remain to be de-
termined.

The taxonomic confusion of G. oculatum is considerable (Table 1),
and the name is inconsistently used at present, making meaningful and
taxonomically indisputable conclusions about ecology and/or dis-
tribution impossible. The problems particularly refer to opposing in-
terpretations of the thecal plate pattern and general ecology, as it has
not been worked out whether the species occurs both in the brackish/
marine and the freshwater environment, or is restricted to the fresh-
water habitat only, from which it has been primarily described
(Table 1). To track down what S.F.N.R. von Stein had precisely ob-
served more than 130 years ago, we decided to visit the original site and
to fish for his species [the approach is discussed in Kretschmann et al.
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(2017), investigating Palatinus apiculatus (Ehrenb.) Craveiro, Calado,
Daugbjerg & Moestrup]. In this study, we present a dinophyte collected
at the type locality of G. oculatum, which is consistent with the proto-
logue of S.F.N.R. von Stein’s species. We expanded the investigation
with a phylogenetic analysis of the Kryptoperidiniaceae using con-
catenated sequences of ribosomal RNA (rRNA) to aim at a better un-
derstanding of the group’s evolutionary origin and internal diversifi-
cation.

2. Material and methods
2.1. Material collection and processing

During a field trip on Sep 30th, 2015, water tow samples were
collected using a plankton net with a mesh size of 20 um at the Vltava
river (50°07°59.8”N, 14°23’37.0”E) near Prague (Czech Republic).
Single motile cells were isolated and placed in 24-well microplates
(Zefa; Munich, Germany) containing freshwater WC growth medium
(Woods Hole Combo modified after Guillard and Lorenzen, 1972)
without silicate. The plates were stored in a climate chamber WKS 3200
(Liebherr; Bulle, Switzerland) at 18 °C, 80 umol photonsm~%s~ ' and a
12:12 h light:dark photoperiod. The established monoclonal strains are
currently held in the culture collection at the Institute of Systematic
Botany and Mycology (University of Munich) and are available upon
request. Substrains have been submitted to the Collection of Algae at
the University of Cologne: CCAC, the Culture Collection of Baltic Algae:
CCBA, and the Canadian Center for the Culture of Microorganisms:
CCCM.

For the preparation of the epitype, cells of the (monoclonal) strain
GeoMx662 were fixed with 2.5% glutaraldehyde (agar scientific;
Stansted, Essex, UK). Double-staining was performed using 0.5%
(water-based) astra blue in 2% tartaric acid (Fluka; Buchs,
Switzerland), followed by two cleaning steps in WC medium for 15 min
each and 0.1% (ethanol-based) eosin (Merck; Darmstadt, Germany)
during a graded ethanol (Roth; Karlsruhe, Germany) series. Ethanol-
based Technovit 7100 (Heraeus; Wehrheim, Germany) was used for
embedding, following the manufacturer’s instructions. For the final
preparation, 40 pl aliquots of the Technovit mixture including the em-
bedded samples were transferred to four glass slides. The epitype is
deposited at the Centre of Excellence for Dinophyte Taxonomy (CEDIT;
Wilhelmshaven, Germany), and copies are held in Berlin and Munich
(see below).

2.2. Morphology

Cells were observed, documented and measured with a CKX41 in-
verse microscope (Olympus; Hamburg, Germany) equipped with a
phase contrast option and a DP73 digital camera (Olympus). The pre-
parative techniques for light and scanning electron microscopy (SEM)
followed standard protocols (Janofske, 2000) and were the same as
described in Gottschling et al. (2012). Briefly, cells were fixed in 2.5%
glutaraldehyde for at least 1 h. Afterwards, specimens were dehydrated
in a graded acetone series and critical point dried, followed by sputter-
coating with platinum, and analyzed with an LEO 435VP SEM (Ober-
kochen, Germany).

For nuclear staining, cells (previously fixed in 2.5% glutaraldehyde
for 1h) were treated with 4’-6-diamidino-2-phenylindole (DAPI,
10pgml~! final concentration) for 10min. For visualising of the
nuclei and also for observing chloroplasts of motile cells using auto-
fluorescence, a DM 1000 light microscope (Leica; Wetzler, Germany)
equipped with a DAPI filter (Leica; excitation: 350/50, dichroic mirror:
400, emission BP 460/50) or GFP ET filter (Leica; excitation: BP 470/
40, dichroic mirror: 495, emission BP 525/50), respectively, and a
DP73 digital camera (Olympus) were used.
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Table 1

Comparison of species, and their names, relevant for the taxonomy discussed in the present study (note that also Peridinium umbonatum var. elpatiewskyi Ostenf. originally has an epithecal
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formula 3’ 1a 7”: Ostenfeld, 1907, but this has been superseded with a conserved type: Compeére, 1999, and is not discussed further here).

habitat

brackish / marine

freshwater

freshwater

freshwater

epitheca plate formula

4'2a 6" (asymmetric)

4'2a 6" (asymmetric)

4'2a 6" (asymmetric)

3'la 7" (symmetric)

cell surface

smooth

smooth

minutely porate

smooth

name to be accepted

Durinskia baltica
(Levander) Carty & EL.R.Cox

Durinskia oculata
(F.Stein) Gert Hansen & Flaim

Durinskia dybowskii
(Wolosz.) Carty

Peridiniopsis lindemannii
(M.Lefevre) Bourr. or relative

(Wotosz.) Er.Lindem.

Wotoszynska (1917) — — — Glenodinium oculatum F.Stein, not validly
transferred to Peridinium Ehrenb.
Lindemann (1926) — Glenodinium oculatum F.Stein Glenodinium dybowskii Glenodinium oculatum F.Stein

Schiller (1937)

Peridinium balticum
(Levander) Lemmerm.

Glenodinium oculatum F.Stein

Peridinium balticum
(Levander) Lemmerm.

Glenodinium oculatum F.Stein

Huber-Pestalozzi (1968)

Glenodinium oculatum F.Stein

Glenodinium dybowskii
(Wotosz.) Er.Lindem.

Glenodinium oculatum F.Stein

Starmach (1974)

Peridinium balticum
(Levander) Lemmerm.

Peridinium balticum
(Levander) Lemmerm.

Peridinium balticum
(Levander) Lemmerm.

Clathrocysta aculeata F.Stein, not validly
transferred to Peridiniopsis Lemmerm.
(name confused for unknown reasons)

Popovsky and Pfiester (1990)

Glenodinium balticum Levander,
not validly transferred to
Peridiniopsis Lemmerm.

Glenodinium balticum Levander,
not validly transferred to
Peridiniopsis Lemmerm.

Glenodinium balticum Levander,
not validly transferred to
Peridiniopsis Lemmerm.

Peridiniopsis oculata
(F.Stein) Bourr.

Hansen and Flaim (2007)

Durinskia baltica
(Levander) Carty & ELR.Cox

Durinskia oculata
(F.Stein) Gert Hansen & Flaim

Durinskia dybowskii
(Wolosz.) Carty

(not addressed)

Carty (2014)

Durinskia baltica
(Levander) Carty & EL.R.Cox

— (Hansen & Flaim’s taxon
ignored)

Durinskia dybowskii
(Wolosz.) Carty

Peridiniopsis oculata
(F.Stein) Bourr.

2.3. Molecular phylogenetics

Genomic DNA was extracted from fresh material using the Nucleo
Spin Plant II Kit (Machery-Nagel: Diiren, Germany). Various regions of
rRNA including the Internal Transcribed Spacers (ITSs) were amplified
using primer pairs specified previously (Gu et al., 2013) and following
standard protocols (Gottschling and Plotner, 2004; Gottschling et al.,
2012). For amplification of endosymbiont DNA (SSU, ITS, rbcL), dif-
ferent primer pairs and PCR protocols were used (Table 2; Medlin et al.,
1988; Coolen et al., 2004; Tamura et al., 2005; von Dassow et al., 2006;
Brinkmann et al., 2015). Gel electrophoreses yielded single bands that
were purified and sequenced. For alignment constitution, we defined
three regions of the rRNA: SSU, ITS, LSU, and included all Peridiniales,
of which sequence information of all three regions were available,
along with all rfRNA sequences from the Kryptoperidiniaceae (irre-
spectively whether they were complete, or not). Separate matrices were
constructed, aligned using ‘MAFFT’ v6.502a (Katoh and Standley,
2013), and concatenated afterwards. The aligned matrices are available
as *.nex files upon request.

Dinophyte phylogenetic analyses were carried out using Maximum
Likelihood and Bayesian approaches, as described in detail previously
(Gottschling et al., 2012) using the resources available from the CIPRES
Science Gateway (Miller et al., 2010). The Bayesian analysis was per-
formed using ‘MrBayes’ v3.2.6 (Ronquist et al., 2012, freely available at
http://mrbayes.sourceforge.net/download.php) under the GTR+T
substitution model and the random-addition-sequence method with 10
replicates. We ran two independent analyses of four chains (one cold
and three heated) with 20,000,000 cycles, sampled every 1,000th cycle,
with an appropriate burn-in (10%) as inferred from the evaluation of
the trace files using Tracer v1.5 (http://tree.bio.ed.ac.uk/software/
tracer/). For the ML calculation, the MPI version of ‘RAXML’ v8.2.4
(Stamatakis, 2014, freely available at http://www.exelixis-lab.org/)
was applied using the GTR+T substitution model. To determine the
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best fitted ML tree, we executed 10-tree searches from distinct random
stepwise addition sequence Maximum Parsimony starting trees and
performed 1,000 non-parametric bootstrap replicates. Statistical sup-
port values (LBS: ML bootstrap support, BPP: Bayesian posterior prob-
abilities) were drawn on the resulting, best-scoring tree.

3. Results
3.1. Morphology

The monoclonal strain GeoM#662 exhibited both motile thecate
cells (Figs. 2A-B, 3A-E, 45) and immotile coccoid cells (Figs. 2C-E,
3F-J). Motile cells were circular through (very) widely ovate in outline
and slightly compressed in dorsiventral direction. The cingular girdle
was excavated, and it surrounded the cell with a descendent displace-
ment of its own width (Figs. 3A-E, 4A). The epitheca was hemispherical
and slightly larger than the hypotheca, which was hemispherical as well
and showed mostly a flattened antapex. Similar to the cingulum, the
sulcus was also excavated, widened towards the posterior end of the
cell, and reached from the cingulum down nearly to the antapex. Cell
length ranged from 19-36 um (mean: 26 um; median: 26 pm; sd: 4 um;
n = 75) and width from 18-32 um (mean: 25 um; median: 24 pm; sd:
4 um; n = 75).

The cells were yellowish and hyaline through golden-brown in color
and showed numerous irregularly shaped chloroplasts (Figs. 3A-E, 4D).
The cytoplasm was filled with numerous granules and frequently con-
tained an orange-red accumulation body without precise position. A
rectangular red through dark-red eyespot was clearly visible in the
hypotheca in proximity of the sulcus (Fig. 3B—C). The cells contained
two different types of nuclei (as inferred from DAPI straining: Fig. 4E):
The dinokaryon (with distinctly condensed chromosomes that could be
inferred by focussing on different levels) was located centrally or in the
epitheca just above the cingulum. The second and smaller eukaryotic
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Table 2

Primers and protocols used for the amplification of SSU, ITS, and rbcL of the endosymbiont.

Protocol

Sequence

Synthesis direction

Name

Region

Initial denaturation at 95 °C for 3 min; 39 cycles of denaturation at 95 °C for 30 s, primer annealing at 56 °C for 1 min, extension at 68 °C for 1 min;

additional extension at 68 °C for 10 min

5-ACC TGG TTG ATC CTG CCA GT-3’

EukA

18S

5’-CTC ATT CCA ATT GCC AGA CC-3’

R
F

Dia-516r

Initial denaturation at 95 °C for 3 min; 39 cycles of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 1 min, extension at 68 °C for 1 min;

additional extension at 68 °C for 10 min

5’-GAC AAT AAA TAA CAA TGC CGG GCC-3’

5-GTG CCA GCR GCC GCG G-3’

500MGZCF
1263R
1122F

18S

R
F

Initial denaturation at 95 °C for 3 min; 39 cycles of denaturation at 95 °C for 30 s, primer annealing at 50 °C for 1 min, extension at 68 °C for 1 min;

additional extension at 68 °C for 10 min

5’-GGC TGA AAC TTA AAG GAA TTG-3’
5’-GCT TGA TCC TTC TGC AGG T-3’

18S

R
F

D1800R
1645F

initial denaturation at 95 °C for 3 min; 39 cycles of denaturation at 95 °C for 30 s, primer annealing at 62 °C for 1 min, extension at 68 °C for 1 min;

additional extension at 68 °C for 10 min

5-CTT ATC ATT TAG AGG AAG GTG AAG

TCG T-3’

ITS

5’-CCG CTT CAC TCG CCG TTA CT-3’
5’-TAT ATA TTG CCT TTT TAT TC-3’

28SR

Initial denaturation at 95 °C for 3 min; 39 cycles of denaturation at 95 °C for 30 s, primer annealing at 51 °C for 1 min, extension at 68 °C for 1 min;

additional extension at 68 °C for 10 min

F

atrbcL1

5’-AAA CCA CCT TTT AAA CCT TC-3’

R
F

atrbcL3

5’-ACA GTA AAA CCW AAA TTA GG-3/
5’-ATT TGA CCA CAG TGG ATA CC-3’
5’-TGT AAA TGG ATG CGT ATG T-3’

atrbcL2

R

atrbcL5

atrbcL4

5’-GTC TCA CTA TTC AAA TAC TC-3’

R

atrbcL6

D
D
D
D!
D
D

rbcL.

rbcL

rbcL
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nucleus was positioned left above the dinokaryon in dorsal view
(Fig. 4E).

The motile cells were covered by a theca constituted of thin plates
(Figs. 4A-C, 5, 6, astra blue staining indicated their cellulosic nature).
The cell surface was mostly smooth but irregularly scattered with small
circular pores (probably openings of trichocysts) on the thecal plates.
Pores on plates ran along the sutures, and some additional pores were
irregularly scattered over the plates (Fig. 4A-C). The thecate plate
formula was Po, X, 4/, 2a, 6”, 5c, 5s, 57, 2" (Figs. 4A-C, 5, 6). The
arrangement of the epithecal plates was asymmetric, whereas the apical
pore plate (Po) was small and elliptical. The canal (or X or preapical)
plate was rectangular in shape and connected Po and 1”. The apical
plate 4’ on the right side of the apical pore was twice as large as the
apical plates 2’ and 3’, both located on the left side. The first anterior
intercalary plate was small and more or less regularly pentagonal in
shape, whereas plate 2a was larger, hexagonal, and elongated. The
cingulum was composed of 5 plates, whereas the sutures were slightly
deviating from those of the pre- and postcingular plates. The first cin-
gular plate was relatively narrow, while the cingular plates 2C through
5C surrounded the rest of the cell approximately one quarter each. In
the sulcus consisting of 5 plates, the plates Sa, Ss, and Sm were small
and partially covered by the large Sd plate. The left edge of the Sd plate
extended towards the middle of the sulcus and covered the flagellar
pores. The Sp plate was relatively large and reached the antapex. The
arrangement of the hypothecal plates was nearly symmetric. The hy-
potheca was composed of 5 postcingular and 2 antapical plates of
similar size.

Along the boundaries of the thecal plates, the overlap of adjacent
plates could be observed. The plate pattern including the overlap pat-
tern is illustrated in Fig. 6C-D. Generally, it followed an imbricate
pattern from dorsal through ventral: In the epitheca, the dorsal pre-
cingular plate 4” was the keystone plate, as was the plate 3C in the
cingulum. The keystone plate of the hypotheca was postcingular plate
3", and the antapical plates laid under the postcingular plates. The large
sulcal plate Sp was overlapped by all adjacent plates.

Cell division of thecate cells is normally carried out by eleutero-
schisis, whereas the parent organism shed its theca completely.
Occasionally, empty epi- and hypothecae (linked and unlinked) were
observed at the bottom of the cultivation plates. Thecate cells opened
along the upper ridge of the cingulum (i.e., the cingulum was attached
to the hypotheca) to release dividing or ecdysing cells. A single coccoid
cell developed intrathecately and was released after shedding of the
theca (Fig. 3H). Coccoid cells having a color slightly darker than the
motile cells were spherical through mostly (very) widely ovoid
(Fig. 3F-J). They ranged from 31-48um in length (mean: 39 um;
median: 40 um; SD: 3um; n = 50) and 26-41 um in width (mean:
33 pm; median: 33 um; SD: 3 um; n = 50). The cytoplasm of the coccoid
cells was filled with numerous brown granules and frequently con-
tained a large, red accumulation body. The mother cell became ovoid
and divided into two daughter cells, which were included in a joint
shell. The developmental fate of such cells remained elusive.

3.2. Molecular phylogenetics

In total, sequences were generated and deposited as 12 new
GenBank entries in the course of the study (Supplementary Material
Tab. S1). They include not only rRNA sequences from the hosting di-
nophyte, but also SSU, ITS, and rbcL. DNA sequences from the diatom
endosymbiont of G. oculatum. The phylogenetic analysis of the latter is
complex and therefore a matter of a comprehensive, alternate study
about the relationships between the endosymbionts and free-living
diatoms (Zerdoner Calasan et al., 2017). The SSU +ITS + LSU alignment
of the Peridiniales was 1826+1393+3013bp long and comprised
458+714+673 parsimony informative sites (30%, mean of 12.7 per
terminal taxon). Fig. 7 shows the best-scoring Maximum Likelihood
(ML) tree (-ln = 59,486.27), with the internal topology not fully
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10pm

Fig. 2. Motile and immotile stages (stained with astra blue and eosin) prepared as an epitype of Durinskia oculata (GeoM*662; light microscopy; all at the same scale). (A-B) Motile
thecate cells showing the variation in size. (C-E) Coccoid cells. (C) Coccoid cell with thecal remnant. (D) Coccoid cell. (E) Dividing coccoid cells. Abbreviation: n: dinophyte nucleus.

resolved. However, many nodes were statistically well if not maximally
supported, and a number of peridinialean lineages could be recognized
such as the Peridiniopsidaceae (99LBS, 1.00BPP) and Peridiniaceae
(100LBS, 1.00BPP), Scrippsiella Balech s.I. (100LBS, 1.00BPP) and a
clade including Pfiesteria Steid. & J.M.Burkh. and Thoracosphaera
Kamptner (94LBS, 1.00BPP). The Kryptoperidiniaceae were also
monophyletic (97LBS, 1.00BPP) and constituted the sister group
(59LBS) of Blastodinium Chatton + Zooxanthella K.Brandt (73LBS).
Strain GeoMx662, from which the epitype of G. oculatum was pre-
pared, clustered together with other species of Durinskia (98LBS,
1.00BPP). They consisted of D. agilis (Kof. & Swezy) Saburova,
Chomérat & Hoppenrath (100LBS, .96BPP), D. capensis Pienaar, Sakai &
T.Horig. (96LBS, 1.00BPP), and Durinskia kwazulunatalensis Norico
Yamada, Sym & T.Horig. (89LBS) as well as a grade rather than a clade
comprising dinophytes determined as Durinskia cf. baltica. Durinskia
constituted the sister group (87LBS, 1.00BPP) to all other
Kryptoperidiniaceae (71LBS), which further segregated into monotypic

Blixaea, Galeidinium (100LBS, 1.00BPP), Kryptoperidinium (75LBS,
.98BPP), and Unruhdinium (100LBS, 1.00BPP). Within
Kryptoperidiniaceae, two distinct freshwater lineages could be identi-
fied, namely Unruhdinium (100LBS, 1.00BPP) and a clade comprising
strains GeoM#662 and GeoM=x663 as well as Chinese dinophytes in-
itially determined as D. baltica (100LBS, 1.00BPP). They were only
distantly related to each other and constituted sister groups to marine
Blixaea + Galeidinium + Kryptoperidinium (87LBS, 1.00BPP) and likewise
marine dinophytes determined as Durinskia cf. baltica (76LBS), respec-
tively.

4. Discussion
4.1. Taxonomic identity of Glenodinium oculatum F.Stein

Reliable species determination is essential for any meaningful ap-
plication of scientific names in studies of, for example, ecosystem

10pm

Fig. 3. Motile cells and immotile cells of Durinskia oculata (GeoM*662; light microscopy; all at the same scale). (A-E) Motile thecate cells showing the variation in size and shape. (A-B)
Same cell at different foci (arrowhead in B indicates an eyespot). (C) Motile cell showing the dark-red, rectangular eyespot (arrowhead). (D-F) Motile thecate cells showing the variation
in size and shape. (F-J) Immotile cells. (F-G) Immotile cell laying at the bottom of the cultivation plate. (H) Coccoid cell with thecal remnant. (I) Coccoid cells. (J) Dividing coccoid cell.
Abbreviation: n: dinophyte nucleus. (For interpretation of the references to the color in this figure legend, the reader should refer to the web version of this article.)
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Fig. 4. Motile thecate cells of Durinskia oculata [GeoM*662; (A-C) scanning electron microscopy; at the same scale; (D-E) light microscopy; at the same scale]. (A-C) Tabulation pattern of
the motile thecate cells. (A) Ventral view. (B) Dorsal view. (C) Dorsal-lateral view. (D) Motile cell under blue light excitation showing chloroplasts of an irregular shape (scale bar: 10um).
(E) DAPI-stained motile cell under UV light showing a large dinophyte nucleus (positioned below) and a small eukaryotic nucleus (positioned above; scale bar: 10um). Abbreviations: n”:

m.

apical plate. n”: precingular plate. n”: postcingular plate. n”:

antapical plate. na: anterior intercalary plate. nC: cingular plate. Sd: right sulcal plate. Sp: posterior sulcal plate. (For

interpretation of the references to the color in this figure legend, the reader should refer to the web version of this article.)

functioning and community dynamics during seasonal periods, as well
as conservation strategies and the impact of invasive species. Until the
present study, the taxonomic identity of G. oculatum was unclear pri-
marily because of inconsistent interpretations of the thecal plate pat-
tern. Hansen and Flaim (2007) were very cautious with their criticism
about the analysis provided by Woloszynska (1917), but clearly stated
morphological discrepancies between S.F.N.R. von Stein’s species and
that of J. Wotoszyniska. We agree, and the cells’ outline in her drawings
is rather obtusely angular at the anterior and posterior end and not as
rounded as in G. oculatum. Furthermore, the cingulum appears wider in
Wotoszyniska (1917) than in Stein (1883), and the displacement is less
than half of the (and not as the entire, as Stein, 1883, described) cin-
gulum width. Thus, doubts are allowed that the organisms investigated
by S.F.N.R. von Stein and J. Woloszyriska are conspecific (Hansen and
Flaim, 2007; Zhang et al., 2011a; Cavalcante et al., 2017).

Our material collected at the type locality, Vltava river near Prague,
is to a great extent consistent with the descriptions and drawings of
S.F.N.R. von Stein, including the (very) widely ovate outline of the
theca in ventral view, with a slightly larger epitheca. We further

Fig. 5. Details of the tabulation pattern of motile thecate cells of Durinskia oculata
(GeoM*662; scanning electron microscopy). (A) Ventral view of the sulcal region. (B)
Apical view of the apical pore complex. Abbreviations: Po: apical pore plate. n”: apical
plate. n”: precingular plate. n”:
anterior sulcal plate. Sd: right sulcal plate. Sm: median sulcal plate. Sp: posterior sulcal
plate. Ss: left sulcal plate. x: canal (preapical) plate.

postcingular plate. nC: cingular plate. pp: pore plate. Sa:

confirm the descendent displacement of the cingulum of about its own
width (compare Fig. 4A with pl. Il 5 of Stein 1883) as well as the
eleutherochisis mode of division (pl. IIl 6). The presence of two
daughter cells included in the shell of a coccoid cell (compare Fig. 3F
with pl. III 7 of Stein 1883) is likewise crucial for a correct assignment
of our material to G. oculatum. Such a trait has been rarely illustrated
for other freshwater dinophyte species [e.g., in the only distantly re-
lated Gymnodinium rotundatum Klebs: Klebs, 1912; Spiniferodinium lim-
neticum (Wotosz.) Kretschmann & Gottschling: Kretschmann et al.,
2015; P. apiculatus: Kretschmann et al., 2017], though as the abundance
across dinophytes and diagnostic value of this life history stage remains
elusive. The consistency between the protologue and our newly estab-
lished material refers also to subcellular details such as the position of
the nucleus in the epitheca and the small, red eyespot positioned in the
sulcal area of the hypotheca (whose ultrastructure is much better
known today than in the 19th century: Moestrup and Daugbjerg, 2007).
The transversal flagellum has been depicted as ‘ciliate girdle’ of the
cingulum, but this (as we today know) wrong determination must be
seen in a historical context. Thus, material of strain GeoMx*662 is sui-
table for epitypification of G. oculatum in order to remove the taxo-
nomic ambiguity currently linked with that name.

The epitypification of G. oculatum decides the long-lasting debate
about the correct interpretation of the epithecal plate pattern. The
ongoing morosity of the controversy is illustrated also by Lewis and
Dodge (2011) and Carty (2014), who do not cite the transfer of G.
oculatum to Durinskia (Hansen and Flaim, 2007) in their taxonomic
headers of Peridiniopsis oculata (F.Stein) Bourr. (Table 1). Anyhow, the
epitype material of G. oculatum clearly shows the existence of 4 apical,
2 anterior intercalary, and 6 precingular plates, as it has already been
observed by Lindemann (1926) and later by Hansen and Flaim (2007).
In turn, the interpretation of Wotoszyriska (1917), showing 3 apical, 1
anterior intercalary, and 7 precingular plates, has to be rejected hence:
The application of the name in a number of textbooks (Thompson,
1951; Starmach, 1974; Popovsky and Pfiester, 1990; Lewis and Dodge,
2011; Carty, 2014) does not correspond to S.F.N.R. von Stein’s species,
and the error must be corrected in future editions and publications.

Irrespectively of the name applied, all dinophytes with epithecae
exhibiting the combination of 3 apical, 1 anterior intercalary, and 7
precingular plates are to be removed from Durinskia. The question re-
mains, with which species Woloszynska (1917) initially confused G.
oculatum. Hansen and Flaim (2007) did not provide an answer, but the
plate pattern comprising 3 apical, 1 anterior intercalary and 7 pre-
cingular plates is otherwise found in dinophytes such as Peridiniopsis
lindemannii (M.Lefévre) Bourr. from Madagascar (Lefevre, 1927).
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Fig. 6. Schematic drawing of the thecal plates. (A)
Ventral view. (B) Dorsal view. (C) Apical view. (D)
Antapical view. Abbreviations: n’: apical plate. n”: pre-
cingular plate. n”: postcingular plate. n”: antapical
plate. na: anterior intercalary plate. nC: cingular plate.
Sa: anterior sulcal plate. Sd: right sulcal plate. Sm:
median sulcal plate. Sp: posterior sulcal plate. Ss: left
sulcal plate. x: canal (preapical) plate. Arrowheads in
(C-D) indicate plate overlap pattern.

Jadwiga Woloszyniska’s species, however, differs from P. lindemannii,
since it is only half of its size, and was not described before her treat-
ment dating to 1917. Thus, the precise name to be applied to the species
depicted in Wotoszyiniska (1917) remains to be determined.

