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Siliceous spicules in demosponges exist in a variety of shapes, some of which look
like minute spheres of glass. They are called “sterrasters” when they belong to the
Geodiidae family (Tetractinellida order) and “selenasters” when they belong to the
Placospongiidae family (Clionaida order). Today, the Geodiidae represent a highly diverse
sponge family with more than 340 species, occurring in shallow to deep waters
worldwide, except for the Antarctic. The molecular phylogeny of Geodiidae is currently
difficult to interpret because we are lacking morphological characters to support most
of its clades. To fill this knowledge gap, the surface microornamentations of sterrasters
were compared in different genera. Observations with scanning electron microscopy
revealed four types of surfaces, which remarkably matched some of the Geodiidae
genera: type | characteristic of Geodia, type Il characteristic of Pachymatisma, Caminus,
and some Erylus; type Il characteristic of other Erylus; type IV characteristic of
Caminella. Two subtypes were identified in Geodlia species: warty vs. smooth rosettes.
These different microornamentations were mapped on new Geodidae CO/ (Folmer
fragment) and 28S (C7-D2) phylogenetic trees. The monophyly of the Geodiidae was
once again challenged, thereby suggesting that sterrasters have evolved independently
at least three times: in the Geodiinae, in the Erylinae and in Caminella. Surface
microornamentations were used to review the fossil record of sterrasters and selenasters
through the paleontology literature and examination of fossils. It was concluded that
“rhaxes” in the literature may represent mixes of sterrasters and selenasters: while
Rhaxella spicules may belong to the Placospongiidae, Rhaxelloides spicules belong
to the Geodiidae. The putative Geodiidae fossil genera, Geoditesia, and Geodiopsis,
are reallocated to Tetractinellida incertae sedis. Isolated Miocene-Pliocene fossil
sterrasters Hataina (Huang, 1967), Silicosphaera (Hughes, 1985) and Conciliaspongia
(Robinson and Haslett, 1995) become junior synonyms of Geodia (Lamarck, 1815).
Overall, the fossil record suggested that Geodiidae was present at least since the
Middle Jurassic (163-166 Mya), while Geodlia sterrasters were present since the
Santonian/Campanian boundary, Late Cretaceous (83.6 Mya).

ZooBank Article Registration: urn:lsid:zoobank.org:pub:91B1B3AC-8862-4751-
B272-8A3BDF4DEET7.
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INTRODUCTION

Siliceous spicules in demosponges exist in a variety of shapes,
some of which look like minute spheres of glass. These were
first described and illustrated in the literature by Donati
(1753), who found them in the species Geodia cydonium
from the Adriatic Sea: he called these spicules “little balls.”
They are later called “globular crystalloids,” “globate spicules,”
or “globostellates” by sponge taxonomists, until Sollas (1888,
p. Ixiv) finally coins the term “sterraster” (from the Greek
“sterros” meaning “solid” and “firm”). Meanwhile, similar ball-
shaped spicules are observed in another genus, Placospongia,
and these are at first considered as “sterrasters” (Sollas,
1888) before Hanitsch (1895) coins the term “selenaster”
for these different spicules (coming from the Greek word
“selene” for “moon,” referring to the “half-moon” shape).
Finally, an additional term “aspidaster” is created by von
Lendenfeld (1910, p. 267), convinced that the flattened sterrasters
in the genus Erylus are significantly different from those
in Geodia.

Sterrasters/aspidaster spicules are currently the main
synapomorphy of the family Geodiidae (suborder Astrophorina,
order Tetractinellida). This family currently includes five
genera with sterrasters (Geodia, Erylus, Pachymatisma,
Caminella, and Caminus) and several others that have
secondarily lost their sterrasters (Ecionemia, Stelletinopsis,
Rhabdastrella, Melophlus, Penares), some Stelletta, maybe
even the Calthropellidae (Cardenas et al., 2010, 2011). The
Geodiidae therefore includes more than 340 species, without
the Calthropellidae (Van Soest et al., 2020). They occur in
shallow to deep waters worldwide (except for the Antarctic)
(Table 1). Geodia represents the largest group with 163
species (Van Soest et al., 2020), and dozens of undescribed
ones (P. Cardenas, unpublished data). They can be massive
animals, more than a meter large (Santucci, 1922; Corriero,
1987 (1989); Cdrdenas et al., 2013), and six species of Geodia
are particularly abundant and therefore important for the
North Atlantic deep-sea ecosystems as key boreo-arctic
sponge ground forming species (Klitgaard and Tendal, 2004;
Cérdenas et al., 2013).

Selenasters are the main synapomorphy of Placospongia
(family Placospongiidae, order Clionaida), a well-supported

Abbreviations: CASIZ, California Academy of Sciences Invertebrate Zoology,
San Francisco, CA, USA; CNPGG, Coleccién Nacional del Phylum Porifera
“Gerardo Green,” Instituto de Ciencias del Mar y Limnologia, Universidad
Nacional Auténoma de México, Mexico; HBOI, Harbor Branch Oceanographic
Institute, Florida Atlantic University, Fort Pierce, FL, USA; MNHN, Muséum
National d’Histoire Naturelle, Paris, France; MNR]J, Museu Nacional Rio
de Janeiro, Brazil; NHM, Natural History Museum, London, UK; NHMUK
PI, Palaecontology collection, Natural History Museum, London, UK; NIWA,
National Institute of Water and Atmospheric Research, New Zealand; NTM,
Museum and Art Gallery of the Northern Territory, Darwin, Australia; PC,
personal collection (P. Cardenas); RMNH, Rijksmuseum van Natuurlijke Historie,
Naturalis Biodiversity Center, Leiden, The Netherlands; SAMA, South Australian
Museum, Adelaide, Australia; SME, Station Marine d’Endoume, Marseille, France;
UPSZMC, Zoological Museum of Uppsala, Uppsala, Sweden; USNM, Smithsonian
National Museum of Natural History, USA; ZMAPOR, Amsterdam Porifera
collection, now stored at Naturalis, Leiden, The Netherlands; ZMBN, Bergen
Museum, Bergen, Norway.

monophyletic  genus  (Becking, 2013) from shallow
temperate/tropical waters worldwide. It is not a very diverse
genus with only 10 species currently described (WPD) and a
handful of undescribed species (Hajdu et al., 2011; Moraes,
2011; Becking, 2013). Placospongia species are usually small,
encrusting, and never occur in high densities.

Sterrasters/selenasters are big enough to examine in
some detail their surfaces with an optical microscope.
However, the use of the scanning electron microscope
(SEM) enabled a significantly better understanding of the
surface microornamentations. A few descriptive terms have
also appeared to describe and compare in greater detail the
microornamentations of these ball-shaped spicules. Polyaxial
spicules such as the sterrasters and aspidasters, are the result
of fused “actines” (= branches of asters), later covered with
“rosettes” made of different “rays.” The “hilum” is a small area
without rosettes or any kind of surface pattern. There are no
particular terms to describe the surface of selenasters, except
for the “hilum,” also present. A few authors in the 1990s started
to show good quality SEM close-ups of sterraster/selenaster
surface and hilum (Gonzédlez-Farias, 1989; Lehnert, 1993;
Boury-Esnault et al, 1994) but it is Mothes et al. (1999)
and Adams and Hooper (2001) who systematized the SEM
observation of the rosettes while revising Erylus species. da
Silva (2002) continued and surveyed the sterrasters of Western
Atlantic and Eastern Pacific Geodia species: in particular, she
looked at the number of rays in the rosettes and the shape
of the hilum in adult-stage sterrasters. This was followed
by Cérdenas et al. (2009, 2013) who added measurements
of the rosettes and hilum. Although there appears to be no
significant variation in the size of the rosettes and hilum
between species, Cardenas et al. (2009, 2013) noticed that
rosettes could be smooth or warty and hypothesized that
this character could be of phylogenetic value if studied more
broadly. Furthermore, the rosette morphology also seemed
to be variable between Geodia, Pachymatisma, and Caminella
(Cardenas and Rapp, 2013; Cérdenas et al., 2018) which
suggests that a more detailed study of the sterraster/aspidaster
surface would potentially bring new characters for Geodiidae
genera identification.

The present study proposes to test these two hypotheses:
(i) surface microornamentations are different in the
Geodiidae genera and (ii) smooth or warty rosette
are restricted to certain Geodia clades. To this end,
new SEM observations were made and mapped on
updated molecular COI and 28S phylogenies of the
Geodiidae. Results will then be discussed in the light
of the spicule microfossil record, especially with respect
to the acknowledged and yet recurrent confusion of
selenasters with sterrasters, as well as the nature of “rhax”
fossils. Indeed, there is a need in sponge paleontology
and micropaleontology for more robust loose-spicule
markers. Finally, the timing of the emergence of sterrasters
and selenasters in the fossil record will be estimated.
This data will be essential for future time-calibrated
sponge phylogenies, always in great need of robust
calibration points.
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TABLE 1 | Overview of demosponge groups with ball-shaped spicules.

Family (subfamily) genus Ball-shaped spicule Number of recent Habitat Distribution
species (WPD)
Geodiidae (Geodinae) Sterraster Shallow to deep-sea (3,100 m) Worldwide, polar to tropical waters
Geodia 163
Geodiidae (Erylinae) Sterraster to aspidaster Shallow to deep-sea (1,740 m) Worldwide temperate to tropical waters
Caminus
Caminella 4
Pachymatisma
Erylus 68
Placospongiidae Selenaster 0-67m Worldwide, temperate to tropical waters
Placospongia 10

MATERIALS AND METHODS

Observation of Recent Sterrasters

SEM illustrations of sterrasters from the literature were compiled,
especially for species for which molecular data exists, in order
to later map these characters on a molecular phylogeny.
Additionally, sterraster spicules from several species belonging to
all Geodiidae genera (Geodia, Erylus, Pachymatisma, Caminella,
and Caminus) were examined using SEM. Sterrasters were
obtained from specimens by digesting a small piece of the cortex
(0.5 x 0.2 cm) in chlorine. After several washes with water, 50%
ethanol and 100% ethanol, spicules were placed on top of a cover
slip glass taped to a stub and coated with a gold/palladium mix,
before being observed with a SEM.

To examine the position of sterrasters in the cortex of
Geodia barretti, two preparations were made. First, a fresh piece
including cortex was preserved in 2.5% glutaraldehyde in 0.4 M
PBS (with 0.34 M NaCl). The sample was further rinsed using
a solution of 0.6 M NaCl and PBS and postfixed in 1% osmium
tetroxide-potassium ferrocyanide for 1h at 4°C. Then it was
rinsed in PBS and distilled water several times, and dehydrated
through an ethanol series. Once in 100% ethanol, the sample was
immersed in liquid nitrogen for cryofracture, and hit with a metal
hammer to break it in pieces with smooth surfaces. Finally, the
sample was critically point-dried, carbon-coated (20 nm), and
imaged in a ZEISS Ultra Plus Field Emission SEM. Secondly, a
piece was frozen on the field, preserved at —80°C, before being
freeze-dried. A thick section cut with a scalpel blade was glued to
an SEM stub before being gold/palladium coated and observed in
a ZEISS Supra 35VP SEM.

