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Abstract

Micro-computed tomography is increasingly important for the taxonomic analysis of early Palacozoic radiolarians. It provides
an opportunity to conduct detailed observations of the most internal parts of radiolarian skeletons in a non-destructive way. Our
observations on 3D models of the species Protoentactinia gracilispinosa from basal Tremadocian strata of western Newfoundland
(Canada) indicate that, during the first two stages of growth, the skeleton develops symmetrically with respect to the bar-centred
entactinarian spicule. However, subsequently, progressive reduction of the number of rays placed proximally, combined with full
growth of rays distally, results in the formation of an external subglobular shape during branching stages 6 to 8. Although our results
confirm the previously assumed growth pattern of the skeleton, they reveal for the first time the number and pattern of branching
iterations. More importantly, we establish that some stages of skeletal growth occur in a preferred direction, highlighting a clear
heteropolarity of skeleton development, even though the end product is a subspherical spicular test.
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Introduction as polycystine radiolarians. Indeed, the siliceous skeletons

of early Palaeozoic radiolarians testify to their significant

Polycystine radiolarians constitute a diverse group of
marine planktic Rhizaria that secrete a skeleton made of
amorphous silica. Molecular studies suggest the presence
of skeletonless radiolarians since the Late Neoproterozoic
(Sandin et al. 2025); however, the presence of polycystine
radiolarians in the fossil record has only been confirmed
since the Cambrian Series 2, Stage 4 (Obut and Iwata
2000; Pouille et al. 2011; Sennikov et al. 2017).

The Cambrian and Ordovician periods are of key
significance for the early evolutionary history of marine
organisms, including heterotrophic plankton clades, such

diversifications and evolutionary changes (Danelian and
Monnet 2021, 2026).

During the last 35 years, significant progress has been
achieved in understanding the taxonomy and biostratig-
raphy of early Palaeozoic radiolarians (Aitchison et al.
2017; Caridroit et al. 2017; Danelian et al. 2017; Noble et
al. 2017). Success has relied on the discovery of well-pre-
served faunas (e.g. Won and Below (1999)), which have
been carefully described and detailed with 2D imaging
techniques, such as scanning electron microscopy (SEM).
However, the recent application of micro-computed
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tomography (micro-CT) on radiolarians (Matsuoka and
Teshima 2009; Matsuoka et al. 2012; Ishida et al. 2015;
Kachovich et al. 2019) allows the capture of the full 3D
complexity of their skeleton development, especially of
its most internal parts. The latter are of higher taxonomic
significance and, thus, open new avenues for improved
understanding of their internal architectures (Kachovich
and Aitchison 2020, 2021; Perera et al. 2020; Sheng et al.
2020, 20264, 2026b; Perera and Aitchison 2022, 2023).

Based on Tremadocian (Lower Ordovician) material
from Nevada, the species Protoentactinia gracilispinosa
was first introduced by Kozur et al. (1996, p. 253), as the
type species of the newly-defined genus Protoentactinia
Kozur, Mostler & Repetski, 1996 and type-genus of the
newly-defined family Protoentactiniidae Kozur, Mostler
& Repetski, 1996. P. gracilispinosa was described as a
radiolarian bearing a spicular system initiated from “a
bar-centred entactinarian spicule with 3 terminal rays”
at each end; the subglobular skeleton was described as
formed of a repeatedly branching pattern of spicules, which
accommodated a nearly spherical inner empty space. The
species was later reported from upper Cambrian and
lowermost Ordovician strata of western Newfoundland
(Won and Tams 2002; Won et al. 2005; Pouille et al. 2014).
Here, using micro-CT, we provide for the first time, details
of the different stages of spicular branching re-iterations
and the overall skeletal growth pattern and dynamics.

Materials and methods

The single specimen studied here (Fig. 1) comes from
a basal Tremadocian radiolarian assemblage, extracted
by Lauren Pouille (University of Lille) during her PhD
work, after hydrochloric acid leaching from a limestone
sample of the Green Point section (level 23) of the Cow
Head Group of western Newfoundland, Canada (Pouille
et al. 2014). Protoentactinia gracilispinosa is abundant
in this assemblage (ca. 15% of over 2,000 identified
specimens) and has been well documented, with many
different specimens, by Pouille et al. (2014). The reader
is referred to this paper for further taxonomic and biostra-
tigraphic details.

