Marine Micropaleontology

January 2023, Volume 178, Pages 102185 (18p.)
https://doi.org/10.1016/j.marmicro.2022.102185
https://archimer.ifremer.fr/doc/00807/91879/

The ciliophoran affinity of Radiosperma textum, and its
relation to other marine ciliate cysts

Gurdebeke Pieter R. 1", Mertens Kenneth 2, Rajter Lubomir 3, Meyvisch Pjotr , Potvin Eric 45,
Yang Eun Jin 4, André Coralie 1, Pospelova Vera 8, Louwye Stephen !

1 Department of Geology, Ghent University, Krijgslaan 281, S8, 9000 Ghent, Belgium

2 Ifremer, LITTORAL, F-29900 Concarneau, France

3 Phycology, Faculty of Biology, University of Duisburg-Essen, Essen, Germany

4 Korea Polar Research Institute, Division of Polar Ocean Sciences, Incheon, Songdo 406-840,
Republic of Korea

5 Instituto Milenio de Oceanografia, Universidad de Concepcién, Concepcién, PO Box 160-C, Chile

6 Department of Earth and Environmental Sciences, University of Minnesota, Minneapolis, MN 55455-
0149, USA

* Corresponding author : Pieter R. Gurdebeke, email address : pieter.gurdebeke@ugent.be

Abstract :

The acritarch genus Radiosperma has been reported from plankton and sediments since the late 19th
century, with suggested biological affinities ranging from invertebrate eggs to tintinnids. Here, the genus
description is improved and its two species, Radiosperma corbiferum and Radiosperma textum, are
redescribed. Radiosperma textum is shown to be a ciliate cyst related to Askenasia based on new SSU
and LSU rRNA sequences. The spatiotemporal distribution and ecology of both species are discussed.
The chemical composition is documented based on micro-Fourier Transform Infrared spectroscopy.
Furthermore, new SSU and LSU rRNA sequences for several flask shaped ciliate cysts (Fusopsis,
Strombidium) are also included in the analysis and the occurrence of fossilizable cysts in the ciliophoran
clade is reviewed.

Highlights

» Former acritarch Radiosperma and its two species R. corbiferum and R. textum are redescribed as
ciliates. » Radiosperma corbiferum is confined to Baltic and Arctic waters while R. textum occurs
elsewhere. » Radiosperma textum is a ciliate cyst based on rRNA. » Ciliate cyst morphology has
taxonomic significance.
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1. Introduction

Among the organic-walled microfossils (i.e. palynomorphs) found in marine sediments,
acritarchs are defined as a group of taxa of unknown biological affinity (e.g. Mendelson 1987,
Martin 1993; Montenari and Leppig 2003; Mudie et al. 2021). Over time, several acritarch
species were attributed to, among others, dinoflagellate cysts (e.g. Evitt 1961), ciliate cysts
(e.g. Gurdebeke et al. 2018a), invertebrate eggs (e.g. Van Waveren and Marcus 1993; Cohen
et al. 2009) or prasinophycean phycomata (e.g. Wall 1962). In modern sediments, the

biological affinity of an acritarch can be revealed through studies of morphology, chemical



composition, culture experiments and molecular phylogeny. However, in older sediments
throughout the geological record, approaches are obviously more limited by the rarefaction of
viable species and genetic material through time, and inferences can only be made based on
morphology and chemical composition of the acritarchs (e.g. Marshall et al. 2005; Cohen et
al. 2009).

The production of resting cysts is a life cycle trait that is common in a very diverse
group of organisms including planktonic ciliates and is generally triggered by environmental
stressors (e.g. Reid and John, 1983; Verni and Rosati 2011; Be'mo, te and Rubino 2019). Cyst
stages may offer clues on the bloom-forming capacity by bzn.~1c seeding and the complex life
cycle of some species (e.g. Reid 1987; Ichinomiya ot ol 2008). Resting cysts have been
invoked in explaining enigmatic ciliate biogeographirs (o 9. Esteban and Finlay 2004).

Ciliate resting cysts can be very durablz, >cvuring survival over long time periods (e.g.
thousands of years, Shatilovich et al. 2015). This may translate in a good fossilization
potential, so unraveling their fossil re.ord potentially improves the understanding of ciliate
evolutionary history and fossil marine e_osystems. Unfortunately, although their fundamental
role in ciliate biology has bee. stressed, ciliate resting cysts remain understudied (Reid and
John 1983; Kaur et al. 2019,. \W'hile cyst stages have been studied more intensely for ciliates
living in soils and fies: *vawer, the picture is less clear for marine species (Corliss and Esser
1974; Belmonte and Rubino 2019), except for species referred to as “tintinnids”, i.e. loricate
Choreotrichida (Spirotricha, Oligotrichea) (Reid and John 1978, 1983; Kamiyama 2013).
These cysts are typically flask-shaped and are often identified in palynological studies, though
species designations are often hampered by morphological convergence of the cysts (e.g.
Doherty et al. 2010). In all, resting cyst formation is known for less than 100 marine ciliate
species, and the detailed life cycle is known for only a few of them. Supplementary

Information SI1 summarizes the marine ciliate cysts that are published with illustrations.



Recently, Gurdebeke et al. (2018a) showed the ciliate affinity of Halodinium Bujak, 1984 and
Hexasterias (Cleve) Gurdebeke, 2018, which were previously considered acritarchs, and
suggestions were made for the ciliate cyst nature of other acritarchs, such as species belonging
to the genus Radiosperma.

The genus and species Radiosperma corbiferum were introduced in a study of
plankton collected in the Barents and Kara Seas by Meunier (1910, p. 95, Pl. 6, 16-18),
figuring among his ‘“enigmatic organisms.” Earlier, this organism was called
Sternhaarstatoblast (literally “star-haired statoblast”) by Her<en 1887). A second species,
Radiosperma textum, was described by the same author ‘i1 'ankton collected from Belgian
coastal water (Meunier 1919, p. 41, Pl. 23, Fig. 21-2?). Zince it is a conspicuous and easily
recognizable taxon, congeners of Radiosperma, and fspc-ially R. corbiferum, have often been
reported from both plankton and sediments. The !«i0ogical affinity of R. corbiferum remained
enigmatic until now, with various asst mp’ions being made by different authors. Hensen
(1887) suggested that R. corbiferum ‘vas a bryozoan resting spore and Meunier (1919)
described R. textum as an animal 2ng F.eid (1972) suggested R. textum to be a rotiferan egg
and Telesh et al. (2009) reportc1 R. corbiferum as a heliozoan. Interestingly, Ekman and Fries
(1970) proposed that R. cori:ferum is the cyst of the freshwater suctorian ciliate Staurophrya
elegans, and Mudie et ! (2£010) assigned Radiosperma-type cysts to the tintinnids. Finally,
Gurdebeke et al. (2018a) speculated about a ciliate affinity based on similarities in
morphology and macromolecular composition with Hexasterias and Halodinium, but no
molecular data were available to confirm this at this time.

Here, we review the taxonomy and ecology of Radiosperma, infer its biological
affinity by means of molecular phylogenies using SSU and LSU rRNA sequences and further

document the macromolecular composition of the cyst wall through micro-FTIR



spectroscopy. Furthermore, new sequence data for a suite of flask-shaped cysts are presented,

along with a review on the occurrence of fossilizable resting cysts in the phylum Ciliophora.

2. Material and methods

2.1 Sampling and imaging

Sampling. Specimens of Radiosperma sp., cysts of Strombidium sp., Fusopsis spp. and an
indeterminate ciliate cyst were extracted from surface sediment samples taken with a Petite
Ponar grab from the Vilaine Bay and at Pornichet (Loire-Atlantiauc France) (Table 1, Fig. 1).
Other specimens of Fusopsis sp. were extracted from surfe_e ~2aiment samples collected from
the Chukchi Sea on board the IBRV Araon during the cruise ARA06C and from the west
coast of Greenland in the Labrador Sea on board ths Kh*/ Maria S. Merian during the cruise
MSM45 with a box corer (Table 2, Fig. 1). The :ed.ment was stored in the dark at 4 °C until
further analyses. For imaging, additiona” spr.cimens of Radiosperma sp. were retrieved from
surface sediments from Gironde (Ficnce), Saanich Inlet, near Brentwood Bay (British
Columbia, Canada) and the Beaufrrt (o7, (Table 1, Fig. 1).