Some Astrophorina subsamples from the U.S. National Cancer
Institute’s (NCI) collection of sponges and sequenced by the
PorToL project (Porifera Tree of Life)' were re-examined for
this study and their identifications revised. NTM Z005203
(off Darwin, northern Australia, 6 m) was originally identified
as Geodia sp., “NCI135” in Redmond et al. (2013) but re-
examination of the specimen for this study revealed a typical
oscule-like cloaca and the presence of characteristic short-shafted
triaenes and spherules (albeit irregular) in the ectocortex so it
was re-identified as Caminus sp. (probably a new species). CASIZ

Uhttps://poriferatreeoflife.org

301086 (South Africa, 27 m) originally identified as Penares cf.
alata, “NCI181” (Redmond et al., 2013; Thacker et al., 2013)
was not Penares alata and so it was renamed Penares sp. CASIZ
300347 (Misima Island, Papua New Guinea, 23 m) originally
identified as Penares nux, “NCI450” (Redmond et al.,, 2013;
Thacker et al., 2013) was re-identified as Neamphius cf. huxleyi.
HBOI 14-VIII-09-2-004 (Florida, Canaveral bioherms, 492 m)
originally identified as Pachastrella sp., “JR15” in Thacker et al.
(2013) was re-identified as Characella sp.

Observation of Fossil Material

Slides and specimens from the fossil collection of the NHM
were examined, including slides of Rhaxella perforata Hinde,
1890 (NHMUK PI S1682, 1683a, 1684) from the type locality,
Late Jurassic, Oxfordian (Lower Calcareous Grit Formation,
Scarborough, North Yorkshire, England); R. perforata spicules
were measured using an optical microscope. A thick section from
a Rhaxella chert (§7502, Oxford, Suffolk, Red Crag Formation,
Pliocene-Pleistocene) was also examined. Slides of potential
Geodiidae fossils, genera Geodiopsis (Schrammen, 1910) and
Geoditesia Zhuravleva, in Rezvoi et al. (1962) (previously
Geodites; Carter, 1871), were examined: Geodiopsis cretacea
(Schrammen, 1899), prepared from holotype (NHMUK PI
P6702, P6703, P6704) from the Late Cretaceous, Campanian
(Oberg, N. Germany); Pachymatisma virga (Hinde, 1885)
(NHMUK PI S1070, S1041, S1069, syntypes), Geodites
haldonensis (Hinde, 1885), Geodites carteri (Hinde, 1885),
Geodites gracilis (Hinde, 1885), Geodites divergens (Hinde,
1885) (NHMUK PI S1054, S1073, syntypes), all from the Late
Cretaceous, Albian-Cenomanian (Upper Greensand Formation,
southern England).

Two specimens (S10-13, S10-18) of Geoditesia jordanensis
(Ungureanu et al, 2018) (courtesy of F. Ahmad) were
examined, they come from the Middle Jurassic, Callovian
(Mughanniyya Formation, northwestern Jordan). Specimen S10-
13 was sectioned with an ISOMET diamond saw (speed 5) to
obtain a 1 mm thick section. After a mild dissolution with 1%
acetic acid (7 min), the section was oven-dried (2 h, 60°C)
and coated before SEM observation. The surface of half of the
specimen S10-18 was directly coated before SEM observation.

Finally, the paleontology literature was surveyed for all
records of ball-shaped spicules: sterrasters, selenasters, rhaxes
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and spherical/subspherical spicules. The information from 60
articles mentioning ball-shaped fossil spicules was compiled in
Supplementary Table S1, where the following data was recorded:
age, locality/lithostratigraphic unit, morphology of the spicule,
abundance, size, siliceous or calcite, paleoenvironment/depth,
and taxonomic ID.

Molecular Phylogenetic Study

In order to understand the evolution of sterraster morphology,
surface microornamentations were mapped on a molecular
phylogeny of the Geodiidae. However, because previous
molecular phylogenetic studies challenge the monophyly of the
Geodiidae (Cardenas et al., 2011; Schuster et al., 2015; Kelly
et al., 2019) all Astrophorina sequences were included in our
analyses; one Thoosina (Alectona millari) and the deep-diverging
Theneidae were used as outgroups. The Astrophorina cytochrome
c oxidase I (COI) (Folmer fragment) and 28S (C1-D2) alignments
from Kelly et al. (2019) were retrieved and COI was sequenced
for a few more species for which sterraster SEM detailed
observations were available in the literature or examined in this
study: Geodia pocillum (Van Soest, 2017), holotype RMNH POR
10547; Geodia garoupa (Carvalho et al., 2016), holotype MNR]
7349; Geodia cf. curacaoensis (Van Soest et al., 2014), HBOI
14-X1-02-1-003 (Bahamas, 439 m), id by PC; Geodia nodastrella
(Carter, 1876), field¥# BANGAL 0710-041DR06110810, id by
PC (Galicia Bank, 920 m); Geodia japonica (Sollas, 1888),
field#AB15-0035 (Eastern Gulf of Alaska, United States, 89 m), id
by Lehnert and Stone (2016); Pachymatisma nodosa (Sim-Smith
and Kelly, 2015), holotype NIWA 53817; Caminella prima
(Sim-Smith and Kelly, 2015), holotype NIWA 51723; Geodia
margarita (Sim-Smith and Kelly, 2015), holotype NIWA 71189;
Penares euastrum (Schmidt, 1868), previously called Erylus
euastrum, PC631 (Capo Rizutto, Italy, 150 m); Caminus carmabi
(Van Soest et al., 2014), HBOI 11-V-00-1-007 (Curacao, 282 m),
id by PC; Caminus sp., NTM Z005203, PorToL project, id by PC
(Darwin, North Australia, 6 m).

DNA was extracted using the DNeasy Blood and Tissue
kit (Qiagen, Hilden, Germany). COI (658 bp) amplification
was done using universal Folmer primers HCO and LCO with
the PCR program: [5 min/94°C; 35 cycles (15 s/94°C, 15
s/46°C, 15 s/ 72°C); 7 min/72°C]. Folmer primers commonly
fail to amplify COI for most Erylus/Penares species so Penares
euastrum COI was sequenced in two parts: part (1) is the
minibarcode (130 bp) obtained with primers LCO/Tetract-
minibarR1 (Cardenas and Moore, 2019) and part (2) obtained
with primer jgHCO (Geller et al., 2013) and primer ErylusCOI-
F2 (5°-CTCCYGGATCAATGTTGGG-3’) (Cardenas et al., 2018);
PCR program was the same for with Folmer primers. COI
sequences from Erylus trisphaerus (de Laubenfels, 1953) (HBOI
12-VIII-95-2-2, Florida, United States, 55 m) could not be
amplified so a part of 28S (the C1-D1-C2 domains, 369 bp) was
sequenced instead using primer pair C1’/Ep3 (Chombard et al.,
1998) with the same PCR program except for a 50°C annealing
temperature. After many failed attempts to amplify 28S (CI-
D2) of Geodia atlantica (Stephens, 1915) and Geodia phlegraei
(Sollas, 1880b) by PCR with primers C1’/D2 (Cardenas et al.,
2011), the shorter C1-C2 fragment was obtained using primers

CI’/Ep3. These sequences were used to fish the longer Cl-
D2 fragment in transcriptomes of these two species (Genbank
BioProject ID: PRJNA603347), obtained from specimens from
Northeast Atlantic specimens (courtesy of A. Riesgo and V.
Koutsouveli); this was done through local Blasts using CLC
Genomics Workbench 5.5. All new sequences were submitted to
Genbank: 11 COI sequences (MT815820-MT815830) and three
288 sequences (MT835460-MT835462).

The COI data matrix included 112 sequences and was 658 bp
long; the 28S data matrix included 110 sequences and was 857 pb
long. The 28S alignment was automatically aligned using MAFFT
v.7 (Katoh and Standley, 2013), L-INS-i option, implemented
in AliView 1.26 (Larsson, 2014). COI and 28S final alignments
can be found in the Supplementary Material. Phylogenetic
analyses were conducted on the CIPRES science gateway v.
3.3% (Miller et al., 2010): RAXML 8.2.12 (Stamatakis, 2014)
for maximum likelihood (ML). For RAXxML, 1,000 bootstrap
iterations were run.

RESULTS AND DISCUSSION

Rosettes of Sterrasters, a Structure for

Matrix Attachment

Sterrasters tethered with fibers in the cortex were observed in
historical observations with optical microscopes (Donati, 1753;
Sollas, 1880c¢; von Lendenfeld, 1894; Figures 1A,B) and much
later confirmed with a transmission electron microscope (Miiller
et al, 2007; Figures 4G,H). In this study, these structures
are observed for the first time with the SEM. Cryofractured
and freeze-dried cortex preparations of G. barretti showed
that sterrasters were inserted in a dense collagen-type matrix
(Figure 1C) and linked to each other with fibrils (Figures 1C,D).
Sollas (1882, p. 142) mentions that a few fusiform cells are
intermingled with the collagen fibers but this could not be
confirmed. In the cryofractured preparation empty cavities were
left after the dissolution of the sterrasters. In the sterraster
molds, every rosette had its own mold, giving it a honeycomb-
like structure (Figures 1D,E); this showed that the rosettes are
deeply inserted in the matrix. Moreover, additional holes and
thread-like structures were present within each rosette mold
(Figure 1E), representing the molds of the rosette rays. These
observations highlight the role of these rosettes as hook structures
on which the collagen matrix is interlocked. On the freeze-
dried preparations, where spicules were not dissolved, fibers
were clearly seen attached to the sterraster rosettes (Figure 1F),
enveloping the rosettes rays, thus confirming previous historical
observations (Sollas, 1888, p. Ixiv). It is reasonable to suggest that
the complex microornamentations of rosettes offer a stronger
grip for the collagen fibers than if the sterrasters were smooth.
This is of importance to fulfill the main function of the sterraster
Geodiidae cortex: a solid physical protection of the sponge against
predators. Indeed, sterrasters per se do not seem to be deterrent
to fish spongivores (Chanas and Pawlik, 1995) but when strongly
interconnected to each other they form a protective barrier

Zhttp://www.phylo.org
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FIGURE 1 | Position of sterrasters in the cortex. (A) Sterrasters in the endocortex of Geodia cydonium, connected via fibers, drawing is a copy from von Lendenfeld,
(1894, plate VIII, 128). A sterraster in this species is 70 um in diameter. (B) Possible fibrous cells attached to sterraster rosettes, drawing is a copy from von

Lendenfeld, (1894, plate VIII, 129). A rosette is 5 um in diameter. (C) Freeze-dried cortex of Geodia barretti showing fiber bundles (arrows) connecting the sterrasters
(st). Scale: 50 um. (D) Cryofracture in the cortex of G. barretti with spicules dissolved beforehand. Pockets in which sterrasters (st) are positioned in the endocortex,
surrounded by a dense collagen-type matrix. Other holes (white arrow) indicate the position of the microxeas crossing the cortex. Scale: 10 wm. Picture: V.