4.2. Interpretations of the molecular tree

In the molecular tree, G. oculatum collected at its type locality is
clearly a member of the Kryptoperidiniaceae taxon Durinskia and thus,
the corresponding taxonomic transfer (Hansen and Flaim, 2007) ap-
pears justified. Our strain shares the epitheca plate formula with all
species of Durinskia (except D. agilis, which has 7 instead of 6 pre-
cingular plates: Saburova et al., 2012). The correct phylogenetic pla-
cement of Durinskia oculata (F.Stein) Gert Hansen & Flaim is also cor-
roborated by apomorphic traits of the Kryptoperidiniaceae such as the
second endosymbiont nucleus (Fig. 8) shown by DAPI staining in the
present study. Furthermore, the Kryptoperidiniaceae are considered to
exhibit a unique type of eyespot deriving from a relict plastid (Fig. 8;
Dodge, 1984; Horiguchi and Pienaar, 1991; Kreimer, 1999; Moestrup
and Daugbjerg, 2007; Pienaar et al., 2007; Takano et al., 2008).

The presence of 3 anterior intercalary plates is the predominant
stage found in peridinialean dinophytes (present, for example, in
freshwater Peridinium and marine Scrippsiella and members of the E/Pe-
clade: Fensome et al., 1993, but also in Leonella Janofske & Karwath
from the T/Pf-clade: Janofske and Karwath in Karwath, 2000, Blas-
todinium: Skovgaard et al., 2012, Zooxanthella: Probert et al., 2014),
indicating the ancestral condition. Subsequently, the reduction to
maximally 2 of such plates in Kryptoperidiniaceae (Pienaar et al., 2007;
Saburova et al., 2012; You et al., 2015) can be considered the apo-
morphic state providing further evidence for the monophyly of the
Kryptoperidiniaceae (Fig. 8). A comparable though not homologuous
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development of reduced thecal plate numbers has been shown for
pfiesterian dinophytes (Calado et al., 2009). Within the Kryptoper-
idiniaceae, further reduction in number of epithecal main plates is
known from Unruhdinium (Liu et al., 2008; Takano et al., 2008; Zhang
et al., 2011b, 2014; You et al., 2015), which do not exhibit more than
10 such plates as an apomorphic trait (Fig. 8; Gottschling et al., 2017).
Galeidinium is extreme in this respect, because it does not show (pre-
sumably as secondary loss) any thecal plate pattern (Tamura et al.
2005).

The majority of dinophyte species inhabit marine environments, but
there are approximately 350 freshwater species known so far (Mertens
et al., 2012). They are scattered over the dinophyte (and peridinialean)
phylogenetic tree in mostly small species groups being only distantly
related. Such topology is indicative for the ancestral condition of di-
nophytes (and Peridiniales) living in the marine environment. Never-
theless, marine to freshwater transitions have been considered rare in
dinophytes (Logares et al., 2007b), which would be in agreement with
other groups of organisms such as the green lineage comprising chlor-
ophytes and land plants (Lewis and McCourt, 2004; Leliaert et al.,
2012). The molecular tree, however, indicates that at least two lineages
independently colonized the freshwater environment alone in the
Kryptoperidiniaceae, namely D. oculata (with a single close relative, see
below) and Unruhdinium. Both lineages are only distantly related to
each other and find their closest relatives in dinophytes inhabiting the
marine environment (which is true for virtually all freshwater lineages
of dinophytes). This challenges once more the ideas of Logares et al.
(2007b), whose taxon sample has not been as extensive as it is neces-
sary to draw their general conclusions about the rarity of marine to
freshwater transitions.

Freshwater lineages of dinophytes are highly polyphyletic, implying
repeated colonization events from the marine into the freshwater
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Fig. 7. Maximum Likelihood (ML) tree of 44 Kryptoperidiniaceae operational taxonomic units (OTUs), derived from the comparison of concatenated rRNA sequences. Freshwater taxa are
shaded in grey, whereas those taxa are in bold, from which type material has been prepared. Branch lengths are drawn to scale, with the scale bar indicating the number of nt substitutions

per site. The numbers on the branches are statistical support values (above: ML bootstrap values, values <50 are not

shown; below: Bayesian posterior probabilities, values <.90 are not

shown). Asterisks indicate maximal support. Abbreviations: E/Pe: clade including Ensiculifera Balech and Pentapharsodinium Indel. & A.R.Loebl. PER: Peridiniaceae. POP:

Peridiniopsidaceae. T/Pf: clade including Pfiesteria and Thoracosphaera.
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Durinskia Unruhdinium Blixaea
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«—

diatom endosymbiont (with nucleus retained),
eyespot derived from plastid,
2 anterior intercalary plates

environment. This has occurred multiple times even within single
lineages such as the Gymnodiniaceae s.str. (Kretschmann et al., 2015),
the Kryptoperidiniaceae (this study), and the Thoracosphaeraceae
(Moestrup and Daugbjerg, 2007; Craveiro et al., 2013; Gottschling and
Sohner, 2013). Other examples for a more dynamic evolutionary sce-
nario for dinophytes are the single (though genetically differentiated)
species Alexandrium ostenfeldii (Paulsen) Balech & Tangen and Huia
caspica (Ostenf.) H. Gu, K.N. Mertens, T. Liu occurring in both marine
and freshwater habitats (Kremp et al., 2014; Gu et al., 2016) as well as
the phenotypically differentiated species pair Apocalathium malmogiense
(G.Sjostedt) Craveiro, Daugbjerg, Moestrup & Calado (brackish water)
and Apocalathium aciculiferum (Lemmerm.) Craveiro, Daugbjerg,
Moestrup & Calado (freshwater) that share identical rRNA sequences
(Gottschling et al., 2005; Logares et al., 2007a; Annenkova et al., 2015).
Durinskia also includes species living in brackish water (Levander,
1894), and it remains to be worked out whether this trait is a pre-
requisite for a gradual evolutionary process of marine to freshwater
transitions, at least in some cases of the dinophytes.

4.3. Diagnosis of Durinskia oculata

The freshwater species pair D. oculata and Durinskia dybowskii
(Wolosz.) Carty (of which molecular sequence data are not available at
present) can be easily distinguished morphologically based on the cell
surface being smooth versus porate, respectively (Table 1). The in-
traspecific consistency of such traits, however, must be worked out in
future - in the newly established material of GeoMx662, we have never
observed any distinctive pores scattered over the cell surface. It is un-
clear at present whether this trait really is a diagnostic feature of D.
dybowskii, and newly collected material from Ukraine (Wotoszyiiska,
1916) may clarify this uncertainty. Anyhow, it is more difficult to
morphologically distinguish between freshwater D. oculata and
brackish (or even marine) D. baltica due to the lack of diagnostic traits.
The molecular tree, however, clearly differentiates between freshwater
and marine strains of Durinskia (molecular sequence data are not
available for cells from brackish habitats at present), irrespectively of
the name used: Our strain GeoM«x662 constitutes a monophyletic group
together with other freshwater strains (though they have been initially
determined as D. baltica: Zhang et al., 2011a). We now know the
identity of D. oculata and have sequence information also from the
endosymbiont (Zerdoner Calasan et al., 2017) with a putative diag-
nostic importance. However, taxonomic clarification of D. baltica based

Galeidinium

thecal plates
absent
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Fig. 8. Annotated cladogram summarizing the
results of the study (freshwater lineages are in
black, while marine lineages are in grey; apo-
morphies indicated by squares; arrows indicate
high statistical support i.e., LBS > 75 and BPP >
.95). Note that it is not clear yet whether anta-
pical spines present in species of Blixaea and
Unruhidinium are homologuous or a result of in-
dependent evolution.

Kryptoperidinium

venter
flattened

on newly collected material from the type locality (Baltic Sea off Fin-
land i.e., rather brackish than marine environment) is still required.
Habitat preference is currently the only diagnostic trait between both
species (compared in the key at the end of this study). It is likely that
they also differ in terms of DNA sequence data, but this remains elusive
until the epitypification of D. baltica. Unfortunately, little information is
available about the morphology of sequenced D. cf. baltica strains so as
to a more rigorous interpretation of the molecular tree would be pos-
sible. Additional work is necessary to enlighten the taxonomic status of
the various D. cf. baltica lineages constituting a grade rather than a
clade.

Conclusions about the spatial occurrence and the ecological niche
established by species are as good as the quality of the underlying data.
In this respect, the situation in D. oculata (but also for D. baltica and D.
dybowskii) is currently not advancing due to the taxonomic and no-
menclatural debates in the past and the divergent species delimitations
in the literature (i.e., different names for the same species, but also
different species subsumed under the same name; Table 1). The os-
tensible data that have been compiled about such species over the past
130 years should be treated with high caution, if they should be used at
all. With the DNA sequence information (see also Zerdoner Calasan
et al., 2017) and the consistent plate pattern at hand, a reliable species
determination of D. oculata is now possible. However, to work out the
distribution of the species as well as its specific role in the ecosystem
remains a considerable task for the future.

5. Taxonomic activity

Durinskia oculata (F.Stein) Gert Hansen & Flaim, nom. corr. (ICN
Art. 60.1.), Journal of Limnology 66: 134-136, fig. 31la-g (2007).
Glenodinium oculatum F.Stein, Der Organismus der arthrodelen
Flagellaten nach eigenen Forschungen in systematischer Reihenfolge
bearbeitet 3.2: pl. III 5-7 (1883). Peridiniopsis oculata (F.Stein) Bourr.,
nom. corr. (ICN Art. 32.2), Protistologica 4: 9 (1968).—Lectotype,
designated here: [illustration] pl. III 5! in Stein (1883), showing a non-
fossil individual from Czech Republic, Vitava river near Prague [exact
locality and collecting date unknown].—Epitype, designated here:
Czech Republic. Hlavni mésto Praha, Prague, Praha-Sedlec, Vltava
river, Sep 30, 2015 [non-fossil]: J. Kretschmann & M. Gottschling D043
[J. Kretschmann GeoM:x662] (CEDiT-2017E72!, duplicates: B 40
0042046!, M-0251367!).
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6. Excluded names from Durinskia

Clathrocysta aculeata F.Stein, Der Organismus der arthrodelen
Flagellaten nach eigenen Forschungen in systematischer Reihenfolge
bearbeitet 3.2: pl. IV 6 (1883). Peridiniopsis aculeata (F.Stein) Bourr.,
nom. corr. (ICN Art. 32.2.), as used in Starmach & Sieminska, Flora
stodkowodna polski 4: 350, fig. 479 (1974). Glenodinium aculeatum
F.Stein as used in Starmach & Siemiiiska, Flora stodkowodna polski 4:
350 (1974). The pretended basionym and corresponding combination
have never been validly published.

Peridiniopsis baltica (Levander) Bourr., nom. corr. (ICN Art. 60.1) as
used in Popovsky & Pfiester, Siifwasserflora von Mitteleuropa:
Dinophyceae (Dinoflagellida): 188 (1990) and subsequent works. The
corresponding combination has never been validly published.

Peridinium oculatum (F.Stein) Wolosz., not validly published (ICN
Art. 53.1., non Peridinium oculatum Dujard., Histoire naturelle des
Zoophytes: 374-375. 1841), Rozprawy Wydzialu Matematyczno-
Przyrodniczego Akademji Umiej etno’sci. Dzial B, Nauki biologiczne 57:
217 (1917).

7. Key

The following key comprises all lineages of the Kryptoperidiniaceae
identified at present based on molecular sequence data. The diatom
endosymbiont, the eyespot type, and a reduced number of anterior
intercalary plates to maximally two are diagnostic and apomorphic
traits of the taxon (Fig. 8). In particular, the key includes the 6 species
of Durinskia that we currently accept.

la. Motile cell without thecal plates Galeidinium

1b. Motile cell exhibiting thecal plates 2

2a. Motile cells with a strongly flattened venter Kryptoperidinium

2b. Motile cells globular through variously 3
ovoid

3a. Plate formula: 4’ 0a 6” or 3’ 1a 6” Unruhdinium

3b. Number of epithecal main plates > 10 4

4a. Motile cells exhibiting four long hypothecal Blixaea
spines

4b. Motile cells without spines (Durinskia) 5

5a. precingular plates 7; motile cell with an D. agilis
apical hook

5b. precingular plates 6; motile cell without 6
apical hook

6a. Plates 1a and 1” adjacent 7

6b. Plates 1a and 1” not adjacent 8

7a. Plates 2a, 3”, and 4” pentagonal, tetragonal, D. capensis
and pentagonal, respectively

7b. Plates 2a, 3”, and 4” hexagonal, pentagonal, D.
and tetragonal, respectively kwazulunatalensis

8a. Brackish/marine species D. baltica

8b. Freshwater species 9

9a. Thecal plates with porate ornamentation in D. dybowskii
horizontal rows

9b. Thecal plates with few irregularly scattered D. oculata
pores
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The contemporary occurrence of dinophytes at their type localities has not been intensely studied so far, despite the type
locality’s crucial importance for any reliable scientific name application. The microscopist and phycologist Ch.G.
Ehrenberg described a number of dinophyte species more than 150 years ago, many of which are currently taxonomically
ambiguous. We collected water tow and sediment samples at those same localities in Berlin that Ch.G. Ehrenberg may have
visited as well. We isolated and established several strains of Glenodinium apiculatum that we investigated by applying
contemporary microscopic and molecular methods. The plate formula of the species was 4, 2a, 7", 6¢, 5s, 5", 2", without
an apical pore complex, and the most distinctive morphological trait of Glenodinium apiculatum was the spiny hypotheca.
The spines were irregularly scattered over hypothecal plate surface and arranged in raised edges between thecal plates. As
inferred from molecular phylogenetics, Glenodinium apiculatum is assigned to Palatinus, which is an element of the
Peridiniopsidaceae as a part of the Peridiniales. For taxonomic purposes, we epitypified Ch.G. Ehrenberg’s taxon with
newly collected material to ensure a reliable determination in the future. Palatinus apiculatus is not a fleeting star, and a
number of dinophytes show a remarkably high fidelity to the sites from which they were originally described, even if the

description was carried out a long time ago.

Key words: biogeography, dinoflagellates, Ehrenberg, niche, protists, Palatinus, taxonomy

Introduction

Almost 180 years ago, Ch.G. Ehrenberg (1795-1876)
described Glenodinium apiculatum Ehrenb. in his seminal
work ‘Infusionsthierchen’ (Ehrenberg, 1838). The pub-
lished figures (corresponding to sheet 671: Fig. 1, depos-
ited in the Ehrenberg collection curated at the Museum
for Natural History, Berlin. BHUPM) show dinophyte
cells with a length of ~50 um. They exhibit distinct the-
cal plates showing an asymmetrical plate pattern of the
epitheca, multiple chloroplast lobes, and an eyespot in the
sulcal region. The cells are spherical through ovate and
elliptic in outline, with a more or less distinct twist of the
epitheca to the left in relation to the hypotheca. However,
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the most distinctive trait of the species is the presence of
multiple minute spines at the antapex. Ehrenberg (1838)
observed the species regularly over several years in the
spring (e.g., 2 Apr 1835, noted on sheet 671) ‘near Ber-
lin’, but the exact locality is unknown. During the
‘Infusionsthierchen’-period, Berlin metropolis was much
smaller than nowadays, and Ch.G. Ehrenberg appears to
have been predominantly collecting outside the gates of
the city in the ‘Thiergarten’ (corresponding to today’s
inner-city park ‘GroBer Tiergarten’ as part of the Tier-
garten district: Mollenhauer, 2002). For aquatic habitats
near Berlin in the 1830s, a lower nutrient load and a rather
muddy substrate have been inferred, but today, significant
changes are encountered towards demarcated water bod-
ies with sinking groundwater levels and a drier climate
(Geissler, Kusber, & Jahn, 2004).
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Figs 1-12. Glenodinium apiculatus. 1-5. Ch.G. Ehrenberg’s
original material of Glenodinium apiculatus. 1. water-coloured
drawings (sheet 671, deposited in the Ehrenberg collection
curated at the Museum for Natural History, Berlin: BHUPM;
http://download.naturkundemuseum-berlin.de/Ehrenberg/Ec%

20Drawings/Ec%20draw%20001-999/Ec%20draw%20600-699/
ECdraw671.jpg). 2-5. enlarged original water-coloured draw-
ings of sheet 671 with thecal plate labelled using the Kofoidean
system. 6—8. dried motile cells on a mica mounted with Canada
balsam prepared by Ch.G.Ehrenberg (LM). 9-12. epitype of Gle-
nodinium apiculatus (GeoM*762; stained with astra blue and
eosin; LM). 9. motile cell. 10. empty theca in ventral view. 11.

empty theca in lateral-dorsal view. 12. coccoid cell. Abbrevia-

tions: n’: apical plate. n”: precingular plate. n’”: postcingular

plate. n””: antapical plate. na: anterior intercalary plate.

It seems as though neither Lauterborn (1896) nor Lem-
mermann (1900) were aware of Ch.G. Ehrenberg’s
species and described Peridinium palatinum Lauterborn
(Fig. S1) and Peridinium marssonii Lemmerm., respec-
tively, exhibiting spinulose antapical plates as well.
Shortly after, Huitfeldt-Kaas (1900) was again unaware of
G. apiculatum and the work of Lauterborn (1896) and
Lemmermann (1900) and described another species with
‘spines in the corners of polar plates’, namely Peridinium
laeve Huitf.-Kaas. Notably, V.V.H. Huitfeldt-Kaas
(1867—1941) was the first, who also illustrated the epithe-
cal plate pattern of his species exhibiting a symmetrical
arrangement (Fig. S4). Ten years later, Lemmermann
(1910) provided the first illustrations of P. marssonii hav-
ing a distinctly asymmetrical arrangement of epithecal
plates (Fig. S2). Lindemann (1925, 1928) considered the
difference between the symmetrical and asymmetrical
conformation rather as expression of two forms present in
a single species, and it was thus left to Lefevre (1925) in a
summarizing approach to recognize the distinctiveness of
the trait corresponding to the uniqueness of two species.

However, he described a species new to science, Peridi-
nium pseudolaeve M.Lefevre (Fig. S5), relying on E.
Lindemann’s interpretation of, instead of relying directly
on, V.V.H. Huitfeldt-Kaas’ species.

Today, Ch.G. Ehrenberg’s and M. Lefevre’s species are
assigned to Palatinus Craveiro, Calado, Daugbjerg &
Moestrup, from which two species are currently recog-
nized (Craveiro, Calado, Daugbjerg, & Moestrup, 2009),
namely P. apiculatus (Ehrenb.) Craveiro, Calado, Daugb-
jerg & Moestrup from Berlin (type species) and P. pseu-
dolaevis (M.Lefevre) Craveiro, Calado, Daugbjerg &
Moestrup from Upper Savoy in France. They share the
presence of variously spinose ridges, particularly between
hypothecal plates, and absence of an apical pore complex
(APC). The two species can be distinguished based on the
conformation of the epitheca having a plate formula 4’ 2a
7": the plates are arranged symmetrically in P. pseudolae-
vis (Huitfeldt-Kaas, 1900; Lefevre, 1925), but are distinc-
tively displaced in P. apiculatus leading to a
characteristically elongated second intercalary plate (Cra-
veiro et al., 2009; Ehrenberg, 1838). Palatinus apiculatus
is a well-known species, whose ultrastructure (Craveiro
et al., 2009) shows a large central pyrenoid, which is pen-
etrated by cytoplasmic tubes and radiates into chloroplast
lobes. The presence of a peduncle differentiates the spe-
cies from Peridiniaceae s.str. (Calado, Hansen, &
Moestrup, 1999; Craveiro et al., 2009).

Despite Palatinus apiculatus being a distinct and easily
recognizable dinophyte species, it should be linked taxo-
nomically to contemporary material. There is an on-going
discussion (also in terms of ecological restoration),
whether such material should be chosen from originally
local populations or rather via an ecology-based approach
(Jones, 2013; McKay, Christian, Harrison, & Rice, 2005;
Seddon, 2010). To the best of our knowledge, the pres-
ence of dinophyte species at their type localities has only
been investigated by a handful of studies, and our own
experience indicates that they in fact show remarkably
high site fidelity. They are thus still present in localities,
where they were originally described from (even if this is
a century or more years ago). We here report on estab-
lished strains that have been collected in the Tiergarten
(Berlin, Germany) and correspond to the protologue and
Ch.G. Ehrenberg’s illustrations of G. apiculatum. By
explicit investigations of such material, we thus aim at
contributing to a reliable and consistent taxonomy of
freshwater dinophytes and promoting the importance of
the type locality in such cases.

Materials and methods

Cultivation and morphology

Water tow samples were collected using a plankton net
with a mesh size of 20 um at different localities in the
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Tiergarten district (Berlin, Germany) on 25 June 2015
(52°30.831'N, 13°20.770'E) and 28 March 2016
(52°30.746’'N, 13°20.508'E). Single motile cells were iso-
lated and placed in 24-well microplates (Zefa; Munich,
Germany) containing freshwater WC growth medium
(Woods Hole Combo, modified after Guillard & Loren-
zen, 1972) without silicate. The plates were stored in cli-
mate chambers at 12°C or 18°C and a 12:12 h L:D
photoperiod. The established monoclonal strains are cur-
rently held in the culture collection at the Institute of Sys-
tematic Botany and Mycology (University of Munich)
and are available upon request. Substrains have been sub-
mitted to the Collection of Algae at the University of
Cologne (CCAC) and the Culture Collection of Baltic
Algae (CCBA).

For the preparation of the epitype, cells of the monoclo-
nal strain GeoM*762 (collected on 28 March 2016) were
fixed with 2.5% glutaraldehyde (agar scientific; Stansted,
Essex, UK). Double-staining was performed 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 etha-
nol (Roth; Karlsruhe, Germany) series. Ethanol-based Tech-
novit 7100 (Heraeus; Wehrheim, Germany) was used for
embedding, following the manufacturer’s instructions. For
the final preparation, 40 ul aliquots of the Technovit mix-
ture including the embedded samples were transferred to
three slides. The epitype is deposited at the Centre of Excel-
lence for Dinophyte Taxonomy (CEDiT; Wilhelmshaven,
Germany), and duplicates are held in Berlin, B and Munich,
M (see section on Taxonomic evaluation). Types and names
are registered at PhycoBank [http://phycobank.org].

Cells were observed, documented and measured with a
CKX41 inverted microscope (Olympus; Hamburg, Ger-
many) equipped with a phase contrast option and a DP73
digital camera (Olympus). The preparative techniques for
light and scanning electron microscopy (SEM) followed
standard protocols (Janofske, 2000) and were the same as
described in Gottschling et al. (2012). Briefly, cells were
fixed in 2.5% glutaraldehyde overnight. Afterwards,
specimens were dehydrated in a graded acetone series and
critical point dried, followed by sputter-coating with plati-
num. The Kofoidean system (Fensome et al., 1993; Tay-
lor, 1980) was used to designate the plate formula. Image
adjustments (such as scaling, cropping, white-balancing,
colour management) were done in Photoshop® and Illus-
trator® (Adobe Systems; Munich, Germany), respectively,
and images were arranged with QuarkXPress® (Quark
Software; Hamburg, Germany).

Molecular phylogenetics

Genomic DNA was extracted from fresh material using the
Nucleo Spin Plant II Kit (Machery-Nagel; Diiren,

Germany). Various regions of the ribosomal RNA (rRNA)
genes including the Internal Transcribed Spacers (ITSs)
were amplified using primer pairs specified previously (Gu
et al., 2013) and following standard protocols (Gottschling
& Plotner, 2004; Gottschling et al., 2012). For alignment
constitution, we defined three regions of the rRNA: SSU,
ITS, LSU, and included all Peridiniales, of which sequence
information of all three regions were available, along with
all TRNA sequences available from Peridiniopsidaceae
(including multiple strains from P. apiculatus collected at
different localities across Central Europe; Table Sl1, see
online supplemental material, which is available from the
article’s Taylor & Francis Online page at http://doi.org/
10.1080/14772000.2017.1375045). Separate matrices were
constructed, aligned using ‘MAFFT’ v6.502a (Katoh &
Standley, 2013) and concatenated afterwards. The aligned
matrices are available as *.nex files upon request.

Phylogenetic analyses were carried out using Maximum
Likelihood (ML) and Bayesian approaches, as described
in detail previously (Gottschling et al., 2012) using the
resources available from the CIPRES Science Gateway
(Miller, Pfeiffer, & Schwartz, 2010). The Bayesian analy-
sis was performed using ‘MrBayes’ v3.2.6 (Ronquist
et al., 2012; freely available at http://mrbayes.source
forge.net/download.php) under the GTR+I" substitution
model and the random-addition-sequence method with 10
replicates. We ran two independent analyses of four
chains (one cold and three heated) with 20,000,000 cycles,
sampled every 1,000th cycle, with an appropriate burn-in
(10%) as inferred from the evaluation of the trace
files using Tracer v1.5 (http://tree.bio.ed.ac.uk/software/
tracer/). For the ML calculation, the MPI version of
‘RAXML’ v8.2.4 (Stamatakis, 2014; freely available at
http://www.exelixis-lab.org/) was applied wusing the
GTR+1TI substitution model. To determine the best fitted
ML tree, we executed 10-tree searches from distinct ran-
dom stepwise addition sequence Maximum Parsimony
starting trees and performed 1,000 non-parametric boot-
strap replicates. Statistical support values (LBS: ML boot-
strap support, BPP: Bayesian posterior probabilities) were
drawn on the resulting, best-scoring tree.

Results

Contemporary material consistent with an
old protologue

The monoclonal strains of P. apiculatus, collected at dif-
ferent dates and localities, were morphologically indistin-
guishable. The strains exhibited both motile, thecate cells
(Figs 9, 13-16, 25-30, 32, 34) and immotile, coccoid cells
(Figs 12, 21-24, 33, 35), but the motile cells were pre-
dominant. The motile cells were golden-brown in colour
and densely filled with numerous granules. Frequently, an
orange-red accumulation body was observed within the
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Figs 13-24. Motile thecate and immotile cells of Palatinus api-
culatus (GeoM™762; LM; all at the same scale). 13—16. motile
thecate cells showing variation in size and shape. 17-20. empty
thecae showing the tabulation pattern. 17. ventral view. 18-20.
dorsal view. 20. antapical view. 21-24. immotile coccoid cells.
21. coccoid cell. 22-23. coccoid cell of different size with thecal

remnant. 24. dividing coccoid cell with thecal remnant. Abbrevi-

ations: n’: apical plate. n”: precingular plate. n'”: postcingular

plate. n””: antapical plate. na: anterior intercalary plate. nC:

cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate.
Sp: posterior sulcal plate.

epitheca slightly above the cingulum. In the sulcal region,
a red area (interpreted as eyespot) could be observed. The
dinokaryon with distinctly condensed chromosomes was
located medial in the dorsal part of the cell. Additionally,
numerous empty thecae were observed either at the bot-
tom of the cultivation plates or floating in the medium
(Figs 10-11, 17-20).

Thecate cells were ovate in outline and slightly com-
pressed in dorsiventral direction. In ventral view, motile
cells showed an epithecal twisting to the left of varying
degrees in relation to the hypotheca (Figs 9-10, 17, 25—
26, 31, 34, S6). The epitheca was hemispherical and occa-
sionally slightly acuminate at the apex showing small tips,
caused by thickened thecal plate edges, in the cells’ out-
line (Figs 9—11, 13-16, 32). The hypotheca was occasion-
ally slightly smaller than the epitheca and likewise
hemispherical. The cingular girdle was excavated, and it
surrounded the motile cell with a descendent displacement
approximately of its own width (Figs 10, 17, 25-26, 31,
34, S6). The sulcus was likewise excavated and extended
from the cingulum down to the antapex. The size of the-
cate cells ranged from 2941 um (GeoM*762; mean: 35
pm; median: 35 um; SD: 3 um; n = 50) in length and
from 27-35 um (mean: 31 um; median: 20 um; SD: 2
pum; n = 50) in width. We also measured thecate cells
from the original field samples, which were 37-46 um
length and 33—40 pum in width (n = 11).

