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Abstract

The present study has revealed morphological differences of species assigned to the
acanthoecid choanoflagellate genus Stephanoeca based on the relative position of transverse
and longitudinal costae in the anterior lorica chamber. A detailed re-examination of published
material of S. paucicostata Tong et al., 1998 combined with new data has shown that the
species characteristic, a double transverse costa, is clearly located outside of the longitudinal
costae excluding this taxon from an affiliation to Stephanoeca sensu stricto, confirmed also by
molecular data of a clonal culture from Kos Islands, Greece. Two specimens of S.
paucicostata with only a single, interiorly positioned transverse costa, namely from Marchant
et al. (1987) and Nitsche et al. (2011) were erroneously assigned to this species. These facts
has here led to the establishment of a new genus, Pseudostephanoeca with its type species P.
paucicostata and the description of S. ellisfiordensis for the two specimens mentioned above
corroborated by new material from Antarctica. In addition, two specimens previously
assigned to S. cupula have been shown to share the core characteristic of Pseudostephanoeca
with exteriorly positioned transverse elements what has led to the description of the new

species P. quasicupula including also new material from Iceland.
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Introduction
Acanthoecid (loricate) choanoflagellates are characterized by one of the most distinctive
extracellular coverings present in any protistan taxon. The formation of the lorica, a siliceous
basket-like investment, is a precise sequence of developmental stages resulting in unique and
species-specific costal strip arrangements (Leadbeater 2015). Until now, more than 150
loricate species have been described from all regions of the world’s oceans. The species
distribute themselves within two families differentiated according to the relationship between
stages in lorica production and the cell cycle, i.e. nudiform (Acanthoecidae) and tectiform
(Stephanoecidae) division. In the ‘nudiform’ mode, naked juveniles result from a diagonal
cell division and subsequently produce and assemble costal strips for their own lorica.
Contrastingly, in the ‘tectiform’ mode, a parent cell, already with a lorica, produces and
accumulates a complete set of costal strips that are subsequently passed on to the juvenile cell
following an inverted division with flagellar poles of the two daughter cells facing each other.
These developmental differences are well supported by some multigene phylogenies resulting
in two distinct but evolutionarily related lineages reflecting the two families (Carr et al. 2017,
2008; Schiwitza and Thomsen 2022; Schiwitza et al. 2019). However, depending on the
phylogenetic model and number of investigated species, tectiform paraphyly was also
recovered in other multigene analyses (e.g. Carr et al. 2017, 2008; Lopez-Escardo et al. 2019;
Nitsche and Arndt 2008; Nitsche et al. 2017; Paps et al. 2013; Tikhonenkov et al. 2020).
Kent (1878, 1880-1882) described Salpingoeca ampulla characterized by a
voluminous and longitudinally ridged ‘superstructure’ that enclosed the cell. This species was
later transferred to the loricate genus Stephanoeca (Ellis 1929) which displays a distinct
pattern of longitudinal and transverse costae. Members of the genus Stephanoeca (currently
19 species described) are characterized by loricae composed of a larger anterior and smaller

posterior lorica chamber divided by a waist. In Stephanoeca sensu stricto, the anterior lorica



chamber comprises an outer layer of longitudinal costae and interior positioned transverse
costae (except for the anterior costa) forming various numbers of transverse rings.

A classification of species of Stephanoeca based exclusively on morphological traits
has proved to be problematic and is further seriously challenged by molecular phylogenetic
analyses from which no monophyly can be inferred (Carr et al. 2017; Nitsche et al. 2017;
Schiwitza et al. 2019). A striking example is S. arndti Nitsche, 2014, which clearly shows a
Stephanoeca morphology but clusters with high bootstrap support within the genus
Didymoeca (Nitsche 2014). There is obviously an urgent need for a revision of the genus
Stephanoeca, aiming for (1) a rigorous circumscription of the Stephanoeca core species that
cluster around the unfortunately insufficiently known generic type species, S. ampulla, as well
as S. diplocostata, which on the contrary is by far the most intensively examined single
species of Stephanoeca (e.g. Leadbeater 1989, 1987, 1985, 1979a, b), and (2) an overall
clarification of its relationships to other loricate species. Based on published material and new
morphological and molecular data, we are here able to provide small pieces of evidence that
in the long-term will contribute to solving the Stephanoeca enigma.