Koutsouveli and A. Riesgo. (E) Sterraster mold showing that every rosette is tightly inserted in a pocket, in the matrix. A spherulous cell is visible on the left (just
above the scale). Same specimen as in D. Scale: 10 wm. Picture: V. Koutsouveli and A. Riesgo. (F) Close-up of a sterraster showing fibrils attached to the warty

rosettes (rst), Same specimen as in C. Scale: 3 pm.

And yet, the cortex must be malleable enough to also allow
cortex, it is common to see fish feed on them (Hill and Hill, 2002;  for growth and movement of cells that cross it to reach the
personal observation). The beak of the hawksbill turtle (Meylan, surface, e.g., spherulous cells transporting specialized metabolites
1988) or the radula of chitons (Todt et al., 2009) are specialized ~ (Figure 1E). The cortex toughness and flexibility is the result of
tools that can respectively rupture or dig into the sterraster cortex.  this network of sterrasters, interconnected by fibers hooked to the

against these predators: when Geodia species have a damaged

December 2020 | Volume 7 | Article 613610
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rosettes. These silica-collagen composite structures could have
biomimetic potential and be a source of inspiration to produce
strong and yet flexible structures such as coatings or fasteners.

Differences and Similarities of

Sterrasters and Selenasters

Although sterrasters and selenasters are both subspherical
spicules, this is the result of convergent evolution as shown
by the independent evolutionary history of Geodiidae and
Placospongiidae (e.g., Redmond et al., 2013), and by the different
ontogeny of these spicules: sterrasters originate from a polyaxial
microsclere (euaster) while selenasters originate from a straight to
slightly twisted monoaxial microsclere (spiraster-derived), which
explains the common bean shape of selenasters (Vosmaer and
Vernhout, 1902). Table 2 summarizes the resulting differences
and similarities of both spicules, which will be detailed in this
part, based on new SEM observations. These characters will
be of importance for the micropaleontology discussions and
interpretations that follow.

Both sterrasters and selenasters have a small shallow
depression called “hilum” (Figures 2-8). In sterrasters, the hilum
has been shown to mark the position of the microsclerocyte
nucleus during spiculogenesis, taking place in the choanosome
(Sollas, 1880c, p. 256). The hilum is usually a smooth
depression, with occasional spines in sterrasters (Figures 2-6)
and occasional ridges in selenasters (Figure 8). Therefore, bean-
shaped selenasters have a notch marking the bend as well as a
hilum (Figure 7); selenasters do not always have a notch, but
they always have a hilum. In sterrasters, there is always a hilum
(Figures 2-6), unless the sterraster is too small and it does not
compete for space with the nucleus [e.g., no hilum in Geodia
cordata, the sterrasters are only 25-30 wm (Figure 2G) vs. >50
jwm in most other Geodial.

Hila size is 10-30 pwm in diameter in the Geodiidae (Cardenas
and Rapp, 2013; Cardenas et al., 2013; Figures 2- 6) and is 12—
15 pm deep (this study) in sterrasters to very shallow in flat
aspidasters. Selenaster hilum measurements are absent from the
literature except for Placospongia ruetzleri, for which a diameter
of 10-13 pm is reported (Van Soest, 2017). Selenaster hila
measured from a specimen of Placospongia decorticans (Pointe
Fauconniére, cave near Marseille, France, J. Vacelet collection,
Endoume marine station) gave 5-10 wm in diameter and 5 pm
deep. Moreover, selenaster hila measured on SEM plates from the
literature (Becking, 2013; Riitzler et al., 2014) gave dimensions
of 4-10 wm. The hilum is therefore smaller and shallower in
selenasters than in sterrasters. This incidentally suggests that
nuclei in selenaster microsclerocytes are smaller than in sterraster
microsclerocytes.

In terms of spicule size, selenasters are 30-100 wm in length
(Becking, 2013). Geodia sterrasters are usually larger than 50
pm except for shallow water species which can have smaller
sterraster sizes (25-50 pm) (da Silva, 2002). Furthermore, many
Geodia have sterrasters that reach 100 pm in size, and beyond
(da Silva, 2002; Cérdenas et al., 2013; Sim-Smith and Kelly,
2015): sterrasters of Geodia macandrewii are 124-360 pm in
diameter (Cardenas et al., 2013), Geodia australis sterrasters are

266-352 wm (da Silva and Mothes, 2000) while those of Geodia
rex can reach 565 pwm in length (Sim-Smith and Kelly, 2015).
Sterrasters in the genus Erylus (50-300 wm in length) (Adams
and Hooper, 2001; Sim-Smith and Kelly, 2015), Caminus (40—
210 wm in diameter) (Shim and Sim, 2012; Van Soest et al.,
2014), and Caminella (35-110 pwm in diameter) (Cardenas et al.,
2018) have similar sizes than in Geodia. Despite the size overlap,
it is noteworthy that sterrasters can be significantly larger than
selenasters in some species.

With respect to shape, sterrasters and selenasters can have
very similar subspherical shape but can also show differences,
depending on the species. Sterrasters are spherical to subspherical
(Figures 2-5), more rarely lozenge-shape (when viewed from
the hilum side); aspidasters are oval to discoid, lemon- or
lozenge-shape, to almost cylindrical (Figures 5, 6). Selenasters
are never spherical but are commonly subspherical (e.g.,
in P. ruetzleri and Placospongia caribica, Figures 7A-C).
Selenasters of P. decorticans are bent and elongate (sausage-like)
(Figure 7F) while selenasters of Placospongia mixta, Placospongia
melobesioides, and Placospongia carinata can have the typical
reniform or bean shape (Becking, 2013) although they can also
be subspherical without any obvious notch (Figure 7D). Finally,
one noticeable difference is that selenasters can be colored, and
may actually be responsible for the color of the species (Vosmaer
and Vernhout, 1902); sterrasters are never colored.

A major difference between sterrasters and selenasters is
their surface microornamentations. Selenasters have a polygonal
surface, first mentioned by Hanitsch (1895, p. 215) and
well illustrated by Lindgren (1898, p. 18). SEM observations
of selenasters provided additional details on the surface
microornamentations (Figure 8). The main knobs are 1 pm in
diameter, and 2.5-5 pm away from each other (Figure 8A),
depending on the species. Each knob was connected to 5-
7 radial ridges, which form minor swellings when they meet
from opposite sides. The main knobs and its radial ridges
formed pentagons, hexagons or heptagons, 3-6 pm wide.
Sterrasters from Geodia have characteristic surface rosettes,
already mentioned by Sollas (1877). However, a comprehensive
morphological comparison of these rosettes using the SEM
revealed differences between the Geodiidae genera.

Surface Microornamentations, a New
Character for Geodiidae Genera
Assignation

In this study, only adult-stage sterrasters were considered since
early-stage sterrasters are all fairly similar and look like polyaxial
asters with no microornamentations. Figures 2-6 show the
diversity of sterrasters within the Geodiidae, and especially
the clear differences in surface microornamentations between
genera. Four main types of surface microornamentations were
singled out and listed in Table 3. (1) Geodia species have
sterrasters with entirely fused actines at the tip of which radial
sets of spines form the typical rosettes (Figures 2, 3). (2)
Pachymatisma, Caminus and some Erylus (E. mamillaris, E.
discophorus, E. granularis) have partly fused actines, the sides and
tips of which are covered with numerous spines, often overlaying
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TABLE 2 | Morphological comparison of Recent sterrasters and selenaster.

Shape Size (length in pom) Hilum (diameter/depth) Axial canals Surface Color
inpm
Sterraster Spherical to subspherical, and 25-560 10-30/12-15 In actines, rosettes Rosettes None
lozenge-shape (more rare) and rays
Selenaster  Subspherical to reniform and 30-100 4-13/5 None Polygonal pattern None to red

sausage-like shape

around a central knob

each other, and with no symmetry (i.e., difficult to distinguish
clear separated rosettes) (Figures 4, 5). (3) Other Erylus/Penares
(E. formosus, E. expletus, E. aleuticus, E. trisphaerus, E. topsenti,
Penares euastrum) have partly or totally fused actines (with often
an intermediate stage of entirely smooth aspidaster/sterraster)
on which radial sets of spines make up clear single rosettes
(Figure 6). (4) Finally, Caminella actines produce at their tips,
small perpendicular bridges that reach toward the other actines,
creating a complex fused network (Figure 4). These rosette
morphology categories might be refined in the future to subdivide
these groups even further but more SEM observations and
sequenced species are necessary for this, especially amongst the
Erylus species.

The phylogenetic distributions of these different categories
of surface microornamentations match quite well the different
Geodiidae clades, except in the Erylinae (Figure 9 and
Supplementary Figure S1). Erylus is subdivided in at least
two groups, with one group (Erylus discophorus complex and
E. granularis) with surface microornamentations similar to those
in Caminus and Pachymatisma than to the other Erylus. These
Erylus species also share with Pachymatisma spiny microrhabds
(vs. smooth microrhabds in other Erylus species). The polyphyly
of Erylus has already been suggested based on molecular
phylogenies and oscule morphology (Cardenas et al., 2010). As
in Cdrdenas et al. (2011), the 285 (CI1-D2) marker suggested
a sister group relationship of Pachymatisma with the Erylus
discophorus/granularis clade (Supplementary Figure S1), albeit
unsupported (bootstrap of 48); the COI tree does not suggest
that relationship (Figure 9). Overall, these results suggest that the
flattening of sterrasters (aspidasters) happened independently at
least twice in the Erylinae.

The COI and 28S phylogenetic results do not recover
a monophyletic Geodiidae (Figure 9 and Supplementary
Figure S1), although all the intermediate nodes between
Geodiinae, Erylinae, and Caminella are not supported. Previous
molecular trees show a poorly-supported Geodiidae clade
(Cardenas et al,, 2011) or even fail to recover the monophyly
of the Geodiidae (Redmond et al., 2013; Schuster et al., 2015;
Kelly et al, 2019), with Caminella somewhat close to the
Calthropellidae and the Erylinae (Cardenas et al., 2018). Knowing
how widespread spicule convergent evolution is in sponges
(Céardenas et al., 2011; Vargas et al., 2013; Schuster et al,
2015), the diversity of sterraster surfaces could represent at least
three independent evolution of sterrasters—in the Geodiinae,
in the Erylinae and in Caminella—thereby further questioning
the monophyly of the Geodiidae. Each type of sterraster may
have evolved from an astrophorin ancestor with euasters.