10 pm

Figs 25-30. Motile thecate cells of Palatinus apiculatus show-
ing the tabulation pattern (GeoM™762; SEM; all at the same
scale). 25. ventral view. 26. ventral view of a motile cell with an
epitheca strongly twisted to the left. 27. dorsal view. 28-29. api-
cal view from the ventral side. 30. apical view from the dorsal
side. Abbreviations: n’: apical plate. n”: precingular plate. n"”:
postcingular plate. n””: antapical plate. na: anterior intercalary
plate. nC: cingular plate. Sa: anterior sulcal plate. Sd: right sulcal

plate. Sp: posterior sulcal plate. Ss: left sulcal plate.

Fig. 31. Enlarged sulcal region of Palatinus apiculatus
(GeoM™762; SEM). Asterisk indicates the sulcal plate Sm.
Abbreviations: n”: precingular plate. n’”: postcingular plate. nC:
cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate.
Sm: median sulcal plate. Sp: posterior sulcal plate. Ss: left sulcal

plate.
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The motile cells were covered by a theca built of cellu-
losic plates (Figs 9—-12, 17-20, 25-31, 34, S6-S18; astra
blue staining indicated their cellulosic composition). The
surface of the cultivated cells was smooth but in some
cases slightly ornamented (Figs 26, S8). Small, circular
pores (probably openings of trichocysts) were mostly
irregularly arranged near the plate boundaries or randomly
scattered over the thecal plate (Figs 25-31, 34, S6-S18).
The sutures between the thecal plates varied from small
lines through wide bands (Figs 25-31, 34, S6-S18) show-
ing cross striations.

The thecate plate formula was 4’, 2a, 77, 6¢, 5s, 5", 2"
(Figs 1720, 25-31, 34, S6-S18). Both anterior intercalary
plates were hexagonal in shape, but the intercalary plate la
was smaller than the elongated plate 2a, leading to an
asymmetrical arrangement of the epitheca. Located on the
dorsal side of the cell, the apical plate 3’ was tetragonal
with a convex plate boundary towards the intercalary plate
2a. The cingulum was composed of six plates, whereas the
sutures were slightly deviating from those of the pre- and
postcingular plates. The sulcus consisted of five plates,
whereas the plates Sm and Ss were small and partially
covered by the large plates Sa and Sd. The left edge of the
Sd plate, and the posterior end of the Sa plate, extended
towards the middle of the sulcus and covered the flagellar
pores. The Sp plate was relatively large and reached the
antapex. The arrangement of the hypothecal plates was
nearly symmetrical. The hypotheca was composed of five
postcingular and two antapical plates of similar size. The
edges of the hypothecal plates, especially of plates 1" and
5" adjacent to the sulcal plate Sp, showed raised bands
with numerous notches and blunt spines. Additionally, sin-
gle blunt spines were irregularly scattered over the surface
of the postcingular and antapical plates.

Figs 32-35. Motile thecate and immotile cells of Palatinus api-
culatus (GeoM™743; collected on 25 Jun 2015; 32-33: light
microscopy, at the same scale; 34-35: scanning electron
microscopy, at the same scale). 32. motile thecate cell. 33.
immotile coccoid cells. 34. motile thecate cells in ventral-lateral
view. 35. immotile coccoid cell showing a smooth surface.
Abbreviations: n’: apical plate. n”: precingular plate. n’”: post-
cingular plate. n””: antapical plate. na: anterior intercalary plate.
nC: cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate.
Sp: posterior sulcal plate.

In the cultivated strain, deviations from the typical plate
pattern were observed regarding epithecal plates (Figs
S10-S18). The variations consisted mainly of additional
sutures or plates. Occasionally, an additional precingular
plate led to a heptagonal anterior intercalary plate la or
2a, respectively (Figs S10-S14). Figure S15 shows a sub-
division of the apical plate 3’, but both plates together
showed the typical plate shape of the apical plate 3’. In
few cases, fusion of two precingular plates or of a precin-
gular plate with an apical plate were observed (Figs S16—
S18).

Cell division of thecate cells is normally carried out by
eleuteroschisis. Dividing or ecdysing cells exited thecate
cells through an opening on the hypotheca, provided by
missing antapical but also postcingular plates (not shown).
A single coccoid cell developed intrathecately and was
released after shedding of the theca (Figs 22-24). Coccoid
cells were coloured slightly darker than the motile cells
and were spherical through mostly widely ovoid (Figs 12,
21-24, 33, 35). They ranged from 28-45 um in length
(mean: 34 um; median: 34 um; SD: 3 um; n = 50) and
21-36 um in width (mean: 29 um; median: 29 um; SD: 3
um; n = 50) and showed a smooth surface (Fig. 35). The
cytoplasm of the coccoid cells was filled with numerous
brown granules and contained frequently a large, red
accumulation body (Figs 21-22). A coccoid mother cell
became ovoid and divided into two daughter cells, which
were included in a joint shell (Fig. 24). The developmen-
tal fate of such cells remained elusive.

Low sequence variability within Palatinus
apiculatus

In total, sequences were generated and deposited as 10
new GenBank entries in the course of the study (Table S1,
see supplemental material online). The SSU+ITS+LSU
alignment of the Peridiniales was 177541309+3603 bp
long and comprised 38347374611 parsimony informative
sites (26%, mean of 15.1 per terminal taxon). Figure 36
shows the best-scoring Maximum Likelihood (ML) tree
(—In = 58745.02), with the internal topology not fully
resolved. However, many nodes were statistically well if
not maximally supported, and a number of peridinialean
lineages could be distinguished such as Heferocapsa
F.Stein (100LBS, 1.00BPP), Kryptoperidiniaceaec (99LBS,
1.00BPP), Peridiniaceac (100LBS, 1.00BPP), Scrippsiella
Balech s... (98LBS, 1.00BPP), and a clade including Pfies-
teria Steid. & J.M.Burkh. and Thoracosphaera Kamptner
(97LBS, 1.00BPP). The Peridiniopsidaceae were also
monophyletic (98LBS, 1.00BPP), but their sister group
could not be determined reliably.

Strain GeoM*762, from which the epitype of G. apicu-
latum was prepared, clustered together with other acces-
sions of P. apiculatus (100LBS, 1.00BPP), and sequence
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variability was notably low within this clade. It consti-
tuted the sister species of Palatinus laevis, comb. nov.
(100LBS, 1.00BPP), and taxa with asymmetrical and
symmetrical epithecae were thus clearly distinct in the
molecular tree. The other two lineages of Peridiniopsida-
ceae included species of Parvodinium (88LBS, 1.00BPP)
and Peridiniopsis borgei Lemmerm. (i.e., type species of
Peridiniopsis), showing a close relationship to
“Scrippsiella”  hexapraecingula T.Horig. & Chihara
(100LBS, 1.00BPP). Peridiniopsidaceae were almost
exclusively restricted to freshwater habitats, with the only
exception of “Scrippsiella” hexapraecingula collected in
the Pacific Ocean. DNA-based records of P.apiculatus
originated from various localities across Central Europe
including those in Germany and Ukraine.

Discussion

The morphology of our cultivated material is to a great
extent consistent with the description and drawings of the
species Ch.G. Ehrenberg introduced as G. apiculatum
(Ehrenberg, 1838). This refers to the general shape of the
motile cells, the position of the eyespot in the sulcal
region (‘Auge’ in Ehrenberg, 1838), as well as to the pres-
ence of spiny plate boundaries and irregularly scattered
spines of the hypothecal plates. Amazingly, the original
drawings exhibit a distinct plate pattern in such detail,
that the thecal plates can be designated using the Kofoi-
dean system (though it was unknown to Ch.G. Ehrenberg:
compare, e.g., Fig. 5 with Fig. 11). Furthermore, it is evi-
dent from Ch.G. Ehrenberg’s drawings of an empty the-
cate cell (Figs 1, 5) that G. apiculatum possess two
anterior intercalary plates of different sizes leading to an
asymmetrical plate arrangement of the epitheca. This is
an important trait to delimit species of Palatinus, as it is
discussed below, and we have thus used material of strain
GeoM™762 for epitypification of G. apiculatum.

Cells of our cultivated material are slightly smaller than
the measurements given by Ch.G. Ehrenberg on the draw-
ings and using the Paris line of 2.5 mm (Jahn, 1995).
However, the largest cells of the original material pre-
served by Ch.G. Ehrenberg himself and presented here for
the first time (Figs 6-8) are likewise smaller than his
noted maximal measurements. Moreover, it is well known
that thecate cells in the field are frequently larger than

<

those in cultivation, which has also been observed for P.
apiculatus (Craveiro et al., 2009). Thus, the slight differ-
ences in size are not in conflict with the protologue. More-
over, Ehrenberg (1838) has specified Chara L. as co-
occurring with G. apiculatum, which was not confirmed
in the present study. Nevertheless, Chara appears more
susceptible to habitat loss and/or eutrophication and has
thus disappeared from the inner city of Berlin (Kusber,
Jahn, & Korsch, 2017).

In the molecular DNA tree, there is a clear distinction
between organisms assigned to Palatinus exhibiting either
symmetrical or asymmetrical conformation of the epi-
theca, which can be considered a diagnostic feature to dis-
tinguish between two species. Lefevre (1925) was first to
acknowledge this morphological distinction, and it
remains unjustified why Craveiro et al. (2009) treated P.
laeve, with symmetrical conformation (Huitfeldt-Kaas,
1900; Lindemann, 1917; Fig. S4), as a variety under a spe-
cies with asymmetrical conformation (i.e., P. apiculatus;
Figs 1-8) in parallel to a taxon at the species level, which
likewise exhibits the symmetrical conformation of the epi-
theca, namely P. pseudolaevis (Fig. S5). Unfortunately,
no DNA sequence data are available for their strain under
investigation (NIES1405) and determined as P. apiculatus
var. laevis (Huitf.-Kaas) Craveiro, Calado, Daugbjerg &
Moestrup, which would help to explain the authors’ con-
cept in Palatinus. In comparison, it appears more likely
that Huitfeldt-Kaas (1900) discovered the first species of
Palatinus distinct from P. apiculatus (see the correspond-
ing new combination in the Appendix, see supplemental
material online).

The DNA tree further indicates the correct systematic
placement of P. apiculatus in the Peridiniopsidaceae
(Gottschling, Kretschmann, & Zerdoner Calasan, 2017),
and not to taxa today assigned to the Protoperidiniaceae
as occasionally suggested by Meunier (1919) or to the
Peridiniaceae, under which species of Palatinus have
been initially described. The reduced number of not more
than two intercalary plates might be discussed as morpho-
logical apomorphy of this monophyletic group composed
of Palatinus, Parvodinium, and Peridiniopsis. Presence
and absence of an APC have been considered taxonomi-
cally important early in history (Lemmermann, 1910),
and the concept has been used continuously in the 20th
century (Bourrelly, 1970; Huber-Pestalozzi, 1968;
Popovsky & Pfiester, 1990; Starmach, 1974). However,

Fig. 36. Maximum Likelihood (ML) tree (—In = 58690.00) of 116 peridinialean operational taxonomic units (OTUs) under the GTR +TI"
substitution model. Typified OTUs are in bold, and branch lengths are drawn to scale, with the scale bar indicating the number of nucleo-
tide substitutions per site. The numbers on the branches are statistical support values (above: ML bootstrap values, values <50 are not
shown; below: Bayesian posterior probabilities, values <0.90 are not shown; asterisks indicate maximal support; note that statistical sup-
port values were derived from analyses without EF581380 being a short SSU sequence). Palatinus apiculatus diagnostically showing the
asymmetrical epitheca conformation is highlighted by a grey box. Abbreviations: BLA: Blastodiniaceae. E/Pe: clade including Ensiculi-
fera Balech and Pentapharsodinium Indel. & A.R.Loebl. HET: Heterocapsa. KRY: Kryptoperidiniaceae. PER: Peridiniaceae. T/Pf:
clade including Pfiesteria and Thoracosphaera. ZOO: Zooxanthella K Brandt.
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molecular data now show that this trait is evolutionarily
homoplastic, and that taxa with (Parvodinium, Peridi-
niopsis) and without APC (Palatinus) can be found in a
given group such as the Peridiniopsidaceae. The absence
of an APC in Palatinus is nowadays considered a reduc-
tion, yet the reason behind it is currently unknown.

Dinophyte cultivation enables us to investigate the spe-
cies in more detail than was possible in the time of Ch.G.
Ehrenberg. We confirm that motile thecate cells do not
represent the only ontogenetic stage, and that coccoid
cells are also an integral part of the present species’ life-
history. Such cells are morphologically indistinguishable
from coccoid cells firstly described as Peridinium angli-
cum West (West, 1909). Little is known about the precise
function of such cells beyond the general assumption of
being dormant zygotes (Dale, 1983; Fensome et al., 1993;
Mertens, Rengefors, Moestrup, & Ellegaard, 2012;
Pfiester & Anderson, 1987). However, we have never
observed any fusion of cells (i.e., karyogamy) or four-cell
aggregations (i.e., indication for meiosis) which would
indicate towards sexuality in P. apiculatus. Another
important investigable feature based on cultivated mate-
rial is intraspecific (or even -strain) variability. Spines
along plate boundaries and ridges considerably vary in
number, size and thickness amongst individual cells of P.
apiculatus (Figs 25-27, 34). A comparison between speci-
mens collected in the field has shown that thecal plate sur-
face of cultivated motile cells is smoother, and the
hypothecal spines are shorter and less developed than in
wild specimens (Craveiro et al., 2009).

There is little doubt that we have re-collected a species
from its type locality, which was described almost 180 years
ago. In the era of heavy anthropogenic influence causing tre-
mendous ecological alterations, it is remarkable that dino-
phytes are found as such in the sites, from which they were
originally recorded a long time ago (Holl, 1928, provides
some more Berlin morphology-based records from the
1920s). Taxonomically, this fact enables us to clarify the
identity of species for reliable determination, which is a con-
tinuous challenge in the microbial world. Before our present
study on P. apiculatus, this approach has been successfully
applied to, for example, Spiniferodinium limneticum
(Wolosz.) Kretschmann & Gottschling (Kretschmann, Fili-
powicz, Owsianny, ZinBmeister, & Gottschling, 2015) and
even to such species discovered earlier in the 19th century
as Exuviaella marina Cienk. (McLachlan, Boalch, & Jahn,
1997) and Scrippsiella acuminata (Ehrenb.) Kretschmann,
Zinssmeister, S.Soehner, Elbr., Kusber & Gottschling
(Kretschmann et al., 2015). This is the reason why the ecol-
ogy-based approach for taxonomic clarification (John et al.,
2014; Saburova, Chomerat, & Hoppenrath, 2012) does not
appear as a first choice. It should therefore be followed only
in exceptional cases, after an exhaustive though ultimately
unsuccessful search of an organism at its type locality has
already taken place.

The question remains, which dinophyte taxa may also
belong to Palatinus? Variously spin(ul)ose plate bound-
aries, and similar conformations of the epitheca, are
reported from Glenodinium alpinum Perty collected at Lake
Lugano (Perty, 1852), P. palatinum from Ludwigshafen
(Lauterborn, 1896; Fig. S1), P. marssonii from Berlin
(Lemmermann, 1900; Fig. S2), British P. anglicum (West,
1909; Fig. S3), and Peridinium godlewskii Wotosz. from
the Ukrainian lake Biatogérski (Wotoszynska, 1916). Fur-
thermore, Lindemann (1918a, b) distinguished a number of
subspecies and varieties from Germany and Poland. The
time has come to clarify the taxonomic identity of all such
names, including the synonymization of, for example,
P. palatinus, P. marssonii, and P. apiculatus, using contem-
porary molecular and morphological methods. Palatinus
apiculatus appears as a widely distributed species, but its
precise conservation status cannot be evaluated because
of insufficient occurrence data (Geissler & Kies, 2003;
Tauscher, 2013). Our epitypification approach in P. apicu-
latus and other species will help to disentangle the complex
and confusing taxonomy and nomenclature of unicellular
organisms such as the dinophytes.

Taxonomy

1. Palatinus apiculatus (Ehrenb.) Craveiro, Calado,
Daugbjerg & Moestrup, Journal of Phycology 45: 1178,
figs 1-13. 2009. Glenodinium apiculatum Ehrenb., Infu-
sionsthierchen: 258, pl. XXII 24. 1838. Peridinium apicu-
latum (Ehrenb.) Clap. & J.Lachm., Mémoires de ’Institut
National Genevois 5: 404. 1859. Properidinium apicula-
tum (Ehrenb.) Meunier, Mémoires du Musée Royal
d’Histoire Naturelle de Belgique 8: 60, pl. XVIII 47-52.
1919.-Lectotype, designated here: [illustration] original
drawings sub No. 671 at BHUPM!, showing a non-fossil
individual from Germany. Berlin, Berlin [exact locality
unknown], 2 Apr 1835. [http://phycobank.org/100023]—
Epitype, designated here: [slide with non-fossil speci-
mens] Federal Republic of Germany. Berlin, Berlin
(52°31'N, 13°21'E), 28 Mar 2016: M. Gottschling D047
[J. Kretschmann GeoM*762] (CEDiT-2017E68!, dupli-
cates: B 40 0042045! [http://herbarium.bgbm.org/object/
B400042045] M-0289351") [http://phycobank.org/
100024].—Other original elements: dried specimen (mica)
mounted with Canada balsam comprising several non-fos-
sil individuals from Germany. Berlin, Berlin [exact local-
ity unknown, most likely Tiergarten], 2 Apr 1835,
collected by Ch.G. Ehrenberg (BHUPM Infusionsthier-
chen XCIX: 1!)

2. Palatinus laevis (Huitf.-Kaas) Gottschling, Kretsch-
mann & Zerdoner, comb. nov., basionym: Peridinium
laeve Huitf.-Kaas, Skrifter / Videnskabsselskapet i Kris-
tiania, Matematisk-Naturvidenskapelig Klasse 1900: 4,
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figs 1-5. 1900. Peridinium palatinum forma laeve (Huitf.-
Kaas) Er.Lindem., Botanisches Archiv 11: 478. 1925.
Peridinium apiculatum forma laeve (Huitf.-Kaas) Er.Lin-
dem., Archiv fiir Protistenkunde 63: 260. 1928. Peridi-
nium palatinum tab. betadeltabitravectum forma laeve
(Huitf.-Kaas) M.Lefevre, Archives de Botanique 6: 105,
fig. 321. 1932. Peridinium palatinum forma laeve (Huitf.-
Kaas) M.Lefevre, Archives de Botanique 6: 105, 107, figs
327-334. 1932. Palatinus apiculatus var. laevis (Huitf.-
Kaas) Craveiro, Calado, Daugbjerg & Moestrup, Journal
of Phycology 45: 1178, fig. 13a—c. 2009.—-Type: Kingdom
of Norway. Ostlandet, Oslo, Padderudvandet and Sogns-
vandet [date unknown]: V.V.H. Huitfeldt-Kaas s.n. [dis-
position of original material other than the illustrations
unknown]. [http://phycobank.org/100025]

= Peridinium pseudolaeve M.Lefevre (nom. nov. pro
Peridinium laeve sensu Lindemann, 1918a), nom. corr.
(ICN Art. 60.9.), syn. nov., Revue Algologique 2: 341, pl.
XI 6-9. 1925. Palatinus pseudolaevis (M.Lefévre) Cra-
veiro, Calado, Daugbjerg & Moestrup, Journal of Phycol-
ogy 45: 1178, fig. 13d-i. 2009.—Type: French Republic.
Auvergne-Rhone-Alpes, Upper Savoy, without exact local-
ity [Aug—Sep 1924]: G.-V. Deflandre s.n. [disposition of
original material other than the illustrations unknown].
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Parvodinium elpatiewskyi, comb. nov., is a common freshwater dinophyte without intercalary plates
and with various spines on hypothecal sutures. However, the taxonomy of the species has had a com-
plex history, and its systematic placement remained unclear. The conserved type of P. elpatiewskyi,
comb. nov., illustrated here for the first time using electron microscopy, is an environmental sample.
Based on the newly collected material from Berlin (Germany) we provide a morphological description
using light and electron microscopy as well as new molecular rRNA sequence data to specify the phy-
logenetic position of P. elpatiewskyi, comb. nov. This species belongs to Peridiniopsidaceae, more
precisely to Parvodinium, which usually possesses two intercalary plates. However, evolutionary infer-
ence indicates the loss of such plates in P. elpatiewskyi, comb. nov. Other traits that are of taxonomic
importance and have not received enough attention in the past are the large Sd plate converging the
second antapical plate and the presence of cellular hypocystal opening during replication.

© 2019 Elsevier GmbH. All rights reserved.
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Introduction

Parvodinium elpatiewskyi (Ostenf.) Kretschmann,
Zerdoner & Gottschling, comb. nov. (Peridiniop-
sidaceae, Peridiniales), is a common dinophyte
occurring in eutrophic lakes and peat bogs across
Europe, Asia and the Americas (Ascencio et al.
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e-mail gottschling@bio.Imu.de (M. Gottschling).
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1434-4610/© 2019 Elsevier GmbH. All rights reserved.

2015; Carty 2014; Cavalcante et al. 2017; Holl
1928; Lindemann 1919; Moestrup and Calado
2018; Popovsky and Pfiester 1990). Itis one of a few
peridinialean freshwater species without intercalary
plates, which are otherwise present in, for exam-
ple, Tyrannodinium Calado, Craveiro, Daugbjerg &
Moestrup from the Thoracosphaeraceae (Calado
et al. 2009) and Unruhdinium Gottschling from the
Kryptoperidiniaceae (Liu et al. 2008; Takano et al.
2008). Another important trait of this species is
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the presence of various spines on the hypothecal
sutures.

The taxonomy of P, elpatiewskyi, comb. nov., has
had a turbulent history and has not been completely
resolved until today. Initially, it was described from
Mongolia as a variety of Peridinium umbonatum
F.Stein having three apical and one intercalary plate
(Ostenfeld 1907). A few years later, Lindemann
(1919) misapplied the name to a species from Ger-
many that exhibits four apical and no intercalary
plates. To the best of our knowledge, this con-
cept was adopted by all subsequent authors, but
the change has been taxonomically unfixed for a
long period of time. It was Meyer and Elbréchter
(1996) who proposed to conserve the type of P
elpatiewskyi, comb. nov., with German material
consistent with E. Lindemann’s interpretation, but
not with C. Ostenfeld’s original intent. The proposal
was accepted (Compere 1999), but no illustrations
of original material have been available until today.
This is particularly unfortunate as the conserved
type is in fact an environmental sample.

The precise phylogenetic placement of P
elpatiewskyi, comb. nov., in the dinophyte tree
has remained unclear as well. After the elevation
from a variety to the species level, it was firstly
placed in Peridinium Ehrenb. (Lemmermann 1910),
which was taxonomically treated very broadly dur-
ing that time. Later, the species was assigned to
Glenodinium Ehrenb., which Schiller (1937) himself
considered a rather artificial group of peridinialean
dinophytes. Until recently (Moestrup and Calado
2018), P elpatiewskyi, comb. nov., was placed in
Peridiniopsis Lemmerm., since Bourrelly (1968)
used it as a taxonomic (likewise heterogeneous)
substitute name for Glenodinium. It is worthy to
note that the taxon was never considered to be
related to species today assigned to Parvodinium
Carty, mainly because of the two intercalary plates
that are commonly present in this taxon (versus no
intercalary plate in P. elpatiewskyi, comb. nov.).

In this study, we show that P. elpatiewskyi, comb.
nov., belongs to the Peridiniopsidaceae, whose ele-
ments’ life-histories are only scarcely known at
present. Parvodinium inconspicuum (Lemmerm.)
Carty is a homothallic species, whose thecate
gametes fuse and form a new cell in the intervening
space between them (strain UTEX LB2255: Pfiester
et al. 1984). The diploid, smooth cell first develops
its own theca, sequentially forms a new cell inside
the theca and sheds the old theca after a period
of time (similar to matryoshka doll principle). The
last step is the development of an immotile (though
thecate) sporocyte that grows large, and the two
consequent meiotic divisions may or may not

directly follow. The resulting four motile meiospores
develop into the haploid and vegetative thecate
stage. Intrathecately formed coccoid cells (‘cysts’)
are occasionally reported for members of the
Peridiniopsidaceae such as Palatinus apiculatus
(Ehrenb.) Craveiro, Calado, Daugbjerg & Moestrup
(= Peridinium anglicum G.S.West: West 1909) and
various species of Parvodinium (Kretschmann et al.
2018a; Lefévre 1927; Lindemann, 1919; Schilling
1891; Thompson 1947). The reverse formation of
a thecate cell inside a coccoid cell is reported from
P, apiculatus (West 1909) and Peridiniopsis borgei
Lemmerm. (Entz 1926). Furthermore, a second
type of immotile cell with the shape of a thecate
cell is reported from P. inconspicuum and Parvo-
dinium umbonatum (F.Stein) Carty (Chu et al. 2008;
Tardio et al. 2009), and this cell is characterised
by a hypocystal archaeopyle. This highly unusual
opening of a hypothecal equivalent, together with
observations of peculiar cellular stages during repli-
cation, underline the morphological diversity and
complexity of peridinialean metagenesis. Further-
more, our knowledge on ploidy levels of the various
cell types is extremely scarce at present.

In this study, we present the first DNA sequences
gained from cultivated material determined as P,
elpatiewskyi, comb. nov. We infer the phylogenetic
placement of the species in the dinophyte tree
and show that the number of intercalary plates
varies considerably in the Peridiniopsidaceae, to
which group it is assigned. We also provide illus-
trations of type material, which is an important step
forward in the taxonomic disentanglement of fre-
quently encountered freshwater dinophytes.

Results

Morphologies Found in the Isotype of
Parvodinium elpatiewskyi, comb. nov.

The isotype of P elpatiewskyi, comb. nov., is an
environmental sample comprising a large num-
ber of different organisms, including cyanobacteria,
fungi, brachionid rotifers, Ceratium sp. and peri-
dinialean dinophytes (Supplementary Material Figs
S1, S3). Among the latter, at least two taxa can
be differentiated, namely Peridiniopsis cunningtonii
var. pseudoquadridens Er.Lindem. (Supplementary
Material Fig. S3) and P, elpatiewskyi, comb. nov.
(Figs 1 and 2 ). Parvodinium elpatiewskyi, comb.
nov. (n=148 cells), was more frequent than P, cun-
ningtoniivar. pseudoquadridens (n =36 cells) in the
material used for SEM investigation. The morpho-
logy of P elpatiewskyi, comb. nov., in the concept
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Figure 1. Motile thecate cells assigned to Parvodinium elpatiewskyi, comb. nov., present in the SEM-
preparation of the isotype (B 40 0043809; scale bars: 1 um in C, F, otherwise: 10 um). A. apical view showing
symmetric epithecal plate pattern with pentagonal plate 3'. B. apical view showing asymmetric epithecal plate
pattern with hexagonal plate 3'. C. apical pore complex in apical view. D. dorsal-lateral view showing symmet-
ric epithecal plate pattern with pentagonal apical plate 3’ and hypothecal spines. E. right lateral view showing
symmetric epithecal plate pattern with pentagonal apical plate 3’ and hypothecal spines. F. apical pore complex
in ventral view. G. ventral view showing the large plate Sp, hypothecal spines and contact between plates Sd
and 2. H. ventral view showing the large plate Sp, hypothecal spines and a contact point/line between plates
Sd and 2. J. ventral view. Abbreviations: n’: apical plate. n”: precingular plate. n”: postcingular plate. n"”:
antapical plate. nC: cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate. Sp: posterior sulcal plate. Ss:
left sulcal plate. *: median sulcal plate.
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of the typifying authors, is further illustrated in Sup-
plementary Material Figure S2 based on material
collected at the type locality a year after the type
material was gathered (i.e., in 1977).