Isolation. To concentra'= Fusopsis spp. cysts, between 1 and 2 cm? of sediment was
sonicated for 1 min in filterc! <cawater and sieved through a 100 um mesh size Nytex filter.
The residue fraction wos uvoserved with an inverted transmitted light microscope Olympus
IX73 (Tokyo, Japan). For all other species, approximately 1.0 cm® of wet sediment was
immersed in filtered seawater prior to ultrasonication in a bath (60 s) and rinsing through a 20
pm meshed nylon net using filtered seawater. The cyst fraction was separated from this
residue using heavy liquid sodium polytungstate (density = 1.3 g cm™) (Bolch 1997).

Light microscopy. The cysts were transferred individually into a drop of filtered
seawater framed by a vinyl tape on a glass microscope slide. The cells were sealed by

applying silicon grease on the vinyl frame and covering the latter with a coverslip (modified



from Horiguchi et al. 2000). Individual cysts were observed at 200x with an Axio Imager A2
microscope (Carl Zeiss Microscopy GmbH, Goéttingen, Germany). The photomicrographs
were obtained with an AxioCam HRc digital camera (Carl Zeiss Microscopy GmbH,
Gaottingen, Germany).

Scanning electron microscopy. For scanning electron microscopy, cysts of Fusopsis
spp. were washed in Milli-Q® Direct 8 water (EMD Millipore, Darmstadt, Germany). The
cysts were then dehydrated in an ascending ethanol series (10%, 30%, 50%, 70%, 90%,
100%). The cells were dried using a critical point dryer (SPI si"~ni.2s, SPI-DRY regular, West
Chester, PA, USA). Finally, the cysts were mounted o': s'Ips, sputter coated with gold-
palladium (Cressington 108auto, Cressington Scientific \,>struments Ltd., Watford, UK), and
observed with a low vacuum scanning electron mizruccope (JSM-6610LV, JEOL, Tokyo,
Japan). For field-emission SEM imaging 21 R~diosperma, cysts were picked with a
micropipette from the residue and mou 'ter’ on polycarbonate membrane filters (Millipore,
Billerica, MA, USA, GTTP Isopore, & 22 Im pore size), air-dried and sputter-coated with
gold. The micrographs were obtainec ';ing a Zeiss SIGMA300 Gemini field emission SEM
at the Station de Biologie Mar.e (Concarneau, France). Other specimens were photographed

with a Jeol 6400 scanning e ~tron microscope at Ghent University.

2.2 DNA amplification and sequencing
For Fusopsis, the living cysts were washed in three drops of Milli-Q water and broken with a
glass micropipette. Drops containing cellular content were then placed in microtubes and
amplified directly.

Amplicons of the SSU rDNA and LSU rDNA were obtained following nested PCR
protocols. In the first PCR round final, mix concentrations were as follows: 1X PCR Ex Taq

buffer (Takara Bio Inc., Seoul, Korea), 0.2 mM of dNTP (Takara Bio Inc., Seoul, Korea), 0.4



UM of each primer, and 0.025 U pL™ of Ex Tag DNA polymerase (Takara Bio Inc., Seoul,
Korea). EUKA and 28S-4R primers (Medlin et al. 1988, Moreira et al. 2007) were used in the
first round to amplify the genes coding for the SSU rRNA and LSU rRNA in a final volume
of 50 pL. The PCRs were conducted using a thermal cycler (Takara Bio Inc., model TP350,
Australia, Victoria) and the following protocol: one activation step of 2 min at 95°C, followed
of 35 cycles at 95°C for 20 s, 57°C for 40 s, and 72°C for 4 min, and a final elongation step at
72°C for 10 min. A volume of 1 pL of the first PCR step was used as template for the second
PCR round using the same mix. Individual reactions in a fin.' volume of 50 pL were
produced with these primer pairs and their correspondi'iy =nnealing temperature (AT) to
produce amplicons of the gene coding for the SSU rRPN,* and LSU rRNA: EUKA/EU929R
(AT=52°C), CS322F/EU929R (AT=51°C), Pro+930,° UKB (AT=44°C), NSRO5IF (5°-
GCGAAAGCATTYRCCAA-3’, design from E. -NSR951)/EUKB (AT=43°C), 28S-1F/28S-
1611R (AT=48°C), 28S-1F/Rev2 (AT=E :°C,, 28S-568F/28S-3R (AT=57°C), 28S-2F/28S-3R
(AT=47°C), and 28S-568F/28S-1611~ (AT=53°C) (Medlin et al. 1988; Gong et al. 2007;
Moreira et al. 2007; Sonnenberg et al. 2J07; Mangot et al. 2013; Shimano et al. 2012; Kim et
al. 2013). The second round ¢ PCRR was as follows: one activation step at 95°C for 2 min,
followed by 35 cycles at v2°fC, for 20 s, AT for 40 s, and 72°C for 1 min, and a final
elongation step at 72 °C “ar 5 min.

Positive and negative controls were used for all amplification reactions. The size of the
amplicons was verified on a 1.0% agarose gel. Products were visualized under a UV lamp.
The PCR products were purified using the Doctor Protein MG™ PCR SV DNA purification
kit (MGmed, Inc., Seoul, Korea) according to the manufacturer’s instructions. The purified
PCR products were sent to Macrogen Inc. (Seoul, Korea) for sequencing on an ABI PRISM®
3700 DNA Analyzer (Applied Biosystems, Foster City, CA, USA) with the primers used in

the second round of PCR.



For Radiosperma and the other taxa, a similar method was used which is detailed by
Gurdebeke et al. (2018a). The cyst-based 18S SSU rRNA sequences are deposited in
GenBank under the accession numbers OP288116 (Radiosperma textum), KX576664,
KX576665 and KX576666 (Fusopsis sp., Labrador Sea), KX576667 and KX576668
(Fusopsis sp., Chukchi Sea), OP288114 (Fusopsis sp., Vilaine Bay); 28S LSU rRNA
sequences as OP288115 (Radiosperma textum), KX576669, KX576670, and KX576671
(Fusopsis sp., Labrador Sea), KX576672, KX576673 and KX576674 (Fusopsis sp., Chukchi
Sea), OP288113 (Ciliate cyst sp. indet.); SSU-ITS-LSU rPNA sequences as OP288117

(Strombidium biarmatum).

2.3 Sequence alignments and phylogenetic analyses

All multiple sequence alignments were built :s..:n SUIDANCE2 (Sela et al. 2015) with the
MAFFT algorithm and a progressive FF T-M.S-1 aligning strategy. The sequences were then
manually trimmed based on the SSU-1"NA or LSU-rRNA gene primers (Medlin et al. 1988;
Jerome and Lynn 1996) using BioFdit \v7".2.5 (Hall 1999).

Phylogenetic trees we.» inierred using Maximum Likelihood (ML) and Bayesian
Inference (BI) methods and «oriying the GTRGAMMA model of evolution exclusively. ML
analyses were perfoimed uy RAXML v8.2.12 using the SPR tree-rearrangement. Bipartition
support came from 1000 bootstrap replicates. Bl analyses were performed by MrBayes
v3.2.7a (Ronquist et al. 2012), using four independent chains running 20 million generations
each, and sampling every one thousand. The burn-in was specified as 25% of the first sampled

trees. Trees were visualized in FigTree v1.2.3 (Rambaut 2009).

2.4 Geochemical analysis of cyst wall composition



For micro-FTIR geochemical analysis of Radiosperma spp., palynological residue was used
from Vilaine Bay, Diana lagoon, Akkeshi Bay, Dee Estuary and Chesapeake Bay. Between
palynological processing and the preparation for micro-FTIR, these residues were stored in
cool and dark conditions without adding conservation chemicals. The palynological residues
were treated as described in Gurdebeke et al. (2018a). They were ultrasonicated for 30s and
rinsed three times with organic solvents (methanol and dichloromethane, 1:1 in volume) and
Milli-Q water over a 20 um mesh to remove polar and apolar compounds that might have
adhered to the outside of the cyst walls. Visually clean irdivilual cysts were manually
isolated and placed on an Au-coated mirror. Specime.is ‘vere analyzed with a Bruker
Hyperion 2000 microscope coupled to a Bruker Verox 80v FTIR spectrometer at the
Department of Solid State Sciences of Ghent Univers‘ty. Magnification of the microscope was
set at 15x and the aperture at 100x100 um. Tt combination of detector (liquid N2 cooled
MCT detector), source (Globar) and beza nsp.itter (KBr) settings restrict the effective infrared
spectral range examined to ~4000-65u ~m™*. All presented spectra are recorded in reflection
mode (deposits on the Au mirror} a. = resolution of 2 cm™, and averaged over 100 scans.
Data were analyzed with OI'JS« spectroscopy software (Bruker 2014). The presented
absorbance spectra were owt2iaed after background (direct reflection on the Au mirror)
subtraction, atmospher> currection and baseline correction using a rubberband correction

method using polynomes.