After all, euasters themselves have appeared several times in
demosponges: in Chondrilla, Tethyida, Stelligeridae, and even in
some Poecilosclerida (Vacelet and Cardenas, 2018).

As a proof of concept of the phylogenetic value of
sterraster microornamentations, the phylogenetic position of
two Geodiidae with doubtful genera allocations was tested.
Cardenas et al. (2018, p. 193) had already noticed that the
sterraster microornamentations of Caminus primus (Sim-Smith
and Kelly, 2015) from New Zealand suggested its transfer to
the genus Caminella. Its well-supported phylogenetic position
within the Caminella clade in our COI phylogenetic tree confirms
this reallocation under the name Caminella prima (Figure 9).
Likewise, the sterrasters of Pachymatisma nodosa (Sim-Smith
and Kelly, 2015), from New Zealand have a typical Geodia
rosette pattern, which hinted to a wrong genera assignment. The
COI grouping of P. nodosa within the Geodia clade confirmed
this hypothesis (Figure 9). Furthermore, after examination of
slides made from the holotype (NIWA 53817) “microrhabds” as
described by Sim-Smith and Kelly (2015) were observed, thereby
confirming their close similarity to Pachymatisma microrhabds.
However, the COI sequence of the holotype was identical to that
of a deep-sea Geodia sp. (IRD-NC-R1820) from New Caledonia
(Stylaster Bank) previously sequenced by Céardenas et al. (2011),
this specimen has mostly irregular strongylasters. Further work
is needed to test the conspecificity of P. nodosa and our Geodia
sp. but it revealed that the “microrhabds” of P. nodosa are
in fact modified strongylasters, thus confirming its reallocation
to Geodia. The name Geodia nodosa comb. nov. is formally
proposed for this species. In a similar fashion, sterraster surface
microornamentations could be useful to revise further poorly
known Geodiidae species with uncertain genus allocations.

With  their highly sophisticated morphology and
microornamentations, sterrasters and/or selenasters may
also be considered for future biotechnological or medical
applications, as suggested for other types of biosilica material
(Wysokowski et al, 2018). For instance, Kaya et al. (2020)
propose to use partially dissolved sterrasters for bone tissue
or controlled drug release applications, while Schoeppler et al.
(2017) study sterrasters to understand the regularity of silica
architecture in spicules.

Warty Rosettes Appearance in Geodia

Evolution

Cérdenas et al. (2013, p. 50) previously recognized that
sterrasters from Geodia species had either smooth (Figure 2)
or warty rosettes (Figure 3) and suggested that this could
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Caledonia, MNHN-IP-2015-1667). Scale: 5 wm.

FIGURE 2 | Morphology of sterrasters with smooth rosettes. (A,B) Sterraster of Geodia atlantica (holotype, S.R.151-27/364-1914); (h) is the hilum; the arrow points
to a smooth rosette made up of rays. Scale A: 20 wm. Scale B. 2 um. (C,D) Sterraster of Geodia phlegraei (holotype, NHM 1910.1.1.840). Scale C: 10 pm. Scale D.
2 wm. (E) Sterraster of Geodia parva (holotype, ZMBN 100). Scale: 10 um. (F) Sterraster of Geodlia gibberosa (holotype, MNHN-DT 608). Scale: 2 pm.

(G) Sterraster of Geodia cordata, previously called Rhabdastrella cordata (South Australia, SAMA S1026). Scale: 2 wm. (H) Sterraster of Geodia vaubani (New
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potentially represent an informative phylogenetic character.
This character was therefore carefully compiled from the
literature and new SEM observations (Table 3) and mapped
on the COI (Figure 9) and 28S trees (Supplementary
Figure S1). Results showed that warty rosettes are restricted
to two sister clades provisionally named Depressiogeodial
and CydoniumP by Cardenas et al. (2011), following the

rules of the PhyloCode’. The character of “warty rosettes”
would therefore be a morphological synapomorphy for the
DepressiogeodiaP+Cydonium? clade, which always appeared
monophyletic, albeit with low support (bootstrap of 53 for 285
and 76 for COI).

3http://phylonames.org/code/
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FIGURE 3 | Morphology of sterrasters with warty rosettes. (A,B) Sterraster of Geodlia barretti (Norway, ZMBN 77922). Scale A: 20 um. Scale B. 2 um. (C,D)
Sterraster of Geodlia papyracea (holotype, YPM 5045). Scale C: 10 um. Scale D. 2 um. (E,F) Sterraster of Geodia macandrewii (Norway, ZMBN 89717). Scale E: 50
pum. Scale F: 2 pm. (G,H) Sterraster of Geodia cydonium (Croatia, ZMBN 77923). Scale G: 20 um. Scale H: 2 pm.

Again, as a proof of concept, the COI phylogenetic
positions of several recently described Geodia species with
warty rosettes were tested (Table 3): Geodia margarita,
Geodia japonica, Geodia pocillum, Geodia garoupa, Geodia
curacaoensis, and Geodia nodastrella. These species clustered
with Depressiogeodia? (G. garoupa) or with CydoniumP
(Geodia margarita, Geodia japonica, Geodia pocillum, Geodia
garoupa, Geodia nodastrella, and Geodia curacaoensis)

thereby validating the warty rosette as a synapomorphy of
the Depressiogeodial +Cydonium? clade.

A potential morphological synapomorphy of the
DepressiogeodiaP clade is the deep preoscule (Cardenas et al.,
2011, p. 9). Interestingly, there is no mention of deep preoscules
in G. garoupa (Carvalho et al., 2016), although its COI had only
a 2 bp. difference with the NW Atlantic haplotype of G. barretti
(KC574389). A re-examination of the type material of G. garoupa
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FIGURE 4 | Morphology of sterrasters from Pachymatisma, Caminus, and Caminella. (A,B) Sterraster of Pachymatisma johnstonia (Roscoff, France, MNHN-DCL
4015). Scale A: 10 wm. Scale B. 3 um. (C,D) Sterraster of Pachymatisma normani (Norway, ZMBN 77858). Scale C: 40 wm. Scale D. 2 um. (E) Sterraster of
Caminus chinensis (holotype, UPSZTY 2102). Scale E: 50 um. (F) Sterraster of Caminus sp. (lles Glorieuses, MNHN-IP-2015-1144). Scale F: 10 um. (G,H)
Sterraster of Caminella pustula (holotype, MNHN-IP-2008-4). Scale G: 10 wm. Scale H: 10 um.

should be done to see if the reported small oscules (~0.5 mm)
could be instead small preoscules; similar small preoscules are
commonly observed in some G. barretti specimens (Cardenas
et al,, 2013; Cardenas and Moore, 2019). There is currently no
morphological character supporting the Cydonium? clade.

One noticeable exception to the warty/smooth rosette pattern
is the specimen Geodia sp. (USNM B27, South Reef, Belize)
which has clear warty rosettes (this study, data not shown),

although it groups within a smooth-rosette Geodia group and
has an overall morphology fairly close to the Geodia gibberosa
complex. No explanation for this exception can be put forward
at this point and more specimens of that undescribed species
are required to confirm this result. It, however, suggests that
warty rosettes might have appeared independently in other
Geodia clades. In the literature Geodia tenera (Sim-Smith and
Kelly, 2015) also represents a unique case, with microspines
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FIGURE 5 | Morphology of sterrasters/aspidasters from Erylus and Caminus. (A,B) Sterraster of Erylus topsenti (South of the Azores, ZMAPOR 21657). Scale A: 38
wm. Scale B. 20 pwm. (C,D) Aspidaster of Erylus mamillaris (Azores, ZMAPOR 20421). Scale C: 10 wm. Scale D. 2 wm. (E) Aspidaster of Erylus discophorus
(Portugal, PC81). Scale: 2 um. (F,G) Sterraster of Caminella vulcani (Canary Islands, ZMAPOR 20422). Scale F: 30 um. Scale G: 15 um.

instead of warts on its rosettes; this species should be further
investigated in the future to see if it groups with the warty-rosette
clade, as expected.

Fossilization of Sterrasters/Selenasters

The sterraster surface microornamentations could also be used
in paleontology, to improve the taxonomic identification of fossil
ball-shaped spicules. However, one needs to assess first how

these microornamentations are transformed during diagenesis.
Unfortunately, ball-shaped spicules (sterrasters and selenasters)
tend to loose the surface microornamentations due to typical
diagenetic processes of spicules: corrosion (= dissolution),
substitution (silica is replaced by calcite, zeolite clinoptilolite,
or pyrite) and recrystallization (the original silica, opaline
silica, transforms into crystalline silica such as chalcedony)
(Bak et al,, 2015). This makes it challenging to discriminate
sterrasters from selenasters (Supplementary Table S1). As a
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FIGURE 6 | Morphology of aspidasters from Erylus and Penares. (A,B) Aspidaster of Erylus formosus (Bocas del Toro, Panama, ZMBN 81644) and its young
smooth stage before the growth of rosettes. Scale A: 20 um. Scale B. 1 um. (C,D) Aspidaster of Penares euastrum, previously called Erylus euastrum (holotype,
MNHN Schmidt collection#76). Scale C: 20 wm. Scale D. 2 wm. (E,F) Aspidaster of Erylus expletus (Rockall Bank, ZMAPOR 18142). Scale E: 20 um. Scale F: 10
wm. (G,H) Aspidaster of Erylus trisphaerus (Campeche Bank, Mexico, CNPGG). Scale G: 20 um. Scale H: 5 wm. Pictures: P. Gémez and D. Ugalde.

consequence, sterraster/selenaster surface microornamentations
are rarely preserved in Cenozoic fossils, very rarely in
Cretaceous fossils and never (to this day) in Jurassic fossils
(Supplementary Table S1). However, when sterrasters fossilize,
they sometimes have a regular knobby surface when the
rosette rays disappear, with each knob 3-5 pm in diameter
(Rigby and Smith, 1992). When the whole rosette and knob
disappear, the axial filament canals below each of them is
revealed giving a regular porous surface, with pores 1-3
pm in diameter, separated by ~2 pm, measurements made
from SEM pictures (Bonci et al, 1997; Pisera et al, 2006;

Vishnevskaya et al, 2009; Lukowiak, 2015). Finally, as the
dissolution moves along and widens the axial canals and
reaches the center of the sterraster, a central cavity often
develops (Riha, 1987; Bonci et al, 1997; Frisone et al,
2014). These processes can happen rather fast, especially
in modern tropical reef sediments (Rutzler and Macintyre,
1978), typically alkaline and undersaturated in silica. The
central cavity makes the sterraster fossils fragile and they
can often break open: it is common to find pieces of
fossilized sterrasters (e.g., Riha, 1987; Vishnevskaya et al,
2009). Since the actines dissolve or recrystallize more easily
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FIGURE 7 | Morphology of selenasters from Placospongia. (A) Selenaster of Placospongia ruetzleri (holotype, RMNH 9872). Picture: R.W.M. van Soest. (B,C)
Selenasters of Placospongia caribica (holotype, USNM 32873). Pictures: K. Rutzler. (D). Selenaster of Placospongia melobesioides (Florida, USNM 39643). Picture:
K. Rutzler. (E) Selenasters of Placospongia sp. (Fernando de Noronha, Brasil, MNRJ 7878). Picture. F. Moraes. (F) Selenasters of Placospongia decorticans (Ras El
Chakaa, cave, Lebanon, Endoume collection). This is a mix of late-stage and early-stage selenasters (smaller). Picture: S. Carteron. Scale A-D, F: 10 um. Scale E:
50 wm.