Skeleton analysis of the radiolarian specimen was
conducted at Ghent University’s Centre of X-ray
Tomography (UGCT) in Belgium. The specimen was
inadvertently lost during transport after all imaging
had been completed. Although the physical specimen
is no longer available, the description presented here
is based on comprehensive microscopic documenta-
tion, acquired prior to its loss. The obtained scans were
performed using the custom-built Nanowood micro-CT
scanner at 70 kV, 4W and a voxel size of 900 nm. A total
of 2322 projections were acquired at an exposure time
of 1000 ms/projection, resulting in a total scan time of
around 40 min. The projections were reconstructed using
Octopus Reconstruction (XRE), following the in-house
protocol, during which ring filtering and beam hardening
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corrections were applied. In this study, stacks of 2D
images were processed using the 3D Slicer software. This
open-source software is commonly used to extract struc-
tural models from images primarily used for clinical and
biomedical applications. Image segmentation delineates
regions within an image, in this case, structures of the
siliceous skeleton. It is essential for visualising certain
structures or for quantifying them (measuring volume,
surface area and shape properties). The segmentation was
performed semi-automatically. By manually scanning all
the slices (hundreds of 2D images) in three dimensions
(X, Y, Z) and using the segmentation tools provided by
the 3D Slicer software, we were able to delineate the
areas of interest in the radiolarian specimen by selecting
the corresponding grey levels. Each part or segment could
then be coloured, facilitating the overall interpretation of
each branch within the 3D volume.

Results

Colouring dissection allowed us to recognise eight
successive stages of spicular branchings that result in
the formation of a subspherical spicular test displaying
a practically empty inner space (Fig. 2). Table 1 lists the
different types and number of new branchings, as well as
the total number of new rays generated at each growth
stage. The vast majority of branchings is of trifurcating
type; however, some rare new branchings are single-rayed
or bifurcating, quadrifurcating, pentafurcating and hexa-
furcating (see also Suppl. material 1: fig. S1). Only one
single case of a heptafurcating branching was observed.
The first stage of successive branchings is represented by
the formation of the initial bar-centred entactinarian spicule
displaying two terminal trifurcating branchings developed
at the two extremities of the median bar (Fig. 2A, B). The

Figure 1. CT-scan illustration of the scanned radiolarian speci-

men. Scale bar: 250 pm.
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Table 1. Type and number of new branchings and total number of new rays produced at each skeletal growth stage of the species
Protoentactinia gracilispinosa.

Gsl:;vgv;h S:;ile Bifurcating Trifurcating Quadri-furcating Penta-furcating Hexafurcating Heptafurcating Tol::;::hoitl;g:w ?:: ::y(;f
Stage 1 0 0 2 0 0 0 0 2 6
Stage 2 0 0 6 0 0 0 0 6 18
Stage 3 0 2 14 1 0 0 0 17 50
Stage 4 1 5 23 4 0 2 0 35 108
Stage 5 2 7 18 6 3 0 0 36 109
Stage 6 1 1 10 3 1 0 1 17 57
Stage 7 0 2 3 0 0 0 0 5 13
Stage 8 0 1 1 1 0 0 0 3 9

C

35/108 . 36/109

Figure 2. Partial colour segmentation of the successive stages of skeletal growth of Protoentactinia gracilispinosa. Numbers
situated on the upper right of each partially segmented specimen indicate the total number of new branchings/rays formed
during each stage. A. Bar-centred entactinarian spicule formed during stage 1; B. The same bar-centred spicule seen laterally
and placed tangentially against a hypothetical “central capsula” (blue sphere); C. Green parts illustrate the 6 new branch-
ings/18 new rays formed during stage 2; D. Dark pink parts illustrate the 17 new branchings/50 new rays formed during stage
3; E. Light blue parts illustrate the 35 new branchings/108 new rays formed during stage 4; F. Yellow parts illustrate the 36
new branchings/109 new rays formed during stage 5; G. Grey parts illustrate the 17 new branchings/57 new rays formed
during stage 6; H. Pale rose parts illustrate the 5 new branchings/13 new rays formed during stage 7; I. Pale green parts
illustrate the 3 new branchings/9 new rays formed during stage 8; J. 3-D reconstruction of the entire specimen, with all its
segmented skeletal parts coloured differently.
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total number of both new branchings and rays increases
rapidly up to stage 5, after which they both decrease. It
is also worth noting that, after stage 2, only a fraction of
existing rays leads to the development of new branchings.
For example, out of the 18 new rays developed at stage
2, only 17 of them produce new branchings at stage 3, as
a combination of two bifurcating, 14 trifurcating and one
quadrifurcating branchings that result to a total of fifty new
rays. Out of these 50 new rays (formed during stage 3), only
35 of them produce new branchings during stage 4. More
remarkably, only a third of the rays that are newly formed
during stage 4 branch out during stage 5. Therefore, it can
be argued that the dynamic of skeletal growth decreases
after stage 4, even though stage 5 records the maximum
number of rays ever produced for this specimen.