3. Results
3.1 Taxonomy
Phylum Ciliophora Doflein, 1901
Subphylum Inframacronucleata Lynn 1996

Class incertae sedis



Genus Radiosperma Meunier, 1910 emend.

Synonymy.
1910 Radiosperma — Meunier, Microplankton, p. 95, pl. 6, 16-18 (original description of

genus).
Type species. Radiosperma corbiferum Meunier, 1910.
Improved diagnosis. Organic walled transparent cyst with a circular outline in polar view.
The spherical, oblate to conical central body has a double wall and a polar circular excystment
pore (pylome, cyclopyle) with a detached operculum. Proccsses are equatorially or
subequatorially attached to the outer wall of the central bcay. Frocesses form a collar around
the central body that is planar or recurved away from the .de of the excystment pore.
Remarks. The processes in the equatorial plane ma,” be recurved in a particular polar
direction resembling a parachute, as suggested b, several authors (e.g. Leegaard 1920).
Species classified in Radiosperma. Ra ‘iosgerma corbiferum Meunier, 1910, Radiosperma
textum Meunier, 19109.
Comparison. Cysts of the genus Hovusterias have a similar discoidal shape and circular
excystment pore, but have a sri.»ller number (4 to 9, Gurdebeke et al., 2018a) of wider, hollow
processes extending radially ir, the equatorial plane. Cysts of the genus Halodinium are
flattened, have a smalle excystment pore, the flange is not built up of discrete processes and
lines up with the base of the central body. Phycomata of the phototrophic chlorophytes
Pterosperma and Trochiscia lack a circular pylome and have a continuous flange in the
equatorial plane. This also applies to eggs of the copepod Tortanus, which are also much
bigger (e.g. ~270 um in Johnson 1934), and for the morphologically similar acritarchs

Pterospermella.

Radiosperma corbiferum Meunier, 1910 emend.



PI. 1, Fig. 1-2, 5-6; PI. 2, Fig. 5.

Synonymy.

1887 ‘Sternhaarstatoblast’ — Hensen, Ber. Komm. Wiss. Unters. Meere 5, 66, pl. 1V, fig. 23—
24 (first illustration).

1910 Radiosperma corbiferum sp. n. — Meunier, Microplankton, p. 96, pl. 6, 16-18 (original
description).

1920 Radiosperma corbiferum — Leegaard, Acta Soc. Sci. Fennica 48, p. 30-31, fig. 30
(record from the Finland Baltic coast, with illustration).

1970 Resting cyst of Staurophyra elegans — Ekman and Fr.es, Geol. Foren. Stockh. Forh. 92,
214-224, p. 221, fig. 6 (misidentification; first reno, * of a fossil occurrence from
Sweden, with illustration).

1988 “Organismetype A” — Gundersen, Disserta. an, pl. 4, fig. 4 (record from surface
sediments in the Baltic Sea, with il’1stration).

1994 “Sternhaarstatoplast” [sic] — Nehiing, Ophelia 39, fig. 3M (record from Kiel Bight,
Germany, with illustration).

1998 Radiosperma corbiferum - Kunz-Pirrung, Ber. Polarforsch. 281, p. 98, pl. 4, fig. 2,5
(record from the Lante\ Sca, with illustration).

2009 “unidentified spe.’=s of Heliozoa” — Telesh et al., Meereswiss. Ber. 76, pl. 5.3.35, fig.
4,5 (record from the Baltic Sea, with illustration).

2018 Radiosperma corbiferum — Gurdebeke et al., Eur. J. Protist., p. 129 (micro-FTIR spectra
from the Baltic Sea, with illustration).

2020 Radiosperma corbiferum — Pienkowski et al., Mar. Micropaleontol. 156, fig. 4b (record
from the Canadian Arctic, with illustration).

Improved diagnosis. Oblate to conical central body with a polar excystment pore. The

central body is surrounded by a flat equatorial ring-shaped zone. Straight to slightly curved



processes which are consistently connected by Y-shaped furcations about halfway their length
and distally free.

Description. Small ridges on the central body start tangentially to the pylome margin and
spiral away towards the equatorial plane, where they grade into the processes. The processes,
around 86 in number (N=2), bifurcate about halfway their length in the equatorial plane, and
join with the adjacent processes. Process terminations are free, though they may be recurved
towards each other (PI. 1, Fig. 5). Occasionally, vacuoles are formed near the furcations of the
processes (PI. 1, Fig. 5).

Dimensions. Morphometric data in Table 2 is compilea rom Hensen (1887), Leegaard
(1920), Gundersen (1988), Nehring (1994) and Kunz-Pir, 'ng (1998) and Mudie et al. (2021).
Total diameter is 90,0-200,0 um (average 159,6 1:m, the central body is 42,0-55,5 um
(average 44,7 um) and the pylome is 25,0-4C,0 ' (average 38,0 um). Own measurements:
total diameter 184 um, central body 52.2 «m, flange width 57.6 um (N=2).

Comparison. Radiosperma textum anu has a different organization of the equatorial flange
and has a smaller total diameter ‘avr.ge 102,6 um), central body diameter (average 44,7
um), flange width (average 2C 3 un) and pylome size (average 25,2 um), though there is

some range overlap (Table 2,.

Radiosperma textum Meunier, 1919 emend.
Pl. 1, Fig. 3-4, 7-13; Pl. 2, Fig. 1-4, 6, 7.
Synonymy.
1907 ‘similar to Hensen’s Sternenhaar-statoblast’ — Wright, Contrib. Can. Biol. Fish. 1, p. 9,
pl. 3, fig. 3 [not fig. 4, as noted in text and plate caption] (first illustration).
1919 Radiosperma textum — Meunier, Mém. Mus. r. hist. nat. Belg. 8, p. 41, pl. 23, fig. 21-22

(description of the species from the Belgian coast, with illustration).



1928 Radiospermum textum — Wailes, Vancouver Museum and Art Notes, p. 30, pl. 8, fig.
39-40 (record from British Columbia, with illustration).

1972 Sternhaarstatoblast — Reid, PhD thesis: p. 23, pl. 23, fig. 1-3 (record from the British
Isles, first photomicrograph).

1983 Radiosperma textum — Vermeiren, thesis, p. 64, pl. 4, fig. 6 (record from SE of
Schiermonikoog, the Netherlands, with illustration)

1999 ‘Protiste sp. 2’ — Bérard-Thériault et al., Guide de I’identification: p. 323, pl. 149, Fig. b
(record from the Gulf of Saint-Lawrence, with illustratior)

2005 Radiosperma corbiferum — Head et al., Quat. Int. 13C, . 2v, 22, fig. 12, r-s, fig. 13, a
(oldest substantiated fossil record, Eemian of the southern Baltic, with illustration).

2006 Radiosperma corbiferum — Sorrel et al., Palaeor;eur. Palaeoclimatol. Palaeoecol. 234,
p. 312, fig. 6.9-6.12, fig. 10.8 (record frcn, -he Holocene of the Aral Sea, with
illustration).

2010 Radiosperma corbiferum — Pospe:nva et al., Marine Micropaleontol. 75, pl. VIII, fig. 8
(sediment trap record from the Strait of Georgia, with illustration).

2011 Radiosperma corbiferum - Price and Pospelova, Mar. Micropaleontol. 80, pl. 6, fig. 7
(sediment trap record 1, ~r, Saanich Inlet, with illustration).

2012 Radiosperma cor.‘terum — Candel et al., Mar. Micropaleontol. 96-97, fig. 3.12, (rare
record from the southern Hemisphere, with illustration).

2013 Radiosperma corbiferum — Candel et al., Palynology 37, p. 68, fig. 2.14 (record from
the Beagle Chanel, with illustration).

2018 Radiosperma corbiferum — Gurdebeke et al., Eur. J. Protist. 66, p. 129, no figures
(micro-FTIR spectra from the Brittany and the Irish Sea).

Improved diagnosis. An oblate central body with polar excystment pore is surrounded by a

collar that is attached in the equatorial plane. The collar is an evenly spaced lateral reticulate



network is built as a that is formed by two coplanar sets of long, slender and consistently
curved processes which meet perpendicularly. The outer outline of the flange is irregular.
Description. The three-dimensional shape of the cyst ranges from a nearly flat disk (PI. 2,
Fig. 1) to a cup (PI. 1, Fig. 8). The pylome is preformed (PI. 2, Fig. 3) closed by an operculum
which bears a very fine ornament consisting of concentric striations (PI. 2, Fig. 2). Opposite to
the pylome, the central body is occasionally observed to bear a second circular opening (Pl. 2,
Fig. 1). This second opening is not preformed (PI. 1, Fig. 8) and is probably created by
coincidental damage favored by the concentric ornament.