than the inter-actine silica (Rigby and Smith, 1992) the dissolved, sterrasters can appear as spherical/subspherical
radial pattern of fossilized sterrasters is often retained, if the smooth spicules (Lukowiak and Pisera, 2016) so even in
recrystallization is not too coarse. If the surface has been entirely — recrystallized sterrasters, the overall spherical/subspherial shape

Frontiers in Marine Science | www.frontiersin.org 13 December 2020 | Volume 7 | Article 613610


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Cardenas

Sterraster Spicule Microornamentation

FIGURE 8 | Morphology of selenaster surfaces from Placospongia. (A,B) Surface and hilum of selenaster, Placospongia melobesioides (Florida, USNM 39643). Note
the typical polygonal pattern around a central knob. Scale: 2 um. Picture: K. Rutzler. (C) Surface of selenaster, Placospongia ruetzleri (holotype, RMNH 9872). Scale:
10 pm. Picture: R.W.M. van Soest. (D). Surface and hilum of selenaster, Placospongia decorticans (Ras El Chakaa, cave, Lebanon, Endoume collection). Scale: 10

wm. Picture: S. Carteron.

is maintained. Likewise, sterrasters treated with different
potassium hydroxide (KOH) (Sollas, 1877) or hydrofluoric acid
(HF) treatments (Riitzler and Macintyre, 1978; Kaya et al,
2020) show the same patterns as fossil sterrasters: surface
covered with pores, 2-3 pm diameter (Kaya et al., 2020), and
a central cavity.

When selenasters fossilize and as the pentoradiate surface
pattern dissolves, several randomly placed “holes” appear and
there is no central cavity or radial pattern, due to the absence of
axial canals (Riitzler and Macintyre, 1978; Lukowiak, 2015) and
therefore, they do not break. Selenasters may also become more
or less smooth, and retain their subspherical to bean shape.

This short review on the fossilization shows that the use
of surface microornamentations as a taxonomic character is
limited essentially to Cenozoic ball-shaped spicules and very
rarely to Cretaceous ones. The oldest sterrasters (Vishnevskaya
et al, 2009) and selenasters (Gruber and Reitner, 1991)
with preserved surfaces both date from the Late Cretaceous
(Santonian/Campanian) some 83 Mya. The Cretaceous
sterrasters seem to have smooth rosettes but the resolution of
the SEM pictures is too low to be entirely certain (Vishnevskaya
et al,, 2009, Plate II-1a). The smooth/warty rosette character
can be observed as long as the rosettes are well preserved: clear
warty rosettes are visible in fossilized sterrasters from the Early
Miocene, 16 Mya (Riha, 1987).

When the surface microornamentations disappears, one
could rely instead on mostly diagenetic structures mentioned
earlier: sterrasters would have a regular porous surface, a
radial pattern and/or a central cavity; selenasters have an
irregular porous pattern without a radial pattern or central

cavity. Applying this chain of thought, the paleontological
record of ball-shaped spicules (Supplementary Table S1) was
revised to build a timeline of Geodiidae and Placospongia
(Figure 10), but also to revisit the nature of ball-shaped spicule
fossils called rhaxes.

Rhaxes: Sterrasters or Selenasters?

Revising the Evidence

Rhaxes are bean-to ball-shaped fossilized spicules, originally
described from the Late Jurassic where they are very abundant;
they are nearly equally common in the Late Cretaceous
(Figure 10). After being mistaken for Foraminifera, they
were considered as sterrasters, despite some acknowledged
common characteristics with Placospongia (Hinde, 1890).
Based on their bean shape and their presumed higher
resistance, Riitzler and Macintyre (1978) claim they are
without a doubt etched selenasters. Following paleontologists
mostly accepted this view (Wiedenmayer, 1994; Pisera,
1997; Lukowiak, 2015). However, taking advantage of
this study on sterrasters, this issue is revisited here using
illustrations from the literature combined with examination
of the fossil Rhaxella perforata (now a junior synonym
of R. sorbyana), type species of the genus Rhaxella
(Figure 11); for a history of the taxonomy of Rhaxella
see Trejo (1967).

Evidence 1: Size

Hinde (1890) mentions that rhaxes are 110-150 pwm in size,
the smallest 80 pm. Rhaxes from the NHMUK PI slide
S1682 (Late Jurassic, Lower Calcareous Grit, type locality)

Frontiers in Marine Science | www.frontiersin.org

December 2020 | Volume 7 | Article 613610


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Cardenas

Sterraster Spicule Microornamentation

pre—Thenea muricata HM592677

Geodia atlantica EU442195

74 pen Geodia angulata EU442203

94

100 Geodia sp. Italy HM592707
_EGeDdiﬂ pachydermata_HM592732
Geodia cordata HM592727

J'— Rhabdastrella sp. HM592676
Rhabdastrella globostellata HM592673
== Stelletta tuberosa HM592678

Stelletta fibrosa 711643

Stelletta clavosa k1494350

97§ Stelletta sp. Panama FI711644
Stellettinopsis corticata HM592725

100

100

'Ancorina robusta HM592724
s Stelletta tuberculata HM592728

100 Rhabdastrella intermedia HM592726
_W parva HM592690
Geodia phlegraei EU442196

josa MT815826

ﬂ Geodia vaubani EU442202

Geudla cydnmum 2 England HMS592715

1 Geodia sp. New Caledonia HM592680

Geodia corticostylifera HM592681
Geodia media AY561962
Geodia cf. gibberosa HM592723
Geodia sp. Belize EF519614
Geodia tumulosa EU442209

Geodia neptuni AY320032
Geodia californica EU442200
Geodia papyracea AY561961
Geodia margarita MT815824

Geodia japonica MT815825

lia garoupa MT815821
Geodia barretti EU4421

g = Caminella prima MT815830
Caminella intuta HM592740

Caminella pustula MH477615

Geodia macandrewii EUA422198

Geodia cydonium 1 Croatia EU442199

Geodia cf. curacaoensis MT815822
Geodia conchilega HM592739

Geodia hentscheli HM592671

Geodia megastrella HM592721

94
Calthropella geodioides HM592734

7gm= Caminella capeverdensis MH477614

FI711642 Cydonium

(PhyloCode name)

Depressiogeodia
(PhyloCode name)

(]
intextum HM592710

100 .— Pachastrella nodulosa HM592698

-

L7

Pachastrella ovisternata HM592748
185725

70 g Isabella harborbmnchr KM185726/KM:
87 Isabella tanoa KX267961/LN624215

76 Herengeria sp. LN624189
100 Herengeria sp. LN624187

{

Corallistes sp. KY652814
Corallistes isabela KY652815

Ery/ussp Curacao X912217 O

strum MT815827 =

995 Pachymatisma johnstonia EF564335
Pachymatisma normani EF564322

99
Erylus topsenti HM592733

Callipelta sp. LN624197
98y Reidispongia coerulea LN624203
22 Reidispongia coerulea LN624204
Neoaulaxinia sp. LN624198

e e phiis huxleyi HVIS92682
10

Discodermia proliferans K1494347
1008 Theonella mirabilis LN624208
Theonella swinhoei HM592745

92

99|

99m Poecillastra sp. AB453834

Costifer sp. LN624196
Pleroma menoui LN624207

Alectona millari HM592670

Melophlus sp. HM592688

Caminus sp. MT815829
Caminus carmabi MT815828
Caminus vulcani EU442205
90F Erylus mamillaris EU442207
Erylus deficiens EU442204
Erylus discophorus EU442206
Erylus granularis HM592729
Penares candidata HM592719
Penares sp. New Zealand KX685302
Penares sp. New Zealand KX685304
Penares sp. New Zealand KX685303
Penares sp. New Zealand KX685305
Penares sp. New Zealand KX685306

Erylus aleuticus EU442201

Erylus expletus EU442208 ==

0y Stryphnus ponderosus HM592685

Stryphnus fortis HM592697

Dercitus bucklandi HM592674

Stryphnus mucronatus KX866734
95

Stelletta sp. RedSea KU060597
Stelletta dorsigera HM592750
Stelletta grubii HM592743

Stelletta clarella HM592735
Stelletta sp. Fa\kland Islands HM592751
Ancorina sp. HM592'

Stelletta luctea HMS592752

Stelletta normani EU442193
haracella pac ides HM592672

Vulcanella gracilis HM592702
Vulcanella aberrans HM592699
L MK033623

Poecillastra compressa HM592675

0.05

is KY652807

I Isabella mirabilis IN624213
Neoschrammeniella castrum LN624191
100§ Corallistes sp. KY652812
E Corallistes floreana KY652816

FIGURE 9 | Astrophorina CO/ maximum likelihood (ML) tree reconstructed with RAXML. ML bootstrap supports (1,000 bootstrap replicates) > 70 are indicated.
Genbank accession numbers are given after each taxon. In bold are new sequences produced in this study. Geodiidae species have purple branches,
Calthropellidae have brown branches. Red branches indicate Geodiidae species which secondarily lost sterrasters (species previously considered to belong to the
Ancorinidae). Colored dots indicate sequenced species/specimens for which previous authors or this study have observed the surface of sterrasters with SEM (see
Table 3 for references); round shapes represent sterrasters, flattened shapes represent aspidasters. Image inserts illustrate the five types of sterraster surfaces
observed (1. smooth rosettes, in Geodia atlantica; 1°. warty rosettes, in Geodia papyracea, holotype; 2. complex network, in Caminella pustula; 3. clear single
rosettes in Penares euastrum, holotype; 4. unclear rosettes in Pachymatisma normani).
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FIGURE 10 | Timeframe of ball-shaped fossil spicules from the Trias to the Holocene. Red stars represent whole body fossils. Black lines represent presence of the
respective fossils (sterraster, aspidaster, selenaster, rhax, or smooth sphere); the width of the black lines is indicative of the abundance of these fossils. For literature
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FIGURE 11 | Rhaxes observed with an optical microscope, Rhaxella perforata (now a junior synonym of Rhaxella sorbyana) (NHMUK P, slide S1682) from the type
locallity, Late Jurassic, Oxfordian (Lower Calcareous Grit Formation, Scarborough, North Yorkshire, England). (A) Rhax with typical inside double-dot pattern and
fibrous chalcedony recrystallization, seen in transparency. Scale: 20 um. (B) Rhaxes with oval to bean shapes. Scale: 100 wm. (C) Rhax with typical semicircular
etching patterns, fibrous chalcedony forming a dark cavity and a radial pattern. Scale: 20 um. (D) Bean-shaped rhax with a dent (black arrow), and an etching
pattern in the dent. Scale: 20 um. (E) Putative subspherical spicule on the surface of Geoditesia jordanensis (specimen S10-18), Callovian, Middle Jurassic. The
secondary surface polygonal pattern is typical of fibrous chalcedony recrystallization. Scale: 20 wm. (F) Putative subspherical spicule on the surface of

G. jordanensis (specimen S10-18). Scale: 20 um.

were 129-147.9-166 x 107-120.4-124 pm (N = 25). In the
literature (Supplementary Table S1), Jurassic rhaxes have
size ranges (80-200 pm), within ranges of sterrasters and
selenasters (Table 2). However, the upper range (> 120
jwm) is more in accordance with that of Recent (25-590
pwm) and Eocene (70-350 pum) sterrasters than Recent (30-
100 pm) or Eocene (60-120 pwm) selenasters (Supplementary
Table S1). Then again, Jurassic spicules might have been larger
than Recent or Eocene sponges. The very few Cretaceous
unambiguous sterrasters (122-163 wm) and selenasters (120-150
pm) are within the range of rhaxes (Supplementary Table S1)
including R. perforata measured here; interestingly, Cretaceous
selenasters are bigger than any other known Recent selenasters
(30-100 . m).