The shape of the epitheca in cells assigned to
P elpatiewskyi, comb. nov., was conical and had
a slightly acuminate apex (Fig. 1G, Supplemen-
tary Material Fig. S2D-E). The hypotheca was
semi-circular to pentagonal in outline (Fig. 1G-H,
Supplementary Material Fig. S2D—-E) showing sev-
eral antapical spines along the plate sutures
(Figs 1D-E, G—J, 2, Supplementary Material Fig.
S2D-F). The size of the motile cells ranged from
22-33 pm (mean: 27 um; median: 26 pm; sd: 3 pum;
n=44) in length (with spines) and from 14-30 um
(mean: 23 um; median: 23 um; sd: 3 pm; Nn=113)
in width. The cingulum was excavated, and it
surrounded the motile cell with a descendent dis-
placement by approximately half of its own width
(Fig. 1G—J, Supplementary Material Fig. S2E). The
sulcus was likewise excavated, extending slightly
into the epitheca. It widened towards the posterior
end of the cell and reached down to the antapex
(Figs 1G-H, 2 G—J, Supplementary Material Fig.
S2E).

The cell surface of the thecal plates showed an
inconspicuously reticulate ornamentation and was
irregularly scattered with small circular pores (prob-
ably openings of trichocysts). The sutures between
the plates varied in their thickness and were cross-
striated (Figs 1A, C-E, 2 A-B, F-H, Supplementary
Material Fig. S2C). The thecate plate formula was
pp, cp, X, 4', 0a, 7", 6¢, 5s, 5", 2" (Figs 1, 2, Sup-
plementary Material Fig. S2). The arrangement of
the epithecal plates was mostly symmetric, exhibit-
ing a pentagonal apical plate 3 (Figs 1A, D-E, 2
B, Suppementary Material Fig. S2A-C; n=233) or
sometimes a hexagonal apical plate 3’, which was
in contact with plate 6” (Figs 1B, 2 C, Supplemen-
tary Material Fig. S2D; n=28). Among the sulcal
plates, the Sd plate was notably large, reaching
down to the antapex, and was in contact with antapi-
cal plate 2" (Figs 1G-H, 2 G-J, Supplementary
Material S2E).

The shape of the epitheca in cells assigned to
P, cunningtonii var. pseudoquadridens was conical
and had a slightly acuminate apex, whereas the
hypotheca was hemispheric (Supplementary Mate-
rial Fig. S3E—-G). The size of the motile cells ranged
from 21-37 pum (mean: 24 pm; median: 24 pm;
sd: 2 um; n=10) in length (with spines) and from
15-25 pum (mean: 19 um; median: 19 um; sd: 2 pm;
n=35) in width. The cingulum was excavated, and
it surrounded the motile cell with a descendent dis-
placement by approximately half of its own width

(Supplementary Material Fig. S3E-F, H). The sul-
cus was likewise excavated, extending slightly into
the epitheca. It widened towards the posterior end
of the cell and reached down to the antapex (Sup-
plementary Material Fig. S3F, H-J).

The cell surface of the thecal plates showed an
inconspicuously reticulate ornamentation and was
irregularly scattered with small circular pores (prob-
ably openings of trichocysts). The sutures between
the plates varied in their thickness and were cross-
striated (Supplementary Material Fig. S3B, E-F,
J). The thecate plate formula was pp, cp, x, 4/,
1a, 6”7, 6¢, 5s, 57, 2 (Supplementary Material
Fig. S3). The intercalary plate was on the right
side of the epitheca (Supplementary Material Fig.
S3A, G) and occasionally very close to the apical
pore complex, seeming the existence of five api-
cal and no intercalary plates. The epithecal plate
formula was 4/, 1a, 7" in one exceptional case
only (Supplementary Material Fig. S3C) combining
traits of P. cunningtonii var. pseudoquadridens and
P elpatiewskyi, comb. nov., respectively. Among
the sulcal plates, the Sd plate was notably large
and reached down to the antapex, but was never
in contact with antapical plate 2”” (Supplemen-
tary Material Fig. S3F—J). All hypothecal plates, but
particularly plates 1”7, 5", 1" and 2", exhibited
distinct spines or larger protuberances in their cen-
tres (Supplementary Material Fig. S3E-J).

Morphology of Parvodinium elpatiewskyi,
comb. nov. (clonal strain)

The strain GeoM 735 and the monoclonal sub-
strains GeoM*833, GeoM*834, GeoM*835 and
GeoM*836 were morphologically indistinguishable.
They exhibited at least three different stages
during life-history, namely motile thecate cells
(Figs 3A-B, G-P, 4A-G) and two different mor-
phologies of immotile cells (Figs 3C-F, 4H-J).
The coloration of the motile cells was golden-
yellow and showed a small, red area in the sulcal
region (Fig. 3A-B). Numerous empty thecae were
observed in the cultivation plates, indicating cell
division by eleuteroschisis. Empty thecate cells
showed an opening on the hypotheca due to diver-
gence of plates along the sutures (Figs 3K, 4 G) or
even lost sulcal (Fig. 3M), postcingular (Fig. 30) as
well as antapical plates (Fig. 3N, P).

The shape of the epitheca was conical and had a
slightly acuminate apex. The hypotheca was semi-
circular to pentagonal in outline and showed several
antapical spines along the plate sutures. The size of
the motile cells ranged from 22-32 pum (GeoM*836;
mean: 28 um; median: 28 um; sd: 2 um; n=50)
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Figure 2. Motile thecate cells assigned to Parvodinium elpatiewskyi, comb. nov., present in the SEM-
preparation of the isotype (B 40 0043809; scale bars: 10 wm). A. lateral view showing hypothecal spines.
B. dorsal view showing symmetric epithecal plate pattern with pentagonal plate 3’ and hypothecal spines. C.
dorsal view showing asymmetric epithecal plate pattern with hexagonal plate 3’ and hypothecal spines. D.
left dorsal-lateral view showing hypothecal spines. E. right dorsal-lateral view showing hypothecal spines. F.
right dorsal-lateral view showing hypothecal spines. G—J. lateral views showing the large plate Sp, a contact
point/line between plates Sd and 2" and hypothecal spines. Abbreviations: n’: apical plate. n”: precingular
plate. n’”: postcingular plate. n””: antapical plate. nC: cingular plate. Sd: right sulcal plate. Sp: posterior sulcal
plate.
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20 pm

7

Figure 3. Motile thecate and immotile cells of Parvodinium elpatiewskyi, comb. nov. (A-J, M. GeoM*836; K-L,
N-O. GeoM 735; P. GeoM*833; LM; all at the same scale). A-B. motile thecate cells of different sizes. C.
immotile thecate cell. D—F. immotile coccoid cells of different sizes. G-P. empty thecae. G. ventral view. H. dorsal
view showing symmetric epithecal plate pattern with pentagonal apical plate 3'. J. dorsal-apical view showing
symmetric epithecal plate pattern with pentagonal apical plate 3'. K. dorsal-lateral view showing asymmetric
epithecal plate pattern with hexagonal apical plate 3'. L. antapical view showing hypothecal spines and a contact
between plates Sd and 2'”’. M. antapical view showing an opening on the hypotheca resulting from the loss
of a posterior sulcal plate. N. antapical view showing an opening on the hypotheca after loss of an antapical
plate. O. dorsal view showing an opening on the hypotheca due to loss of a postcingular plate. P. dorsal view
showing an opening on the hypotheca, with the antapical plate still attached.

in length and from 17-26 um (GeoM*836; mean:
23 pm; median: 23 um; sd: 2 um; n=50) in width.
The cingulum was excavated, and it surrounded
the motile cell with a descendent displacement by
approximately half of its own width (Figs 3G, 4
A). The sulcus was likewise excavated, extending
slightly into the epitheca. It widened towards the
posterior end of the cell and reached down to the
antapex (Figs 3G, 4 A, G).

The cell surface of the thecal plates showed an
inconspicuously reticulate ornamentation and was
irregularly scattered with small circular pores on
the thecal plates (probably openings of trichocysts).
The sutures between the plates varied in their thick-
ness and were cross-striated (Figs 3G—P, 4 A—H).
The thecate plate formula was pp, cp, x, 4/, 0a, 7",

6c, 5s, 5, 2" (Figs 3G-P, 4 A—H). The arrange-
ment of the epithecal plates was mostly symmetric,
showing a pentagonal apical plate 3’ (Figs 3H-J, 4
B-C, H), or sometimes a hexagonal apical plate 3’
that was in contact with plate 6" (Figs 3J, 4 E-F).
Among the sulcal plates, the Sd plate was notably
large, reached down to the antapex and was in con-
tact with antapical plate 2"’ (Figs. 3K, 4 A, G).
The first morphotype of immotile cells devel-
oped intrathecately. The cells appeared similar
to motile cells (Figs 3C, 4 H), but were golden-
brown in colour, and their size ranged from
24-35um in length (GeoM*836; mean: 30 um;
median: 30 pm; SD: 2 um; n=50) and 21-30 pm
in width (GeoM*836; mean: 27 pm; median: 27 pm;
SD: 2 um; n=50). The cytoplasm of such immotile
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Figure 4. Motile thecate and immoitile cells of Parvodinium elpatiewskyi, comb. nov. (A—E, J. GeoM 735; B-D,
F-H. GeoM*836; SEM; all at the same scale). A. motile thecate cells in ventral view (asterisk indicates the
sulcal plate Sm). B. motile thecate cell in right dorsal-lateral view showing symmetric epithecal plate pattern with
pentagonal apical plate 3'. C. epitheca in dorsal-apical view showing a pentagonal apical plate 3'. D. dorsal view
showing asymmetric epithecal plate pattern with pentagonal apical plate 3’; note unusual sutures (arrow) leading
to an epithecal pattern that was described as P, elpatiewskyivar. collineatum Er.Lindem. from Northern Germany
(Lindemann 1919). E. epitheca in apical view showing asymmetric epithecal plate pattern with hexagonal apical
plate 3'. F. theca in apical view showing asymmetric epithecal plate pattern with hexagonal apical plate 3'. G.
antapical view showing hypothecal spines and a contact between plates Sd and 2. H. immotile thecate
cell. J. immotile coccoid cell. Abbreviations: n: apical plate. n”’: precingular plate. n”’: postcingular plate. n"”’:
antapical plate. na: anterior intercalary plate. nC: cingular plate. Sa: anterior sulcal plate. Sd: right sulcal plate.
Sm: median sulcal plate. Sp: posterior sulcal plate. Ss: left sulcal plate.
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cells was filled with numerous brown granules
and frequently contained a large, red accumula-
tion body in the hypotheca (Fig. 3C). The cells
of the second immotile morphotype were smaller
and ranged from 17-26 um in length (GeoM*836;
mean: 20 pm; median: 20 pm; SD: 2 um; n=50)
and 14—-23 pm in width (GeoM*836; mean: 18 um;
median: 18 um; SD: 2 um; n=50), and the shell had
a smooth surface (Figs 3D—F, 4 J). The cytoplasm of
those coccoid cells was filled with numerous golden
through brown granules and contained frequently a
large, red accumulation body (Fig. 3F). The fate of
such cells could not be determined.

Molecular Phylogeny

The SSU+ITS+LSU alignment was
1,800+652+2,478 bp long and comprised
116+ 377 + 321 parsimony informative sites (17%,
mean of 23.26 per terminal taxon) as well as
1,467 distinct alignment patterns. Figure 5 shows
the best-scoring Bayesian tree (—In=18,746),
which recovered the Peridiniopsidaceae as mono-
phyletic (100LBS, 1.00BPP), comprising the three
major lineages: Palatinus (100LBS, 1.00BPP),
Peridiniopsis (100LBS, 1.00BPP) and Parvo-
dinium. The latter showed two highly supported
clades (each 100LBS, 1.00BPP), which included
either P elpatiewskyii, comb. nov., or accessions
determined as P umbonatum, the type species
of Parvodinium. All accessions determined as
P elpatiewskyi, comb. nov., constituted a mono-
phylum (100LBS, 1.00BPP) and showed a close
relationship to P inconspicuum (88LBS, 1.00BPP),
Parvodinium mixtum Wotosz. ex Kretschmann,
Owsianny, Zerdoner & Gottschling, Parvodinium
travinskii Kretschmann, Owsianny, Zerdoner &
Gottschling (100LBS, 1.00BPP) and the earliest
branching Parvodinium marciniakii Kretschmann,
Owsianny, Zerdoner & Gottschling (100LBS,
1.00BPP). Peridiniopsidaceae are predominantly
of freshwater origin, but two marine taxa were
included in the Peridiniopsis lineage. Notably, the
marine taxa did not constitute a monophyletic
group, but “Scrippsiella’ hexapraecingula T.Horig.
& Chihara was closely related to the freshwater
Peridiniopsis borgei.

Discussion

Traits

Parvodinium elpatiewskyi, comb. nov., is a con-
spicuous freshwater dinophyte that is already
documented in a number of previous SEM stud-

ies (Ascencio et al. 2015; Cavalcante et al. 2017;
Hansen and Flaim 2007; KpaxmamibHsrii, 2008). It
does not appear to be morphologically very vari-
able. The outline shape can vary slightly from
stockily pentagonal through broadly ovate with an
acuminate apex. Position, length and shape of
hypothecal spines and protuberances may also dif-
fer but only to a certain extent. These conclusions
are drawn from both the first SEM inspection of
type material as well as from the study of culti-
vated material established from a single cell, which
is consistent with this type material.

Size and arrangement of the sulcal plate Sd
have not received enough attention in the past.
In P elpatiewskyi, comb. nov., this sulcal plate
is relatively large and is always connected to
the antapical plate 2. This conformation is rare
in Peridiniopsidaceae (and Peridiniales as well)
and has been otherwise observed in P. marcini-
akii (Kretschmann et al. 2018a) and Peridinium
pygmaeum Er.Lindem. (Lindemann 1920) only
(Peridinium tatricum Wotosz. may also exhibit this
trait: Wotoszynska 1916). Moreover, the converg-
ing plates Sd and 2" help to differentiate P
elpatiewskyi, comb. nov., from the otherwise sim-
ilar P cunningtonii var. pseudoquadridens that is
also present in the type material. In the molecular
tree, taxa with the Sd plate connected to the sec-
ond antapical plate (i.e., P, elpatiewskyi, comb. nov.,
and P. marciniakii) do not constitute a monophyletic
group, thus an independent evolution should be
considered.

Despite its relatively large size in comparison
to its closely related taxa, molecular phylogenet-
ics undoubtedly place P elpatiewskyi, comb. nov.,
in the Peridiniopsidaceae and in Parvodinium. The
species is thus embedded in a group that predomi-
nantly exhibits two intercalary plates (Gottschling
et al. 2017; exceptionally three in “Scrippsiella”
hexapraecingula: Horiguchi and Chihara 1983;
Loeblich et al. 1979; or one in P borgei
Lemmermann 1904), and inference of character
evolution indicates a loss of two intercalary plates
in P elpatiewskyi, comb. nov. Molecular phylogenet-
ics (Gottschling et al. 2017; Zerdoner Calasan et al.
2019) further shows that reduction of (intercalary)
plates has taken place several times indepen-
dently in Peridiniales, namely at least three times
in Parvodinium (Peridiniopsidaceae), Tyranno-
dinium (Thoracosphaeraceae) and Unruhdinium
(Kryptoperidiniaceae). Therefore, the generic cir-
cumscription of Parvodinium, and the familial
circumscription of Peridiniopsidaceae, have to be
adjusted accordingly. Peridiniopsidaceae show a
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Figure 5. Bayesian tree of 25 peridiniopsidacean operational taxonomic units (OTUs) under the GTR+I" sub-
stitution model. Typified OTUs are highlighted in bold, and branch lengths are drawn to scale, with the scale bar
indicating the number of nucleotide substitutions per site. The numbers on the branches are statistical support
values (above: ML bootstrap values, values <50 are not shown; below: Bayesian posterior probabilities, values
<.90 are not shown; asterisks indicate maximal support; note that statistical support values were derived from
analyses without EF581380, the corresponding branch is, therefore, shaded in grey). Marine Peridiniopsidaceae

are shaded grey.

similarly large diversity of epithecal conformation as
Thoracosphaeraceae (incl. Pfiesteriaceae: Calado
et al. 2009), and this underlines the remarkably
dynamic evolution of this trait. Moreover, Zerdoner
Calasan et al. (2019) have noted that evolutionary
transitions have taken place from the marine into
the freshwater environment exclusively, and origi-
nally freshwater Periodiniopsidaceae may account
for the first dinophyte example of a reversal transi-
tion in this respect.

Life-history of Peridiniopsidaceae is complex and
largely unexplored at present. The formation of a
coccoid cell (‘cyst’) within a thecate cell is a phe-
nomenon that has been described numerously for
different members of this taxon (Kretschmann et al.
2018a; Lefevre 1927; Lindemann 1919; Schilling
1891; Thompson 1947; West 1909) and therefore,
the presence of such cells in P. elpatiewskyi, comb.
nov., does not come as a surprise. These are,
however, firstly documented here, as the drawings
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provided by Ostenfeld (1907) refer to a now differ-
ent species. Those coccoid cells that are formed
intrathecately are a part of the diploid stage dur-
ing metagenesis and may thus become thecate
cells later, which leads to the production of four
meiospores (Pfiester et al. 1984).

Lindemann (1919, 1928) described vegetative
replication for cells of P elpatiewskyi, comb. nov.
(‘'valvate division’), that we could not confirm in
the cultivated material. Regardless, the numerous
empty thecate cells with openings on the hypotheca
indicate a highly unusual division mode that has
been also shown for P apiculatus (Kretschmann
et al. 2018c) and other species of Parvodinium
(Kretschmann et al. 2018a). Future research is
necessary to answer the question whether this
division mode is an apomorphy of entire Peridin-
iopsidaceae. Hypocystal opening of immotile cells,
corresponding to the release of antapical plate
equivalents, has been documented for P incon-
spicuum and P umbonatum (Chu et al. 2008;
Tardio et al. 2009). A similar archaeopyle has
been described for Danian tCaligodinium amicu-
lum Drugg (Manum and Williams 1995), and
whether this fossil can be assigned to Peridiniop-
sidaceae must be worked out in future research.
The link of the immotile cells to the corresponding
thecate cells as well as the integration of all such
cells into metagenesis remain obscure.

Taxonomy

Despite the morphological distinctiveness of P
elpatiewskyi, comb. nov., its taxonomy remains
unresolved at present. Conservation of the type
(Compere 1999; Meyer and Elbrachter 1996) has
institutionalised another severe misapplication of
an old dinophyte name (and an alternative name
for C. Ostenfeld’s species has not been allocated
so far: Kretschmann et al. 2018b). From our con-
temporary point of view, we probably would have
resolved the case of P elpatiewskyi, comb. nov.,
differently, as we already did for other names such
as Peridinium acuminatum Ehrenb. (Kretschmann
et al. 2015) and Glenodinium triquetrum Ehrenb.
(Gottschling et al. 2018). Nevertheless, the con-
servation has not made the name P elpatiewskyi,
comb. nov., unambiguous, but has provided new
taxonomic problems: The conserved ‘type’ is
an environmental sample with some cells of P
elpatiewskyi, comb. nov., that have never been doc-
umented in a publication before. We show that
a different, though morphologically very similar P
cunningtonii var. pseudoquadridens is present in
this environmental sample as well. In addition,

numerous other organisms that can be easily told
apart from P elpatiewskyi, comb. nov., are also
present in the same environmental sample (ICN
Arts 8.2., 9.14). The types of this ecologically
important species, exhibiting the currently pub-
lished morphologies, should be substantiated with
an epitype in the future research (preferably pre-
pared from material collected at PIén, see below)
to assure the unambiguous application of the name
P, elpatiewskyi, comb. nov.

Reliable delimitation of P elpatiewskyi, comb.
nov., from other, similar dinophyte species remains
to be worked out in the future as well. Peridinium
pygmaeum shares the epithecal conformation (i.e.,
4’, 0a, 7”) and the large Sd plate that is in con-
tact with the second antapical plate (Lindemann
1920). The only trait that separates this taxon from
P, elpatiewskyi, comb. nov., would be the cell size
(and possibly a smaller plate 1””), but this feature
has been shown to vary, at least under cultivation
conditions. The material presented here originates
from a site close to the type locality of P pyg-
maeum (i.e., lakes of river Havel near Flrstenberg
in Brandenburg, Germany). This collection site also
shows a comparable ecology and includes cells of
a size (i.e., 22 um length) that would, according to
Lindemann (1920), correspond to P. pygmaeum.
We thus agree with Popovsky and Pfiester (1990)
and Cavalcante et al. (2017) that P pygmaeum
is most likely synonymous with P elpatiewskyi,
comb. nov., and not distinct from it as treated in
Moestrup and Calado (2018). Furthermore, the
unusual epithecal conformation (i.e., 4, 0a, 7”)
is found in Ukrainian Peridinium charkowiense
Matv. (MaTsi€Hko 1938) and Austrian Peridinium
hiemale J.Schiller (Schiller 1955). Neither of these
taxa exhibit a hypothecal spine or protuberance,
as it is characteristic for P elpatiewskyi, comb.
nov., and have a more spherical shape. Thus, they
appear to be distinct from P elpatiewskyi, comb.
nov. Nevertheless, their possible assignment to
Parvodinium should be elaborated based on newly
collected material at the corresponding type locali-
ties.

Nomenclature

Parvodinium elpatiewskyi (Ostentf.)
Kretschmann, Zerdoner & Gottschling, comb.
nov., basionym: Peridinium umbonatum var.
elpatiewskyi Ostenf., Hedwigia 46: 391, pl. IX
9-12. 1907. Peridinium elpatiewskyi (Ostenf.)
Lemmerm., Kryptogamenflora der Mark Bran-
denburg. Dritter Band [Algen | (Schizophyceen,
Flagellaten, Peridineen)]: 670, figs 20—24. 1910.



Glenodinium elpatiewskyi (Ostenf.) J.Schiller,
Rabenhorst’'s Kryptogamen-Flora. Zweite Auflage.
Band 10, Abt. 3, Teil 2. Alt. t.p.: Dinoflagellatae
(Peridineae): 115, fig. 113. 1937. Peridiniopsis
elpatiewskyi (Ostenf.) Bourr., Protistologica 4: 9.
1968.—Type (cons., Compere, 1999): Germany.
Schleswig-Holstein, PIén, PluBsee [non-fossil
environmental sample], Aug 2, 1976: B. Meyer
244 [B 40 0036959!, holotype; CEDiIT2019199!,
isotype).

Notes: The act is registered at phycobank

http://phycobank.org/102076. From the iso-
type, two SEM-stubs (B 40 0043809/,
CEDiT2019RM98!) were prepared. For the

correct application of the name, all elements in the
environmental sample that do not show the traits
depicted in Figs. 1, 2 and Supplementary Material
Fig. S2 are disregarded (ICN Arts 8.2, 9.14).
Lindemann (1919) identified the wrong applica-
tion of Peridinium marchicum Lemmerm. (with 2
intercalary plates) by Wotoszynska (1916), as she
introduced the new variety P marchicum var. sim-
plex Wotosz. (without any intercalary plate). The
latter is probably a synonym of P elpatiewskyi,
comb. nov., typ. cons. (Lindemann 1919; Moestrup
and Calado 2018), but none of such names refer to
the original intent of Ostenfeld (1907). The Mon-
golian taxon of the latter author, thus, remains
unnamed until today (Kretschmann et al. 2018b).
With the unusual state of zero anterior intercalary
plates, P. elpatiewskyi, comb. nov., is morpholog-
ically distinct from other species of Parvodinium,
thus the introduction of a new taxon at the generic
level appears feasible at a first glance. However, this
proceeding would render the remainders of Parvo-
dinium paraphyletic. An alternative solution to this
problem would be an inclusion of further species
of Parvodinium in the newly generated taxon. Nev-
ertheless, if species such as P mixtum were to
be included in the new taxon, it would be hard to
delimit it against Parvodinium in a strict sense. The
strongest argument against the erection of a new
generic name is the unknown identity of P umbon-
atum (see also survey in Moestrup and Calado
2018), the type species of Parvodinium. There are
a number of sequences associated with that name
available in GenBank (Fig. 5), but none of which
is from the type locality or show the distinct mor-
phology of the historical taxon. If P elpatiewskyi
and P umbonatum are to be placed on the same
phylogenetic branch in the future, the new generic
name would immediately become a later synonym
of Parvodinium. Elevating this taxon on the generic
level would thus become superfluous and there-
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fore, we do not see any significant advantages of
a new generic name. Further, similar examples of
taxa with slightly deviating plate patterns are Durin-
skia Carty & EI.LR.Cox (Kretschmann et al. 2018b)
and Heterocapsa F.Stein (Tillmann et al. 2017).
Surely, nobody would elevate Durinskia agilis (Kof.
& Swezy) Saburova, Chomérat & Hoppenrath, or
other species of Heterocapsa different from Hete-
rocapsa steinii Tillmann, Gottschling, Hoppenrath,
Kusber & Elbr., to new taxa at the generic level
based on minor diagnostic traits. For all the above
reasons, we think that P, elpatiewskyi, comb. nov., is
best placed in Parvodinium at this moment in time,
at least as long as we do not uncover the entire
diversity of the taxon in question.

Methods

Material collection, cultivation and morphology: The inves-
tigated material was obtained from three different sources: 1)
The type material was collected at the PluBsee in Germany
(Schleswig-Holstein, PIén) on 2 Aug 1976 and was fixed in for-
malin. It is stored in the Berlin herbarium and at the Centre
of Excellence for Dinophyte Taxonomy (CEDIT, see Nomencla-
ture section). 2) Further material was collected at the Plu3see
as well on 1 Aug 1977. 3) During a field trip on 26 Jun 2015,
water tow samples were collected in a pond (52°29.522'N,
13°14.066'E) from the area of the Nature Conservation Cen-
tre Okowerk (Germany, Berlin) using a plankton net with a
mesh size of 20 pm. Motile cells were isolated and placed in
24-well microplates (Zefa; Munich, Germany) containing fresh-
water WC growth medium (Woods Hole Combo, modified after
Guillard and Lorenzen 1972) without silicate. The plates were
stored in climate chambers at 12°C or 18 °C, respectively, and
under 12:12h light:dark photoperiod. One strain (GeoM 735)
as well as four monoclonal substrains (GeoM*833, GeoM*834,
GeoM*835 and GeoM*836) were established and are kept at
the Institute of Systematic Botany and Mycology (University of
Munich).

Cells were observed, documented and measured under a
CKX41 inverted microscope (Olympus; Hamburg, Germany)
equipped with a phase contrast option and a DP73 digital
camera (Olympus). The preparative techniques for light and
scanning electron microscopy (SEM) followed standard pro-
tocols (Janofske 2000) and were the same as described in
Gottschling et al. (2012). Briefly, cells were fixed in 2.5% glu-
taraldehyde overnight. Afterwards, specimens were dehydrated
in a graded acetone series and critical point dried, followed by
sputter-coating with platinum. The Kofoidean system (Fensome
et al. 1993; Taylor 1980) was used to designate the plate
formula. Image adjustments (such as scaling, cropping, white-
balancing, colour management) were carried out in Photoshop®
and lllustrator® (Adobe Systems; Munich, Germany), respec-
tively, and images were arranged in QuarkXPress® (Quark
Software; Hamburg, Germany).