In terms of spatial development, nearly half of the final
subspherical spicular test is formed at the end of stage 3.
Starting with stage 4, shell growth is clearly unidirection-
ally and asymmetrically orientated, away from the initial
spicule, establishing a clear heteropolarity in the skel-
eton growth and structural organisation, forming at the
same time a more complete subspherical test. The distally
orientated development of the shell is more obvious
during stage 5. Most of the branches developed during
stage 6 are generated on the opposite side of the initial
spicule and in such a way as to form a subspherical shell.
The few new branchings/rays generated during stages 7
and 8 are also developed so as to increase the subspher-
ical aspect of the test.

Discussion

Based on Tremadocian (Lower Ordovician) material from
Nevada, the genus Protoentactinia was first introduced by
Kozur et al. (1996), as a spicular test initiated by a median
bar that bears three rays at each end. The external subglob-
ular test was described as being formed by a repeatedly
branching pattern of spicules, which accommodated a
nearly spherical inner empty space. Our observations
confirm the assessment of Kozur et al. (1996) and further
describe precisely the number of iterative branching
stages, the number of new rays formed at each successive
stage, as well as the pattern of their spatial distribution.

It is noteworthy that, during the first two stages of
skeletal growth, the type of branchings is always trifur-
cating and, as this type represents the vast majority of
total branchings formed during the skeleton formation, it
may very well be that the trifurcating type is the stan-
dard and that all the other types of branching are possible
malformations or simply part of the infraspecific vari-
ability of the species. However, in order to assess this,
additional material needs to be analysed in the future.
Although three specimens of Protoentactinia gracilispi-
nosa were illustrated recently in Jiani Sheng’s PhD thesis
(Sheng 2024), their analysis is still pending.

Heteropolar development of a polycystine radiolarian
skeleton has been recognised until now only for the
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radiolarians of the order Nassellaria. Here, we document
for the first time the heteropolar growth of the testin a prim-
itive entactinarian species. Indeed, the skeleton growth
of Protoentactinia gracilispinosa recalls the heteropolar
and unidirectional skeleton development described in
Nassellaria, but without the axial symmetry characteristic
of nassellarians, as the end product of skeleton growth of
Protoentactinia gracilispinosa is a subspherical form.

Few studies provide insights into the function of poly-
cystine radiolarian skeletal morphology (i.e. Matsuoka
(2007)). We suggest that their siliceous skeleton might
have served as an anchoring structure for a better function
of the axoflagellates and cytoplasmic extensions. We also
speculate that P. gracilispinosa had a cell structure similar
to the periaxoplastitid-type, as described by Hollande and
Enjumet (1960, p. 21, figs [.3 and 1.4) from cellular observa-
tions of living radiolarians from the western Mediterranean.
If such was indeed the case, we may imagine that the
axoplast of P. gracilispinosa was likely positioned close to
the initial spicule and that axoflagellates were all orientated
antapically, away from the axoplast. Such an axoflagellate
organisation would be consistent with the unidirectional
and heteropolar skeletal growth of P. gracilispinosa, in
spite of its final subspherical form.