Around £80 (N=2) differentially directed processe. i1.11ate out from the central body
on which they are (sub)equatorially attached. Half of the.~ swirl clockwise (looking from the
pylome side) and are on the apical side of the pylom?, «nd another half are counterclockwise
oriented on the antapical side. The central bsa, bus a finely costate sculpture, which runs
tangentially to the pylome margin and s ‘irl< out in an anticlockwise fashion until the central
body margin, where the minute ridges .~nd into a more radial direction and transform into the
apical set of processes. Distally, the aival set of processes bifurcate, the terminations joining
the adjacent processes. The croce.ses are variably interwebbed by finer threads (Pl. 2),
towards the central body soi>et.mes closing the space between processes. The processes are
distally furcated, mosu ' vaurcate, rarely trifurcate (Pl. 2). Cell contents include numerous
small transparent to yellow lipid bodies (PI. 1, Fig. 11).

Dimensions. The morphometrics of R. textum are given in Table 2. Total cyst diameter 95,3
(102,6) 108,0 pum (N=5); central body diameter 33,2 (44,7) 54,5 um (N=11); flange width
21,6 (26,3) 33,7 um (N=7). Pylome diameter 21,7 (25,2) 28,3 um (N=10), occasional
secondary pylome diameter 8,7 (10,2) 13,1 um (N=3).

Comparison. Radiosperma corbiferum can be distinguished based on the organization of its

equatorial flange and is generally larger, tough there is some overlap (Table 2).



Class Spirotrichea Butschli 1889
Order Oligotrichida Bltschli 1887
Fusopsis spp.
PI. 3, Figs. 1-7.
Spindle-shaped specimens of Fusopsis sp. from the Vilaine Bay and the Chukchi and
Labrador seas (Pl. 3) were identified based on Meunier (1910) and Reid and John (1978).

Total length 371-441 pum, maximum diameter 47-51 pum (N=2}

Strombidium biarmatum Agatha 2t al., 2005
Pl. 3, Figs. 8-9
The morphological identification of the cyst o* L' <orabidium biarmatum was based on Agatha
et al. (2005). The cysts are shaped lI'<e a1 round-bottom flask. Size 34x21 um (N=2),
length:width ratio of ~1.6, while Agatr.. et al. (2005) report 33.4x19.5 um and a length:width
ration of 1.7 on average. Wall crlor.2<s and with few, typical rod-shaped, spines, between

which dirt can accumulate. A I aline plug closes the emergence pore.

Ciliate cyst sp. indet.
PI. 3, Figs 10-11.
An unidentified spherical to flask-shaped cyst is named here as Ciliate cyst indet sp. based on
resemblances with other ciliate cysts (see Supplementary Information SlI1). The average

diameter is 26 pum (N=2).

3.2 Distribution of Radiosperma



Reported occurrences of Radiosperma species are mapped in Fig. 3, with indication of species
identity when this could be confirmed (Supplementary Information SI2). Based on personal
observations, R. textum further occurs in surface sediments from the Dee Estuary (Irish Sea),
Diana Lagoon (Corsica), Chesapeake Bay (USA), Akkeshi Bay, Lake Saroma (Japan),
Qingdao (this study) and Daya Bay, (China) (Table 1). Furthermore, R. corbiferum was
observed in the Beaufort Sea (Table 1). In a surface sediment sample from Galterd, Sweden,

both R. corbiferum and R. textum were identified (PI. 2, Fig. 5, 6).

3.3 Molecular phylogeny and biological affinity

Eight new SSU-rRNA and nine new LSU-rRNA sequ~nces of Strombidium biarmatum,
Fusopsis spp. (Labrador Sea, Chukchi Sea and Vil~inc Bay, France), Radiosperma textum,
and Ciliate cyst sp. indet. were used in the SS'«-r'RNA and LSU-rRNA phylogenetic trees
containing each major ciliate taxon and an rutgroup from the class Dinophyceae (Fig. 4, 5).
Only class Armophorea Lynn, 2004 is 1.7t represented in the LSU alignment as its LSU-rRNA
sequences from GenBank could rnt . unambiguously aligned. In both trees, S. biarmatum
and Fusopsis sp. were placed v ithii, the Oligotrichida (class Spirotrichea), and R. textum was
found in a cluster wiu, species of the classes Prostomatea, Plagiopylea and
Oligohymenophorea (.. «+). The Ciliate cyst sp. indet., which only has a LSU-rRNA gene
sequence, represented an early branch in the class Spirotrichea (Fig. 5).

For the closer phylogenetic evaluation of the new sequences, we built the SSU-rRNA
Oligotrichia and Prorodontida trees (Fig. 6, 7) and the LSU-rRNA Spirotrichea tree (Fig. 8).
In the SSU-rRNA Oligotrichia tree, the Strombidium biarmatum was grouped in the family
Strombidiidae Fauré-Fremiet 1970, forming a statistically supported clade (96 % ML, 1.00
Bl) with S. biarmatum, S. paracapitatum Song et al. 2015, and S. basimorphum Martin and

Montagnes, 1993. Also, Fusopsis sp. from the Vilaine Bay clustered within the Strombidiidae



creating a moderately supported clade (72 % ML, 0.90 BI) with Cyrtostrombidium
paralongisomum Tsai et al. 2014 and C. longisomum Lynn and Gilron, 1993. Their sister
group was represented by other Fusopsis sp. populations from the Labrador and Chukchi seas
although this relationship was statistically unsupported (<50 % ML, <0.5 BI) (Fig. 6). In the
SSU-rRNA Prorodontida tree, Radiosperma textum formed a statistically supported clade (99
% ML, 1.00 BI) with Askenasia sp. and Hexasterias problematica species (Fig. 7). In the
LSU-rRNA Spirotrichea tree, the Ciliate cyst sp. indet. was a sister to Tintinnopsis orientalis

and Eutintinnus lususundae in the subclass Choreotrichia (Fig. 2.

3.4 Geochemical composition through micro-FTIR

A total of 25 new micro-FTIR spectra of Radiosperma .~xtum cysts have been recorded from
five locations over the Northern Hemisphere: tw : f-om Vilaine Bay, one from Diana lagoon,
11 from Akkeshi Bay, four from Dee Ec< uary and six from Chesapeake Bay. Normalized and
averaged spectra are represented in \'a. 9. The individual spectral data are available in

supplementary information SI 3.

4 Discussion

4.1 Phylogenetic positicn and redescription of Radiosperma

From a literature review, it seems that considerable confusion exists between the species
Radiosperma corbiferum and R. textum, with many authors misidentifying the latter species as
the former. These species have now been morphologically untangled as R. corbiferum (sensu
stricto) and R. textum, mainly distinguished by the organization of the processes, and also by
their size, which, however, shows some overlap. No morphological gradation was observed

between R. corbiferum and R. textum, suggesting they are not merely ecophenotypic



endmembers of one species. As molecular sequences are only available for R. textum, the
genetic separation cannot be confirmed for now.

The new rDNA (SSU or LSU) sequence extracted from Radiosperma textum reveals a
position among the ciliophoran classes Prostomatea, Plagiopylea and Oligohymenophorea
(Figs. 4, 5). The sequences of R. textum formed a fully supported clade with Hexasterias
problematica and Askenasia sp. in the vicinity of the family Balanionidae Small and Lynn,
1985 (Fig. 7). Further elucidating of the phylogenetic position of R. textum requires improved
taxonomic sampling and is beyond the scope of this paper. Th~ ciosest relation is found with
Askenasia sp., with a difference of only 2 basepairs in SSU /RNA. Gurdebeke et al. (2018a)
already suggested that R. textum is closely related to H. ~roblematica based on their similar
cyst morphology and cyst wall composition.

The incertae sedis genus Askenasia wa: . «sr.ibed by Blochmann (1895) and presently
includes five species, with Askenasia \ lvrx (Eichwald 1952) Kahl 1930 as type species.
While the used sequence of Askenasic. sp. was obtained by Liu et al. (2015) from coastal
waters, congeners are also knowr frc™ freshwater habitats. Resting cysts of this family are
documented only for the fre hwaer species A. volvox, which has two shell-like parts
ornamented with spines (Pencrd 1922, Krainer and Foissner 1990). The clade of Radiosperma
and Askenasia is sister ™ hiexasterias and Halodinium, suggesting that cyst formation may be
a shared characteristic in this group.