Stephanoeca diplocostata var. paucicostata was described by Throndsen (1969) based
on material from Norway. The new variety described appeared similar to S. diplocostata Ellis,
1929 except for the presence of an anterior lorica chamber which had a double transverse
costa at the level of the maximum lorica chamber diameter, and a significantly broader
anterior lorica chamber. While the first description of this taxon (Throndsen 1969) was based
exclusively on light microscopy, it subsequently became clear that this form was easily
distinguished from S. diplocostata var. diplocostata in choanoflagellate surveys (e.g. Hara et
al. 1997; Thomsen 1982, 1973). Tong (1997) discussed the inherent logic in henceforward
dealing with this well-defined form at the specific level, and a binomial species name, S.
paucicostata Tong et al., 1998, was in fact introduced in a subsequent publication (Tong et al.

1998).



A detailed reinvestigation of published material of S. paucicostata Tong et al., 1998
(Table 1), combined with new morphological and molecular data, has revealed that the double
transverse costa is located outside of the longitudinal costae, precluding an affiliation of this
taxon to Stephanoeca sensu stricto. This is further corroborated by our molecular data.
Therefore, we here establish the new tectiform genus Pseudostephanoeca gen. nov. to
accommodate P. paucicostata (Tong et al., 1998) comb. nov.

Material referred to as S. diplocostata var. paucicostata by Marchant et al. (1987, loc.
cit. Figs 9-10) and Nitsche et al. (2011, loc. cit. Fig. 8) has in retrospect been shown to have a
costal strip pattern in accordance with Stephanoeca sensu stricto, and there is also a
significant difference on a molecular basis when compared to both S. paucicostata sensu
stricto and S. diplocostata. As a consequence of the observations summarized above, we here
describe the Marchant et al. (1987) and Nitsche et al. (2011) material as a new species of the
genus Stephanoeca, S. ellisfiordensis sp. nov., named after the Antarctic site where this taxon
was first observed.

Two specimens of Stephanoeca cupula Leadbeater, 1972, sensu Thomsen, 1988 (loc.
cit. Figs 16-19) share the core characteristic of Pseudostephanoeca with an exteriorly
positioned transverse costa on the anterior lorica chamber. This material was already found to
differ from the original description of S. cupula sensu Leadbeater, 1972 by the number of
anterior transverse rings (Leadbeater 2015). We here redescribe the material erroneously
identified as S. cupula by Thomsen (1988) as P. quasicupula sp. nov., including also new

material from Iceland.

Material and methods
Sampling
Water samples were collected at various sampling stations and processed for further

morphological analyses (Fig. 1, Table 2). Sampling (BSCL) from tide pools on a rocky shore



outside Concarneau Marine Station, France, and from an extensive saltmarsh at Freiston
Shore, Lincolnshire, UK were carried out by hand using sterile polypropylene sampling
bottles. Samples were returned to the laboratory within two hours for processing. Sampling
(BSCL) of seawater from around Olafsvik, Iceland was carried out on board R/V ‘Bjarni
Saemundsson’ using PVC Niskin bottles on a CTD rosette sampler at a depth of 30 metres.
Sampling (HAT) was either directly from the shore (Tempelkrogen, Isefjorden, Denmark) or
from a variety of research vessels using PVC bottles either singly attached to a cable or being
part of a rosette sampler (Denmark: R/V ‘Martin Knudsen’; Finland: R/V ‘Aranda’;
Greenland: R/V ‘Porsild’; Antarctica: R/V ‘Polarstern’). Occasionally locally available boats
were used (Isefjord, outer broad, Denmark). Wherever possible the samples were kept in
Duran® water bottles at ambient temperature until further processed. Surface water samples
(SS) from Kos Island, Greece were taken at a pier and kept at ambient temperature.

Sample processing

BSCL protocol: On all occasions, sampled water was rough filtered through a 25-um mesh
plankton net and allowed to stand in sterile glass bottles for one day at ambient temperature.
Suspended nanoplankton within the clarified water was concentrated over a 3.0 um
membrane filter and subsequently pelleted by centrifugation. A few drops of 2% osmium
tetroxide in 0.1M cacodylate buffer at pH 7.0 were added to the resuspended pellet. Fixed
cells were washed three times in distilled water and deposited on to Formvar coated copper
grids. Grids were coated with gold/palladium and viewed on a Philips EM300 microscope
(Birmingham, England).