Conclusions

Our analysis confirms the initial description provided by
Kozur et al. (1996) for Protoentactinia gracilispinosa;
indeed, the subglobular “spongy” test of this entactinarian
species is formed by repeated branchings of rays starting
from the two trifurcating branchings of the initial spicule
formed out of each termination of the median bar. The skel-
eton is formed subsequently through seven additional stages
of reiterated branchings, but the subglobular form of the
test is essentially developed during stages 3, 4 and 5. The
maximum number of branchings is manifested in stage 5.
The total number of new rays reaches also its maximum at
stage 5, after which the total number of new rays decreases
during stages 6, 7 and 8. Unidirectional and heteropolar skel-
etal growth (similar to the one observed in nassellarians) is
established here for the first time using micro-CT analysis.
Heteropolarity is expressed by the directional asymmetry
in the skeleton growth and architecture, starting with the
very eccentric position of the initial spicule at the edge of an
empty spherical space, as described by Kozur et al. (1996).

Acknowledgements

This project has received funding from the European
Union’s Horizon 2020 Research and Innovation
Programme under grant agreement no. 101005611
(EXCITE) / 101131765 (EXCITE?) for Transnational
Access conducted at the Centre of X-ray Tomography
(UGCT), Ghent University, which is funded by the
BOF Special Research Fund (BOF.COR.2022.008).



Fossil Record 29 (2) 2026, 759-764

763

Furthermore, the authors would like to acknowledge the
financial support for the Nanowood CT system (BOF
Starting Grant, BOFSTG2018000701), as well as the
FWO (G009720N and G019521N) and the Faculty of
Bioscience Engineering (FBW-CWO-UGent grant).
Views and opinions expressed are, however, those of the
authors only and do not necessarily reflect those of the
European Union or the European Commission. Neither
the European Union nor the granting authority can be held
responsible for them. L. Harutyunyan is grateful to the
Erasmus + KA171 Programme for funding her mobility
for studies to the University of Lille during the second
semester of the year 2024/25. Constructive remarks by
the two anonymous reviewers and by the Chief Editor,
Florian Witzmann, allowed us to greatly improve the
initial manuscript. Vahram Serobyan and Charlotte Hunt
are gratefully acknowledged for help with the figures and
for editing the English, respectively.

References

Aitchison JC, Suzuki N, Caridroit M, Danelian T, Noble P (2017) Paleo-
zoic radiolarian biostratigraphy. Geodiversitas 39: 503—-531. https://
doi.org/10.5252/g2017n3a5

Caridroit M, Danelian T, O’Dogherty L, Cuvelier J, Aitchison JC,
Pouille L, Noble P, Dumitrica P, Suzuki N, Kuwahara K, Maletz
J, Feng Q (2017) An illustrated catalogue and revised classification
of Paleozoic radiolarian genera. Geodiversitas 39: 363—417. https://
doi.org/10.5252/g2017n3a3

Danelian T, Monnet C (2021) Early Paleozoic radiolarian plankton diver-
sity and the Great Ordovician Biodiversification Event. Earth-Science
Reviews 218: 103672. https://doi.org/10.1016/j.earscirev.2021.103672

Danelian T, Monnet C (2026) Early Paleozoic radiolarian macroevolu-
tionary dynamics and possible relation to global change. Earth and
Environmental Science Transactions of the Royal Society of Edin-
burgh 116: 136-145. https://doi.org/10.1017/S1755691025100947

Danelian T, Aitchison JC, Noble P, Caridroit M, Suzuki N, O’Dogh-
erty L (2017) Historical insights on nearly 130 years of research
on Paleozoic radiolarians. Geodiversitas 39: 351-361. https://doi.
org/10.5252/g2017n3a2

Hollande A, Enjumet M (1960) Cytology, evolution and systematics of
Sphaeroidea (Radiolaria). Archives du Muséum national d’histoire
naturelle, Paris, 7: 1-134. [In French]

Ishida N, Kishimoto N, Matsuoka A, Kimoto K, Kurihara T, Yoshi-
no T (2015) Three-dimensional imaging of the Jurassic radiolari-
an Protunuma ? ochiensis Matsuoka: an experimental study using
high-resolution X-ray micro-computed tomography. Volumina
Jurassica 13: 77-82.