Askenasia species have been observed in plankton in conditions similar to those in
which Radiosperma occurs, e.g. in the Baltic Sea (Mironova et al. 2014) and around the
Atlantic and Pacific oceans (Earland and Montagnes 2002). At this point the relation between
Radiosperma and Askenasia is not clear, e.g. whether the ciliates that have Radiosperma as a
cyst are species of Askenasia. In the latter case, the species should be synonymized. Since

Askenasia was described earlier by Blochmann (1895), it would receive priority over



Radiosperma. Culture experiments of the type species, A. volvox, studied from the type
locality (freshwater from Haapsalu, Estonia, see Eichwald 1852) could shed some light on this
matter.

Molecular sequences of Radiosperma corbiferum and more Askenasia species are
needed to further evaluate the phylogenetic position relative to R. textum and Askenasia, and
the taxonomic resolution needs to be further refined to understand the evolutionary
implications for cyst formation. Also, there are probably more Radiosperma species to be
described. Several forms that resemble Radiosperma are undescrihed and are illustrated, for
example, by Brenner et al. (2005) from the early Holocen’: u. tne Baltic Sea, by McCarthy et
al. (2021) from NE American Lakes and by Matsuoka % :*shi (2018) from Osaka Bay, Japan.

These specimens need further investigation to confirr a.*inity with Radiosperma.

4.2 Distribution and ecology of Radiosf. >rrm.a

Based on confirmed occurrences, kediosperma corbiferum sensu stricto appears to be
restricted to the Baltic Sea and Ar~tic roastal waters north of Canada, Greenland and Russia
(e.g. Laptev Sea, Kara Sea, Ba:ents Sea) (Fig. 3). On the other hand, R. textum appears to be
present in coastal and estuar.e settings from the temperate Atlantic and Pacific Oceans. The
only recorded distrilbun"n uverlap is at Galterd, at the interface of the Baltic and the North
Sea waters (Pl. 2, Fig. 5, 6). For both species, the observations are mainly from coastal and
estuarine settings. Observations from the Southern Hemisphere are sparse and limited to the
record of R. textum in the Beagle Channel (Tierra del Fuego, Argentina) by Candel et al.
(2012, 2013, 2017). Alleged observations off Brazil and Peru reported by Brenner (2001)
could not be verified, since no illustrations were provided. In all, the sparse records outside
Europe and North America are probably biased because the species are not well

known/studied.



Heikkila et al. (2016) report the presence of Radiosperma corbiferum in two sediment
traps deployed in seasonally ice-covered Hudson Bay. Their data show that R. corbiferum
appear to be abundant during the ice-free seasons, and reaches the highest abundances in July
and late fall before the new ice-cover forms. In sediment trap studies from the Strait of
Georgia and Saanich Inlet, Pospelova et al. (2010) and Price and Pospelova (2011) found the
highest abundances of R. textum (reported as R. corbiferum with illustrations) in spring and
summer, when SSSs are lowest due to increased Fraser River discharge and nutrients are
plentiful. Gurdebeke et al. (2018c) found similar patterrs 1. surface sediments from
Vancouver Island fjords, where abundances of R. textum <& Yighest (up to ~1900 cysts g?)
in the inlets with the highest freshwater input. As surh, Padiosperma has potential use as a
paleoecological indicator of brackish water condit*on: Indeed, for example, Ning et al.
(2017) report the coincidence of increased akw. tar.ce of R. corbiferum and short-processed
cysts of Protoceratium reticulatum (Cl.nar:de and Lachmann) Butschli, 1885 in the mid-
Holocene of the Baltic Sea. Similany, Ekman and Fries (1970) used the presence of R.
corbiferum as an argument for brack.=k conditions in early Holocene Lake Erken (Sweden),
i.e. connection of the lake with "he raltic Sea.

In sediment cores. ti.> ~bundance of Radiosperma often generally decreases deeper
down the core (e.g. Fospeluva et al. 2006; Bringué et al. 2016; Gurdebeke 2019), which could
be related to preservation issues. Reid (1972) found that prolonged acid treatment during
palynological preparations is detrimental for the cysts. This suggests that the preservation
potential is lower than that of, for example, certain dinoflagellate cysts, and is probably
related to the cyst wall chemistry, which differs from that of dinoflagellate cyst walls
(Gurdebeke et al. 2018a). Nonetheless, the fossil record of Radiosperma may trace back into
the Neogene, with Do Couto et al. (2014) reporting a single occurrence from the Messinian

(upper Miocene) of the Alboran Sea, but this identification could not be verified since no



illustrations were provided. The oldest substantiated occurrence is that by Head et al. (2005)
who report R. textum from the Eemian of the southern Baltic Sea (Fig. 3). This contrasts with
the exclusive reports of R. corbiferum in Holocene sediments and modern plankton of the
Baltic Sea (Fig. 3). This may be explained by the fact that the Eemian Baltic Sea was more
saline than during the Holocene and the system was intensely disturbed during the last glacial
(Head et al. 2005; Miettinen et al. 2014). The dinoflagellate cyst assemblages observed by
Head et al. (2005) suggest an influence mainly from the North Sea, which further supports an
incursion of the R. textum distribution into the Baltic Sea durin u.» Eemian. Further into the
Baltic, Eemian records for Radiosperma are lacking so th e, tent of this incursion cannot be
estimated. On the other hand, the Eemian seaway connection between the Eastern Baltic and
the White Sea (e.g. Miettinen et al. 2014) may explai~ u.~ observed contemporary distribution
of R. corbiferum, though Funder et al. (2002* 1:«1rJ the connection to be short-lived with a
limited exchange of water mass.

The organisms that have Rauinsperma as a cyst stage can be presumed to be
heterotrophic, as is the case for the la. 2, majority of the Ciliophora (e.g. Lynn 2008). Indeed,
no chloroplasts were observod i any of the living specimens. This is supported by
Pienkowski et al. (2020) wi.> found a correlation between abundance of R. corbiferum and
biogenic silica in suriac> seuiments. It is unknown what organisms form the prey of the ciliate
that produces Radiosperma, but the distribution of a prey species may hold an explanation for
the observed distribution of R. textum and R. corbiferum. Radiosperma itself has been
identified as part of food webs. For example, Viherluoto et al. (2000) reported Radiosperma,
presumably R. corbiferum, in mysid shrimp stomach content in the Baltic Sea. Wright (1907)

reports similar findings for R. textum from Nova Scotia.

4.3 Geochemical composition of Radiosperma



Leegaard (1920) had already experimented on the composition of Radiosperma corbiferum
from the Baltic Sea and found it to be ‘probably chitin’. The first micro-FTIR spectra for R.
textum were published by Gurdebeke et al. (2018a) (as ‘Radiosperma corbiferum’), who
already suggested a ciliate affinity based inter alia on compositional similarities with
Hexasterias problematica and Halodinium verrucatum. With the insights of the present paper,
spectra from the Baltic Sea (M5S1, M5S4, M5S9 and M5S18 in Gurdebeke et al. 2018a) were
measured on R. corbiferum, while the six other spectra reported by these authors were from R.
textum.

The 25 new micro-FTIR spectra of Radiosperma «A*um presented here (Fig. 9) are
concordant with the ones that were published by Giuid=beke et al. (2018a), indicating a
conserved composition of the species in estuaries throuy~out the Northern Hemisphere. From
the present data set, no obvious compositiona! ¢ fferentiation could be identified between R.
corbiferum and R. textum, but the data s:t fe. the former species should be expanded in order
to explore this in more detail. Tro compositional differences with Hexasterias and
Halodinium, as noted by Gurdehak. <t al. (2018a), however, remain valid. Taking into
account recent insights gained v Ivieyvisch et al. (2021) on the study of dinoflagellate cysts
composition, a more advance™ "aterpretation of a more extensive data set on ciliate cyst wall

composition will be wine ~uuject of subsequent papers.

4.4 Phylogenetic position of newly sequenced oligotrich and choreotrich cysts

New rRNA (SSU or LSU) sequences of Strombidium biarmatum, Fusopsis spp. (France, the
Labrador and Chukchi Seas) and Ciliate cyst sp. indet. have been assigned to the spirotrich
ciliates (Figs. 4, 5). S. biarmatum and the specimens of Fusopsis from the three locations were

placed within the subclass Oligotrichia (class Spirotrichea) (Fig. 6).



In particular, Strombidium biarmatum was nested in the family Strombidiidae forming
a clade with the existing sequence of S. biarmatum (Agatha et al. 2005) and with S.
paracapitatum and S. basimorphum, which have typical Strombidium resting cysts (Agatha
2004). This suggests that S. biarmatum can be reliably identified based on morphology.