HAT protocol: The general protocol for processing water samples for the transmission
electron microscope (TEM) was according to Moestrup and Thomsen (1980). The
nanoplankton community was typically concentrated for further processing by means of 1)
either repeated cycles of centrifugation to produce pelleted nanoflagellate material, or 2)

centrifugation of prefiltered material resuspended from an initial filtration of cells on top of



e.g., a 1 um Nuclepore filter (range of sizes used is 1-3 pm). The volume of water processed
was around 0.5 litres, however, according to the site the volume was specifically adjusted as
deemed necessary to produce a workable suspension of cells. Small droplets of cells from the
resuspended final pellet of material were placed on carbon coated grids for the TEM. Cells
were subsequently fixed for ca. 30 seconds in the vapour from a 1-2% aqueous solution of
OsO4. After drying the grids were carefully rinsed in distilled water to remove salt crystals.
Grids were shadow cast with either gold/palladium or chromium prior to the examination in
JEOL electron microscopes property of the Botanical Institute at the Univ. of Copenhagen.
SS protocol: Water samples from Kos Island were transferred to 50 ml culture flasks
(Falcon, Durham, USA) and cultured in artificial seawater (Instant Ocean, Aquarium Systems,
Strasbourg, France) at 40 PSU (practical salinity unit) enriched with sterilized wheat grains as
a carbon source for bacterial growth. Culture flasks were regularly monitored for acanthoecid
choanoflagellates by light microscopy (Zeiss Axiovert S 100). Culture flasks containing target
species were further processed by LAM (liquid aliquot method; Butler and Rogerson 1995) to
obtain a monoclonal culture. The acanthoecid choanoflagellate species was further processed
for morphological information (SEM) and molecular analysis of SSU and LSU rRNA for
phylogenetic data.
Morphological analyses (SEM)
For scanning electron microscopy of samples from Kos Island, cultures were maintained in
culture flasks for preparation (see Schiwitza and Thomsen (2022)). In brief, samples were
fixed with 2.5 % cacodylate buffered glutaraldehyde (final concentration) at 4°C for 100 min.
and afterwards dehydrated in an ascending ethanol series. Samples were washed twice with
each ethanol concentration and incubated for 10 min. in the equivalent ethanol concentration.
For final dehydration, samples were treated with a 50:50 hexamethyldisilazane (HMDS)-
ethanol solution for 10 min., followed by two washing steps with pure HMDS and 5 min.

incubation. Finally, samples were dried and the bottom of each culture flask cut to size and



stuck to a sample holder. Mounted samples were sputter coated with a layer of gold (12 nm)
and examined by SEM (Fei Quanta 250 FEG, Biocenter Cologne, University of Cologne,
Germany).

rRNA gene sequencing and phylogenetic analyses

For molecular analyses of the partial SSU and LSU rRNA of the monoclonal culture HFCC
1361 (Kos Island), DNA was extracted using the Quick-gDNA™ MiniPrep kit (Zymo
Research, Ca, USA). The SSU rRNA fragment was amplified with the primers 18S-42F and
18S-nested-rev at a concentration of 0.1 uM using a PCR Mastermix (2x) (VWR Life
Science, Red Taqg DNA Polymerase, Hassrode, Belgium). The LSU rRNA fragment was
amplified with the primer combination NLF184F/21 and NLR2098R/24 at the same
concentration mentioned above. Both PCRs were done according to the first amplification
round mentioned in Schiwitza and Thomsen (2022). All primer sequences are listed in Table
3.

The PCR products were purified by the FastGene Gel/PCR Extraction Kit (Nippon
Genetics, Diiren, Germany) and sequenced by the Eurofins Genomics sequencing service
(Cologne, Germany) using the primer 18S-42F, 18S-nested-rev (SSU rRNA) and the primer
NLF184/21, NLR2098/24 (LSU rRNA). Sequences were assembled by BioEdit (Hall 1999).

Molecular data (SSU and LSU rRNA) of HFCC 1361 with additional closely related
environmental sequences of the SSU rRNA were aligned with sequences from the latest
analysis of acanthoecid choanoflagellate phylogeny (Schiwitza and Thomsen 2022) using
MAFFT (Katoh et al. 2002) (see supplementary material Table S1 for accession numbers) to
create a concatenated six-gene tree (SSU and LSU rRNA, Hsp90, atub, Efl and Efla)
containing a manually masked alignment of 9851 bp. The alignment was analysed using
Maximum likelihood (ML) and Bayesian inference (BI) methods. ML analysis was done by
RAXML v.8.2.12 (Stamatakis 2014) using the GAMMA + P-Invar model of rate

heterogeneity with 1000 replicates for thorough bootstrapping. The parameter N, number of



alternative runs on distinct starting trees, was set to autoMRE as proposed by the program (i.e.
10 starting trees). The Bayesian analysis was performed by MrBayes v.3.2.6 (Ronquist et al.
2012) running a GTR + I + I' model and a four-category gamma distribution to correct for
among site rate variation. The search consisted of two parallel chain sets run at default
temperatures with a sample frequency of 10 and run until the average standard deviation of
split frequencies dropped below 0.01. The analysis consisted of 3,500,000 generations with a
burnin of 87,500 before calculating posterior probabilities. The acanthoecid choanoflagellate
phylogeny was rooted with a two-taxa ichthyosporean clade. The pairwise distances (based on
SSU rRNA) were calculated using BioEdit (Hall 1999). The alignment is available from the

author upon request.