Evidence 2: Surface and Shape

Hinde (1890) mentions that rhaxes have 2 pm wide spots on
the best-preserved specimens. Rhaxes with these spots were
not observed on slide S1682 but they have been observed
repeatedly by previous studies and explain why R. sorbyana
was originally described as Foraminifera. Trejo (1967, plate II)
confirms that rhaxes have pores about 2 um wide and 2 pm apart.
This pattern and sizes of pores fits with the above mentioned
porous pattern observed on some fossilized as well as artificially
dissolved sterrasters (~2 pm spacing between pores). They could
also, however, fit with the selenaster knobby pattern: in recent
selenasters knobs are spaced 2.5-5 pum from each other, and 2.5-
3 wm from each other in Cretaceous ones (our measurements
on SEM picture from Gruber and Reitner, 1991). Hinde (1890)
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TABLE 3 | Species list for the four types of surface microornamentations (within
each type, species are in alphabetical order).

Surface Species References
microorna

-mentation

| Geodia angulata (type) (smooth)  da Silva, 2002

Geodia atlantica (holotype)
(smooth)

Geodia barretti (warty)

Geodia californica (syntype)
(smooth)

Geodia conchilega (Bonifacio,
SME) (warty)

Geodia cordata (SAMA S1026)
(smooth)

Geodia corticostylifera
(holotype) (smooth)

Geodia cydonium 1 (ZMBN
77923) (warty)

Geodia cydonium 2 (ZMBN
85204) (warty)

Geodia hentscheli (paratype)
(warty)

Geodia japonica (AB15-0035)
(warty)

Geodia garoupa (holotype)
(warty)

Geodia cf. gibberosa
(CNPGG-0078) (smooth)

Geodia gibberosa (holotype)
(smooth)

Geodlia macandrewii (warty)

Geodia margarita (holotype)
(warty)

Geodia media (smooth)
Geodia megastrella (warty)
Geodia neptuni (smooth)
Geodia nodastrella (warty)
Geodia nodosa comb. nov.
(holotype) (smooth)

Geodia pachydermata
(holotype) (smooth)

Geodia papyracea (holotype)
(warty)

Geodia parva (holotype)
(smooth)

Geodia phlegraei (holotype)
(smooth)

Geodia pocillum (holotype)
(warty)

Geodia tumulosa (ZMBN
81780) (smooth)

Geodia vaubani (smooth)

Geodia sp. Italy (MNHN-DCL
4075) (smooth)

Geodia sp. Belize (USNM B27)
(warty)

Caminus vulcani (ZMAPOR
20422)

Cardenas et al., 2013

Cérdenas et al., 2013
da Silva, 2002

SEM (not shown)
Figure 2G

da Silva, 2002
Figures 3G,H

SEM (not shown)
Cérdenas et al., 2013
Lehnert and Stone, 2016
Carvalho et al., 2016
SEM (not shown)
Cérdenas et al., 2009;
Figure 2F

Cardenas et al., 2013
Sim-Smith and Kelly, 2015

da Silva, 2002
Cérdenas and Rapp, 2015
da Silva, 2002
Boury-Esnault et al., 1994
Sim-Smith and Kelly, 2015

da Silva, 2002

Cérdenas et al., 2009
Cardenas et al., 2013
Cérdenas et al., 2013

Van Soest, 2017

Cardenas et al., 2009
Sim-Smith and Kelly, 2015;
Figure 2H

SEM (not shown)

SEM (not shown)

Figures 5F,G

(Continued)

TABLE 3 | Continued

Surface Species References
microorna
-mentation
Caminus chinensis (holotype) Figure 4E
Caminus sphaeroconia SEM (not shown)
(holotype)
Caminus sp. Figure 4F
(MNHN-IP-2015-1144)
Caminus carmabi (holotype) Van Soest et al., 2014
Erylus deficiens (ZMAPOR SEM (not shown)
20419)
Erylus discophorus (PC81, Figure 5E
Portugal)
Erylus granularis (ZMAPOR Optical microscope (not
21656) shown)
Erylus mamillaris (ZMAPOR Figures 5C,D
20421)
Pachymatisma johnstonia Figures 4A,B
(MNHN-DCL 4015)
Pachymatisma normani (ZMBN Cérdenas and Rapp, 2013
77858)
1] Erylus aleuticus (holotype) Lehnert et al., 2006
Erylus expletus (ZMAPOR Figures 6E,F
18142)
Erylus formosus (ZMBN 81644) Figures 6A,B
Erylus topsenti (ZMAPOR Figures 5A,B
21657)
Erylus trisphaerus (CNPGG, Ugalde et al., 2015;
Campeche Bank) Figures 6G,H
Penares euastrum (holotype) Figures 6C,D
\% Caminella caboverdensis Cérdenas et al., 2018

(holotype)

Caminella intuta (paralectotype)
Caminella prima (holotype)
Caminella pustula (holotype)

Cérdenas et al., 2018

Sim-Smith and Kelly, 2015
Céardenas et al., 2018

In the type 1 microornamentation, the “smooth” or “warty” rosette character is also
given for each species. When a specific specimen (type or collection specimen)
has been observed, it is specified near the species name.

also observes rhaxes which have lost semicircular portions; these
etching patterns were fairly common on slide S1682 (Figure 11C)
but also on Cenozoic Rhaxella chert sections (S7502).

One source of confusion on the nature of rhaxes is linked
to the nature of the notch in the bean-shaped spicules. Hinde
(1890) miscalls the notch a “hilum,” which was followed by
some subsequent authors (Haslett, 1992; Kozur et al., 1996) while
most following authors have considered this notch to derive
instead from the bent of selenasters. In that case, one should
potentially be able to see a selenaster hilum in the best-preserved
rhaxes, but neither previous studies, nor ours were able to find
hila on rhaxes, even on the ones with the preserved regular
surface spots. This absence of hilum could be due to dissolution
of the surface and/or recrystallization, but there is yet another
possibility that the spiculogenesis of Jurassic rhaxes took place
in larger cells (with no need for the spicule to grow pressed
against the nucleus).
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Finally, it should be emphasized that the shape of rhaxes also
varies from “ellipsoid to subspherical” (Hinde, 1890) so they are
not all bean shaped. This is also the case in Recent Placospongia
species where selenasters can be more or less subspherical and
bean-shape (Figure 7). Importantly, sterrasters are never bean-
shaped, even after erosion or artificial dissolution of spicules
(Sollas, 1877; Riitzler and Macintyre, 1978).

Evidence 3: Inside Structure

Hinde (1890) mentions that some rhaxes have a central
recrystallized cavity with fibrous chalcedony: it appears dark
and banded, it can have a slightly bent shape sometimes
(Figures 11A-D). Usually, a clear radial pattern is visible
around this cavity (Figures 11A,C), which is probably
indicative of fibrous quartz recrystallization, typical in
fossilized spicules (Bak et al, 2015). In the literature,
the dark center and clear fibrous corona are recurrent
characteristics of rhaxes from the Late Jurassic (e.g.,
Gramann, 1962; Supplementary Table S1). This secondary
silicification means that it is unfortunately not possible
to know the original inside structure of rhaxes (radial vs.
non-radial).

Evidence 4: Associated Megascleres and Whole
Sponge Fossils

Hinde (1890) already questioned the total absence of
megascleres in the whole sponge R. perforata: one would
expect associated triaenes if this is a Geodiidae, tylostyles if
this is a Placospongiidae. Some argued that megascleres could
have been dissolved more easily than the more resistant ball-
shaped spicules, others that megascleres were simply absent
in R. perforata (Hinde, 1890). Only two whole sponge fossils
from the Jurassic actually associated triaenes with ball-shaped
spicules (Figure 10; Delecat et al, 2001; Ungureanu et al,
2018), thereby suggesting they are part of the Geodiidae.
Surprisingly, the sterrasters reported are said to be bean-shaped.
Delecat et al. (2001) describe a whole sponge fossil from
the Late Jurassic, living in reef-building oysters. This sponge
associates large calthrops, occasional small triaenes, oxeas and
rhaxes; the calthrops and triaenes leave no doubt that this is
a Tetractinellida. Furthermore, Delecat et al. (2001) examined
the ball-shaped spicules in thin sections so that a sterraster cut
transversally in the hilum will appear bean-shaped in section.
The “notch” in those rhaxes is 10 um wide (Delecat et al,
2001) fitting with the hilum size of a sterraster. Therefore,
this fossil is a credible Late Jurassic Geodiidae, although no
Recent genera has calthrops associated with triaenes; this fossil
cannot currently fit into any known genus. Ungureanu et al.
(2018) also state that Geoditesia jordanensis from the Middle
Jurassic has fairly large “reniform sterrasters” (140-330 pm).
However, the spicules observed with SEM were not clearly
bean shaped (Figures 11E,F) and were smaller (~66-88 jw1m)
than the sizes reported. Their surfaces were smooth, so that it
was impossible to decide if they were sterrasters or selenasters
(Figures 11E,F). The nature of these ball-shaped spicules
is uncertain, and so is the nature of this fossil (see section
“Discussion”).