Molecular phylogenetics: Genomic DNA was extracted
from fresh material using the Nucleo Spin Plant Il Kit (Machery-
Nagel; Duren, Germany). Various regions of the ribosomal
RNA (rRNA) genes including the Internal Transcribed Spacers
(ITSs) were amplified using primer pairs specified previously
(Gu et al. 2013) and following standard protocols (Gottschling
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and Plétner 2004; Gottschling et al. 2012). For alignment con-
stitution, we defined three regions of the rRNA: SSU, ITS, LSU
and included a systematically representative set of Peridiniop-
sidaceae (Gottschling et al. 2017; Supporting Information Tab.
S1). For outgroup comparison, we used all sequences of Hete-
rocapsa, Ensiculifera Balech and close relatives, for which we
had genetic data for all three regions SSU, ITS and LSU at hand.
Separate matrices were constructed, aligned using ‘MAFFT’
v6.502a (Katoh and Standley 2013) and concatenated after-
wards. The aligned matrices are available as *.nex files upon
request. Phylogenetic analyses were carried out using standard
procedures (Kretschmann et al. 2018c).
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The vast majority not only of dinophytes, but also of Peridiniales, live in the marine environment, and some 350 (out of
ca 2.500) species are present in freshwater habitats (Mertens et al. 2012). Many freshwater Peridiniales constitute small
and only distantly related species groups embedded in predominantly marine clades (e.g., Apocalathium, Chimonodinium,
Naiadinium in the Thoracosphaeraceae; species assigned to “Peridiniopsis” in the Kryptoperidiniaceae; Zhang et al. 2011Db,
Gottschling & Sohner 2013, Annenkova ef al. 2015; Fig. 1). However, the most distinguished freshwater group of the
Peridiniales are the Peridiniaceae including the type species, Peridinium cinctum, and other frequently encountered species
such as Peridinium bipes, Peridinium volzii and Peridinium willei.

Molecular sequence data have greatly elucidated the phylogenetic relationships of dinophytes in the past two decades.
We now know that not all freshwater species formerly assigned to Peridinium constitute a monophyletic group, which is also
reflected in the establishment of numerous new scientific names (at, e.g., the generic level). A rigorous classification of the
Peridiniales is still pending but in several publications (Tillmann et al. 2012, 2014, Gottschling & Séhner 2013, Gottschling
& McLean 2013, Gu et al. 2013), we aimed at an improved knowledge of phylogenetic systematics for dinophytes in
general and for the Peridiniales in particular by concatenating ribosomal RNA sequences (Fig. 1). As a result, a number of
monophyletic and statistically well supported lineages can be recognised in the Peridiniales, more or less corresponding
to established taxonomic units based on morphology. Probably not less than 90% of peridinialean species (known from
molecular sequence data) can now be reliably placed into one of the following taxa at the family level: Blastodiniaceae,
Heterocapsaceae, Kryptoperdiniaceae, Peridiniaceae, Protoperidiniaceae, Thoracosphaeraceae and Zooxanthellaceae.

Apredominant freshwater clade being distantly related to Peridinium (Craveiro et al. 2009, Zhang et al. 2011a, Gottschling
& Sohner 2013) remains without a name at the family level. It consists of Palatinus, Parvodinium and Peridiniopsis. The
latter was segregated from Peridinium early in history (Lemmermann 1904), but has not received broad attention until
Bourrelly (1968a) transferred all species formerly assigned to Glenodinium to Peridiniopsis. This rather simplistic taxonomic
rearrangement was not justified as we know today, because many species Bourrelly (1968a) placed in Peridiniopsis are
today identified members of other, already well-established peridinialean lineages such as the Kryptoperidiniaceae and
Thoracosphaeraceae (Moestrup & Daugbjerg 2007, Takano et al. 2008, Calado et al. 2009, Zhang et al. 2011b, Gu et al.
2013).

The Peridiniaceae are currently treated to include Peridiniopsis, species of Peridinium (in a broad sense) with the
formation of an apical pore complex (APC) and those without such a structure (Popovsky & Pfiester 1990, who included also
Thompsodinium here in an appendix). At first sight, the clade comprising Palatinus, Parvodinium and Peridiniopsis (in a strict
sense) may appear morphologically heterogeneous, as it includes elements of all three taxonomic units of the Peridiniaceae.
However, the triumvirate can be distinguished from the Peridiniaceae (in a strict sense) because of the consistently reduced
number of intercalary plates: Peridiniaceae (in a strict sense) usually have three intercalary plates, while members of
Peridiniopsidaceae, fam. nov., as treated here possess not more than two such plates. The presence of predominantly five
cingular plates in Peridiniaceae (in a strict sense) may also be supportive to distinguish it from Peridiniopsidaceae, fam. nov.,
as treated here having six of such plates (Bourrelly 1968b, Carty 2008, Craveiro ef al. 2009).

Utrastructural studies have improved our knowledge of dinophytes at least as much as the sequencing approach. A
feeding organelle coined peduncle is reported from many Peridiniales (Calado & Moestrup 2002, Craveiro et al. 2009,
Craveiro et al. 2015, Kang et al. 2015), but has been explicitly found absent from Peridinium cinctum (Calado et al. 1999).
Knowledge of other Peridiniaceae (in a strict sense) is scarce, but presence/absence of peduncle microtubules may argue as
a diagnostic trait between the two freshwater clades as well. Further differences may be uncovered referring, for example,
to the connection of peripheral lobes to a central pyrenoid in Peridiniopsidaceae, fam. nov. (Calado & Moestrup 2002,
Craveiro et al. 2009), versus a system with numerous chloroplasts distributed peripherally in Peridinium cinctum (Calado et
al. 1999).
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FIGURE 1. Peridiniaceae and Peridiniopsidaceae, fam. nov., have distinct systematic positions in the peridinialean molecular tree.
Maximum Likelihood (ML) tree (—In=62.863,31) of 89 Peridiniales operational taxonomic units (OTUs; plus 42 Amphidomataceae as
outgroup, not shown) under the GTR+I" substitution model. For alignment constitution, we defined three regions of the rRNA: SSU,
ITS, LSU, and included all Peridiniales, of which sequence information in all three regions were available. Freshwater lineages are
shaded in green, and the Peridiniopsidaceae, fam. nov., with its type species, Peridiniopsis borgei, are highlighted. Branch lengths are
drawn to scale, with the scale bar indicating the number of nucleotide substitutions per site. The numbers on the branches are statistical
support values (above: ML bootstrap values derived from 1.000 non-parametric replicates, values <50 are not shown; below: Bayesian
posterior probabilities derived from two independent analyses of four chains with 20.000.000 cycles, sampled every 1.000" cycle, values
<.90 are not shown). Asterisks indicate maximal support. Abbreviations: BLA: Blastodiniaceae. E/Pe: clade including Ensiculifera
and Pentapharsodinium. HET: Heterocapsaceae. KRY: Kryptoperidiniaceae. PER: Peridiniaceae. T/Pf: clade including Pfiesteria and
Thoracosphaera. ZOO: Zooxanthellaceae.
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For all the above reasons, we here introduce a new peridinialean taxon at the family level:

Peridiniopsidaceae Gottschling, Kretschmann & Zerdoner, fam. nov.—Type genus: Peridiniopsis Lemmerm. (with its
type species, P. borgei Lemmerm.), Ark. Bot. 2 (1904): 134.

Description: Thecate, phototrophic, free-living primarily freshwater dinophytes. Kofoidian plate formula: <4’, <2a,
<77, 6c, 5s,5°”, 27, apical pore complex present (Parvodinium, Peridiniopsis) or absent (Palatinus). Plate surface smooth
through granulate, but never with ridges forming areolae, hypotheca variously spinose through smooth. Chloroplast lobes
radiating from a central pyrenoid; eyespot and peduncle microtubules present. Dividing or ecdysing cells exiting the theca
through the antapical area. n~40 (Holt & Pfiester 1982).

The Peridiniopsidaceae, fam. nov., are taxonomically distinct and may include some 15 species occurring in temperate
through tropical freshwater habitats around the world (frequently encountered species are Palatinus apiculatus, Parvodinium
africanum, P. centenniale, P. deflandrei, P. goslaviense, P. inconspicuum, P. lubieniense, P. umbonatum and Peridiniopsis
borgei). They can be delimited from other peridinialean families based on a combination of traits (Tab. 1) including the
preferred freshwater versus the otherwise primarily marine environment. They are further distinct from the other genuine
freshwater family, Peridiniaceae, because of the presence of not more than two (versus three) intercalary plates and six
(versus five) cingular plates. Ultrastructural traits such as the presence of peduncle microtubules and chloroplast lobes
radiating from a central pyrenoid may provide further evidence for the distinctiveness of the new family. Last but not least,
the Peridiniopsidaceae, fam. nov., constitute a monophyletic lineage of the Peridiniales distinct from the Peridiniaceae and
other peridinialean lineages in molecular phylogenetics (Fig. 1). Future research will enlighten the systematic positions of
Glochidinium, Staszicella, Thompsodinium and many other dinophytes in either of Peridiniaceae, Peridiniopsidacceae, fam.
nov., or other (established or even more new) families in the Peridiniales. Family circumscriptions would have to be adjusted
if applicable.

TABLE 1. Comparison between the new family, the Peridiniaceae and other peridinialean dinophytes. Note that it is a
combination of traits that makes the Peridiniopsidaceae, fam. nov., a distinct lineage of the Peridiniales deserving its own
name.

trait Peridiniaceae Peridiniopsidaceae, fam. nov. other peridinialean dinophytes  main literature source
habitat freshwater freshwater mostly marine original descriptions
molecular distinct from distinct from Peridiniaceae and  distinct from Peridiniaceae and ~ Gottschling & McLean (2013),
phylogenetics  Peridiniopsidaceae, fam. other peridinialean dinophytes  Peridiniopsidaceae, fam. nov.,  Gottschling & Sohner (2013),
nov., and other peridinialean Guetal (2013)
dinophytes
number of 3 <2 varying original descriptions and floras,
intercalary Bourrelly (1968b)
plates
number of 5 6 varying, but predominantly 5 original descriptions and floras,
cingular plates or 6 Bourrelly (1968b)
peduncle absent in Peridinium present in Palatinus and frequently present, but trait not  Calado et al. (1999), Calado &
Peridiniopsis densely sampled yet Moestrup (2002), Craveiro et
al. (2009)

Acknowledgements

Financial support was provided by the Deutsche Forschungsgemeinschaft (grants GO 1549 10, RI 1738 5) and the Miinchener
Universititsgesellschaft.

References

Annenkova, N.V., Hansen, G., Moestrup, @. & Rengefors, K. (2015) Recent radiation in a marine and freshwater dinoflagellate species
flock. ISME Journal 9: 1821-1834.
https://doi.org/10.1038/ismej.2014.267

Bourrelly, P. (1968a) Notes sur les péridiniens d’eau douce. Protistologica 4: 5-13.

Bourrelly, P. (1968b) Note sur Peridiniopsis borgei Lemm. Phykos 7: 1-2.

DESCRIPTION OF PERIDINIOPSIDACEAE Phytotaxa 299 (2) © 2017 Magnolia Press « 295



Calado, A.J. & Moestrup, @. (2002) Ultrastructural study of the type species of Peridiniopsis, Peridiniopsis borgei (Dinophyceae), with
special reference to the peduncle and flagellar apparatus. Phycologia 41: 567-584.
https://doi.org/10.2216/10031-8884-41-6-567.1

Calado, A.J., Hansen, G. & Moestrup, @. (1999) Architecture of the flagellar appartus and related structures in the type species of
Peridinium, P. cinctum (Dinophyceae). European Journal of Phycology 34: 179-191.
https://doi.org/10.1080/09670269910001736232

Calado, A.J., Craveiro, S.C., Daugbjerg, N. & Moestrup, @. (2009) Description of Tyrannodinium gen. nov., a freshwater dinoflagellate
closely related to the marine Pfiesteria-like species. Journal of Phycology 45: 1195-1205.
https://doi.org/10.1111/j.1529-8817.2009.00735.x

Carty, S. (2008) Parvodinium gen. nov. for the umbonatum group of Peridinium (Dinophyceae). Ohio Journal of Science 108: 103—107.

Craveiro, S.C., Calado, A.J., Daugbjerg, N. & Moestrup, . (2009) Ultrastructure and LSU rDNA-based revision of Peridinium group
Palatinum (Dinophyceae) with the description of Palatinus gen. nov. Journal of Phycology 45: 1175-1194.
https://doi.org/10.1111/j.1529-8817.2009.00739.x

Craveiro, S.C., Daugbjerg, N., Moestrup, @. & Calado, A.J. (2015) Fine-structural characterization and phylogeny of Peridinium polonicum,
type species of the recently described genus Naiadinium (Dinophyceae). European Journal of Protistology 51: 259-279.
https://doi.org/10.1016/j.€jop.2015.05.001

Gottschling, M. & Sohner, S. (2013) An updated list of generic names in the Thoracosphaeraceae. Microorganisms 1: 122—136.
https://doi.org/10.3390/microorganisms1010122

Gottschling, M. & McLean, T.I. (2013) New home for tiny symbionts: Dinophytes determined as Zooxanthella are Peridiniales and
distantly related to Symbiodinium. Molecular Phylogenetics and Evolution 67: 217-222.
https://doi.org/10.1016/j.ympev.2013.01.003

Gu, H., Kirsch, M., ZinBmeister, C., S6hner, S., Meier, K.J.S., Liu, T. & Gottschling, M. (2013) Waking the dead: Morphological and
molecular characterization of extant tPosoniella tricarinelloides (Thoracosphaeraceae, Dinophyceae). Protist 164: 583—597.
https://doi.org/10.1016/j.protis.2013.06.001

Holt, J.R. & Pfiester, L.A. (1982) A technique for counting chromosomes of armored dinoflagellates, and chromosome numbers of 6 fresh-
water dinoflagellate species. American Journal of Botany 69: 1165-1168.
https://doi.org/10.2307/2443090

Kang, N.S., Jeong, H.J., Moestrup, 9., Jang, T.Y., Lee, S.Y. & Lee, M.J. (2015) Aduncodinium gen. nov and A. glandula comb. nov
(Dinophyceae, Pfiesteriaceae), from coastal waters off Korea: Morphology and molecular characterization. Harmful Algae 41: 25—
37.
https://doi.org/10.1016/j.hal.2014.11.002

Lemmermann, E.J. (1904) Das Plankton schwedischer Gewdsser. Arkiv for Botanik 2: 1-209.

Mertens, K.N., Rengefors, K., Moestrup, @. & Ellegaard, M. (2012) A review of recent freshwater dinoflagellate cysts: Taxonomy,
phylogeny, ecology and palacocology. Phycologia 51: 612—619.
https://doi.org/10.2216/11-89.1

Moestrup, @. & Daugbjerg, N. (2007) On dinoflagellate phylogeny and classification. /n: Brodie, J. & Lewis, J. (Eds) Unravelling the
algae, the past, present, and future of algal systematics. CRC Press, Boca Raton, pp. 215-230.
https://doi.org/10.1201/9780849379901.ch12

Popovsky, J. & Pfiester, L.A. (1990) Dinophyceae (Dinoflagellida). Fischer, Stuttgart.

Takano, Y., Hansen, G., Fujita, D. & Horiguchi, T. (2008) Serial replacement of diatom endosymbionts in two freshwater dinoflagenates,
Peridiniopsis spp. (Peridiniales, Dinophyceae). Phycologia 47: 41-53.
https://doi.org/10.2216/07-36.1

Tillmann, U., Gottschling, M., Nézan, E., Krock, B. & Bilien, G. (2014) Morphological and molecular characterization of three new
Azadinium species (Amphidomataceae, Dinophyceae) from the Irminger Sea. Protist 165: 417-444.
https://doi.org/10.1016/j.protis.2014.04.004

Tillmann, U., Salas, R., Gottschling, M., Krock, B., O’Driscoll, D. & Elbréchter, M. (2012) Amphidoma languida sp. nov. (Dinophyceae)
reveals a close relationship between Amphidoma and Azadinium. Protist 163: 701-719.
https://doi.org/10.1016/j.protis.2011.10.005

Zhang, Q., Liu, G.-X. & Hu, Z.-Y. (2011a) Morphological observation of a freshwater Peridinium strain and phylogenetic analysis of
Peridinium. Plant Science Journal 29: 1-10.
https://doi.org/10.3724/SP.J.1142.2011.10001

Zhang, Q., Liu, G.-X. & Hu, Z.-Y. (2011b) Morphological differences and molecular phylogeny of freshwater blooming species,
Peridiniopsis spp. (Dinophyceae) from China. European Journal of Protistology 47: 149—160.
https://doi.org/10.1016/j.ejop.2011.03.001

296 + Phytotaxa 299 (2) © 2017 Magnolia Press GOTTSCHLING ET AL.



Publication 6

Two new generic names for dinophytes harbouring a diatom as an
endosymbiont, Blixaea and Unruhdinium (Kryptoperidiniaceae,

Peridiniales)

GOTTSCHLING, M., ZERDONER CALASAN, A., KRETSCHMANN, J. & GU, H.

Phytotaxa 306: 296—-300
2017






EEPhymtaxa 306 (4): 296-300 [5SN ”79-318“’"1’11;‘6(*1’“2

http://www.mapress.com/j/pt/ C PHYT T X P

Copyright © 2017 Magnolia Press Orresp Ondence ISSN 1179-3163 (online edition)
https://doi.org/10.11646/phytotaxa.306.4.6

Two new generic names for dinophytes harbouring a diatom as an endosymbiont,
Blixaea and Unruhdinium (Kryptoperidiniaceae, Peridiniales)

MARC GOTTSCHLING'*, ANZE ZERDONER CALASAN!, JULIANE KRETSCHMANN!' & HAIFENG GU?

! Department Biologie, Systematische Botanik und Mykologie, GeoBio-Center, Ludwig-Maximilians-Universitit Miinchen, Menzinger
Str. 67, D-80638 Miinchen, Germany

2 Third Institute of Oceanography, State Oceanic Administration, 361005 Xiamen, China

" corresponding author, e-mail: gottschling@bio.lmu.de

Kryptoperidiniaceae are a small group of dinophytes hosting a tertiary endosymbiont derived from a diatom (Tomas et al.
1973, Horiguchi & Pienaar 1994). Those so called ‘dinotoms’ (Imanian et a/. 2011) include Dinothrix, Durinskia, Galeidinium,
Kryptoperidinium (= Phyllodinium) and some species currently assigned to “Peridiniopsis” and “Peridinium” (Tamura et al.
2005, Horiguchi & Takano 2006, Hansen et al. 2007, Zhang et al. 2011). Besides ‘possessing a diatom endosymbiont’ as a
highly derived trait, the monophyly of Kryptoperidiniaceae is also supported by a unique type of eyespot that has possibly
derived from the original chloroplast (Moestrup & Daugbjerg 2007). In molecular trees, Kryptoperidiniaceae constitute
a well supported monophyletic group (Kretschmann et al. unpubl.), but it is not finally resolved at present, whether they
are embedded in the Thoracosphaeraceae or constitute their sister group (Gottschling & McLean 2013). Regarding habitat
preference, molecular trees further indicate at least two independent marine—freshwater transitions in the Kryptoperidiniaceae
during the late Paleogene at the latest (Zerdoner Calasan et al. unpubl.).

As currently treated, “Peridiniopsis” and “Peridinium” are highly polyphyletic assemblages, and a major effort during
the past years was put into the disentanglement of the present taxonomic confusion and inconsistency (Carty 2008, Calado
2011, Craveiro et al. 2011, 2016, Kretschmann ef al. 2015, to mention only a few studies). A rigorous classification of
peridinialean dinophytes is still pending but in several publications (Tillmann et al. 2012, 2014, Gottschling & McLean
2013, Gottschling & Sohner 2013, Gottschling et al. 2017, Gu et al. 2013), we aimed at an improved knowledge about
phylogenetic systematics of dinophytes by concatenating ribosomal RNA sequences. As a result, some species currently
assigned to “Peridiniopsis” and “Peridinium” (Horiguchi & Takano 2006, Liu et al. 2008, Takano et al. 2008, Zhang et al.
2011,2014, Yamada et al. 2015, You et al. 2015) clearly belong to Kryptoperidiniaceae, but not to the taxa, under which they
were initially described. Based on molecular and morphological data they represent two distinct evolutionary lineages that
are described here as new, namely Blixaea, gen. nov., and Unruhdinium, gen. nov. New combinations are provided for those
species names only, of which morphological and molecular data are available for critical examination.

The specificity of the diatom endosymbiont for their host is not rigorously worked out at present. Some dinophyte
species appear to harbour genetically different endosymbionts (Yamada et al. in press, Zerdoner Calasan et al. unpubl.),
while other species maintain endosymbionts with very similar DNA sequences (e.g., Unruhdinium cf. kevei, comb. nov.,
and Unruhdinium jiulongense, comb. nov.: Takano et al. 2008, You et al. 2015). Nevertheless, Kryptoperidiniaceae are
highly selective towards specific groups of diatoms and do not recruit them arbitrarily: The endosymbiont of marine Blixaea
quinquecornis, comb. nov., for example, is part of a well resolved group within Chaetoceros—probably the largest taxon
of marine centric diatoms (Horiguchi & Takano 2006)—, and endosymbionts of freshwater Unruhdinium, gen. nov., cluster
within freshwater Cyclotella, but neither within other freshwater species of Nitzschia as in the case of Durinskia, Galeidinium
and Kryptoperidinium.

Taxonomic activity

Blixaea Gottschling, gen. nov.—Type: Blixaea quinquecornis (T.H.Ab¢) Gottschling, comb. nov.

Description:—Thecate, phototrophic, free-living, primarily marine dinophytes harbouring a Chaetoceros-like diatom as
endosymbiont, which is separated from the host by a single unit membrane. Kofoidian plate formula: 3°, 2a, 77, 5¢, 5°, 27,
apical pore complex present. Plate surface smooth through granulate, hypotheca with (three through five) predominantly
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four distinct spines of varying length. Chloroplasts numerous and belonging to the endosymbiotic alga; eyespot surrounded
by three membranes.

Etymology:—The name honours Blixa Bargeld (*1959), who is singer, musician and founder of the Berlin music group
Einstiirzende Neubauten. The generic name Blixaea is sufficiently distinct from malvalean Bixa (Linné 1753), because of
both the differential auditory phonetics and the diverging taxonomic assignments, that ICN Art. 53 does not apply.

Blixaea, gen. nov., is currently monotypic, but may include more taxa such as “Peridinium” quinquecorne var.
trispiniferum from Mexico (Aké-Castillo & Vazquez 2011). The diagnostic feature of Blixaea, gen. nov., is the presence
of predominantly four distinctive hypothecal spines (Abé & Saitd 1981), and a Chaetoceros-like diatom as endosymbiont
(Horiguchi & Pienaar 1991) has not been reported from any other Kryptoperidiniaceae. In molecular phylogenetics, Blixaea,
gen. nov., is distinct from all Kryptoperidiniaceae, of which DNA sequence data are available (Horiguchi & Takano 2006,
Yamada et al. in press, Kretschmann et al. unpubl.), and it does not show any filamentous or palmelloid growth as Dinothrix
(Pascher 1927), of which no DNA sequence data are available at present. It further differs from Peridinium, under which it
was initially described, in both habitat preference (marine versus freshwater) and the presence of not more than two (versus
three) intercalary plates.

Blixaea quinquecornis (T.H.Abé) Gottschling, comb. nov., basionym: Peridinium quinquecorne T.H.Abé, Science
Reports of the Tohoku Imperial University. Series 4, Biology 2: 410, fig. 30. 1927. Protoperidinium quinquecorne (T.H.Ab¢)
Balech, Revista del Museo Argentino de Ciencias Naturales Bernardino Rivadavia e Instituto Nacional de Investigacion de
las Ciencias Naturales / Hidrobiologia 4: 59. 1974.—Type: Japan. Honshii, Tohoku, Mutsu Bay (collection date unknown).

Peridinium quinquecorne has been synonymised with Heterocapsa quadridentata (Hansen 1995, Okolodkov et al.
2016), which would have taxonomic priority over the type species selected here. We hesitate to designate the older but
largely unused name as type species as long as the diatom endosymbiont has not been verified based on material investigated
under that name.

Unruhdinium Gottschling, gen. nov.—Type: Unruhdinium jiulongense (H.Gu) Gottschling, comb. nov.

Description:—Thecate, phototrophic, free-living, primarily freshwater dinophytes usually harbouring a Cyclotella-like
diatom as endosymbiont, which is separated from the host by a single unit membrane. Kofoidian plate formula with maximally
ten epithecal plates (including 6) and 5S¢, 5, 2°”, apical pore complex present. Plate surface smooth through granulate
though never ornamented by a network of minute ridges, hypotheca with a varying number of more or less distinctive spines.
Chloroplasts numerous and belonging to the endosymbiotic alga; eyespot surrounded by three membranes.

Etymology:—The name honours Andrew Chudy (*1957, a.k.a. N.U.Unruh), who is musician, experimental percussionist
and instruments inventor. He is best known for his work with the Berlin music group Einstiirzende Neubauten, of which he
also is a founder.

Unruhdinium, gen. nov., currently comprise 5—10 species with the presence of Cyclotella-like diatoms as endosymbionts
and a reduced number of epithecal plates as diagnostic traits. The general plate formula of the epitheca should be 4’ 0a 6”
(Bourrelly 1968, Zhang et al. 2011), but Unruhdinium jiulongense, comb. nov., and Unruhdinium minimum, comb. nov., are
described as having 3’ 1a 6" (Zhang et al. 2014, You et al. 2015). This inconsistency makes it difficult to separate the entirety
of Unruhdinium from Peridiniopsis (under which many of its constituent species were initially described) likewise having
3’ 1a 6” (Calado & Moestrup 2002), although both taxa are only distantly related in molecular phylogenetics (Gottschling
et al. 2017). Nevertheless, the differing number of cingular plates (6¢ in Peridiniopsis versus 5¢ in Unruhdinium, gen. nov.),
the presence of longer through shorter spines on the hypotheca in Unruhdinium, gen. nov. (absent in Peridiniopsis borgei),
and the cell surface (never ornamented by a network of ridges in Unruhdinium, gen. nov., but in P. borgei) may further argue
for the uniqueness of Unruhdinium, gen. nov.

In molecular phylogenetics, Unruhdinium, gen. nov., is distinct from all Kryptoperidiniaceae, of which DNA
sequence data are available (Liu ef al. 2008, Takano et al. 2008, Zhang et al. 2011, 2014, You et al. 2015, Yamada et al.
in press, Kretschmann et al. unpubl.), and it does not show any filamentous or palmelloid growth as Dinothrix (Pascher
1927), of which no DNA sequence data are available at present. It is one of the two freshwater lineages identified in the
Kryptoperidiniaceae, and it differs from Durinskia oculata, which has a regular formula of 4’ 2a 6” in the conformation of
the epitheca (Kretschmann et al. unpubl.). The endosymbiont’s nucleus could not be confirmed yet for Unruhdinium niei,
comb. nov., in light microscopy (Liu et al. 2008), but the numerous chloroplasts are being also part of, and therefore evidence
for, the engulfed alga. Its presence also in this species is further corroborated by sequencing of endosymbiont loci (Zhang et
al. 2014).

Unruhdinium jiulongense (H.Gu) Gottschling, comb. nov., basionym: Peridiniopsis jiulongensis H.Gu in X.You,
Z.Luo, Y.Su, L.Gu & H.Gu, Nova Hedwigia 101: 316-318, figs 1-3. 2015.—Type: People’s Republic of China. Fujian,
Zhangzhou, Jiulongjiang River, Xipi reservoir (December, 2012).
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Unruhdinium kevei (Grigorszky & Vagas) Gottschling, comb. nov., basionym: Peridinopsis kevei Grigorszky & Vagas
in Grigorszky, Vagas, Borics, Klee, Ant.Schmidt & Borbély, Acta Botanica Hungaria 43: 168—172, figs 2-21. 2001.—Type:
Hungary. Jasz-Nagykun-Szolnok, Mez6thr, Peresi Holt-Koros (collection date unknown).