Results and discussion

The morphological examination of S. paucicostata specimens from a wide range of
geographical sites (Table 2, Figs 1, 2) and in particular the establishment of a clonal culture
from Kos Islands, Greece (Fig. 3) has considerably expanded the morphological and
molecular (SSU and LSU rRNA) knowledge base with reference to S. paucicostata. It has
become evident, with the exception of material documented by Marchant et al. (1987) and
Nitsche et al. (2011) (see further below), that the characteristic double transverse costa in the
anterior lorica chamber of S. paucicostata is located exterior to the longitudinal costae in all
specimens examined. The relative positions of transverse and longitudinal elements were not
noticed in past taxonomical surveys dealing with Stephanoeca species, and only recently
received attention in the wake of the reinvestigation of S. urnula Thomsen, 1973, which was
shown to have exteriorly positioned transverse costae in the anterior lorica chamber
(Schiwitza and Thomsen 2022). This morphological divergence of S. urnula from
Stephanoeca sensu stricto was confirmed by molecular analyses inferring an affiliation to the

genus Enibas. The nudiform genus Enibas (resembling the tectiform genus Stephanoeca in a



vase-shaped lorica appearance) also has anterior lorica chamber transverse elements located
exterior to the longitudinal elements.

The external or internal positioning of transverse costae in loricate choanoflagellates is
considered to be a keystone morphological trait, because the relative positions of costae are
defined as an integrated part of the lorica assembly protocol (Leadbeater 2015). It should be
mentioned also that in the best documented forms with an external mid-lorica transverse costa
(i.e. species of Pleurasiga (except P. orculaeformis Schiller, 1925) and core species of
Parvicorbicula; see e.g. Leadbeater 2015, Thomsen et al. 2020) there is not a single known
deviation from the basic lorica assembly principle. Considering that costal strip patterns and
lorica assembly protocols are genetically controlled, it is, based on our current knowledge
base, hard to accept that species with reversed relative positions of costae can be
accommodated within the same genus. However, it is obvious that only a much improved
molecular screening of a multitude of loricate choanoflagellates can contribute to a more final
understanding of the significance of this trait with reference to classification schemes. Based
on this clear morphological characteristic (Figs 2, 3) combined with molecular data of the
SSU and LSU rRNA (Fig. 6), we have erected the new tectiform genus Pseudostephanoeca
gen. nov. with its type species P. paucicostata (Tong et al., 1998) comb. nov. The species is
characterized by a certain variability in the number of longitudinal costae (10-16) in the
anterior lorica chamber (Figs 2, 3). A double transverse costa is located at the widest part of
the anterior chamber. However, this duplication of a costa, which is not an uncommon
phenomenon in loricae of species with many costae, may in some specimens observed be
reduced (Fig. 2B) and appear as just a single costa. An additional transverse costa is located
midway between the double transverse costa and the waist separating the lorica chambers.
While this costa is consistently and distinctly present in our material, it is not quite as evident

in the type drawing where it is more posteriorly located (Throndsen 1969; reproduced here as



Fig. 2A). We interpret that this minor morphological difference reflects the observation
techniques applied (LM versus TEM/SEM).

The above-mentioned specimens assigned to S. paucicostata by Marchant et al. (1987)
and Nitsche et al. (2011) differ in their appearance by possessing only a single transverse
costa, which is located inside to the longitudinal costae of the anterior chamber. Our present
material from Antarctica (Fig. 5) strikingly resembles both specimens in costal strip
arrangement and lorica size, which is overall (about 1.5 times) larger than P. paucicostata.
The Antarctic material thus shares critical lorica morphological details with core species of
the genus Stephanoeca and is therefore here redescribed as a new species, S. ellisfiordensis sp.
nov. An additional feature of S. ellisfiordensis sp. nov. is that longitudinal costal strips at the
base of the anterior chamber overlap significantly, forming triangular buttress-like formations
in the waist region (Fig. 5A, B). Nitsche et al. (2011) provided molecular data (SSU rRNA) of
their material (i.e. S. ellisfiordensis), which was found to differ by 1.7 % pairwise distance
(Table 4) to our P. paucicostata material from Kos Island. This adds molecular support to
differentiate P. paucicostata (Tong et al., 1998) comb. nov. from S. ellisfiordensis sp. nov.
Within the phylogenetic analyses, molecular data of the SSU rRNA of several uncultured
eukaryotic sequences were implemented for a possible higher resolution of phylogenetic
relationships. Pseudostephanoeca paucicostata and S. ellisfiordensis cluster together with S.
cauliculata but polytomous branching and weak bootstrap support indicate still low
resolutions within this clade (Fig. 6). The present inconsistency of pairwise to patristic
distances might result from the use of a masked alignment for phylogenetic analyses whereas
pairwise distances were calculated from complete, uncorrected sequences.