Kachovich S, Aitchison JC (2020) Micro-CT study of Middle Ordovi-
cian Spumellaria (radiolarians) from western Newfoundland, Can-
ada. Journal of Paleontology 94: 417-435. https://doi.org/10.1017/
jpa.2019.88

Kachovich S, Aitchison JC (2021) Middle Ordovician (middle Dar-
riwilian) Archaeospicularia and Entactinaria (radiolarians) from
the Table Cove Formation, Piccadilly Quarry, western Newfound-
land, Canada. Journal of Paleontology 95: 913-943. https:/doi.
org/10.1017/jpa.2021.18

Kachovich S, Sheng J, Aitchison JC (2019) Adding a new dimension to
investigations of early radiolarian evolution. Scientific Reports 9(1):
5331. https://doi.org/10.1038/s41598-019-42771-0

Kozur H, Mostler H, Repetski JE (1996) Well-preserved Tremadocian
Radiolaria from the Windfall Formation of the Antelope Range, Eu-
reka County, Nevada, U.S.A. Geologisch-Paldontologische Mittei-
lungen Innsbruck 121: 245-271.

Matsuoka A (2007) Living radiolarian feeding mechanisms: new light
on past marine ecosystems. Swiss Journal of Geosciences 100: 273—
279. https://doi.org/10.1007/s00015-007-1228-y

Matsuoka A, Teshima Y (2009) Plaster models of radiolarian shells pro-
duced by X-ray microtomography and 3-D printer. In: Proceedings
of the 12" Meeting of the International Association of Radiolarian
Paleontologists, 116—117. [INTERRAD XII, Nanjing, China, Sep-
tember 2009]

Matsuoka A, Yoshino T, Kishimoto N, Ishida N, Kurihara T, Kimoto K,
Matsuura S (2012) Exact number of pore frames and their configu-
ration in the Mesozoic radiolarian Pantanellium: An application of
X-ray micro-CT and layered manufacturing technology to micro-
paleontology. Marine Micropaleontology 88—89: 36—40. https://doi.
org/10.1016/j.marmicro.2012.02.005

Noble PJ, Aitchison JC, Danelian T, Dumitrica P, Maletz J, Suzuki N,
Cuvelier J, Caridroit M, O’Dogherty L (2017) Taxonomy of Pa-
leozoic radiolarian genera. Geodiversitas 39: 419-502. https://doi.
org/10.5252/g2017n3a4

Obut OT, Iwata K (2000) Lower Cambrian Radiolaria from the Gorny
Altai (southern West Siberia). Novosti Paleontologii i Stratigrafii
2-3:33-37.

Perera S, Aitchison JC (2022) Late Sandbian (Sa2) radiolarians of the
Pingliang Formation from the Guanzhuang section, Gansu Province,
China. Journal of Paleontology 96: 19-45. https://doi.org/10.1017/
jpa.2021.86

Perera S, Aitchison JC (2023) Micro-CT analysis of Katian radiolarians
from the Malongulli Formation, New South Wales, Australia, and
implications for skeletogenesis. Journal of Paleontology 97: 971—
989. https://doi.org/10.1017/jpa.2023.13

Perera S, Aitchison JC, Nothdurft L (2020) Middle Ordovician (Darriwil-
ian) radiolarians from the Crawford Group, Scotland. Geological Mag-
azine 157: 2033-2043. https://doi.org/10.1017/S001675682000028 X

Pouille L, Danelian T, Maletz J (2014) Radiolarian diversity changes
during the Late Cambrian—Early Ordovician transition as recorded in
the Cow Head Group of Newfoundland (Canada). Marine Micropale-
ontology 110: 25-41. https://doi.org/10.1016/j.marmicro.2013.05.002

Pouille L, Obut O, Danelian T, Sennikov N (2011) Lower Cambrian
(Botomian) polycystine Radiolaria from the Altai Mountains (south-
ern Siberia, Russia). Comptes Rendus Palevol 10: 627-633. https://
doi.org/10.1016/j.crpv.2011.05.004

Sandin MM, Renaudie J, Suzuki N, Not F (2025) Extant diversity, bio-
geography, and evolutionary history of Radiolaria. Current Biology
35:2524-2538. https://doi.org/10.1016/j.cub.2025.04.032

Sennikov NV, Korovnikov 1V, Obut OT, Tokarev DA, Novozhilo-
va NV, Danelian T (2017) The Lower Cambrian of the Salairand
Gorny Altai (Siberia) revisited. Bulletin de la Société Géologique de
France 188(1-2): 1-10. https://doi.org/10.1051/bsgf/2017002