Unruhdinium minimum (Qi Zhang, G.X.Liu & Z.Y.Hu) Gottschling, comb. nov., basionym: Peridiniopsis minima Qi
Zhang, G.X.Liu & Z.Y.Hu, Algological Studies 145/146: 122, figs 1-3. 2014.—Type: People’s Republic of China. Fujian,
Zhangzhou, Jiulongjiang River (August, 2011).

Unruhdinium niei (G.X.Liu & Z.Y.Hu) Gottschling, comb. nov., basionym: Peridiniopsis niei, G.X.Liu & Z.Y.Hu,
Nova Hedwigia 87: 490496, figs 3—6. 2008.—Type: People’s Republic of China. Hubei, Wuhan, East Lake (Donghu)
(March 18, 2004).

Unruhdinium penardii (Lemmerm.) Gottschling, comb. nov., basionym: Glenodinium penardii Lemmerm., Hedwigia
39 Beiblatt: 117. 1900. Peridiniopsis penardii (Lemmerm.) Bourr., Protistologica 4: 9. 1968.—Type: Swiss Confederation.
Geneva, Lake Geneva (collection date unknown). Note: Lemmermann (1910) used the same epithet for a new species
of Peridinium and included the name Glenodinium penardii in his taxonomic header. Thus, it remains unclear whether
Lemmermann (1910) considered it as distinct from the present species (then, it was not validly published because of ICN Art.
52.1.), or a combination of it (then, the indicated ‘spec. nov.” is confusing). Anyhow, the combination of Lindemann (1925)
back to Glenodinium is not validly published.

Unruhdinium penardii var. robustum (Qi Zhang, G.X.Liu & Z.Y.Hu) Gottschling, comb. nov., basionym: Peridiniopsis
penardii var. robusta Qi Zhang, G.X.Liu & Z.Y.Hu, European Journal of Protistology 47: 151, figs 2-3, 4C. 2011.—Type:
People’s Republic of China. Yunnan, Manwan, Luodi River (Apr, 2008).

There is some connection between the productivity of the Berlin music group Einstiirzende Neubauten and the promotion
of issues in natural science (‘Newtons Gravititlichkeit’, ‘Total eclipse of the sun’), biology (‘DNS Wasserturm”) and also
botany (‘Blume’, ‘In the garden’, ‘Sag’ mir, wo die Blumen sind’). However, our present choice for new generic names in
the dinophytes may stimulate a discussion about the contemporariness and usefulness of Recommendation 20A (h) in the
International Code of Nomenclature for algae, fungi, and plants not to ‘dedicate genera to persons quite unconnected with
botany, mycology, phycology, or natural science in general.’ Historically, the recommendation goes back to the Vienna Rules
at the beginning of the 20" century when (phanerogam) botanists may have considered themselves rather at the end of the
biodiversity assessment in terms of taxa at the generic level. We are aware today, however, that myriads of lineages remain
to be named, particularly in the microbial world of algae and fungi, arguing against an unnecessary limitation and for a more
liberal and open-minded application of The Code in this respect. This would be in tradition of, for example, Linné (1753),
who dedicated many of his plant names to mythological figures, and has been recently readopted with naming the fern Gaga
dedicated to one of the contemporary heroes (Li et al. 2012). The approach has also found broad application in zoology and
thus, our proposal comes as a small but perceivable step forward towards the harmonisation (if not even unification) of The
Codes, being an important motivational drive for the work on such ambiregnal protists as the dinophytes.
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ABSTRACT

Peridinium cinctum is a common freshwater dinophyte with a long history of research. Erich Lindemann was the first to
assess intraspecific variability in this species focusing on plate pattern variation. Since then, this issue has been neglected but
with the application of DNA sequence diagnostics, a combination of morphological and molecular characters may enable
taxonomic delimitations. Our aim was to identify distinct morphotypes using plate pattern as the main characteristic and
then compare them to the geographic occurrence of particular ribotypes (as inferred from sequences of the Internal
Transcribed Spacer: ITS) in samples from Central Europe. Approximately 200 observations were carried out under the
inverse light microscope for each of a total of 15 strains. We observed two main variations from the abundant plate pattern
in P. cinctum, namely an unusual position of the 2a plate and the irregular shape of the la plate. In 88 (predominantly
clonal) strains, we identified five different ribotypes (submitted as 71 new GenBank entries) which had no clear correlation
to the defined morphotypes and/or spatial occurrences. In four cases, we detected two distinct ribotypes at the same locality.
However, samples collected south of the Danube River presented a different predominant morphotype from the rest of the
samples, thus implying a potential biogeographic signal as inferred from morphology. In general, there is morphological
and molecular variability in P. cinctum, which is under-studied and which may uncover geographic or ecological correla-
tions or even the existence of cryptic species.
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Introduction Traditionally, morphology is an important and
reliable source of classification in dinophyte taxon-
omy (Hoppenrath, 2017). Amongst morphological
diagnostic features, plate pattern (or tabulation)
plays an important role, be it the number, arrange-
ment and/or shape of the plates in thecate dino-
phytes. It has been used as a key feature to
describe and delimitate species (Balech, 1980; Abé,
1981), as well as to complement molecular data
(Kremp et al., 2014; Kretzschmar et al., 2017).
However, plate pattern has been found to present
intraspecific variability (Gu et al, 2013b; Yeo &
Shin, 2013; Tillmann et al., 2014), and phenomena
such as plate shifting or fusion are common in some
species (Elbrichter & Meyer, 2001; Gottschling
et al., 2005b; Tillmann et al.,, 2014). Based on the
interpretations provided by Stein (1883: pl. XII
9-19) the epithecal tabulation pattern of P. cinctum
is circumscribed by Kofoid’s (1909) formula and is
defined as 4' 3a 7". Deviations from the basal for-
mula include additional plates, restructuring of plate
positions or lack of plates. Plate shape, plate size or
the position of the sutures between the plates is not
reflected in the Kofoidean formula, but is still
important when assessing morphological variability.

Peridinium cinctum (O.F.Miiller) Ehrenberg is a thecate
dinophyte and the type of Peridinium Ehrenberg and
the Peridiniaceae. It is considered a common and gen-
eralist species (i.e. tolerant to highly diverse conditions)
in freshwater ecosystems (Holl, 1928; Boltovskoy,
1975). Ecologically, the species inhabits shallow meso-
trophic to eutrophic water bodies (Calado et al., 1999)
with pH values ranging from 4 to 8 (Boltovskoy, 1975),
and is further characterized as oxyphilic and eury-
trophic (Holl, 1928). Peridinium cinctum is widely dis-
tributed, ranging over Eurasia and Africa (Smith &
Smith, 2015) to Australia (Day et al., 1995). In North
America, where Peridinium gatunense Nygaard is the
predominant species of the corresponding group, the
presence of P. cinctum is questionable (Carty, 2014).
Despite its ubiquity and a long research history that
dates back to the 19th century (Miiller, 1796;
Ehrenberg, 1832; Stein, 1883), many questions regard-
ing P. cinctum are still unanswered, including the mag-
nitude of intraspecific genetic and morphological
variability and the possible presence of cryptic species.
Studies on P. cinctum, as well as delimitation of related
species described under Peridinium, may contribute to
resolving this issue.
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Erich Lindemann (1888-1945) was the first to
assess morphological variability in P. cinctum. He
was aware of the difficulties in distinguishing between
individuals with an abnormal plate pattern and a new
variety. Thus, the 14 new subordinate taxa of P.
cinctum that he described validly were not based on
the morphological characteristics of single cells, but
on regular observations of various samples
(Lindemann 1917, 1918b). These were referred to as
‘forms” when the overall shape of the cell was what
differed (e.g. presence/absence of spines, colour,
dorso-ventral depressions), or ‘varieties’s when the
tabulation pattern differed. Varieties included mor-
photypes with different plate sizes (P. cinctum var.
regulatum Er.Lindemann, P. cinctum var. irregulatum
Er.Lindemann), plate fusions (P. cinctum var. laesum
Er.Lindemann) and plate shapes (P. cinctum var. dis-
simile Er.Lindemann). In addition, Lindemann
(1918b) also differentiated between changes in the
position of the sutures between the precingular plates,
eventually affecting which plates are connected to
each other. Thus, he invented a labelling system to
describe such changes of the suture position using
Greek letters for each of the six sutures between the
precingular plates (Figs 1 and 2).

Based on the Greek alphabet the term <collinea-
tum> (used as epithets) describes a suture present in
a usual position, connecting to another suture forming
a continuation (Figs 1 and 2). Similar usage of the
term <travectum> is applied, when a suture is at its
usual position and connected to a plate different from
those in the regular epithecal conformation of P. cinc-
tum. This terminology serves as a way to record the
variations in P. cinctum. Out of these taxa, only P.
cinctum forma ovoplanum ErLindemann seems to
have been widely recognized (Pfiester, 1975; Spector
et al, 1981), while other taxa are mostly ignored.
Lindemann (1918a, b) also made use of the above-

EUROPEAN JOURNAL OF PHYCOLOGY 157

mentioned traits to differentiate species from P. cinc-
tum, mainly P. eximium ErLindemann, P. germani-
cum Er.Lindemann and P. rhenanum Er.Lindemann,
all of which are considered synonyms in the current
taxonomy of the species (Popovsky & Pfiester, 1990).

With the arrival of genetic data in dinophytes, the
traditional morphological taxonomy has been left
behind (Zinf8meister et al., 2011; Tillmann et al.,
2014). Regions such as the Internal Transcribed
Spacers (ITSs) of the ribosomal RNA (rRNA) have
already been used in several phylogenetic analyses
down to the species level (Gottschling et al., 2005b;
Litaker et al., 2003). Differences in this or similar
regions, also referred to as ribotypes in case of
rRNA sequences, have been used to differentiate
between different species of, for example,
Alexandrium Halim (John et al., 2014; Kremp et al.,
2014), parasitic Blastodinium Chatton (Skovgaard
et al., 2012) or endosymbionts of corals such as
Symbiodinium LaJeunesse (Thornhill et al., 2007). In
the case of P. cinctum, a characterization of its genetic
variability is scarce, but two different ribotypes were
observed in previous studies (Gottschling et al.,
20054; Logares et al., 2009).

In this study, we aim to depict consistent devia-
tions from the common plate pattern in the epitheca
of P. cinctum, which we dub morphotypes. We expect
these morphotypes to represent some of the morpho-
logical variation that this dinophyte potentially entails
(Lindemann, 1918b). We also differentiate between
distinct ribotypes based on the ITS region. Hence, an
association between distinct morphotypes and ribo-
types could set the basis for reliable determination of
(putatively cryptic) species in P. cinctum, such as
those found in other dinophyte species complexes
including Gambierdiscus Adachi & Fukuyo (Richlen
et al., 2008) and Scrippsiella Balech (Montresor et al.,
2003; Sohner et al., 2012).

Figs 1 & 2. Kofoidean plate designation in Peridinium cinctum and indication of the suture positions. Fig. 1: Kofoidean
notation for apical plate pattern in morphotype M1 (SEM image of strain GeoM*685). Fig. 2: Scheme representing
morphotype M1 and the position of the sutures. Usage of the Greek letters goes back to Lindemann (1918a), and the
scheme is based on an illustration of the basic plate pattern (Lindemann, 1917, 1918b). Abbreviations: n': apical plate, n":
precingular plate, na: anterior intercalary plate. Scale bar: 10 pum.
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We are aware that a certain phenotype cannot
always correlate with a specific genotype a priori.
Environmental factors, for example, can play an
important role in shaping the morphology of a dino-
phyte (i.e. modification). Night/day cycles in
Ceratium ranipes Cleve (Pizay et al., 2009) or fluid
mobility in Ceratocorys horrida F.Stein (Zirbel et al.,
2000), for instance, have been found to modify their
original plate pattern. Even when cultivated in vitro,
where conditions are consistent over time and equal
for all strains, differences in environmental condi-
tions prior to cell isolation have been found to influ-
ence morphology (Kim et al., 2004).

Opverall, this project aims to give an insight into
the morphological variability of P. cinctum, a sub-
ject that has not been questioned for almost a
century. This variability could correlate, for exam-
ple, with different ribotypes or environmental con-
ditions. Given the reported abundance of this
species in freshwater systems across Europe and
around the world, we expect that unveiling mor-
phological and genetic variation in this species is
of great interest for taxonomy and ecology. We
will not know about the conservation status of
this species until its delimitation is resolved and
precise occurrence data are available. Therefore,
variability in P. cinctum is an interesting subject
worth considering, and this variability may consist
of both morphological and genetic intraspecific
variability.

Materials and methods

The study is a part of ongoing research on morphol-
ogy, evolution and taxonomy of dinophytes. We used
72 monoclonal strains of P. cinctum from our culture
collection (Supplementary table S1) as well as 16
strains with sequence information deposited in
GenBank (Gottschling et al.,, 2005a; Logares et al.,
2007, 2009; Stern et al., 2012; Zinf8meister et al.,
2012; Gottschling & Sohner, 2013). Our monoclonal
strains originated from samples collected across dif-
ferent freshwater reservoirs in central Europe (in
compliance with the Convention on Biological
Diversity: CBD). Individual cells of P. cinctum were
isolated from the original field samples under an
inverse light microscope (LM) CKK41 (Olympus;
Tokyo, Japan). Cells were cultivated under sterile
conditions and kept in a WC medium (Guillard &
Lorenzen, 1972) in six-well microplates (Zefa;
Munich, Germany). Samples underwent a regimen
of 12 hours of light/day at 80 umol photons m s~
and 18°C in a climate chamber WKS 3200 (Liebherr;
Bulle, Switzerland) for 2-4 months.

For the study of epithecal morphology, we focused
on 15 strains covering the variation across different
ribotypes or different localities (Czech Republic,

Germany, Poland) or both. Observations were carried
out at different points in time but did not take more
than 2 weeks per strain. The observations of the
different cells were carried out under the inverse
LM. We took between 100 and 120 images of indivi-
dual cells per strain with a CellSens Olympus DP73
camera (Olympus; Tokyo, Japan) attached to the
inverse LM. We focused mainly on the epitheca,
although some dorsal, ventral and antapical views
were also documented. These figures were comple-
mented by images taken under the scanning electron
microscope (SEM). Preparations for the SEM fol-
lowed standard protocols  (Janofske,  2000).
Generally, these involved dehydrating samples with
increasing concentrations of acetone, critical point
drying and final covering with platinum. Contrary
to the standard procedure, dinophyte samples were
positioned between double layers of filters instead of
single filters, which is a common practice that has
proven successful (Kretschmann et al., 2015).

Analysis of plate pattern and the defining of mor-
photypes were performed using LM and SEM images
as references. Plate pattern was used as the main
defining characteristic. The process of analysing and
grouping of the images into different forms was
repeated several times until a practical classification,
conclusive for all strains, was obtained. Our classifi-
cation aimed to obtain stable, common and easily
identifiable morphotypes.

Morphotypes were defined from our observations
of different compositions of plate pattern in the
epitheca. Special attention was given to features
such as plate shape, connections between plates and
position of the sutures. Only forms with a consistent
occurrence of more than 10% of the total observa-
tions (from the analysed images) were included into
the final delimitation of the morphotypes. If an iden-
tified form did not occur in at least 10% of the
observations of a particular strain, it was classified
under an additional group described under the name
‘others’, which included different, rare morphotypes.
Once a morphotype was established, all samples were
observed a second time, classifying approximately
100 individual cells per strain into the defined mor-
photypes, which we added to the 100 previously
classified images for our final results. Some images
taken from the interior of the theca were mirrored
digitally for an easier morphological comparison.

Genomic DNA was extracted from fresh material
using the Nucleo Spin Plant II Kit (Machery-Nagel;
Diiren, Germany). Various regions of the ribosomal
RNA genes including the ITSs were amplified using
previously specified primer pairs (Gu et al., 2013a)
following standard protocols (Gottschling & Plétner,
2004; Gottschling et al., 2012). Gel electrophoreses
yielded single bands that were purified and
sequenced. Sequences were edited and assembled
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using Sequencher™ v5.1 (Gene Codes; Ann Arbor, Results
Michigan, USA). For visual comparison, the align-
ment editor ‘Se-Al’ (Rambaut, 2001) was used. For
comparative purposes, the secondary structure of the
ITS molecules (Gottschling & Plotner, 2004) were
taken into account.

For drawing pie charts of ribotype distribution and
morphotype prevalence, the package ‘plotly’ (Sievert
et al., 2016; freely available at https://CRAN.R-pro
ject.org/package=plotly) of the software ‘R’ v3.2.5 (R
Core Team, 2016; freely available at https://www.R-
project.org/) was used. The map was created using R
and the package ‘raster’ (Hijmans, 2016; freely avail-
able at https://CRAN.R-project.org/package=raster)
and edited with imaging software ‘GIMP v2.8 (The
GIMP Team, 2017; freely available at https://www.
gimp.org/). Image adjustments (such as scaling, crop-
ping, white-balancing, colour management) were
made in Photoshop® (Adobe Systems; Munich,
Germany) and image arrangements in QuarkXPress®
(Quark Software; Hamburg, Germany).

Our analysis of ITS sequence data showed five dis-
tinct ribotypes (Supplementary fig. S1), establishing
classes of sequence similarities without intermediates.
Sequences from ribotype 1 (r1: GeoM*777) and ribo-
type 2 (r2: GeoM*679) were identical, except for the
two positions in the ITS1 and the presence of a 12-
base-pair-long insertion/deletion at the beginning of
the ITS2. Ribotypes 3 to 5 (r3: GeoM*670, r4:
CCACO0102, r5: GeoM*672) did not include the
ITS2 deletion found in ribotype 1, but the sequences
exhibited several base substitutions across the 5.8S
region when compared with ribotypes rl and r2.
Moreover, ribotypes r3, r4 and r5 showed consider-
able differences in their ITS1 and ITS2 primary
sequences, particularly in the unpaired segment
between pairing region III and the 5.8S rRNA. A
geographic correlation to the ribotypes could not be
inferred by geographic mapping (Fig. 3). However,
we found two different ribotypes present at the same
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locality in four cases, namely Lake Machuv, Halensee,
Krakower See and Miiggelsee (Supplementary
table S1).

We identified three morphological types, which
appeared consistently across all the samples. These
morphotypes are referred to as M1, M2 and M3 and
illustrated in Figs 1 and 4-15. A fourth group (M4)
was created to gather all morphological variations,
which could not be classified into one of the three
distinct morphotypes (Supplementary fig. S2). These
forms were rare and did not represent more than 10%
of the observations performed per sample. All mor-
photypes presented the usual Kofoidean thecal for-
mula for the epitheca of P. cinctum, specified as 4’ 3a
7". Some variations of this pattern, including plate
splitting and plate fusion, were found, but were infre-
quent and could not be arranged into one of the main
three morphotypes (Supplementary fig. S2). Of the
three main morphotypes, M1 was in correspondence
with the established plate pattern for P. cinctum,
whereas M2 and M3 presented deviations from this
structure. Morphotypes M1 and M2 could be easily
differentiated, while M3 presented a transitional mor-
phology between these two. Therefore, morphotype
M3 constituted a more heterogeneous group.

Morphotypes M2 and M3 (Figs 4-15) differed
from the basic tabulation found in P. cinctum in
three main morphological characteristics: shape of
the 1la plate, position of the e-suture and position of
the 2a plate. In M1, the shape of the la plate was
regularly pentagonal, and the e-suture was in its
anticipated conformation (Fig. 1). In the other mor-
photypes (Figs 4-15), the la plate was strongly
reduced on one of its sides, modifying its shape to
irregularly pentagonal or even tetragonal. This also
affected the position of the e-suture (Figs 4-15, black
arrowheads), whilst the suture between plates 2" and
la was distinctly shortened. In some cases, the -
suture was even connected to the suture lying
between plates 1a and 2', appearing as a prolongation
of this suture.

The apical plate 2a was usually connected to the
plate 3” through a broad lateral extension in MI
(Fig. 1). In M2, this connection did not exist, and
the 2a plate was connected to the plate 4” only (e.g.
Fig. 4, white arrowhead). In M3, a connection existed,
but it was reduced in comparison to M1 (e.g. Fig. 10,
white arrowhead). In this case, the 2a plate was only
connected to plate 3” through one of its vertexes.
These conformations also affected the position of
the suture between plates la and 2a. This suture
was normally broad and connected to the middle
part of the 3” plate. In M2, this suture was displaced
and reached either the lower part of the 3' plate or
was connected to the plate 4” (Fig. 4). In the latter
case, this created an almost lateral separation between
plates la and 2a. In M3, the suture between plates la

and 2a was displaced to the bottom of the 3" plate but
never reached other precingular plates (Fig. 10). This
position was sometimes followed by a singular cur-
vature of the suture, giving rise to a cochleariform 2a
plate.

In respect to the source locality, all morphotypes
were found in all strains, regardless of their origin or
ribotype. Thus, each strain was represented by all
morphotypes. However, the frequency of morpho-
types differed between strains or localities (Fig. 16).
Opverall, these frequencies were not distributed ran-
domly and could be classified into two main patterns.
In the first pattern (P1), most of the cells displayed
the usual thecal constitution of P. cinctum. Therefore,
50% (in GeoM*640, Krakower See) to almost 80% of
all individuals (in GeoM*737, also from Krakower
See) exhibited M1 (Fig. 16, black shading). For the
first pattern (P1), M3 (Fig. 16, light grey shading)
ranged from lower than 10% (GeoM*596) to a max-
imum of 30% (in GeoM*640). Regarding M2 (Fig. 16,
dark grey shading), this morphotype appeared at
extremely low frequencies, with the exception of
GeoM*776, in which it did not exceed more than
15% of all observations.

The second pattern (P2) was found only in the
samples from Walchensee (Bavaria) - the only ones
collected south of the Danube (Fig. 16). In this case,
most of the cells presented a plate pattern that
deviated from regular P. cinctum (but notably not in
the same way as in P. cinctum var. regulatum, which
E. Lindemann found in Walchensee). The morpho-
type M1 appeared at a lower frequency, ranging from
15% (in GeoM*644) to less than 30% (in GeoM*645).
On the other hand, M3 was present to a higher extent
than in P1, ranging from 30% (GeoM*645) to almost
70% (GeoM*644). In addition, the frequency of M2
was also higher than in the samples from outside the
Walchensee, ranging from 15% (GeoM*653) to 30%
(GeoM*652).

Discussion
Correlation of data and taxonomic delimitation

Species delimitation in unicellular organisms is chal-
lenging and nowadays usually uses a combination of
morphological and molecular data. Considerable
morphological variability had already been uncovered
in P. cinctum a century ago (Lindemann, 1917, 1918a,
b), and our study contributes information on DNA
sequence variation. The existence of three new (plus
two known: Gottschling et al., 2005a; Logares et al.,
2009) ITS ribotypes is documented here, and the
question arises whether they can be correlated with
other traits. Genetic differentiation of ITS might be
congruent with spatial occurrence in other dino-
phytes (Finney et al., 2010; Al-Kandari et al., 2011),
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Figs 4-15. Examples for epithecal morphotypes M2 (Figs 4-9) and M3 (Figs 10-15). Fig. 4: GeoM*645 from Walchensee. Fig. 5:
GeoM*640 from Krakower See. Fig. 6: GeoM*644 from Walchensee. Fig. 7: GeoM*776 from Lake Wolsztynskie. Fig. 8: GeoM*652
from Walchensee. Fig. 9: GeoM*646 from Walchensee. Fig. 10: GeoM*644 from Walchensee. Fig. 11: GeoM*646 from Walchensee.
Fig. 12: GeoM*685 from Miiggelsee. Fig. 13: GeoM*645 from Walchensee. Fig. 14: GeoM*652 from Walchensee. Fig. 15: GeoM*645
from Walchensee. Black arrows indicate the position of the e-suture, note the <collineatum> conformation (Fig. 2). White arrows
indicate the connection between the 2a plate and the precingular plates, note how it reaches the 3" plate only from a vertex in fig. 10.

Scale bar: 10 pm.
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GeoM*776

GeoM*778

GeoM*640

GeoM*596

GeoM*644 GeoM*645

GeoM*781

GeoM*598

GeoM*646

GeoM*673 GeoM*737

GeoM*649 GeoM*685

GeoM*652 GeoM*653

Fig. 16 . Prevalence of morphotypes at the localities across Central Europe. A total of 15 strains, in which morphological
analysis was performed, are presented. Each strain (corresponding to a pie chart) presents a different proportion of M1
(black), M2 (dark grey), M3 (light grey) and M4 (white). Note the frequency differences between strains established from
north and south of the Danube River (thick bar between 2nd and 3rd row of pie charts).

but this can be excluded for P. cinctum. Particular
ribotypes are widely distributed and occasionally,
more than one ribotype occurs at the same locality.

All investigated cultivated material contained
intra-strain  morphological  variability, which
included all morphotypes identified. Moreover,
neither of the two patterns of intra-strain variability
corresponded to a specific ribotype. Samples with
different plate patterns presented the same ribotype
(e.g. GeoM*644 and GeoM*776), while strains with
different ribotypes occasionally exhibited the same
pattern (e.g. GeoM*649 and GeoM*685). A correla-
tion may exist for other characteristics, although
ribosomal sequences do not always have a diagnos-
tic potential (e.g. strains of Karenia Gert Hansen &
Moestrup exhibiting differentiated physiologies:
Loret et al., 2002; strains of Gambierdiscus showing
diverse morphological features: Richlen et al., 2008).
Thus, ITS sequence data are not indicative for spe-
ciation in P. cinctum, and their variation corre-
sponds rather to intraspecific variability, as it has
also been shown in, for example, Alexandrium
ostenfeldii (Paulsen) Balech & Tangen (Kremp
et al., 2014).

Nevertheless, a relationship between intra-strain
variability and locality may exist. Samples from the
same locality were mainly consistent in their mor-
photypes and variability patterns, despite ribotypes
being different (GeoM*596 and GeoM*598 from
Halensee) or even identical (GeoM*652 and
GeoM*653 from Walchensee). Moreover, two
main patterns of morphotype frequencies were
found in regard to intra-strain variability, namely

P1: where M1 (i.e. the general plate pattern of P.
cinctum) is dominant, while the other morpho-
types are infrequent and P2: where M3 is domi-
nant and M2 more frequent than in PI1. It is
striking that P2 was found in all five strains from
Walchensee, located south of the Danube. The
ribotype of the Walchensee strains (rl) is also
present in other strains, but those samples show
Pl (e.g. GeoM*685 and GeoM*776). Thus, fre-
quencies of morphotypes rather than distinct mor-
photypes appear indicative for divergence in P.
cinctum.

Consistency of morphotypes

Peridinium cinctum presents notable variability in its
plate pattern, not only between different strains but
also within strains. This morphological variability has
been mostly ignored, despite the common presence of
this dinophyte in freshwater systems. The works of
Lindemann (1917, 1918a) were pioneering, defining
the first alterations in plate pattern for this species.
Our morphotypes add to his work and further
strengthen the idea that phenotypic variation in this
species should be considered in future taxonomic
studies, as it has been in, for example, species of
Azadinium Elbrichter & Tillmann (Tillmann et al.,
2014). Most strains under investigation were estab-
lished at more or less the same time and based on
material which was collected at more or less at the
same time. Thus, we do not expect the variability to
be a result of, for example, different strain age.