A re-examination of the material published by Thomsen (1988) and assigned to S.
cupula, reveals differences in several specimens illustrated that were not appreciated at the
time of publication and which render conspecificity highly unlikely. Two specimens

illustrated (Thomsen 1988, loc. cit. Figs 16-19) clearly have the first intermediate transverse



costa located exterior to the longitudinal costae allowing for a reassignment of the material
(Fig. 4) to the newly established genus Pseudostephanoeca. In the type material of S. cupula
only the anterior transverse ring of the two transverse costae in the anterior lorica chamber is
outside the longitudinal costae (Leadbeater 2015, 1972). The Thomsen (1988) specimens
differ in their number of anterior lorica chamber transverse costae, i.e. four (Fig. 4 A;
Thomsen 1988, loc. cit. Figs 16, 18) and three (Fig. 4 F; Thomsen 1988, loc. cit. Figs 17, 19)
transverse costal rings. Additional material collected at Olafsvik, Iceland (Fig. 4 B-E, G-K)
strikingly resembles the two forms of the original specimens. Unfortunately, the Olafsvik
material shows no clear position of the transverse elements. Being well aware of missing
molecular information that might distinguish between both specimens (Thomsen 1988; loc.
cit. Figs 17, 18), we here describe both morphotypes as a natural variability within one
species as already the number of longitudinal costae is known for intraspecific variations

(summarized in Leadbeater 2015).

Nomenclatural history and resolution of Stephanoeca diplocostata var. paucicostata
Throndsen, 1969

Stephanoeca diplocostata var. paucicostata Throndsen, 1969 was originally described based
on botanical rules of nomenclature (ICBN) as choanoflagellates at that time were classified
among the Chrysophyceae (e.g. Christensen 1962). Hibberd (1976) summarized
ultrastructural analyses of choanoflagellates and gave evidence for the correct assignment
according to zoological classifications. Stephanoeca diplocostata var. paucicostata
Throndsen, 1969 is not compliant with the zoological code since after 1960 a sub-specific
term such as variety is not formally recognized in zoological nomenclature (see ICZN Article
45.5 and 45.6). The first usage of S. paucicostata Throndsen, 1969 (at the level of species) is
by Tong et al. (1998) and this thereby made the binomial species name available. The

description is in accordance with the current criteria for compliance and therefore the



authorship of the binomial adopts the name and date after this ‘subsequent usage’ resulting in
S. paucicostata Tong et al., 1998 being the correct designation. A regulation to explicitly state
the new proposed name as ‘sp. nov.’ or similar was introduced in 1999 and is therefore not

relevant in the case of S. paucicostata.

Conclusion

The presented re-examination of species assigned to the genus Stephanoeca enables a refined
taxonomical delineation based on a distinct morphological criterion, i.e. the relative position
of transverse to longitudinal costae to distinguish the two genera Stephanoeca and
Pseudostephanoeca sensu stricto. This clear morphological characteristic for species
delineation needs further phylogenetical support as for now, only molecular data of the type
species P. paucicostata are available. Enhanced studies on specimens of the genus
Stephanoeca integrating morphological and molecular data will help to solve the taxonomical

conundrum of this genus.

Taxonomic summary

Order: Acanthoecida (Cavalier-Smith, 1997)

Family: Stephanoecidae Leadbeater in Nitsche et al. 2011

Genus: Pseudostephanoeca gen. nov.

Diagnosis: Lorica (7-17 pm long, 5-15 pm maximum width) comprising anterior and
posterior chambers. The protoplast is located in the posterior lorica chamber while the collar
and flagellum extend into the anterior chamber. The anterior lorica chamber is constructed
from up to four transverse costae and 8-16 longitudinal costae. Both the anterior transverse
ring and the first intermediate transverse costa are located exterior to the longitudinal costae.

The subsequent anterior lorica chamber transverse costae are located inside the longitudinal



costae. The posterior lorica chamber comprises closely spaced helical transverse costae. Cell
division tectiform.

Etymology: Genus name derived from ‘stephanoeca’ and ‘pseudo-’ (Greek; meaning fake),
and referring to the fact that the generic type species has previously been associated with the
genus Stephanoeca.