The Fusopsis spp. sequences from three localities were placed in the family
Cyrtostrombidiidae Agatha, 2004 creating a clade with Cyrtostrombidium paralongisomum
and C. longisomum, for which no resting cysts have been reported. However, the related
species C. boreale, has cysts with a fusiform shape and a I~ng tail (Kim et al. 2002) that
correspond with the Fusopsis spp. cysts. The genus Fucop.'s was established by Meunier
(1910), and Kim et al. (2002) related Fusopsis collected from sediments with C. boreale,
which hatched from the cysts in culture experiments. .’ased on molecular sequences, cysts
identified as Fusopsis are here shown to alsc rc atz to Cyrtostrombidium, strengthening the
idea of the identification of Fusopsis as ‘he cyst stage of Cyrtostrombidium ciliates. It is not
clear, however, how the diversity of Fusopsis-like cysts relates to the diversity of
Cyrtostrombidium-like ciliates an® wi =taer both groups could be synonymized. The complete
taxonomic description of the scuenced Fusopsis cysts will be published elsewhere.

The Ciliate cyst sp n.7e.. sequence was nested within the order Choreotrichida in the
LSU-rRNA Spirotriche> uce (Fig. 8). This sequence represented a sister to two tintinnids
(Tintinnopsis orientalis and Eutintinnus lususundae) species. However, we could not make a
closer phylogenetic assignment as there are not enough LSU-rRNA sequences from the order
Choreotrichida. In this situation, Ciliate cyst sp. indet. may belong to the suborder Tintinnina
with an external lorica attached to the cell or the aloricate suborder Strobilidiina (Adl et al.

2019).

4.5 Occurrence of fossilizable cysts in the ciliates



The occurrence of resting cysts in the life cycles of ciliates is taxonomically wide-spread but
understudied (Foissner et al. 2007; Kaur et al. 2019). Compared with marine genera,
freshwater and terrestrial ciliate genera have been relatively well-studied (e.g. Berger 1999,
Foissner and Xu 2007; Vdacny and Foissner 2012). Morphologically, these are mostly
spherical cysts with varying sculpture and ornamentation (Kaur et al. 2019).

A list of known marine ciliates resting cysts is given in Supplementary Information
SI1 and Fig. 10, which are limited to records which are substantiated with illustrations. The
majority of the known marine cyst-producing species belong tr <ev ~ral families in two orders,
Choreotrichida and Oligotrichida (class Spirotrichea), whici, are also dominant in the ocean
plankton (Canals et al. 2020). These groups, often cellectively (and wrongly) referred to as
‘tintinnids’ clearly have the largest known and Ye.* described cyst diversity. Besides
Choreotrichida and Oligotrichida, cysts are «rown from the euplotid, stichotrichid,
philasterid, prorodontid and heterotrich: 1 g'oups, and these cysts are typically spheroid or
discoid (Supplementary Information Si2).

The fossil record of the tintir,nids dates back at least into the Jurassic and probably
much older (Dunthorn et al. Z915,, but this record is based on the loricae rather than the
typically flask-shaped cysts, the latter rarely being reported from deposits older than the
Holocene. Nevertheles: uiliate cysts have found (paleo)ecological applications (e.g.
Moscatello and Belmonte 2004; Rubino et al. 2013). Furthermore, non-tintinnid ciliate cysts
such as Halodinium are reported from early Pliocene (Verhoeven et al. 2014) and potentially
even early Paleozoic sediments (Benachour et al. 2019), suggesting that at least some ciliate
cysts have a certain deep time preservation potential. Future studies on ciliate cyst
composition may improve our understanding of their preservation potential and perhaps

improve the methods to extract them from sediments.



It is expected that increasing knowledge on marine ciliate life cycles will reveal more
cyst species and a dedicated attention for the description of the cyst stage will improve their
applicability in (paleo)ecological studies. Also, incertae sedis cyst taxa are expected to be
linked to ciliates. For example, Rubino and Belmonte (2019) report an acritarch that is
apparently intermediate between flask-shaped tintinnids and discoid Halodinium-like cysts
and for which genetic, life-cycle and compositional information will reveal its taxonomic
position, perhaps with the Ciliophora.

Though early authors such as Meunier (1910) defined names for cysts (e.g.
Sphaeropsis, Fusopsis) which were later linked to thei’ active stages (e.g. Strombidium,
Cyrtostrombidium), a dual nomenclature as in dinoflane;!ate cysts (Ellegaard et al. 2018) is
not sanctioned. The cyst-based nomenclature would ha ‘e historical priority in certain cases

(e.g. Fusopsis over Cyrtostrombidium).

5 Conclusions
Based on rRNA sequences, the frrm ar acritarch genus Radiosperma is shown here to be a
ciliate cyst closely related to #."kenusia, Hexasterias and Halodinium. The genus description
is emended, and both species ar: redescribed, the difference being mainly the organization of
the processes. Radiospe. ma corbiferum is confined to the Baltic Sea and Arctic coastal waters
while R. textum occurs in temperate coastal waters in other parts of the world. Both species
are indicative of freshwater influence. New micro-FTIR data from R. textum cysts suggest
constancy of the cyst wall composition in estuaries throughout the Northern Hemisphere.

New sequences for ciliate cysts identified as Strombidium biarmatum, Fusopsis spp.
and Ciliate cyst sp. indet. yield a placement in the ciliophoran phylogenetic tree that agrees
with the placement would be expected based on cyst morphology, suggesting that the

morphological identification of these ciliate cysts is reliable. Species (and higher taxa) seem



to have a specific cyst shape, suggesting taxonomic importance. A review of marine ciliate
resting cysts shows that the phenomenon is taxonomically widespread but mostly known
(mainly as flask-shaped cysts) from oligotrich and choreotrich species. Elucidating cyst stages
in ciliate life cycles will improve understanding in ciliate biology and ecology and their

applicability in (paleo)environmental studies.
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Fig. 1. Sample locations of the material studied in this paper. 1. Vilaine Bay (France), 2.
Pornichet (France), 3. Chukchi Sea, 4. Labrador Sea, 5. Beavf -t »2a, 6. Saanich Inlet (B.C.,
Canada), 7. Chesapeake Bay (USA), 8. Gironde (Franc)), 9. Galterd (Sweden), 10.
Bathusfjarden (Finland), 11. Dee Estuary (UK), 12. Diara Lagoon (Corsica), 13. Qingdao
(China), 14. Daya Bay (China), 15. Akkeshi Bay (Jaran), 16. Lake Saroma (Japan). See Table

2 for details.
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Fig. 2. Schematic drawing of (sectors of) Radiosperma «>xtum (left) and R. corbiferum (right).
P = excystment pore (pylome) diameter; C = cotral body diameter; C+R = central body +

ring-shaped region; T = total diameter.
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A other specie

Fig. 3. Global distribution of all known Radiosperma sp=cies, as fossil, in modern sediments,
in sediment traps and in plankton (symbol shape). Color-filled symbols represent records in
literature which are substantiated with illustratic n<, cupplemented with personal observations.
Unfilled symbols were not confirmed (i.r. kadiusperma sp.). Blue triangles represent reports
of other, undescribed species which probably belong to Radiosperma. A source with closely
spaced observation points is repre.e’iteu by a single point. A question mark indicates an
uncertain geographical positior. 1"e substantiated records are included in the synonymy lists

in section 3.1.
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Fig. 4. Phylogenetic SSU-rRNA placement of Strombidium biarmatum, Fusopsis sp.
(Labrador Sea, Chukchi Sea and Vilaine Bay) and Radiosperma textum within phylum
Ciliophora. According to the existing classification (e.g., Adl et al. 2019). Bootstrap values for
the maximum likelihood (ML) and posterior probabilities for the Bayesian inference (BI)
were mapped onto the best ML tree. A dash indicates node support values below 50%.
Sequences in boldface were obtained during this study. The scale bar indicates one

substitution per ten nucleotide positions.
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— Ciliate cyst sp. indet. (OP288113)

Licnophora lyngbycola KM222164
Condylostoma minutum KJ651845

75/1.00 C MLy 65/0.80 Folliculina simplex KM222168 Heterotrichea
87/0.5. | Gl L) Stentor coeruleus KF287658
| Bl

lepharisma americanum KP970251
- | 100/1.00 —— Loxodes vorax KJ651844
I Loxodes striatus KM222162
68/0.92 Amphileptus marinus JF975389
Loxophyllum shini JF975388
52/0.81 Chaenea vorax JF975390
Dileptus mucronatus JX070865
Pseudomonilicaryon sp. JX070867
Spathidium spathula HM122026
89/1.00 L Spathidium amphoriforme AF223570
—— Phialina salinarum HM122024
100/1.00 ——— Prorocentrum minimum AF260379
100/1.00 | L— Karenia brevis AY355455 Outgroup
l Theileria parva L28036

-/181

-71

Colpodea

77/1.00

86/0.96

100/1.00

62/0.99

Karyorelictea

78/1.00 Litostomatea

100/1.00

0.1

Fig. 5. Phylogenetic LSU-rRNA placement of Strombidium biarmatum, Ciliate cyst sp. indet,
sp., Fusopsis sp. (Labrador Sea and Chukchi Sea) specimens 1-6, and Radiosperma textum



within phylum Ciliophora. According to the existing classification (e.g., Adl et al. 2019).
Bootstrap values for the maximum likelihood (ML) and posterior probabilities for the
Bayesian inference (BI) were mapped onto the best ML tree. A dash indicates node support
values below 50%. Sequences in boldface were obtained during this study. The scale bar
indicates one substitution per ten nucleotide positions.