Evidence 5: Paleogeography and the Abundance of
Rhaxes

Late Jurassic rhaxes have a wide distribution, from Argentina,
Chile, Mexico, Europe (= Tethys Ocean at the time) to
Japan (Supplementary Table S1). During the Late Jurassic,
all of these locations were in the temperate zone (Argentina,
Central Chile, Japan), tropical/temperate zone (Europe) and
tropical zone (Mexico) (Paleomap Maker?, accessed 3rd of
September 2020). Late Jurassic rhax records may come from
shallow-water paleoenvironments, but also from relatively deep-
sea environments, as in the case of the “sponge megafacies”
from the Tethys Ocean, considered to be ~100-600 m depth
(Pisera, 1997; Supplementary Table S1). At these locations, the
large dominance of rhaxes, often representing from 49.7 (Reif,
1967), to 75% (Pisera, 1997) or even 80-90% (Afsar et al,
2014) of all loose spicules is striking. These amounts make
rhaxes rock-forming fossils leading to cherts and rhax spiculitic
sandstones. Three hypothesis could explain these amounts: either
(i) these species were dominant, (ii) these spicules were more
resistant than others and accumulated in the sediments or
(iii) these spicules were sorted based on size and morphology
during transportation.

Selenasters are very numerous in the cortex of Placospongia.
This genus includes today only a dozen of species, and most
are restricted to very shallow tropical waters, in reefs, marine
lakes, caves, and anchialine pools (Becking, 2013); only one
species, Placospongia anthosigma (Tanita and Hoshino, 1989) was
recorded from slightly deeper waters (62-67 m), in Sagami Bay,
Japan. Recent Placospongia species never dominate their habitats
or form large aggregations.

Sterrasters are also usually very abundant spicules in
Geodiidae, packed in the cortex in the numbers of thousands
(Cérdenas et al., 2013). More than 340 species Geodiidae species
are found worldwide (except in Antarctica), in shallow and
deep waters, up to 3,100 m depth (Cardenas and Rapp, 2015).
Today, large quantities of sterrasters could accumulate in sponge
grounds dominated by massive Geodia species. Indeed, some
North Atlantic Geodia species are dominant species in deep-
sea boreo-arctic sponge grounds, on continental shelves, slopes,
and seamounts (Klitgaard and Tendal, 2004; Murillo et al., 2012;
Mclntyre et al., 2016). Sterrasters and triaenes from decaying
sponges are among the few spicules that remain in deep-sea
spicule mats from these boreo-arctic sponge grounds (Wagoner
et al, 1989; Murillo et al, 2016). Massive Geodia cydonium
aggregate in shallow waters of the Western Mediterranean
Sea (Mercurio et al., 2006; Grech et al, 2020). Based on
modern ecosystems, Geodia species are therefore more likely to
contribute to large accumulations of ball-shaped spicules. To
support this, sterrasters are by far the dominant spicules, over
selenasters in the Middle Eocene of NE Italy, a rocky temperate
shore at the time (Frisone et al., 2014). In modern tropical
shallow-water reef sediments, sterrasters, and selenasters are
usually overrepresented: they represent nearly half of all spicules
although they represent only a minor portion of the living
biomass (Lukowiak et al., 2013). One reason may be that they are
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amongst the most resistant microscleres (Riitzler and Macintyre,
1978) and, as mentioned earlier, they are produced in abundance.
To sum up, the abundance of rhaxes in the Late Jurassic may
indeed reflect the abundance of Geodiidae and/or Placospongia
(the former being more likely), and a bias of better preservation.
Whether sorting of these spicules during transportation could
explain their accumulation remains to be proven, in modern
shallow-water reef sediments for instance. Modern studies in
sediments also raise the possibility that rhaxes could be a mix of
ball-shaped spicules.

Rhaxes, a Mix of Sterrasters and Selenasters

Since Recent sterrasters are never bean-shaped, shape alone
is a strong argument in favor of rhaxes being connected to
selenasters; the surface and inside structure cannot confirm this
because of substitutions or recrystallizations. Such a conclusion
implies that some Placospongia ancestors were common in much
deeper waters than today since rhaxes were fairly abundant
in the Tethys Ocean at important depths (sponge megafacies,
~100-600 m depth). In any case, more work on the taphonomy
and diagenesis of these spicule fossils is necessary to fully
understand their nature.

The recurrent wide range of sizes (80-200 pm) given for
rhaxes (Supplementary Table S1) as well as the diversity of
morphology sometimes described (spherical to subspherical,
to bean-shaped) suggest that many of the reported rhaxes or
rhax spiculites probably originate from mixes of selenasters
and sterrasters, as observed in Recent shallow-water tropical
sediments. It is also possible that the terms “rhax” or “bean-
shape” have been overused, without a proper definition due to
the parataxonomic status of “rhax,” as a loose spicule, without
being really representative of a species. Some researchers use it
for oval shapes (e.g., de Geyter and Willems, 1982) or for just
any ball-shaped spicules, especially when only thin sections of
rocks were studied, and without realizing that sterrasters could
potentially appear bean shape in section, as illustrated in Delecat
et al. (2001). Consequently, rhaxes are possibly overrepresented
in the literature thus giving the impression that selenasters were
more common than they really were in the Late Jurassic, although
sterrasters could have been more abundant.

Actually, many studies have shown that one can distinguish
in the Late Jurassic different ball-shaped spicules with similar
sizes: rhaxes sensu stricto (= bean-shaped), spherasters and
what some paleontologists call sterrasters (spherical spicule)
(Supplementary Table S1). Since Recent selenasters are never
spherical, spherasters and other spherical spicules are credible
sterraster ancestors. In addition to R. perforata and its typical
bean-shape spicules, Trejo (1967) and Haslett (1992) have
actually started to describe different rhax morphologies giving
them other parataxonomic names, in order to distinguish
different potential species. This is Rhaxelloides sphaerica
(Trejo, 1967) and Rhaxelloides cilindricas (Trejo, 1967),
Rhaxella elongata (Haslett, 1992) and Rhaxella winspitensis
(Haslett, 1992). According to the overall shape of selenasters
and sterrasters, R. sphaerica and R. cilindricas would be
sterrasters while R. elongata and R. winspitensis would be
selenasters. In accordance, the genus Rhaxelloides should

be allocated to the Geodiidae, this genus should be used to
describe single spherical/subspherical to oval/cylindrical spicules
which have lost their surface microornamentations. Rhaxella
should be used for bean-shaped fossils which have also lost
their surface microornamentations (putative selenasters).
R. elongata looks very much like the selenasters of P. decorticans
(Figure 7E) while R. winspitensis cannot be linked to a modern
selenaster at this point.

Conversely, some sterraster fossils described under different
genera names are not any different from those of modern
Geodia. Silicosphaera asteroderma (Hughes, 1985) (Miocene-
Recent) are loose sterrasters from the Sedili River mud (West
Malaysia), with clear rosettes. Therefore, Silicosphaera (Hughes,
1985) becomes a junior synonym of Geodia (Lamarck, 1815).
Conciliaspongia rarus (Robinson and Haslett, 1995) from the
Miocene of Ecuador is clearly a sterraster with rosettes therefore
it is formally proposed here that Conciliaspongia (Robinson and
Haslett, 1995) becomes a junior synonym of Geodia (Lamarck,
1815). The Late Miocene-Pliocene Hataina ovata (Huang, 1967)
from Japan previously described as a radiolarian has been shown
to be sterrasters (Inoue and Iwasaki, 1975), with no formal
taxonomical act taken. Since the sterraster surface of H. ovata
clearly has “flower like ornamentation” (Inoue and Iwasaki,
1975), in other words “rosettes,” it is formally proposed here that
Hataina (Huang, 1967) becomes a junior synonym of Geodia
(Lamarck, 1815). Silicosphaera asteroderma and Hataina ovata
were described under the false premise that these sterrasters could
suffice for the description of the total organism. Therefore, the
descriptions given are insufficient to differentiate these species
from other species of Geodia. Conciliaspongia rarus was described
as a loose spicule but again, its description and its characters
alone do not permit an unambiguous identification. A revision
of the type material would not help either because in general,
the description of a sterraster cannot be enough to describe
a new species of Geodia, which has several other types of
spicules. According to requirement 13.1.1 of the International
Code of Zoological Nomenclature (International Commission on
Zoological Nomenclature [ICZN], 1999), names published after
1930 must “be accompanied by a description or definition that
states in words characters that are purported to differentiate the
taxon.” Therefore, S. asteroderma, C. rarus, and H. ovata species
become unavailable names.

Geoditesia and Geodiopsis Fossils Are
Tetractinellida Incertae sedis

The Cretaceous genus Geoditesia (previously Geodites) was
founded on arbitrary groupings of loose triaenes and bean-
shaped spicules found in the same fine sand layer: Upper
Greensand of Albian age in Devon, England (Carter, 1871).
Because of this, they have traditionally been placed, albeit
with doubt, in the Geodiidae (Rigby, 2004). Slides of type
and non-type material of Geodites species have been re-
examined in this study, including from the type species of the
genus (Geodites haldonensis), a species defined by an arbitrary
association of protriaenes, prodichotriaenes, anatriaenes and
ball-shaped spicules. Following authors were more cautious in
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their groupings (e.g., Geodites cretacea Sollas, 1880a) or took
the more reasonable approach of defined the species by only
one type of characteristic triaene (Hinde, 1885, 1888; Weller,
1930). As noted previously (Finks et al., 2011, p. 70), Geodites
triaenes are similar to what can be today observed in several
families of Tetractinellida: Geodiidae, Ancorinidae, Tetillidae
or even lithistids (Corallistidae, Pleromidae, Phymatellidae,
Isoraphiniidae). It makes this genus probably polyphyletic,
and used for any loose triaenes; this explains the very wide
stratigraphic range of this genus with species described from
the Carboniferous (Hinde, 1888; Weller, 1930) to the Late
Eocene (Hinde and Holmes, 1892). There is no evidence
that the rhaxes included in G. haldonensis actually belong to
G. haldonensis, and according to our previous conclusions they
are more probably selenasters. For these reasons, Geoditesia
should formally leave the Geodiidae and be moved to
Tetractinellida incertae sedis. Furthermore, since some of these
species may be mixes of spicules coming from different
species, and to avoid any future confusion a full revision
of the genus is necessary to eventually restrict Geoditesia
species definitions to their main triaene, a task beyond the
scope of this study.

The first claimed whole specimen of Geoditesia is Geoditesia
jordanensis from the Middle Jurassic (Callovian), two specimens
of which have been examined in the present study. After
sectioning of these subspherical 2 cm fossils, the absence of
internal structure was confirmed (Ungureanu et al., 2018); just
a few oxeas with no particular orientation in a homogeneous
matrix; no sterraster cortex could be observed either; at the
surface, a disorganized assemblage of oxeas, dichotriaenes
and ball-shaped spicules. The absence of internal structure is
troubling since this non-lithistid sponge must have been buried
quickly to retain its original shape and in that case, some sort of
skeleton organization would have been retained. It also contrasts
with the preservation of delicate details such as the so-called
“osculum,” a round structure that was also observed on one of our
specimens. This calls into question the whole body nature of these
specimens, which would require a full and in-depth revision of
the type series to understand their taphonomy. Furthermore, the
presence of subspherical spicules on the surface of G. jordanensis
does not prove their belonging to the fossil either: these
microscleres are sometime so abundant that they cover all sponge
fossils, and have often confused paleontologists (e.g., Zittel,
1876; Hurcewicz, 1966). Unfortunately, the surface of these ball-
shaped spicules had disappeared, and their subspherical shape
was also unclear (Figures 11E,F). To conclude, the nature and
identification of this species remains questionable; its Geodiidae
affiliation cannot be confirmed.