Generic type species: Pseudostephanoeca paucicostata (Tong et al., 1998) comb. nov. (Figs
2,3)

Protonym: Stephanoeca diplocostata var. paucicostata Throndsen, 1969; Stephanoeca
paucicostata Tong et al., 1998 (erroneously accredited to Throndsen, 1969; see nomenclatural
history above)

Improved diagnosis: Lorica divided into two chambers, where the small posterior lorica
chamber surrounds the protoplast, while the collar and flagellum expand into the larger,
bulbous anterior lorica chamber. The overall lorica height ranges from 9.0-16.6 pm. There are
10-16 (with a mode of 11) longitudinal costae. The anterior lorica chamber is characterized by
a double transverse costa in the widest part of the lorica chamber, sometimes reduced and
appearing as a single costa with just the occasional doubling of individual strips, and a single
transverse costa slightly above the level of the constriction between the lorica chambers. The
maximum lorica diameter ranges from 7.2-15.0 um. The organic lining of the posterior lorica
chamber extends to the level of the anterior lorica chamber posteriormost transverse costa.
Voucher material: The culture from Kos Island is strain 1361 (Fig. 3) of the Heterotrophic
Flagellate Collection Cologne (HFCC) and has been deposited as SEM material at the
Oberosterreichischem Landesmuseum Linz (LI), Austria (deposition nr. EVAR 2022/x).
Sequence data: The sequences (SSU and LSU rRNA) of the strain HFCC 1361 have been
deposited in GenBank with the accession numbers OP038903 (SSU rRNA) and OP038902

(LSU tRNA).



Species: Pseudostephanoeca quasicupula sp. nov. (Fig. 4)

Protonym: Stephanoeca cupula (Leadbeater, 1972) Thomsen, 1988 sensu Thomsen 1988 (loc.
cit. Figs 16-19; see also Leadbeater 2015)

Diagnosis: Lorica divided into two chambers, where the small posterior lorica chamber
surrounds the cell, while the collar and flagellum expand into the larger anterior lorica
chamber. The overall lorica height ranges from 6.9-11.9 pm. There are 7-10 (with a mode of
8) longitudinal costae each comprising 4 costal strips with nib-like points of the anteriormost
costal strips. The anterior lorica chamber contains 3-4 transverse costae with an organic lining
from the posteriormost anterior chamber transverse costa and downwards. One transverse ring
closes the lorica anteriorly. The maximum lorica diameter (flattened), at the level of the
intermediate transverse costae, ranges from 4.9-8.1 um. The posterior lorica chamber is
formed by the converging longitudinal costae and also a distinct helical costal element.

Type specimen: The specimen illustrated in Fig. 17 of the original material by Thomsen 1988
is fixed as type specimen.

Type locality: Surface water sample (ca. 12 °C / ca. 19 PSU) from a near coastal site in the
innermost part of the Isefjord, Denmark, collected October 1976.

Voucher material: The specimens of Fig. 4B, C, J, K of water samples from Iceland
(64°53°44°°N 23°42°14>°W), collected June 1995.

Etymology: The species name is chosen to emphasize (‘quasi’ (Latin) meaning as if) that this
taxon has previously been considered identical to S. cupula.

Remarks: The original material by Thomsen (1988; loc. cit. Figs 16-19) was embedded in an
extended description of Stephanoeca cupula disregarding the morphological difference of the

mid-anterior lorica chamber transverse costa being located exterior to the longitudinal costae.

Species: Stephanoeca ellisfiordensis sp. nov. (Fig. 5)



Diagnosis: Lorica divided into two chambers, where the small posterior lorica chamber
surrounds the cell, while the collar and flagellum expand into the larger anterior lorica
chamber. The overall lorica height ranges from 16-19.3 um. There are 12-15 longitudinal
costae with only two longitudinal costal strips between the anterior lorica end and the waist.
The prominent mid-anterior chamber transverse costa is internal to the longitudinal costae.
The maximum lorica diameter, at the level of the mid-anterior chamber transverse costae,
ranges from 9-18 um. Longitudinal costal strips overlap significantly forming triangular
structures (buttress-like formations) in the waist region.

Type specimen: The specimen illustrated in Fig. 10 of Marchant et al. 1987 is fixed as type
specimen.

Type locality: Water sample (ca. 2.6 °C / 37.6 — 38.4 PSU) from a basin at the head of Ellis
Fjord, Antarctica (68°36’S 78°13’E), collected January 1986.

Voucher material: The specimens of Fig. 5 A-C of Antarctic water samples (70°30°06”’S
07°59°00°°W), collected April 1992.

Etymology: ellisfiordensis (adjective) alluding to the type locality.

Sequence data: The sequence data of the SSU rRNA with the accession number HQ026769
by Nitsche et al. (2011).