Sheng J (2024) Understanding early radiolarian evolution: taxonomy,
phylogeny and taphonomy through Micro-CT. Ph.D. Thesis, School
of the Environment, University of Queensland, 276 pp. https://doi.
org/10.14264/1b1be91

fr.pensoft.net


https://doi.org/10.5252/g2017n3a5
https://doi.org/10.5252/g2017n3a5
https://doi.org/10.5252/g2017n3a3
https://doi.org/10.5252/g2017n3a3
https://doi.org/10.1016/j.earscirev.2021.103672
https://doi.org/10.1017/S1755691025100947
https://doi.org/10.5252/g2017n3a2
https://doi.org/10.5252/g2017n3a2
https://doi.org/10.1017/jpa.2019.88
https://doi.org/10.1017/jpa.2019.88
https://doi.org/10.1017/jpa.2021.18
https://doi.org/10.1017/jpa.2021.18
https://doi.org/10.1038/s41598-019-42771-0
https://doi.org/10.1007/s00015-007-1228-y
https://doi.org/10.1016/j.marmicro.2012.02.005
https://doi.org/10.1016/j.marmicro.2012.02.005
https://doi.org/10.5252/g2017n3a4
https://doi.org/10.5252/g2017n3a4
https://doi.org/10.1017/jpa.2021.86
https://doi.org/10.1017/jpa.2021.86
https://doi.org/10.1017/jpa.2023.13
https://doi.org/10.1017/S001675682000028X
https://doi.org/10.1016/j.marmicro.2013.05.002
https://doi.org/10.1016/j.crpv.2011.05.004
https://doi.org/10.1016/j.crpv.2011.05.004
https://doi.org/10.1016/j.cub.2025.04.032
https://doi.org/10.1051/bsgf/2017002
https://doi.org/10.14264/1b1be91
https://doi.org/10.14264/1b1be91

764 Lusine Harutyunyan et al.: X-ray tomography of an early Palaeozoic radiolarian species

Sheng J, Kachovich S, Aitchison JC (2020) Skeletal architecture of
middle Cambrian spicular radiolarians revealed using micro-CT.
Journal of Micropalaeontology 39: 61-76. https://doi.org/10.5194/
jm-39-61-2020

Sheng J, Aitchison JC, Arhatari BD, Stevenson AW, Kachovich S
(2026a) Phylogenetic affinity between Archeoentactinia and the
Entactinaria: evidence from the middle Cambrian Inca Formation,
Georgina Basin, Australia, and Lower Ordovician Cow Head Group,
Newfoundland. Journal of Paleontology 100(1): 16-39. https://doi.
org/10.1017/jpa.2026.10215

Sheng J, Aitchison JC, Kachovich S, Arhatari BD, Stevenson AW, Ye Y,
Liu S (2026b) Unlocking a hidden fossil archive: synchrotron mi-
cro-computed tomography illuminates ‘ghost’ radiolarians linked to

Late Ordovician oceanic anoxic events. Royal Society Open Science
13: 252091. https://doi.org/10.1098/rs0s.252091

Won M-Z, Below R (1999) Cambrian radiolarians from the Georgina
Basin, Queensland, Australia. Micropaleontology 45: 325-363.
https://doi.org/10.2307/1486119

Won M-Z, lams WJ (2002) Late Cambrian radiolarian faunas
and biostratigraphy of the Cow Head Group, western New-
foundland. Journal of Paleontology 76: 1-33. https://doi.
0rg/10.1666/0022-3360(2002)076<0001:lcrfab>2.0.co;2

Won M-Z, lams WJ, Reed KM (2005) Earliest Ordovician (Early to Mid-
dle Tremadocian) Radiolarian faunas of the Cow Head Group, West-
ern Newfoundland. Journal of Paleontology 79: 433-459. https://
doi.org/10.1666/0022-3360(2005)079<0433:eoetmt>2.0.co;2

Additional information

Conflict of interest

The authors have declared that no competing interests exist.
Ethical statement

No ethical statement was reported.

Artificial Intelligence (Al) use

The authors accept full responsibility for the content of the manuscript, including
the disclosure of any use of Al
No Al tools were used in the preparation of this manuscript.