From the three morphotypes, M1 (Figs 1 and 2)
represents the typical plate pattern for P. cinctum as
depicted by Lindemann (1917, 1918b) and observed
through other studies (Boltovskoy, 1975). M2 and M3
present deviations from this structure, mainly as differ-
ences in plate connection, plate shape and position of the
sutures, and are chosen for their consistent presence
across strains and for their easily identifiable traits.
Their classification is, therefore, generally straightfor-
ward. In some cases, though, it has been difficult to decide
whether an individual would be classified as either mor-
photype M1 or M3. We consider morphotype M3 a
transitional morphology and an intermediate form
between morphotypes M1 and M2. While morphotype
M2 has well-defined characteristics, such as the absence
of connection between the plates 2a and 3", the differ-
ences between morphotypes M1 and M3 are more open
to interpretation. In some cases, the e-suture is even
connected to the suture between plates la and 2/, a
phenomenon described as <epsiloncollineatum> by
Lindemann (1918b). Regardless, these cases have not
been observed so frequently, and further analysis of the
images of the Walchensee strains, where the more hetero-
geneous M3 is the most dominant, has not altered the
initial classification.

We did not use the morphotypes for their taxonomic
value (but maybe their frequencies do have some, see
above) but to separate the morphological variability
found in our samples in a comprehensible way.
Despite our objective, we are aware that these morphol-
ogies do not represent the overall variability found in
our samples of P. cinctum. Plates with slightly different
morphologies: lengths, or sizes, as well as fusions or
fissions (Supplementary fig. S2) were also present, but
were more sporadic and difficult to differentiate. In
addition, our morphotypes only cover feature changes
from the epithecal side, but do not consider the
hypotheca. This is partially due to the number of
hypothecal plates being smaller, hence a lower degree
of variation is expected in this hemisphere.

The original environmental conditions of the sam-
pling site may have influenced the morphotypes
expressed by the Walchensee samples, even after being
grown in cultivation for a longer period of time, which
has also been found in other dinophytes (Kim et al.,
2004). Several environmental factors are known to
influence the phenotype of dinophyte species.
Viscosity and fluid motility, for example, have been
found to be of great importance in the motility of
some dinophytes (Zirbel et al., 2000; Orchard et al,
2016) and thus, we may expect plate pattern to differ
with viscosity. The sampled lakes also differ geographi-
cally and ecologically in terms of altitude and/or phy-
siochemical conditions, all of which may have affected
the morphology of the Walchensee samples.

In conclusion, the common dinophyte P. cinctum
exhibits morphological and molecular variability that
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can be recognized easily. From samples collected in the
Czech Republic, Germany and Poland, three main mor-
photypes are recognized: one regarding the basal form of
P. cinctum, while the others present changes in the shape
of the la plate and the connection between the 2a plate
and the precingular plates. Neither the distinct morpho-
types nor the two frequency patterns of variability cor-
relate with distinct ribotypes. The ribosomal ITS region
has been proposed as a species-specific barcode marker
in dinophytes (Gottschling et al., 2005b; Litaker et al.,
2007; Stern et al., 2012), but its potential use may differ
across subordinate groups. The situation in Peridinium
rather resembles gonyaulacalean Alexandrium (Kremp
et al., 2014), in fact showing more intraspecific variabil-
ity than peridinialean Apocalathium (Gottschling et al.,
2005a; Annenkova et al., 2015), in which morphologi-
cally and ecologically differentiated species share the
same ITS sequence. If different morphotype frequencies
north and south of the Danube River are indicative of
separation and isolation in P. cinctum, then ITS
sequence data are definitely not. Other traits unrelated
to plate pattern may uncover alternative associations
between ribotypes and morphologies in future research.
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Abstract

The application of scientific names is determined by means of nomenclatural types, and every name has to be typified prop-
erly. The concept has limitations for unicellular organisms, because original material frequently consists of drawings and/or
inadequately preserved physical material. Peridinium cinctum is an abundant freshwater microalga and variable in both
morphology and genotype. Morphological variation is mainly expressed in its epithecal conformation: shape deviations of
plates, plate rearrangements, plate fusion and plate additions. Different epithecal conformations were traditionally described
as either varieties of P. cinctum or were established as closely related species. Despite this, relations between varieties, ribo-
types and geographic locations were oversighted, and the full spectrum of plate variation in P. cinctum is still not well repre-
sented. For this reason, we sampled localities in Germany and Poland, from which varieties of P. cinctum were described a
century ago. We cultivated monoclonal strains, exhibiting two distinct ITS ribotypes, and assessed their epithecal variation
of morphology. Based on ca 2,500 observations of individual cells we report a plethora of both plate and suture deviations
from the archetypical epithecal conformation of P. cinctum. Morphologies corresponding to previously described varieties
were rare, even at their type localities. Nevertheless, we found morphologies consistent with protologues in four cases and
use this material for epitypification. These varieties are now linked to specific DNA sequences, allowing reliable application
of scientific names for future studies.

keywords: Central Europe, epithecal conformation, epitype; microscopy, morphology, ribotype, sequence data, species,
variety

Introduction

Principle II of the International Code of Nomenclature for algae, fungi, and plants (ICN: Turland et al. 2018) describes
how the application of scientific names is determined by means of nomenclatural types. Likewise, type material provides
the objective standard of reference for the application of the name it bears (Hitchcock 1921, Daston 2004, Jarvis 2007,
Renner 2016). Unicellular organisms may account for more than three quarters of all eukaryotic species, but only a
tiny fraction has been taxonomically inventoried so far (Norton et al. 1996, Pawlowski et al. 2012). Type material,
particularly of older names in the microscopic realm, often consists of specimens permanently mounted on glass slides
or more frequently of illustrations only (Lazarus 1998, Padial e al. 2010). This makes direct, unambiguous application
of names based on such types problematic if not impossible, because the type material lacks sufficient characters to
definitively connect the name to a modern species delimitation. Molecular methods have become an important tool to
identify unicellular organisms (Blaxter 2004, Miller 2007, Keck et al. 2018) but without new taxonomic activity, they
cannot be applied to historical names (Padial et a/. 2010). Virtually, all scientific names introduced in the time prior
to DNA sequencing are prone to taxonomic confusion but ideally, every name should be unambiguous and clarified
particularly in the microbial world.

Peridinium cinctum (O.FMiiller 1773: 98-99) Ehrenberg (1832a: 38) is a historically and ecologically
important freshwater dinophyte species that is abundant in meso- through eutrophic habitats worldwide (Boltovskoy
1975, Moestrup & Calado 2018). Furthermore, it is the type species of Peridinium Ehrenberg (1832b: 74) and the
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Peridiniaceae. The Peridiniaceae constitute a monophyletic group in molecular phylogenetics (Gottschling ef al. 2017,
in press, Kretschmann et al. 2018b) that originated in the Cretaceous, diversifying not earlier than the K/Pg-boundary
(Zerdoner Calasan et al. 2019) to multiple species. They include several, widely common freshwater species found
in Central Europe besides Peridinium cinctum, such as Peridinium bipes F.Stein (1883: pl. VIII 6-8) and Peridinium
willei Huitfeldt-Kaas (1900: 5-6, figs 6-9).

Since its description, multiple scientific names at the species level and below have been associated with and/or
synonymised under P. cinctum based on morphological variation (Moestrup & Calado 2018). Particularly, Lindemann
(1917, 1919, 1920) recognised multiple variations in epithecal conformation of P. cinctum from Central Europe, which
were described as either new varieties of P. cinctum or new species of Peridinium. These distinctions were made under
a specific working method: Once a particular morphology was documented from more than one locality, a distinct
taxon was then recognised, even if it was rare (Lindemann 1920: 123). Taxa introduced at the rank of variety were
considered to retain their ‘typical’ plate arrangement of P. cinctum to some extent, whereas taxa at the rank of species
were considered to distinctly differ from the regular pattern (Lindemann 1920: 123, 173).

These varieties and species similar to P. cinctum were mainly established based on different epithecal plate
conformations. The regular plate formula of the epitheca exhibits a Kofoidean formula of 4’ 3a 7" in P. cinctum, but
numerous deviations were reported (e.g., plate modifications, fusion or splitting of plates) both by Lindemann (1920)
and other authors (see synonymy in Moestrup & Calado 2018). Four such taxa exhibit fused plates (plates 4'+3a in P,
cinctum var. curvatum Er.Lindemann 1920: 167, figs 160-162; plates 2'+3" in P. cinctum var. dissimile Er.Lindemann
1920: 166, figs 158-159; plates lat+2a in Peridinium germanicum Er.Lindemann 1919: 250-251, figs 116-117;
plates 3'+3a in P. cinctum var. laesum Er.Lindemann 1920: 165-166, figs 156—157), whereas three of them have split
plates (plate 3’ in Peridinium eximium Er.Lindemann 1920: 167-168, figs 163—166; plate 3a in Peridinium rhenanum
Er.Lindemann 1919: 249-250, figs 114—115; plate 3a and precingular plates in Peridinium scallense Er.Lindemann
1920: 170-171, figs. 175-177).

The morphological and genetic variability of P. cinctum has been similarly assessed within monoclonal strains
obtained from various localities across Central Europe (Izquierdo Lopez et al. 2018). Three basic morphotypes were
readily distinguished: Morphotype M1 corresponds to the established plate pattern for P. cinctum (Stein 1883: pl. XII
11), whereas morphotypes M2 and M3 differ in three main morphological characteristics, namely the shape of the 1a
plate, position of the e-suture and position of the 2a plate. Moreover, uncommon modifications of the epithecal pattern
were also reported. Some morphotypes appeared more abundantly in certain locations than others and although a certain
latitudinal differentiation was inferred, the limited samples did not allow for a definite conclusion. The variability
within P. cinctum regarding DNA sequences of the Internal Transcribed Spacers (ITSs) was found in five distinct
ribotypes, but none of them could be associated with specific epithecal conformations or established morphotypes
(Izquierdo Lopez et al. 2018). Occasionally, more than one ribotype was reported present at the same locality, but their
distribution could not be correlated with any particular geographical pattern.

The taxonomic identity of ambiguous scientific names can be established with the tool of epitypification (Turland
et al. 2018), which consists in designating new types based on material that reflects the original author’s intentions.
The significant difference in relation to the historical types is that current epitypes can be linked to living material
enabling DNA sequencing, an approach previously implemented for other dinophyte species such as Durinskia oculata
(F.Stein 1883: pl. III 5-7) Gert Hansen & Flaim (2007: 134-136, fig. 31a—g; Kretschmann et al. 2018a), Palatinus
apiculatus (Ehrenberg 1838: 258, pl. XXII 24) Craveiro, Calado, Daugbjerg & Moestrup (2009: 1178, figs 1-13;
Kretschmann et al. 2018b) and Prorocentrum micans Ehrenberg (1835: Physikalische Klasse: 307-308; Tillmann et al.
2019). Therefore, our study aims to continue the work of Izquierdo Lopez et al. (2018), by increasing taxon sample and
reporting encountered E. Lindemann’s varieties and species, while recovering their names for further epitypifications
and assigning them, if possible, to living material. We target these historical names and re-collect contemporary
material at type localities in order to establish monoclonal strains. If these strains display morphologies consistent with
corresponding, previously recognised morphotypes of varieties of P. cinctum, then designation of interpretative epitypes
is possible. As in any other species, synonymised names at the species level and below are taxonomically obscure
and not in use by contemporary authors. However, some of these names could relate to unsuspected morphotypes
and potentially cryptic species and therefore, recognising this variety and subsequently performing epitypifications
in common freshwater species such as P. cinctum can be of future use to taxonomical and ecological studies on this
species.
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Abb. 12 Abb. 14
P. cinctum war. regulatum mihi (= P. P. cinctum var. irregulatum mihi aus
cinctum Schilling) aus dem Kainowe- dem Wollsteiner See. Juni 1916.

teich bei Trachenberg in Schlesien. Sep-

tember 1912, Das abgebildete Exemplar

zeigt eine kleine Abweichung der linken
hinteren Apikalplatte.

DS L
N =
<D

Fig. 156. Fig. 157.
Peridinium cinctum var. laesum  Peridinium cinctum var. laesum n.
n. var. Epivalvatifelung. var. (Schohsee 12. 7. 1918.)

(66 u lang; 50 u breit.)
(Wollsteiner See 11. 7. 1916.)

Fig. 1568. Fig. 1569.
Peridinium cincium var. dissimile  Peridinium cinctum var. dissimile
n. var, Ventral. (Lindensee 13. 5. n. var. Epivalvatifelung.

1916.) (65 u lang; 650 u breit. Rechte
at groBer als die linke.)

FIGURE 1. Original material (drawings) of Erich Lindemann, referring to varieties of Peridinium cinctum. Diagnostic traits are
highlighted by red shading, and locality and date are given in the original legends. Note that Figs 12, 14 are turned around 180° for better
comparability and that Fig. 14 is the lectotype of P. cinctum var. irregulatum (Lindemann 1917).
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Material & Methods

This study is a follow-up of Izquierdo Lopez et al. (2018), providing more references to the biology of P. cinctum
and detailed method descriptions regarding sequencing and microscopy. Figures 1-2 show original material of taxa
associated with P. cinctum from localities in Germany and Poland inspected in the present study (Tab. 1). Figures 1.14,
2.166, 2.191 and 2.193 were used for lectotypifications (see Taxonomic Appendix).

Pragmatic approaches to overcome taxonomic ambiguity

The strains established from material collected at selected localities in Germany and Poland (Tab. 1) showed two
different ribotypes. At German Walchensee and Lake Roblin / Lake Schwedt and Polish Lake Wolsztyn, ribotype 1
was present exclusively, whereas Polish Lake Krzycko exhibited ribotype 2 only. At German Lake Krakow, Halensee
and Miiggelsee, ribotypes 1 and 2 were found as well, which confirms previous data (Izquierdo Lopez et al. 2018). No
correlation between molecular sequence data and geographic distribution appears to be present.

Our morphological assessment showed that all cells investigated presented the regular epithecal formula of 4’ 3a
7" (Figs 3—13, S13-S21), with the only exception of those few cells comprising either fusion of plates (Figs S7T-S12)
or split of plates (Figs 14—16, S1-S6). In all strains under investigation, morphotype M1 (Izquierdo Lépez et al. 2018),
namely the archetypical epithecal conformation, was predominant (Figs 3—4), ranging from 50% (GeoM*640) to 95%
in strains. The other morphotypes were present to lesser extent, ranging from nearly absent to 25% for morphotype
M2 (GeoM*640: Fig. 9) and 20% for morphotype M3 (GeoM*778), respectively. Also this is in accordance with
observations made earlier (Izquierdo Lopez et al. 2018).

Morphologies present in strains collected at type localities and consistent with corresponding protologues were
markedly rare (Tab. 1), as documented previously (Lindemann 1917, 1920). Peridinium cinctum var. betacollineatum
Er.Lindemann (1920: 180, fig. 191) had originally been described from Lake Krakow and is confirmed in this study
(Figs 5-8) as well as present in Walchensee (Izquierdo Lopez et al. 2018). However, the conformation was rare and
was encountered not more than ten (out of ca 600) cells at the type locality, and similar numbers applied to cells
assignable to P. cinctum var. epsiloncollineatum Er.Lindemann (1920: 180, fig. 193). The latter variety had originally
been described from Polish Lake Wolsztyn and is confirmed here (Fig. 10), but showed some wider occurrences in
Lake Krzycko, Lake Krakow (Fig. 9), Miiggelsee and Walchensee (Izquierdo Lopez et al. 2018: figs 4-15 therein,
particularly fig. 11).

Peridinium cinctum var. irregulatum Er.Lindemann (1917: 31) had been described from Polish Lake Wolsztyn
and is confirmed from there in this study (Fig. 13), and a similar morphology was present also in material from Lake
Ro&blin / Lake Schwedt (Fig. 11) and from Walchensee (Fig. 12). However, the variety was overall rare and is delimited
as presenting both plates 4’ and 3a three times longer than plates 2" and 2a (Lindemann 1917), respectively and thus,
this morphology may be difficult to assess, though. We did not sample the type locality at lake Koniowo in Poland, but
found P. cinctum var. regulatum Er.Lindemann (1917: 29-30, fig. 12) in Walchensee (Figs S13—14), which was listed
later also by Lindemann (1920). In the course of the present study, it was the most frequently encountered variety of
P. cinctum and was similarly present in other lakes such as Halensee (Fig. S15) and Miiggelsee in Berlin. Though well
represented, we refrain from the epitypification of P. cinctum var. regulatum as long as we do not have material from
the type locality (i.e., Lake Koniowo) but in the meantime, the corresponding strains (Tab. 1) may serve as reference
material for this variety.

Peridinium eximium had been described from two localities (one in North Rhine-Westphalia), of which Polish
Lake Wolsztyn is confirmed in the present study (Figs 15—16). Similar morphologies occurred occasionally and were
found in Halensee, Miiggelsee (Fig. 14) and Walchensee. We could not identify more taxa from their corresponding
type localities in Germany and Poland, but found a single morphology similar to each of three other varieties (P
cinctum var. curvatum from Walchensee: Fig. S10; P. cinctum var. dissimile from Lake Wolsztyn: Fig. S11; P,
cinctum var. deltatravectum Er.Lindemann 1920: 178, fig. 194, from Lake Wolsztyn: Fig. S19). Occasionally, we
found morphologies similar to P. germanicum (Fig. S7) and P. rhenanum (Figs S1-S3), but such forms remain to be
recollected at their type localities as well.

Most varieties described by Lindemann (1917, 1919, 1920) have not been identified at their type (or other) localities
after their initial description. A frequently encountered explanation is that freshwater localities have experienced huge
ecological alterations in the past century, by pollution or otherwise (Ptacnik et al. 2008, Moestrup & Calado 2018).
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Fig. 160. Fig. 161. Fig. 162.

Peridinium cinctum Peridinium cinctum Peridinium cinctum var.
var.curvatumn.var.Ven- var. curvatum n. var. curvatum n. var. Epi-
tral (Wollsteiner See.) Dorsal. valvatafelung.

WP,
i
==C/

Fig. 163. Fig. 164. Fig. 166.
Peridinium eximiumn.sp.  Peridinium eximium  Peridinium eximiwm n. sp. Epivalva.
Ventral.  (Eschhachtal- n. sp. Dorsal. tifelung. (Wollsteiner See 11.7.1916.)
sperre 13. 12. 1904.) (leicht (weniger dorsoventral abgeplattet.)

dorsoventralabgeplattet.)

Fig. 191. Fig. 192. Fig. 193.
Peridinium cinctum var. Peridinium cinctum Peridintuwm cinctum var.
B-collineatum n. var. var. e-collineatumn., g-collineatusn n. var,
var,

FIGURE 2. Original material (drawings) of Erich Lindemann, referring to Peridinium eximium and varieties of Peridinium
cinctum. Diagnostic traits are highlighted by red shading, and locality and date are given in the original legends. Note that Fig. 166
is the lectotype of P. eximium, Fig. 191 the lectotype of P. cinctum var. betacollineatum and Fig. 193 the lectotype of P. cinctum var.

epsiloncollineatum (Lindemann 1920), respectively.
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FIGURES 3-16. Morphological variability within Peridinium cinctum. Figs 3—4: Regular epithecal conformation (plates labelled using
the Kofoidean system). Fig. 3: GeoM*738 from Lake Krakow. Fig. 4: GeoM*596 from Halensee. Figs 5-8: Irregular position of the 3-
suture (black arrows), note the <collineatum> conformation (Izquierdo Lopez et al., 2018). Figs 5-6: GeoM*738 from Lake Krakow (both
mirrored). Fig. 7: GeoM*689 from Lake Krakow (mirrored; epitype of P. cinctum var. betacollineatum). Fig. 8: GeoM*688 from Lake
Krakow. Figs 9—10: Irregular position of the e-suture (black arrows), note the <collineatum> conformation (Izquierdo Lopez et al. 2018).
Fig. 9. GeoM*640 from Lake Krakow (mirrored). Fig. 10. GeoM*776 from Lake Wolsztyn (epitype of P. cinctum var. epsiloncollineatum).
Figs 11-13: Epithecal conformation with elongated plates 4’ and 3a (indicated by asterisks), leading to a morphology of P. cinctum var.
irregulatum (Lindemann, 1917). Fig. 11: GeoM*721 from Réblinsee. Fig. 12: GeoM*644 from Walchensee (mirrored). Fig. 13: GeoM*773
from Lake Wolsztyn (mirrored; epitype of P. cinctum var. irregulatum). Figs 14-16: Epithecal conformation with plate 3’ divided into
two parts (indicated by asterisks). Fig. 14: GeoM*685 from Miiggelsee (mirrored). Fig. 15: GeoM*773 from Lake Wolsztyn (mirrored).
Fig. 16: GeoM*783 from Lake Wolsztyn (mirrored, epitype of P. eximium). Scale bars: 10 um.
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Despite this, epitypification has been specially successful at localities that have been heavily affected by human impact
such as Berlin ponds (Kretschmann et al. 2018b), the Kiel Fjord (Kretschmann ez al. 2015, Tillmann et al. 2019) or the
Vltava River (Kretschmann et al. 2018a). The lack of previously described varieties could also be explained by their
factual scarcity. It may not be enough to count ca 100 cells in each strain to record some uncommon morphologies, a
taxonomic bias widely known in biodiversity assessments.

The lack of previously described protologues is contrasted by the observation of additional morphologies
that were not assessed by E. Lindemann or other researchers. The study of clonal strains enables us to reconsider
the taxonomic value of such (and previous) observations. The presence of few cells with deviating epithecal plate
formulas (because of, e.g., split or fused plates) within otherwise homogeneous cultivated material is indicative that
such morphologies have no diagnostic potential (at least within P. cinctum) and should not be used for delimitation
of reproductively isolated units (i.e., species). This procedure, though, was extensively used by Lindemann (1920) as
exemplified by P. eximium. From our results, we encountered morphologies similar to that of P. eximium (i.e., split of
plate 3), but these were sporadically that we still consider the name a synonym of P. cinctum. We encourage further
taxonomical assessment of previously synonymised names such as Polish P. germanicum and German P. rhenanum
and P, scallense, whose morphologies were occasionally found in the material inspected here. Anyhow, we consider P
cinctum a distinct species showing much morphological and some genetic intraspecific variability (Izquierdo Lopez et
al. 2018), similarly to its latest comprehensive treatment (Moestrup & Calado 2018).

Overall, morphological variation in P. cinctum has historically been recognised through the delimitation of
varieties under P. cinctum and sometimes species with unique epithecal conformation (plate shape, plate fusion, plate
addition). We recover some of these morphologies, recognised 100 years ago, from observations in monoclonal strains
and select corresponding images for epitypification (see below). Such names may prove useful once, for example,
cryptic diversity within a P. cinctum species complex is uncovered. These morphologies were further encountered
in other localities, and we also document new epithecal conformations, as well as the lack of previously described
varieties from their type localities. With that, we continue our assessment on morphological variation of P. cinctum.
The origin of this variation, besides its relation with particular genotypes or geographic distribution though, is still a
work in progress.

Nomenclature and taxonomic activity

Peridinium cinctum (O.F.Miill.) Ehrenb., Abhandlungen der Koniglichen Akademie der Wissenschaften in Berlin
1830: 38. 1832. Vorticella cincta O.F.Miill.,, Vermium terrestrium et fluviatilium, seu animalium infusoriorum,
helminthicorum et testaceorum, non marinorum, succincta historia 1.1: 98-99. 1773. Urceolaria cincta (O.F.Miill.)
Lam., Histoire naturelle des animaux sans vertébres 2: 41. 1816. Type [non-fossil]:—DENMARK, without precise
locality, Nov 17801781, O.F. Miiller s.n.

= Peridinium cinctum var. betacollineatum Er.Lindem., Archiv fiir Naturgeschichte 84.8: 180, fig. 191. 1920. Type [illustration of
non-fossil specimen]:—GERMANY. Mecklenburg-Western Pomerania: Krakower See, Oct 1917, E. Lindemann s.n. (lectotype,
designated here: Fig. 191! in Lindemann, 1920, here reproduced as Fig. 2.191); [illustration of non-fossil specimen]:—GERMANY.
Mecklenburg-Western Pomerania: Krakower See, 24 Jun 2015, J. Kretschmann & M. Gottschling [J. Kretschmann GeoM*688]
D010 (epitype, designated here: Fig. 7!) [http://phycobank.org/101910].—Lefévre (1932: 85) used the taxon for a combination that
was not validly published (ICN Arts 6.10, 24.2), though.

= Peridinium cinctum var. epsiloncollineatum Er.Lindem., nomen illegitimum (designated here according to Turland ez al., 2018: Art.
53.5), Archiv fiir Naturgeschichte 84.8: 180, fig. 192. 1920. Original material [illustration of non-fossil specimen]:—GERMANY.
Brandenburg: Fiirstenberg, Baalen-See, Aug 1919; Schleswig-Holstein: Ostholstein, Malente, Kellersee, 27 Aug 1917: E. Lindemann
s.n. (Fig. 192! in Lindemann, 1920, here reproduced as Fig. 2.192) [http://phycobank.org/101902].—Lefévre (1932: 85) used the
taxon for a combination that was not validly published (ICN Arts 6.10, 24.2), though.

= Peridinium cinctum var. epsiloncollineatum Er.Lindem., Archiv fiir Naturgeschichte 84.8: 180, fig. 193. 1920. Type [illustration of
non-fossil specimen]:—POLAND. Greater Poland: Wolsztyn, Jezioro Wolsztynskie, 11 Jul 1916, E. Lindemann s.n. (lectotype,
designated here: Fig. 193 in Lindemann, 1920, here reproduced as Fig. 2.193); [illustration of non-fossil specimen]:—POLAND.
Greater Poland. Wolsztyn, Jezioro Wolsztynskie 3 Jun 2016, J. Kretschmann, M. Gottschling & P.M. Owsianny [J. Kretschmann
GeoM*776] PL0O50 (epitype, designated here: Fig. 10!) [http://phycobank.org/101911].

= Peridinium cinctum var. irregulatum Er.Lindem., Deutsche Gesellschaft fiir Kunst und Wissenschaft in Posen. Zeitschrift der
Naturwissenschaftlichen Abteilung (des Naturwissenschaftlichen Vereins). Posen 24: 31[, 33], fig. 14. 1917. Peridinium cinctum
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forma irregulatum (Er.Lindem.) M.Lefévre, Archives de Botanique 2 Mém. 5: 89. 1932. Type [illustration of non-fossil specimen]:—
POLAND. Greater Poland: Wolsztyn, Jezioro Wolsztynskie, Jun 1916, E. Lindemann s.n. (lectotype, designated here: Fig. 14!
in Lindemann, 1917, here reproduced as Fig. 1.14); [illustration of non-fossil specimen]:—POLAND. Greater Poland: Wolsztyn,
Jezioro Wolsztynskie, 3 Jun 2016, J. Kretschmann, M. Gottschling & PM. Owsianny [J. Kretschmann GeoM*773] PLO51 (epitype,
designated here: Fig. 13!) [http://phycobank.org/101912].

= Peridinium eximium Er.Lindem., Archiv fir Naturgeschichte 84.8: 167-168, figs 163-166. 1920. Type [illustration of non-fossil
specimen]:—POLAND. Greater Poland: Wolsztyn, Jezioro Wolsztynskie, 11 Jul 1916, E. Lindemann s.n. (lectotype, designated
here: Fig. 166! in Lindemann, 1920, here reproduced as Fig. 2.166); [illustration of non-fossil specimen]:—POLAND. Greater Poland:
Wolsztyn, Jezioro Wolsztynskie, 3 Jun 2016, J. Kretschmann, M. Gottschling & P.M. Owsianny [J. Kretschmann GeoM*783] PL050
(epitype, designated here: Fig. 16!) [http://phycobank.org/101913].—Other original material: non fossil specimens from Germany.
NRW, Remscheid, Eschbachtalsperre, 13 Dec 1904, collected by E. Lindemann and illustrated as Figs 163—165 in Lindemann
(1920). Lefévre (1932: 88) used the taxon for a combination that was not validly published (ICN Arts 24.2, 52.1), though.