Subclass Oligotrichia SSU-rRNA

-/190 Parallelostrombidium dragescoi (MF445658)
Parallelostrombidium ellipticum (KJ704987)
Parallelostrombidium paraellipticum (MF445657)
Parallelostrombidium obesum (FJ422991)

Parallelostrombidium paralatum (KU525748)
Novistrombidium sinicum (KU525744)
Spirostrombidium schizostomum (KM222098)
Omegastrombidium elegans (KU525750)
Novistrombidium testaceum (FJ377547)
Antestrombidium wilberti (JX310365)
—— Spirostrombidium subtropicum (JN712658)
76/1.00-|64/0-98 Parallelostrombidium kahli (MF445656)
95/1.00 Iir'—_%rallelos(rombidium Jjankowskii (MF445659)

Parallelostrombidium conicum (JN712657)
Spirostrombidium agatha (KU525745)

100/1.00— Strombidium biarmatum (OP288117)
i/o-@rsmmbidium biarmatum (AY541684)

63/1.00

96/1.00 Strombidium paracapitatum (KP260511)
-/0.52 Strombidium basimorphum (FJ480419)
-/0.92| + Strombidium capitatum (KP26°=10)
Limnostrombidium viride (KU525754)
Pelagostrombidium fallax (MK100374)
74/0.90-}. Strombidium caudispina (KP260513) Strombidiidae
72/0.90-4| "1~ Cyrtostrombidium paralongisomum (KJ534583)
“I-{ Fusopsis sp. (Vilaine Bay) (OP288114)
Cyrtostrombidium longisomum (KJ534582)
Fusopsis sp. (Chukchi Sea) specimen 5 (KX5666",
Fusopsis sp. (Labrador Sea) specimen 2 (KX564 55
Fusopsis sp. ?Labrador Sea; specimen 1 (KX566. \

Fusopsis sp. (Labrador Sea) specimen 3 (KX56F 56)
100/1.00] Fysopsis sp. (Chukchi Sea) specimen 4 (KX56(67)
[67/0.88 Novistrombidium apshert nic 4 (FJ876958)
- Novistrombidium testaceum (F '3, ~ 47)
Strombidium chlorophilum (KM084: %)

Strombidium conicum (FJ422992)

-/0.93 Willic dhrya maedai (FJ876966)
_/058%/0-99 —— . “c nbidium purpureum (SPU97112)
76/0.99 Strombidium gua.. ~dongense (KJ609049)

st Stromi. Yium oculatum (KM084727)
86/1.00 Strombia,. M rassoulzadegani (KU525752)
- - Stro..bidium cuneiforme (KP260512)
100/1.00 Strom vic .un. apolatum (DQ662848)
== Strombidium pseuc'~sty). ‘27 (KM084728)

Strombidium stylife * (Jx. 2185)
100/1.00~ Stromhiu. ‘'m sulcatum (FJ377546)
Strom*.dium . iclinatum (AJ488911)

100/1.00 Spirotontonia taiwanica (FJ715634)
100/1.00 | o :%plirotontonia turbinata (FJ422994) . .
100/1.00 aboea strobila (KU525756) ontoniidae
L@ Spirotontonia grandis (KU525755)
P. eudo. ntonia simplicidens (FJ422993)
Apr . ‘ron, ~idir m parakielum (JX025560)
Varistromnidiu. ~ kielum (KU525749)
Strombidium parau alkinsi (FJ876962) Strombidiidae
/0.87-}- _L—Sinistrostror. ".dium cupiformum (JX310366)
Strombidium tropicum (KJ609050)
- Spirostrombidium apourceolare (KU525746)
100/1.00y Codonellopsis gaussi (JQ924054)
MQ' L Strombidinopsis batos (FJ881862) 0,03
Lynnella semiglobulosa (KU525757) -

76/0.99

58/0.99-|.
84/0.97-,

52/0.98 |t

Fig. 6. Phylogenetic SSU-rRNA placement of Strombidium biarmatum and Fusopsis sp.
(Vilaine Bay, Chukchi Sea and Labrador Sea) within the subclass Oligotrichia. According to
the alignment and classification in Song et al. (2020). Bootstrap values for the maximum
likelihood (ML) and posterior probabilities for the Bayesian inference (BI) were mapped onto
the best ML tree. A dash indicates node support values below 50%. Sequences in boldface
were obtained during this study. The scale bar indicates three substitutions per one hundred
nucleotide positions.
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Order Prorodontida

SSU-rRNA 56/0.98 Coleps hirtus hirtus (AM292311)
61/0.98| L Coleps sp. 3 (DQ487194)
100/1.00|"- Coleps sp. 2 (X76646)
Coleps sp. 1 (EU024974)
Coleps hirtus viridis (U97109)
Coleps septai (AM292312)
Nolandia nolandi (AM292313) Colepidae
Levicoleps biwae (AB354737)

100/1.00
100/1.00 APocoleps sp. 1 (FJ858214)

Apocoleps sp. 2 (HM747137)
Apocoleps magnus (FJ858213)

50/0.74

87/0.99

-/0.78"+4--......

] et = Nolandia-like sp. (FJ858215)
Tiarina fusa (FJ858217)
100/1.00 — Holophrya ovum (U97111) .
100/1.00 |Pelagiothrix alveolata (AB48600"" Hiolopifyidae
Prorodon teres (X71140) Prorodontidae
100/1.00 [ Spathidioy. ~is socialis (HM051055)
(00100 100/1.00 Spathidic psis wuddenbrocki (HM051056)  pjacidae
H — Placus :a’.ni's (KC832954)
Plac*'s suatus (HM051057)
99/1.00 100/1.00[ Askena sia : p. (nC771341) Incertae sedis
100/1.00 | Radiosp. ~ ma textum (OP288116)
2000 Hex. <terias problematica (LC424401)
-/0.82+-...... —— Balar.~n 1,"asanensis (AM412525) Balanionidae
b 100/1.00E Urotrictie sf. (EU024981) Urotrichidae
Haloc(iniu™ verrucatum (LC424403)
1 100/1.00 Plagio«.amy,. 2 sp. (KC832950) Plagiocampidae
-/0.57 Cryptoce. 0. irritans (AF351579) Cryptocaryonidae
e Cyclotrichium cyclokaryon (FJ876971) .
877,00 ~ L Incertae sedis
are spathidium apofuscum (FJ875140)
M‘— — — - Furgasonia blochmanni (x65150) | Nassophorea (Outgoup)

F ‘atyophrya vorax (AF060454) | Colpodea (Outgroup) 0.04

Fig. 7. Phylogenetic SSU-rRNA placement of Radiosperma textum within the order
Prorodontida. According to the alignment and classification in Gurdebeke et al. (2018a).
Bootstrap values for the maximum likelihood (ML) and posterior probabilities for the
Bayesian inference (BIl) were mapped onto the best ML tree. A dash indicates node support
values below 50%. Sequences in boldface were obtained during this study. The scale bar

indicates four substitutions per one hundred nucleotide positions.