Funding

This project has received funding from the European Union’s Horizon 2020
Research and Innovation Programme under grant agreement no. 101005611
(EXCITE) / 101131765 (EXCITE2) for Transnational Access conducted at the
Centre of X-ray Tomography (UGCT), Ghent University, which is funded by
the BOF Special Research Fund (BOF.COR.2022.008). Furthermore, the authors
would like to acknowledge the financial support for the Nanowood CT system
(BOF Starting Grant, BOFSTG2018000701), as well as the FWO (G009720N and
G019521N) and the Faculty of Bioscience Engineering (FBW-CWO-UGent grant).

Author contributions

T.D. designed the study. T.D. prepared the material and supervised the project.
L.S., V.C. and T.D. collected X-ray data. L.H. and R.H. treated X-ray data.
L.H. and T.D. wrote the manuscript, with input from L.S. and R.H. All authors
discussed and agreed on interpretation of the data.

Author ORCIDs

L. Schroer
V. Cnudde
T. Danelian

https://orcid.org/0000-0003-3635-5180
https://orcid.org/0000-0002-3269-5914
https://orcid.org/0000-0001-9496-2363

Data availability

All data generated or analyzed is provided within this manuscript or in supple-
mentary information files. The CT datasets studied in this work can be found
online, on the YODA repository of Utrecht University https://doi.org/10.24416/
UU01-6C8POK.

Supplementary material 1
Supplementary figure S1

Authors: Lusine Harutyunyan, Rémi Habert, Laurenz
Schroer, Veerle Cnudde, Taniel Danelian

Data type: tif

Explanation note: Different types of branchings and
number of rays per branching recognised in this
study. 1) Single ray; 2) bifurcating; 3) trifurcating; 4)
quadrifurcating; 5) pentafurcating; 6) hexafurcating;
7) heptafurcating.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/11.29.200748.suppl 1

Supplementary material 2
Dataset file

Authors: Lusine Harutyunyan, Rémi Habert, Laurenz
Schréer, Veerle Cnudde, Taniel Danelian

Data type: mp4

Explanation note: Partially rotating 3D micro-CT
reconstruction displaying the successive skeleton
growth stages of Protoentactinia gracilispinosa.

Copyright notice: This dataset is made available under
the Open Database License (http://opendatacommons.
org/licenses/odbl/1.0). The Open Database License
(ODbL) is a license agreement intended to allow users
to freely share, modify, and use this Dataset while
maintaining this same freedom for others, provided
that the original source and author(s) are credited.

Link: https://doi.org/10.3897/11.29.200748.suppl2

fr.pensoft.net


https://doi.org/10.5194/jm-39-61-2020
https://doi.org/10.5194/jm-39-61-2020
https://doi.org/10.1017/jpa.2026.10215
https://doi.org/10.1017/jpa.2026.10215
https://doi.org/10.1098/rsos.252091
https://doi.org/10.2307/1486119
https://doi.org/10.1666/0022-3360(2002)076%3C0001:lcrfab%3E2.0.co;2
https://doi.org/10.1666/0022-3360(2002)076%3C0001:lcrfab%3E2.0.co;2
https://doi.org/10.1666/0022-3360(2005)079%3C0433:eoetmt%3E2.0.co;2
https://doi.org/10.1666/0022-3360(2005)079%3C0433:eoetmt%3E2.0.co;2
https://orcid.org/0000-0003-3635-5180
https://orcid.org/0000-0002-3269-5914
https://orcid.org/0000-0001-9496-2363
https://doi.org/10.24416/UU01-6C8P0K
https://doi.org/10.24416/UU01-6C8P0K
http://opendatacommons.org/licenses/odbl/1.0
http://opendatacommons.org/licenses/odbl/1.0
https://doi.org/10.3897/fr.29.200748.suppl1
http://opendatacommons.org/licenses/odbl/1.0
http://opendatacommons.org/licenses/odbl/1.0
https://doi.org/10.3897/fr.29.200748.suppl2

	Skeletal growth pattern of Protoentactinia gracilispinosa Kozur, Mostler & Repetski, 1996, a late Cambrian - Early Ordovician radiolarian species, revealed by X-ray tomography
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	Acknowledgements
	References
	Additional information
	Supplementary material 1
	Supplementary figure S1

	Supplementary material 2
	Dataset file