Note: The scarcity of the taxa here typified disables the preparation of slides for light microscopy. Exceptionally and
differently from our previous approaches, we therefore decided to use illustrations here not only for lectotypification
but also for the designation of epitypes (ICN Art. 40.5). Pictures were taken from cells or their remnants, which
were cultivated as monoclonal strains (i.e., established from a single cell). Thus, the epitypes do not exhibit DNA
intrinsically, but are linked to material with corresponding genetic information.
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Abstract

Despite recent fruitful attempts to elucidate microbial biogeography in more detail, knowledge of distribution still lags behind for
dinophytes. Evolutionary phenomena, such as cryptic speciation and modification due to the environment, hamper reliable
conclusions about the distribution of this important plankton group. We combined newly collected samples from the Black
Sea (ten new strains from three localities) with occurrence data, which have been gathered extensively over the past decade, in
order to provide the first global distribution maps of four specific ribotypes assigned to the Scrippsiella lineage
(Thoracosphaeraceae, Peridiniales) collected at a total of 39 sites. They showed a wide, partly overlapping distribution and
shared the presence primarily at the coastal localities. Differences in abundance of specific ribotypes were observed, but the
ribotype corresponding to the globally most frequently encountered species Scrippsiella acuminata has not yet been found in the
Black Sea. We discuss the significance of DNA-based records for distribution maps particularly of unicellular organisms such as
dinophytes. Based on a collective approach as exemplified in our study, we may start to understand in detail the ecological basis
and the dynamics of the individual colonisation/invasion events, species establishment and consequent distribution in the
microbiome, all of which have been changing drastically due to the ongoing climate change.

Keywords Biogeography - Black Sea - Dinoflagellates - Dispersal - Niche

Communicated by B. Beszteri Introduction

Electronic supplementary material The online version of this article Closely integrated biotic and abiotic interactions character-
(https://doi.org/10.1007/512526-018-0848-y) contains supplementary . .- .- . . . .
: ST X ise living conditions of biological species and shape their
material, which is available to authorized users. ; - e )
current spatial occurrences worldwide. Distribution of liv-

54 Mare Gottschling ing beings is influenced mostly by vicariance, (short to long
gottschling@bio.Imu.de distance) dispersal, selection and drift (Vellend 2010).
There is an insignificant number of cases in the microbial

' Department Biologie, Systematische Botanik und Mykologie, world that document the origin of sister species (or groups)

GeoBio-Center, Ludwig-Maximilians-Universitdt Miinchen,

b X due to spatial fragmentation, namely allopatric speciation in
Menzinger Str. 67, D — 80 638 Munich, Germany

silty lakes (Evans et al. 2009). This does not necessarily
reflect the rare occurrence, since it is highly plausible that
effects of allopatric speciation are superimposed by dis-
persal. Speciation along depth (‘depth—parapatric specia-
tion’) may occur in vertically structured plankton popula-
tions, leading to diversification without spatial fragmenta-
tion (Weiner et al. 2012). Dispersal by any means might be
of great importance for protists (Foissner 2007; Martiny
et al. 2006), but their dispersal ability does not necessarily
lead to the establishment of stable populations at new local-
ities (Renner 2004; Table 1).

Department of Botany, School of Biology and Chemistry, University
of Osnabriick, Barbarastr. 11, D — 49076, Osnabriick, Germany

Department of Biology and Pharmaceutical Botany, Medical
University of Gdansk, Hallera 107, PL — 80-416 Gdansk, Poland

Faculty of Biology, Alexandru loan Cuza University of lasi, Carol 1,
20A, RO — 700 505 Iasi, Romania

NIRDBS/Stejarul Research Centre for Biological Sciences,
Alexandru cel Bun St. 6, RO — 610 004 Piatra Neamt, Romania

Universitdt Bremen, Fachbereich Geowissenschaften — Fachrichtung
Historische Geologie/Paldontologie, Klagenfurter Stralle, D — 28
359 Bremen, Germany

@ Springer



750

Mar Biodiv (2019) 49:749-758

Table 1 Possible combinations between altitude of ecological niche
and dispersal potential of biological species, with consequences for
their distribution. Note that dispersal does not equal establishment of
new populations (Gillespie et al. 2012), as it greatly depends on the

impact of ecological drivers forcing selection/environmental filtering.
Furthermore, a clear correlation between body size and dispersal capacity
has not been observed (Martiny et al. 2006)

Species’ traits Dispersal potential low

Dispersal potential high

Ecological niche narrow Endemism

Ecological niche broad

Regionally restricted distribution

Wide distribution at ecologically specific localities/habitats
‘Everything is everywhere’

In this respect, the concept of an ‘ecological licence’ is a
key, describing a ‘previously not utilised unit of the environ-
ment that is suitable for becoming an ecological dimension of
an organism’s niche’ (Osche 1966). As a result, the pattern of
ecologically more tolerant species being more widely distrib-
uted than ecologically more selective species should also be
inferred among unicellular microorganisms (Fritz et al. 2013).
Irrefutable conclusions about the spatial occurrence, and the
ecological niche realised by species, are as good as the quality
of the underlying data. The distribution of flowering plants
and larger animals is relatively easy to assess, as they are well
represented in extensive collections (Krupnick and Kress
2005; Mayer et al. 2013; Rocha et al. 2014). Many such
specimens have been digitised in the past decade, providing
a set of easily accessible data on morphology, with a potential
link to their DNA sequence. Furthermore, permanently avail-
able and very precise occurrence records can also be obtained
from specimens registered in various online platforms and
databases (e.g., GBIF, GBOL, JSTOR, Tropicos®,
WoRMS). However, such powerful and continuously curated
online repositories are currently almost nonexistent for micro-
organisms, which partially explains why distribution maps of
protists are still lacking (Soininen 2012). Some floras and
other studies include morphology-based maps for selected
species or species groups on a larger scale (Tsarenko et al.
2006; Rintala et al. 2010), while DNA-based occurrence sur-
veys include geographically much smaller regions (Cuvelier
et al. 2010; Kohli et al. 2014; Massana et al. 2015; Elferink
etal. 2017).

Both biological phenomena and technical challenges are
the reasons behind data scarcity resulting in insufficient
knowledge on distributions in the microbiome (Caron 2009).
Complex determination procedures and inconsistent nomen-
clature lead to misidentifications, which severely hamper the
understanding of protist distribution. Moreover, we lack a
generally accepted basis for species delimitation (Boenigk
et al. 2012), which is also a common hindering factor in uni-
cellular dinophytes. The intraspecific morphological variabil-
ity in this group can be extensive, which has already been
shown in studies of easily cultivatable species such as
Alexandrium ostenfeldii (Paulsen) Balech & Tangen (Kremp
et al. 2014), “Gymnodinium” aureolum Hulburt (Tang et al.

@ Springer

2008) and Polykrikos kofoidii Chatton (Matsuoka and Cho
2000). In contrast, some dinophyte lineages build species
complexes as a result of cryptic speciation (John et al. 2014;
LaJeunesse and Thornhill 2011). This feature again prevents
the understanding of the phylogeography and distribution of
unicellular organisms in detail.

A cryptic species complex has also been identified in the
Scrippsiella Balech s.1. lineage of the calcareous dinophytes
(Thoracosphaeraceae, Peridiniales). The group is an integral
part of the phytoplankton communities worldwide and has an
extensive fossil record (Vink 2004; Elbrichter et al. 2008;
Gottschling et al. 2012). A wide sequence variety of molecular
ribotypes has been discovered in the Scrippsiella lineage
(Montresor et al. 2003; Gottschling et al. 2005; Sohner et al.
2012). This sequence variety can be found particularly in the
Internal Transcribed Spacers (ITSs), which are part of the
ribosomal RNA (rRNA) operon. Most members of the
Scrippsiella acuminata (Ehrenb.) Kretschmann,
Zinssmeister, S.Sochner, Elbr., Kusber & Gottschling
[=Scrippsiella trochoidea (F.Stein) A.R.Loebl.] species com-
plex share both the consistent tabulation pattern in the motile
thecate cells and the characteristic coccoid cells of ovoid
shape, with numerous styliform spines developed on the cell
surface. Thus, species of the Scrippsiella complex cannot be
determined based on morphology but solely on molecular
sequence data. Sequences of the small and large rRNA sub-
units (SSU and LSU, respectively) are not indicative for spe-
cies delimitation in this lineage, as they are too conserved.
However, those of the ITS can be used (Montresor et al.
2003; Gottschling and Kirsch 2009; Sohner et al. 2012) as
they can indicate genetic distances of p < 0.04 (Litaker et al.
2007). These features make the Scrippsiella group particularly
prone to false identification, which furthermore hinders any
reliable conclusions (including biogeography) of this cryptic
species group. Successful endeavours have been undertaken
to clarify the taxonomy in this group (ZinBmeister et al. 2011;
Kretschmann et al. 2014, 2015a), which was another reason to
exemplify our approach using this group. Preliminary phylo-
geographic distribution assessment indicates that the wide dis-
tribution of Scrippsiella species is mostly limited to continen-
tal shelves, and that it at least partially overlaps (Gottschling
et al. 2005).
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The easily accessible, yet unreliable data problem is il-
lustrated by the application of online repositories such as
the Global Biodiversity Information Facility (GBIF; http://
www.gbif.org/) that has the vision ‘to enable public access
on data of all types of life on Earth including occurrence
data, shared across national boundaries via the internet’.
However, the situation is far from this vision when it
comes to unicellular organisms, and the dinophyte species
complex Scrippsiella s.1. serves as an illustrative example.
On December 19, 2017, we found 3.442 noted occurrences
(2.778 of which were georeferenced) while searching for
the string ‘Scrippsiella trochoidea’ (i.e., the formerly
accepted name used for S. acuminata; Kretschmann et al.
2015a), but it was not clear which records were based on
DNA sequence information. Namely, many records referred
to ‘human observation’, without a clear indication whether
such data were identified based on morphology or genetics,
and without the option to critically verify the observer, who
determined a species as such. Furthermore, GBIF also of-
fered an alternative search result under string ‘Scrippsiella
troichoidea’—610 occurrences, 605 of which were
georeferenced—recognising it as an accepted species.
This human error illustrates the importance of taxonomy
in every aspect of biological research and challenges the
reliability of online data at this particular repository.
Precise knowledge about the occurrence of particular spe-
cies assigned to the Scrippsiella complex obtained from the
available data on GBIF is therefore very limited.

The aim of the research was a global distribution as-
sessment of selected Scrippsiella species based on DNA
sequence information. We also present the first corre-
sponding records of Scrippsiella collected in the Black
Sea. Nearly all dinophyte taxa have been considered cos-
mopolitan with no species endemic in this inland sea
(Gomez and Boicenco 2004), yet this statement lacks
any indisputable data based on DNA sequences. The for-
merly elusive taxonomic identity of ‘true’ S. acuminata
has recently been clarified, and two species names have
been epitypified (ZinBmeister et al. 2011; Kretschmann
et al. 2015a), which gives our study an even stronger
credibility. Precise determination is of great importance
for the Scrippsiella lineage, as some of its morphological-
ly indistinguishable members are not only one of the most
abundant calcareous dinophytes worldwide but are also
considered responsible [under the name of Scrippsiella
cf. erinaceus (Kamptner) Kretschmann, Zinssmeister &
Gottschling] for harmful algal blooms (Tang and Gobler
2012). Our conclusions may encourage the use of similar
approaches of combining morphology with DNA
barcoding for other unicellular species, which is of great
importance for any rigorous statements about conserva-
tion strategies, the impacts of invasive species and the
effects of climate change on biodiversity.

Materials and methods

Water tow and sediment samples (Sohner et al. 2012) were
collected in the Black Sea off Romania (Tab. S1), a semi-
enclosed basin, whose only connection to the Earth’s oceans
is through narrow straits (<110 m depth; Dardanelles Straits,
Sea of Marmara; Ozsoy et al. 2001). Rivers supply the Black
Sea with phosphorus and nitrogen, causing it to be a very
fertile land-locked inland sea (Bakan and Biiylikglingor
2000), and keep the salinity in the surface layer relatively
low (Murray et al. 2006). Average surface salinity of the
Black Sea varies between 17%c0 and 19%0 (Milchakova and
Phillips 2003), making it approximately only half as salty as
the Mediterranean Sea, where salinity increases approximate-
ly from 36%o on the east side to 38%o on the west side (Said
etal. 2011).

Predominantly monoclonal strains were established from
the samples, as previously described in detail (Kretschmann
et al. 2014). Ten strains were cultivated in a climate chamber
WKS 3200 (Liebherr, Bulle, Switzerland) at 18 °C, 80 umol
photons m™? s and a 12:12h light:dark photoperiod. The
strains are currently held in the culture collections at the
Institute of Systematic Botany and Mycology (University of
Munich) or at the Institute of Historical Geology/
Palaecontology (University of Bremen, Germany) and are
available upon request. Cells were observed, documented
and measured with a CKX41 inverse microscope (Olympus,
Hamburg, Germany) equipped with a DP73 digital camera
(Olympus). The preparative techniques for light (LM) and
scanning electron microscopy (SEM) followed predominantly
standard protocols (Janofske 2000), previously described in
Gottschling et al. (2012). The Kofoidean system (Fensome
et al. 1993; Taylor 1980) was used to designate the plate
formulae.

Genomic DNA was extracted from fresh strain material,
using the Nucleo Spin Plant IT Kit (Machery-Nagel; Diiren,
Germany). Various loci of the ribosomal RNA (rRNA) in-
cluding the ITSs were amplified, using the primer pairs spe-
cified previously and following standard protocols
(Gottschling et al. 2012; Gu et al. 2013). Gel electrophore-
ses yielded single bands that were purified and sequenced.
Similarities between sequences were inferred using NCBI
Blast Search (Altschul et al. 1997) and with a sequence
similarity matrix provided by BioEdit Sequence
Alignment Editor (Hall 2011).

Over the past two decades, approximately 120 coastal and
100 pelagial marine localities around the globe have been
sampled for the presence of dinophytes (not all of them in-
cluded individuals of the Scrippsiella lineage). When prepar-
ing the distribution maps, we used only algae showing distinct
ITS ribotypes (Gottschling and Kirsch 2009; Séhner et al.
2012) of S. acuminata, S. aff. acuminata and S. cf. erinaceus,
respectively (for species determination, see the Results
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10 pm

Fig. 1 Motile and coccoid stages of Scrippsiella lachrymosa, S. aff.
acuminata and S. cf. erinaceus (LM; all images at the same scale).
a Motile cell of S. lachrymosa (GeoM*575). b—e Motile and coccoid
cells of S. aff. acuminata. b, ¢ Motile cells of GeoM*549 and
GeoM*553. d, e Coccoid cells of GeoM*553 showing numerous spines

section). Our own occurrence data were based on strains that
were subsequently established in the laboratory from geo-
referenced material collected on various field trips (Vink
2004; Gottschling et al. 2005; Gottschling and Kirsch 2009;
Sohner et al. 2012). Sequencing methodology (to obtain not
only ITS but also SSU and LSU for future phylogenetic stud-
ies) was the same as described above. Additionally, ITS se-
quence data downloaded from GenBank were taken into ac-
count (corresponding to a total of 39 localities; Table S1). Data
from the Tara Oceans project (Sunagawa et al. 2015; Vargas
et al. 2015) or amplicon-sequencing surveys (Cuvelier et al.
2010; Kohli et al. 2014; Massana et al. 2015; Elferink et al.
2017) could not be acknowledged, as the SSU and/or LSU
loci are not indicative for species. All the coordinates for par-
ticular ribotypes were gathered in a spreadsheet, converted to
* xml format in Earth Point (under Earth Point academic free
licence) and exported as a shapefile (SHP) in Zonum
converter (Zonum Solution, Free Software Tools). Final maps
were drawn using DIVA-GIS 7.5.0 (http://www.diva-gis.org).

@ Springer

developed at the cell surface. f~m Motile and coccoid cells with a
characteristic spiny surface of S. cf. erinaceus. f, g Motile and coccoid
cells of GeoM*550. h, i Motile and coccoid cells of GeoM*551.
j, k Motile and coccoid cells of GeoM*552. 1, m Motile and coccoid
cells of GeoM*554

Results and discussion
Cryptic species of Scrippsiella in the Black Sea

Any irrefutable statements on invasion potential, conservation
status of particular species or distribution changes due to al-
tered climate rely on precise occurrence data. Only for a few
notable dinophyte exceptions such as Alexandrium minutum
Halim (McCauley et al. 2009) and A. ostenfeldii (Kremp et al.
2014) have these data been compiled. Meta-barcoding analy-
ses uncovering global occurrences have been carried out (Le
Bescot et al. 2016), which is a significant step towards more
extensive knowledge on protist distributions. However, these
methods are insufficient for detailed species-based distribu-
tion assessments, as their taxonomic resolution is not high
enough. Furthermore, contemporary DNA-based occurrence
surveys show limitations in this respect, as they use only SSU
or LSU (Cuvelier et al. 2010; Kohli et al. 2014; Massana et al.
2015; Elferink et al. 2017) but not ITS sequence information,
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Fig. 2 Motile and coccoid stages of Scrippsiella lachrymosa and S. aff.
acuminata (SEM; all images at the same scale; same scale as in Fig. 3).
a—c Motile cells of S. lachrymosa (GeoM*575). a Ventral view. b Dorsal
view. ¢ Epitheca on dorsal view. d—h Motile and coccoid cells of the S.
aff. acuminata. d, e Motile cells of GeoM*549 showing a variably in size.

which is essential for species delimitation due to its high var-
iability, not only in Scrippsiella but also in other dinophyte
lineages (Litaker et al. 2007; Gottschling 2008; Gottschling
and Kirsch 2009). In general, the data basis with a high taxo-
nomic resolution is anything but extensive. Due to the scarce
knowledge of distribution on lower taxonomic levels,
Scrippsiella is a good study group in this respect, as we ex-
tensively compiled occurrence data of the constituent species
during the past two decades. In total, we established ten new
strains (eight of which were monoclonal) from different local-
ities in the Black Sea off Romania (Table S1).

The strains showed two distinct morphologies of species
belonging to Scrippsiella. One morphotype corresponded
to S. acuminata exhibiting characteristic spiny coccoid cells
(Figs 14, e, g, 1, k, m, 2h, 3d, h, i). The other morphotype
was determined as Scrippsiella lachrymosa Lewis ex Head,
which can be distinguished from S. acuminata based on
smaller size of the motile thecate cells (Figs 1a, 2a—c) and
on teardrop-shaped coccoid cells with a smooth surface
(Lewis 1991; though not observed in strains GeoM*575
and GeoM*576). Under cultivation conditions, motile
thecate cells of both species were predominant, whereas
immotile coccoid cells were rare, if formed at all. The
epitheca of motile cells were conical and had a slightly

d Lateral-ventral view. e Ventral view. f, g Motile cells of GeoM*553.
f Ventral-lateral view. g Dorsal view. h Coccoid cell of GeoM*553 show-
ing a spiny surface. n' apical plate. n" precingular plate. n “ postcingular
plate. n ““ antapical plate. na anterior intercalary plate. nC cingular plate.
sa anterior sulcal plate. sp posterior sulcal plate

acuminate, hyaline apex, while the hypotheca’s outline
ranged from polygonal through hemispheric (Figs la—c, f,
h, j, 1, 2a—g, 3a—c, e—g, j—m). However, the identical basic
thecal plate arrangement of S. acuminata and S. lachrymosa
(i.e., Po, cp, X, 4',3a,7", 6¢,5s,5",2""; Figs 2a—g, 3a—c, e—
g, j-m), and a high variability in size of the motile cells of
S. acuminata, made the motile cells of both morphotypes
indistinguishable.

DNA-barcoding (36 new sequences were deposited into
GenBank under the entry numbers KY996760-KY996801)
confirmed the systematic placement of all ten strains in the
Scrippsiella lineage, and three distinct ITS ribotypes could
be determined. One ribotype was at least 94% similar (but
not identical) to other sequences determined as
S. lachrymosa as inferred from a NCBI Blast Search, while
the other two corresponded to species exhibiting a morphol-
ogy consistent with S. acuminata. However, both ribotypes
differed from each other (84% similarity between each oth-
er) as well as from the ITS sequence of the epitypified ‘true’
S. acuminata (88% and 90% similarity, respectively).
Unambiguous scientific names cannot currently be
assigned to the two ribotypes and therefore, we refer to
them as S. cf. erinaceus and S. aff. acuminata, respectively,
in the following.
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Fig. 3 Motile and coccoid stages
of Scrippsiella cf. erinaceus
(SEM; all images at the same
scale; same scale as in Fig. 2).
a—d Motile and coccoid cells of
GeoM*551. a Motile cell in
dorsal view. b Motile cell in lat-
eral view. ¢ Motile cell in
antapical view. d Spiny coccoid
cell. e-i Motile and coccoid cells
of GeoM*552. e Motile cell in
dorsal view. f Motile cell in dor-
sal-lateral view. g Motile cell in
dorsal view. h, i Coccoid cells
showing a spiny surface.

j—m Motile cells and thecae of
GeoM*554. j Motile cell in
lateral-dorsal view. k Apical view
of epitheca. 1 Motile cell in
antapical view. m Ventral view of
hypotheca with cingulum and
sulcal region. n' apical plate. n”
precingular plate. n" postcingular
plate. n"" antapical plate. na
anterior intercalary plate. nC
cingular plate. sp posterior

sulcal plate

Global distribution of Scrippsiella cryptic species

We placed occurrence data of three ribotypes corresponding to
S. aff. acuminata and S. cf. erinaceus as well as to ‘true’ (i.e.,
epitypified: Kretschmann et al. 2015a) S. acuminata on a
global map (Fig. 4). They all showed a wide, partly overlap-
ping distribution and shared the presence primarily at coastal
localities (the only exception was a single record of S. aff.
acuminata from the middle of the Northern Atlantic). With
respect to our study area, we cannot confirm the presence of
‘true’ S. acuminata in the Black Sea as stated by Gomez and
Boicenco (2004). Nevertheless, we found two distinct species
with a highly similar morphology collected at the same site
(i.e., Costinesti) on the same day (i.e., July 4, 2014).
Furthermore, we found S. lachrymosa, which has not been
previously recorded at the Black Sea (Gomez and Boicenco
2004).

During the past two decades, we have been collecting
samples with no regard to particular habitats, therefore the
observed variation in abundance of species cannot be ex-
plained as an artefact. Scrippsiella aff. acuminata occurred
at 11 localities, while S. cf. erinaceus was found at 6
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localities around the world. The ITS ribotype associated
with S. lachrymosa is currently only known from the
Black Sea off Romania, which is in agreement with other
only sporadically documented dinophytes such as
Spiniferodinium limneticum (Wotosz.) Kretschmann &
Gottschling from Poland (Kretschmann et al. 2015b). The
most frequently encountered of all Scrippsiella species is
‘true’ S. acuminata, which is known from 22 localities all
over the world—and therefore almost ‘everywhere’
(Fenchel 2005; Finlay 2002)—but not from the Black Sea.
Scrippsiella acuminata is also the species with occurrences
at the highest latitudes (i.e., North Sea off Norway;
Table S1; the same or at least a very similar species is
even documented from Baffin Bay; Elferink et al. 2017),
while all other investigated species were restricted to either
temperate and/or subtropical regions.

An extensive amount of distribution data are available
based on morphology also from online repositories.
However, without a more reliable DNA-based support, this
data cannot be indisputably used for further research, at
least not in the microbial distribution assessments.
Furthermore, such large online databases include data of
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low taxonomic resolution and/or of uncertain expertise
(Dolan 2011). GenBank (http://www.ncbi.nlm.nih.gov/
genbank/) provides free access to extensive DNA
sequence information about various taxonomic groups,
but sequence submission policy is lax for crucial input
fields. Not only is species (and occasionally strain)
nomenclature often inconsistent, but it is also not
mandatory to supply the DNA sequence with voucher
information, which reduces the reliability of the data.
Particularly in the microbial world, DNA sequence
information is necessary for the precise application of
scientific names, and it is not available for the majority of
the historical names. This greatly challenges the taxonomy
(Boenigk et al. 2012), but at least for cultivatable species,
epitypification appears to be a good approach to resolve this
problem (Kosmala et al. 2009; Kretschmann et al. 2015a,
b). In the future, we should aim towards compiling a data-
base with curated entries found for a certain strain or
species—the Global catalogue of microorganisms (Wu
et al. 2013) appears to be a good starting point in this re-
spect. Otherwise, we will be left with parallel sets of incom-
plete data, of limited biological value.

A next logical step would be niche modelling, which is
already a common practice in terrestrial organisms such as
plants (Heibl and Renner 2012; Smith and Donoghue 2010)
and even in harmful bacteria (Mullins et al. 2013).
However, there are only a handful of studies on niche
modelling of unicellular organisms, and even those are
based on refutable morphological data and not on a global
scale (Aguilar et al. 2014; Aguilar and Lado 2012; Langer
et al. 2013). Despite the fact that abiotic data on marine
environments are available online (http://www.noaa.gov/),
though with a rather low resolution, no niche global-scale
modelling has been carried out so far for genetically-
determined protist species. Predicting the distribution based
on ‘ecological licence’ of the species and ‘ecological po-
tence’ of the environment (Osche 1966) is a key for a reli-
able monitoring of species, with a high invasive potential.
In 2005, there were already five dinophyte species con-
sidered invasive in the Black Sea, probably brought there
either via ship ballast waters or river run-offs (Terenko
2005). Additionally, the increased size of cargo vessels,
together with increased eutrophication of many coastal wa-
ters, have extended the possibilities of successful species
transport across long distances (Hallegraeff and Bolch
1992). Monitoring of invasive species is thus nowadays
getting a crucial role in maintaining the world’s biodiversi-
ty. Due to global warming, massive changes in biogeo-
graphical ranges of protists have already been observed
(Gobler et al. 2017; Pettay et al. 2015), and studying these
provides crucial data on dealing with events representing a
threat to biodiversity in general and global human health.
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Conclusion

Despite the fact that we still lack extensive DNA-based (and
therefore reliable) data with additional occurrence records, our
study shows that such an approach is possible, and that it helps
to understand the biogeography of unicellular dinophytes in
more detail. Some species such as S. acuminata appear to be
abundant, widely distributed and almost ‘everywhere’ at any
time; others such as S. erinaceus are rarer and more restricted,
while a considerable fraction is known from a single locality
as DNA sequence records. Whether such observations corre-
spond to true endemism, or rather reflect our incomplete
knowledge, remains a yet unanswered question.
Furthermore, the biological background (e.g., seasonality
and dormancy stages) and the specific ecological require-
ments (e.g., temperature, salinity, nutrient availability, water-
depth preference) shaping protist distribution remain to be
explored. These will then represent the basis for further re-
search on dynamics of individual colonisation/invasion pro-
cesses and species establishment. This collective approach is
of great importance particularly because of the fact that ongo-
ing climate change and maritime transport levels (e.g., ballast
water) heavily influence the distribution of all living beings on
the planet. Much work still lies ahead of us, but it is necessary
to obtain an overview on distribution of such organisms,
which may be microscopic, but can cause macroscopic prob-
lems on a global scale.
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