Class Spirotrichea

LSU-rRNA Ml: Spirostrombidium schizostomum KM222147

100/1.00 [— Strombidium rassoulzadegani JQ028733
L Strombidium rassoulzadegani KU525735
100/1.00 Laboea strobila KY290347
Laboea strobila KU525740

8809 syrombidium basimorphum KJ609060

Strombidium biarmatum (OP288117)
—— Novistrombidium sinicum KU525728

T Antestrombidium agatha ., <U525725
-/0.54 ! /oEsov Novistrombidium orientale KJ60°”,..
' Parallelostrombidium paras “tum 1M122021

90/1.00 Novistrombidium aps’.ei ~icum KJ609054
Novistrombidium testac ~um ' J609055
— Varistrombidium kielum KJ609041
/0.58 Apostrombidium parakielum K ou. 40
Strombidium paracalkinsi KJ60905.
94/1.00 100/ [ Strombidium stylifer KJ609058
L Strombidium crassulur r, 122034
70/0.90 Limnostromhii'?.m v iride KU525737
w|_— — Eutintinnus lususundae MK809532
Al — —— Tintinnopsis orientalis MK809533
— Ciliate cyst sp. v .et. (OP288113)
Hemigastrostyla « n1igmatica EF631978
9_9/r Pseudokeror, ~sis rubra MG457181
Pseudoker .. nsis pararubra MG457180
— Pseudoketol op 3is songi MH513616
e Protogastrostyla pulc ara ~Fe31977
9971.00 Sterkiella histr'on,. ‘scorum FJ545743
Hypotrichida sp. AF5. 776
Meseres corlissi EU39: =7
Oxytricha granulite. = M’ 3836530
331090 Oiley. *us mucronatus JX070865
A100/1.00 S’ . *hiu.'m amphoriforme AF223570 Litostomatea (outgroup)
—————  Amphiie Mtus marinus JF975389

-/0.55 |

71/0.98

67/0.89

Omegastrombidium elegans KJ609042

| 87/0.87| Fusopsis sp. (Labrador Sea) specimen 2 (KX576670)
Fusopsis sp. (Labrador Sea) specimen 3 (KX576671)
100/1.00] Fysopsis sp. (Chukchi Sea) specimen 4 (KX576672)
Fusopsis sp. (Labrador Sea) specimen 1 (KX576669)
Fusopsis sp. (Chukchi Sea) specimen 5 (KX576673)
Fusopsis sp. (Chukchi Sea) specimen 6 (KX576674)

Order
Oligotrichida

Order
Choreotrichida

Subclass
Hypotrichia

0.1

Fig. 8. Phylogenetic LSU-rRNA placement of Strombidium biarmatum, Fusopsis sp.

(Labrador Sea and Chukchi Sea), and Ciliate cyst sp. indet. within the class Spirotrichea.

According to the existing classification (e.g., Adl et al. 2019). Bootstrap values for the

maximum likelihood (ML) and posterior probabilities for the Bayesian inference (BI) were

mapped onto the best ML tree. A dash indicates node support values below 50%. Sequences

in the boldface were obtained during this study. The scale bar indicates one substitution per

ten nucleotide positions.
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Fig. 9. Averaged and ~or.mal.zed micro-FTIR spectra of Radiosperma textum (solid lines) and
R. corbiferum (dotted .ine) from several estuarine settings in the Northern Hemisphere:
Vilaine Bay (2), Akkeshi Bay (11), Dee Estuary (4) and Chesapeake Bay (6), Diana lagoon

(1) and the Baltic Sea. Spectra from Gurdebeke et al. (2018a) are included.
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Fig. 10. Phylogeny of the Ciliophora as presented by Ga €. 2. (2016) and modified after Adl

et al. (2019), with the position of marine taxa that prc Juce resting cysts.
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Plate 1. lllustrations and LM images of Radiosperma corbiferum (1-2, 5-6) and R. textum (3-
4, 7-13). 1-2. R. corbiferum, line drawings from Hensen (1887) (as “Sternhaarstatoblast”); 3-
4. R. textum, line drawings from the original description in Meunier (1919). 5. Bathusfjarden,

Finland; arrow points at vacuoles. 6. Beaufort Sea. 7. Neroutsos Inlet, Vancouver Island



(surface sediment, sample 12-136 in Gurdebeke et al. 2018c). 8-10. Daya Bay (South China

Sea). 11-13. Lake Saroma (photo by Yoshihito Takano).



Plate 2. SEM micrographs of Radiosperma textum (1-4, 6, 7) and R. corbiferum (5). 1.

Vilaine Bay, Brittany, France. Polar view, showing secondary opening through archeopyle; 2.
Gironde, France. Polar view, showing closed pylome with preformed operculum. 3-4.
Saanich Inlet, B.C., Canada. 3. Polar view. 4. Oblique polar view. 5-6. Galterd, Sweden. Polar
view of both R. corbiferum (5) and R. textum (6) occurring in one sample. 7. Saanich Inlet.

Crushed specimen.
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Plate 3. Spirotrich ciliate cysts. 1-7: Fusopsis sp. specimens collected in surface sediment
samples from the Chukchi Sea (1, 3, 4, 6), Labrador Sea (2, 4) and Vilaine Bay (7). 1. Light
micrograph of living cyst with granular cell content and a long spine containing droplets; 2.
SEM micrograph of general view of the cyst depicting the oblique and parallel striations at the
surface; 3. SEM micrograph of details of the papula located at the apical extremity of the cyst;
4. SEM micrograph of details of the striation at the surface of the cyst; 5. SEM micrograph of
surface of the spine. 7. LM of living cyst containing lipid bodies. 8-9: Strombidium cf.
biarmatum. 10-11: Ciliate cyst sp. indet. Scale bars = 100 pm 1, 2), 50 um (6), 10 um (3, 4,

8-11), and 5 um (5).



Table 1. Sample locations the material used in this study, with indication of sampling date,
coordinates, water depth and, where relevant, references in which the samples were studied previously.

Taxa
identifie Longit Latitud Water
Location d Date ude e depth  Reference
Radiosp
erma
textum,
Strombi
o . January 15, 47.462 2.5006° Gurdebeke et al.
Vilaine Bay, France g!um 2019 0°N W 56m (2018a)
iarmat
um,
Fusopsi
S sp.
Ciliate 3N
Pornichet, France cyst sp. January 22, 47'0257 2'3\' % 50m  This study
indet. 2019 9°N N
. Fusopsi  September 6, 73.631 16b6.519 .
Chukchi Sea s sp. 2015 7oN ROy 104 m  This study
Fusopsi August 3, 63.551 52.2187 .
Labrador Sea s sp. 2015 0o W 506 m  This study
Radiosp
erma 71002 135.509 .
Beaufort Sea corbifer January 2015 ‘N 4OW 700 m  This study
um
Saanich Inlet, BC, Ef‘nféos" Summer 1 48592 128500 .. - Priceetal
Canada Y 6°N 6°W (2016)
textum
York River, R. Ju'y 0 2014 37.292  76.5347 na Van Hauwaert
Chesapeake Bay, USA  textum Sa 2 7°N "W % (2016)
Gironde. France R. Anti5and 44.636  1.0667° 15m Luo et al.
’ textum 1y, 2016 4°N w ' (2018)
R.
textum, °
Galterd, Sweden R. May2010  °/11° 11810 405m CGurdebekeetal
: N (2018a)
corbir
U,
R.
Bathusfjarden, Finland  curbifer 2007 59.92° 2298°E  9.2m  This study
um N
'(\g;’folileesgf;ns{"[')terza“h R. February6, 53283 31044°  Gurdebekeetal
Estuary), UK textum 2014 1°N E (2018b)
. . R. January 18,  42.127 9.5287°
Diane Lagoon, Corsica textum 2016 79N E 9.0m  Guetal. (2021)
. . R. 36.083 120.301 .
Qingdao, China textum May 8, 2011 0°N 9°F 9.8 m  This study
. R. 11453 22.5692 Wang et al.
Daya Bay, China textum August 2001 03°N oE 50m (2004)
R. 43.066 144.863 Jansegers
Akkeshi Bay, Japan textum July 21, 2011 9°N 8°E 10m (2019)
R. 44122 143.874
Lake Saroma, Japan textum July 22, 2011 6°N 2°E 18.3m  This study
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Table 2. Morphometrics of Radiosperma corbiferum and Radiosperma textum. Data for R.

corbiferum includes measurements compiled from literature (see text).

Averag Min  Max Averag Min  Max

Trait e N . . c e . . c

90. 200. 28. 95. 108. 4.

Total diameter (um) 1596 6 O 0 7 102.6 3 0 8

42, 33. 5.

Central body diameter (um) 475 4 0 555 50 447 2 545 4
Central body + annulus diameter 70.

(um) 787 4 6 849 51 - - - -

29. 21. 4.

Flange width (um) 436 2 5 576 14 26.3 6 337 2

25. 21. 2.

Pylome diameter (um) 380 - 0 400 - 25.2 7 283 2

2.

Secondary pylome diameter (um) - - - - 10.2 87 131 1
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Highlights:
e Former acritarch Radiosperma and its two species R. corbiferum and R. textum are
redescribed as ciliates.
e Radiosperma corbiferum is confined to Baltic and Arctic waters while R. textum
occurs elsewhere.
e Radiosperma textum is a ciliate cyst based on rRNA.

e Ciliate cyst morphology has taxonomic significance.