Remarks: Specimen examined by Marchant et al. (1987) and Nitsche et al. (2011) were
incorrectly assigned to Stephanoeca diplocostata var. paucicostata and Stephanoeca
paucicostata, respectively. In contrast to all other material previously associated with the
epithet ‘paucicostata’ the Marchant et al. (1987) and Nitsche et al. (2011) specimens share
basic morphological lorica characteristics with Stephanoeca sensu stricto rather than

Pseudostephanoeca.
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Figures and Tables

Figure 1: Map showing sampling stations where Pseudostephanoeca spp. and Stephanoeca
ellisfiordensis occurred; created with ODV (Ocean Data View), Schlitzer 2021. Colour code:
red — P. paucicostata; green — P. quasicupula; blue — S. ellisfiordensis

Figure 2: Morphology of Pseudostephanoeca paucicostata (A, original drawing from
Throndsen 1969; notice that tectiform division (costal strip accumulation at the top of the
collar, see arrow) is indicated; B-K transmission electron microscopy). (B-J) TEM images
showing variability across specimens from a range of habitats. See Table 2 for information on
the origin of the material illustrated here. (B) Weakly developed double transverse costa. (D,
G) Tectiform division signature, i.e. costal strip accumulation in the collar region. (K) Close-
up of TEM image J (negative), arrows point to places where the outside location of the mid-
lorica transverse costa relative to the longitudinal costae is easily ascertained. Scale bar: 5 pm.
Figure 3: Morphology of Pseudostephanoeca paucicostata strain HFCC 1361 (A-F, scanning
electron microscopy). (A-F) Images showing variability across individuals from the culture.

(F) Tectiform division signature. Arrows point to places where the outside location of the



mid-lorica transverse costa relative to the longitudinal costae is easily ascertained. Scale bar:
S um.

Figure 4: (A-K, transmission electron microscopy) Morphology of Pseudostephanoeca
quasicupula (A-E) Form with four transverse costae. (F-K) Form with three transverse costae.
(A) Original specimen (Thomsen 1988, loc. cit. Fig. 18). (F) Original specimen (Thomsen
1988, loc. cit. Fig. 17). (B-E, G-K) Icelandic material. White arrows point to places where the
outside location of the mid-lorica transverse costa relative to the longitudinal costae is
indicated, black arrows for inside location of the subsequent anterior lorica transverse costa
relative to the longitudinal costae. White rectangles highlight anterior terminal nib-like points
in the longitudinal costae. Scale bar: 2 umin A, B, C,F,G,Hand 1 umin D, E, I, J, K.
Figure 5: Morphology of Stephanoeca ellisfiordensis (A-D, transmission electron microscopy;
reversed printing). (A-C) Images showing the variability encountered. (C) Tectiform division
signature. (D) Close-up of image B, arrows point to places where the interior positioning of
the transverse costa is evident. White rectangle in A highlights triangular buttress-like
formations in the waist region. Scale bar in B: 5 um (applies to A, B, C), D: 2 um.

Figure 6: Concatenated six-gene (SSU and LSU rRNA, Hsp90, atub, Efl and Efla) maximum
likelihood phylogeny of Acanthoecida (Choanoflagellatea) based on a manual corrected
alignment (9851 nt). Accession numbers of implemented strains containing only SSU and
LSU rRNA data are displayed within the tree. For accession numbers of species with full
molecular data of transcriptomes (TR) see supplementary material (Table S1). Support values
are given for RAXML/BI at each branch. 100 % RAXML bootstrap percentage support (mIBP)
and 1.00 BI posterior probabilities (biPP) are denoted by a ‘*’. Support values below 50%
mIBP and 0.7 biPP are indicated by a ‘-’. Scale bar in the lower left refers to a phylogenetic
distance of 0.05 nucleotide substitutions per site. The investigated species are marked by bold

letters (molecular data of Stephanoeca ellisfiordensis from Nitsche et al. (2011)).



Table 1. Literature records of Pseudostephanoeca paucicostata and Stephanoeca
ellisfiordensis mentioned in original publication as 'Stephanoeca diplocostata Ellis var.
paucicostata (Throndsen, 1969) or 2Stephanoeca paucicostata.

Table 2. Occurrence of species from the genus Pseudostephanoeca and Stephanoeca
ellisfiordensis with basic parameters of investigated sampling areas.

Table 3. Primer sequences used for molecular analyses of the SSU and LSU rRNA.