Geodiopsis was created for sponge whole fossils from the
Campanian (Late Cretaceous) associating oxeas, chubby triaenes
and anatriaenes. Although he also finds sterrasters, Schrammen
(1910, p. 116) stresses that he cannot associate them with
confidence to the Geodiopsis specimens. For this reason, the
current classification of Geodiopsis in the Geodiidae remains
doubtful, the combination of triaenes and anatriaenes could
also be found in some Ancorinidae genera (Stelletta, Ancorina,
Ecionemia, Stellettinopsis, Stryphnus) or even Tetillidae. For these

reasons, Geodiopsis should be transferred from the Geodiidae to
the Tetractinellida incertae sedis.

As for the Cretaceous Pachymatisma virga (Hinde, 1885),
it is based only on loose strongyles, which could belong to
many different Heteroscleromorpha genera; there is no evidence
that this species belongs to Pachymatisma and the description
is insufficient to identify this species. According to the article
13.1.1. (International Commission on Zoological Nomenclature
[ICZN], 1999) cited previously, the species name P. virga
becomes an unavailable name.

Timing the Emergence of the Geodiidae,

Geodia, and Placospongia

Geodiidae species belong to the Tetractinellida order, defined by
the presence of triaene megascleres. The Tetractinellida order
is deeply rooted in the Paleozoic with isolated triaene-like
fossils already reported from the Middle Cambrian, Georgina
Basin, in Australia (van Kempen, 1990; Mehl, 1998) and
later sparsely found throughout the Paleozoic periods. Just
like the Paleozoic lithistid desmas or microscleres such as
toxas and forceps (Mostler, 1996), it is difficult to link these
Paleozoic triaenes to the Mesozoic ones which appear only
in the Middle Trias (Upper Anisian, ~242 Mya), and are
at this stage already very diverse (Mostler, 1976). According
to a time-calibrated molecular phylogeny, the crown-group
Tetractinellida would have appeared in the Early Jurassic (Plese
et al., 2020). However, (i) the divergence estimate range for
this node is between the Early Trias and the Late Jurassic
and (ii) Plese et al. (2020) are missing in their calibrated
phylogeny deep-diverging groups such as rhizomorine lithistids
or Stupenda (Kelly and Cardenas, 2016) which may push
back in time this average divergence date. All in all, an
emergence of crown-group tetractinellids around the Middle
Trias is plausible, and means that Geodiidae must have appeared
later. Importantly, the crown-group Clionaida order possibly
appeared around Late Trias (Plese et al., 2020) meaning that the
Placospongiidae diverged later.

Accordingly, the three Paleozoic reports of sterrasters/rhaxes
(Supplementary Table S1) are currently not convincing. The
Cambrian putative “sterraster” fossils are poorly illustrated
and studied (Gruber and Reitner, 1991; Reitner and Mehl,
1995); they are entirely recrystallized so that their original
structure/surface is unknown. The report of a single rhax from
the Early Ordovician is doubtful since it is more than 1 mm
large (Kozur et al., 1996), a size far larger than any of the recent
sterrasters/selenasters. As for the two rhaxes found by Hinde
(1888) in the Carboniferous, Wiedenmayer (1994, p. 31) suggests
they are petrosiid microstrongyles (Haplosclerida order).

Two reports of rhaxes in the Early Jurassic (Mostler, 1990;
Jach, 2002) suggest that the Placospongiidae were already present
then. In the Middle Jurassic, Rhaxella and Rhaxelloides are more
present: Rhaxella have been reported from the Bajocian (Haslett,
1992), Rhaxella and spherasters in the Bathonian (Donofrio,
1984), while Rhaxella and/or Rhaxelloides are already fairly
abundant in the Upper Callovian (Trejo, 1967; Block Vagle
et al, 1994). In the Late Jurassic (Oxfordian, Kimmeridgian and
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Tithonian), Rhaxella/Rhaxelloides are abundant and widespread
in the sponge megafacies. In this study, the first sterrasters
from the Kimmeridgian were formally identified in the North
Sea where they were reported as “Praeconocaryomma (?) sp.2”
radiolarians (Morris et al., 1999, Figure 9Kk); the rosettes are
gone but these spicules look very similar to the fossil sterrasters
described by Rigby and Smith (1992). Putative aspidasters are
reported from the Late Jurassic in Mexico, although not much
information is given (Trejo, 1967). The first formally identified
Geodia sterraster from the Santonian/Campanian boundary,
Late Cretaceous were identified in a study by Vishnevskaya
et al. (2009, plates II and III) thanks to a clear rosette
SEM illustration. Later in the Campanian, sterrasters are fairly
common (Zittel, 1876; Schrammen, 1924). At the same time, the
first formally identified Placospongia selenaster is reported from
the Campanian, Late Cretaceous, misidentified as a sterraster
in the article (Gruber and Reitner, 1991). To conclude, the
fossil record suggests the emergence of Placospongiidae in the
Early Jurassic, followed by the emergence of Geodiidae in
the Middle Jurassic. The time-calibrated phylogeny suggests
a younger emergence since Plese et al. (2020) suggest the
Geodiidae stem-group appear in the Albian, Early Cretaceous
(112 Mya), although with a divergence estimate range between
the Middle Jurassic (174 Mya) and the Paleocene (61 Mya).
The appearance of the Geodiidae crown-group would be in the
Santonian, Late Cretaceous, around 85 Mya (Plese et al., 2020)
with a range from the Barremian, Early Cretaceous (128 Mya)
to the Oligocene (24 Mya). This is well in accordance with
the first identification of typical Geodia sterrasters, from the
Santonian/Campanian boundary and their following abundance
in the Campanian. No whole specimens are known from
this period unfortunately; the Lower Campanian Geodia sp.
described by Hurcewicz (1966, p. 25) is likely a result of
sterraster contamination (Wiedenmayer, 1994, p. 32) and is
probably specimens of Stelletta (Stolleya) (E. Swierczewska
Gladysz, pers. comm.).

While reviewing the paleontological literature, the
oldest warty rosettes were observed in fossilized sterrasters
from the Early Miocene, 16 Mya (Riha, 1987) so the
Depressiogeodial +Cydonium?  clade had probably diverged
by then. Future observations of fossilized sterraster should pay
close attention to the morphology of rosettes in order to better
determine the timing of divergence of this clade. No Caminella
sterrasters were found in the paleontological literature, but
an SEM picture of a Pachymatisma or Caminus sterraster was
identified, from the Late Miocene in Italy (Bonci et al., 1997, plate
5, Figure 1); without other microscleres one cannot discriminate
both genera. This is to our knowledge the first fossil ever reported
for this group of Geodiidae.

Estimating the origin of the Geodiidae in the Middle Jurassic
is relevant with respect to the “sponge biomarker hypothesis”
whereby unique unconventional sterols found in some Recent
Geodia and Rhabdastrella species (both part of the Geodiinae),
were connected to the sterane biomarker 26-methylstigmastane
(26-mes) from a sequence ~100 My long of Neoproterozoic-
Cambrian rocks and oils (Zumberge et al., 2018). The fact that
the Geodiidae diverged some 500 My later than the 26-mes

records suggests either that (i) these unique sterols appeared
independently in the Geodiidae (by convergent evolution) or
that (ii) the capacity to make these sterols was inherited from
demosponge ancestors since the Neoproterozoic, and secondarily
lost in most groups. This second scenario is currently supported
by the presence of 26-mes precursors in other demosponge orders
than the Tetractinellida (Geodia/Rhabdastrella): they are found
in large amounts in Haplosclerida [Petrosia (Strongylophora) sp.]
and in trace amounts in the orders Agelasida (Cymbaxinella
corrugata) and Verongiida (Aplysina spp.) (Bortolotto et al., 1978;
Zumberge et al., 2018). Further screening of demosponges for 26-
mes precursors in parallel with a revision of their fossil record is
required to better evaluate this second scenario.

CONCLUSION

In this study, a new spicule morphological character was
explored: the surface microornamentations of sterraster spicules.
Collagen fiber-rosette connections may give the cortex its
solidity and flexibility, an attachment structure with biomimetic
potential deserving to be further studied. Four types of
microornamentations were revealed which, for some of them,
matched specific Geodiidae clades: type I characteristic of Geodia,
type II characteristic of Pachymatisma, Caminus and some Erylus;
type III characteristic of other Erylus; type IV characteristic of
Caminella. Within the type I microornamentations of Geodia,
sterrasters had smooth or warty rosettes; all species with
warty rosettes grouped in the “Depressiogeodia?+Cydoniumt”
clade. Therefore, the surface microstrucure character alone
could be used to identify isolated Recent or fossil sterrasters
as belonging to Geodia (smooth), Geodia (warty), Caminella,
“Pachymatisma/Caminus//E.  granularis/Erylus  discophorus
complex” or the rest of the Erylus.

Using this character, this study was able to sort uncertain
genus allocations of some modern Geodiidae, and formally
identify Geodiidae sterrasters from the Late Jurassic, Geodia
sterrasters from the Late Cretaceous, as well as for the
first time a Pachymatisma/Caminus sterraster from the Late
Miocene. Evidence from the literature review suggests that
the Geodiidae originated in the Middle Jurassic, after the
Placospongiidae for which we have some evidence in the
Early Jurassic. So-called “rhaxes” probably represent mixes of
sterrasters and selenasters: while Rhaxella seems to belong to
the Placospongiidae, Rhaxelloides belongs to the Geodiidae.
Miocene-Pliocene fossils sterrasters Hataina, Silicosphaera, and
Conciliaspongia become junior synonyms of Geodia. Other
traditional Geodiidae fossil genera, Geoditesia, and Geodiopsis,
are reallocated to the Tetractinellida incertae sedis.
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Supplementary Figure 1 | Astrophorina 28S (C1-D2) maximum likelihood (ML)
tree reconstructed with RAXML. ML bootstrap supports (1,000 bootstrap
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taxon. In bold are new sequences produced in this study. Geodiidae species have
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Supplementary Table 1 | List of paleontological records of ball-shaped spicules
(sterrasters, aspidasters, selenasters, rhaxes). Whenever the term “rhax” is used in
publications it entails that it is a reniform-shaped spicule. “?” means missing data.
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Supplementary Dataset 2 | Astrophorina 28S (C1-D2) alignment
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