Table 4. Pairwise distances in % of Pseudostephanoeca paucicostata (strain HFCC 1361) and
Stephanoeca ellisfiordensis (= S. paucicostata Nitsche et al. 2011) to closest molecular

relatives based on SSU rRNA.
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Pseudostephanoeca Stephanoeca
Ppaucicostata ellisfiordensis
Norwegian coastal waters, inner loc. cit. Fig. 14!
Oslofjorden
Throndsen 1969
Isefjord Denmark loc. cit. Fig. 21!
Thomsen 1973
Norwegian coastal waters, loc. cit. Fig. 44!
southern Norway
Throndsen 1974
Tvarminne area, SW coast of loc. cit. Fig. 38!
Finland
Thomsen 1979
Disko Bay, West Greenland loc. cit. Fig. 94!
Thomsen 1982
Port Hacking Sydney, Australia loc. cit. Fig. 30!
Hallegraeff 1983
Ellis Fjord, Antarctica loc. cit. Figs 9, 10!
Marchant et al. 1987
California, USA loc. cit. Fig. 52!

Thomsen et al. 1991

Tviarminne area, Gulf of Finland,

Baltic Sea

Veors 1992

loc. cit. Fig. 15g!




Coastal waters of Taiwan and
Japan

Hara et al. 1997

loc. cit. Fig. 29!

Shark Bay, Western Australia

Tong 1997

loc. cit. Fig. 5Sm!

Port Jackson, New South Wales,
Australia

Tong et al. 1998

loc. cit. Fig. 3e?

Darwin, Northern Territory,
Australia

Lee et al. 2003

loc. cit. Fig. 2j?

Rhode Island, East coast USA

Menezes 2005

loc. cit. Fig. XIId, e?

Mediterranean Sea, Pula, Italy

Nitsche et al. 2011

loc. cit. Fig. 82

West Australia

Thomsen and Ostergaard 2019

loc. cit. Fig. 7h-j!

Species Sampling Sampli Coordinates Salinity Tempe Figure
station ng time rature
[°C]
P. Baltic Sea 08/197  59°11°00°N 3.3-7.6 1.4- 21
paucicostata 9 21°45°00’E PSU 16.5
60°11°05°N
19°09°00’E
63°18°05°°N

20°18°00”E




64°14°00"°N

22°21°00”’E

64°47°05°N

23°28°8’E
P. Disko Bay, 1990  69°12°30’N - - 2E
paucicostata Greenland 53°30°00°W
P. Dybsoe Fjord  03/197  55°08°25°’N  brackish - 2H
paucicostata 7 11°46°37E
P. Kattegat 10/198  56°51°00°N - - 2G
paucicostata 1 10°48°00°E
P. Isefjord, 1973-  55°40°45°N - - 2F
paucicostata Tempelkrogen 1983 11°48°50°E
P. Isefjord, outer  1973-  55°51°45°N - - -
paucicostata broad 1983 11°49°00°E
P. Taarback Rev, 01/197 55°47°15°N 13.7 3.2 2J, K
paucicostata Oresund 6 12°37°50°E PSU
P. Freiston Shore, 08/197  52°57°28°N  36.2 ppt 21.5 2D
paucicostata Lincolnshire, 2 00°05°32°E

England
P. Concarneau,  08/197 47°54°4.8°’N - 17.1 2B,C
paucicostata Brittany, 6 03°55°2.6°W
France
P. Kos Island, 09/201  36°53°42.8> 40PSU  ca.25 3
paucicostata Greece 9 N
strain HFCC 27°17°36.7”
1361 E
P. quasicupula Olafsvik, 06/199  64°54°09°’N 36 PSU 7 4 B-E,
Iceland 5 23°42°11°W G-K

S. Antarctica 04/199  70°30°06°’S - - 5
ellisfiordensis 2 07°59°00°"W
Primer Sequence 5¢-3¢ Reference
18S-42F CTC AAR GAY TAA GCC ATG CA Lopez-Garcia et al. 2003

18S-nested-rev

ACC TAC GGA AACCTT GTT ACG

Wylezich et al. 2002

NLF184/21

ACC CGC TGA AYT TAA GCA TAT

van der Auwera et al. 1994

NLR2098/24

AGC CAATCCTTW TCC CGA AGT

TAC

van der Auwera et al. 1994




%  Strain 1 2 3 4 5 6 7 8 9 10
1 P. paucicostata X

2 S. ellisfiordensis 1.7 X

3 S. cauliculata 23 3.7 X

4 KJ763099 29 42 29 X

5 KJ763305 28 43 30 05 X

6 EU446337 29 41 31 31 30 X

7 EU446378 27 39 30 30 28 08 X

8 EU446305 29 38 29 33 32 12 08 X

9 EU446410 27 38 29 31 30 09 07 03 X

10 DQ103820 26 38 26 30 30 34 32 34 32 X




