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a b s t r a c t 

Acantharia ( Acantharea ) are wide-spread marine protozoa, presenting one of the rare examples of stron- 

tium sulfate mineralization in the biosphere. Their endoskeletons consist of 20 spicules arranged accord- 

ing to a unique geometric pattern named Müller’s principle. Given the diverse mineral architecture of 

the Acantharia class, we set out to examine the complex three-dimensional skeletal morphology at the 

nanometer scale using synchrotron X-ray nanotomography, followed by image segmentation based on 

deep learning methods. The present study focuses on how the spicules emanate from the robust central 

junction in the orders Symphyacanthida and Arthracanthida , the geometry of lateral spicule wings as well 

as pockets of interspicular space, which may be involved in cell compartmentalization. Through these 

morphometric studies, we observed subtle deviations from the previously described spatial arrangement 

of the spicules. According to our data, spicule shapes are adjusted in opposite spicules as to accommodate 

the overall spicule arrangement. In all types examined, previously unknown interspicular interstices were 

found in areas where radial spicules meet, which could have implications for the crystal growth mecha- 

nism and overall endoskeletal integrity. A deeper understanding of the spiculogenesis in Acantharia can 

provide biomimetic routes towards complex inorganic shapes. 

Statement of significance 

Morphogenesis, the origin and control of shape, provides an avenue towards tailored inorganic materials. 

In this work, we explored the intricate skeletal organization of planktonic Acantharia, which are amongst 

the few strontium sulfate biomineralizing organisms in nature. By using nanoscale X-ray imaging and 

deep learning image segmentation, we found deviations from previously described geometric patterns 

and undiscovered skeletal features. The bio-inspired synthesis of inorganic materials with complex shape 

has important ramifications for solid-state chemistry and nanotechnology. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The underlying mechanisms by which living organisms build 

omplex mineral architectures in accordance with the symmetry of 

he crystal lattice remains enigmatic. Morphogenesis describes the 

rigin and control of complex inorganic shapes and morphological 

atterns that span multiple length scales [1–5] . Key principles of 

norganic pattern formation are supramolecular assembly, molec- 

lar recognition, templating, and hierarchical organization [ 1 , 6 , 7 ]. 
∗ Corresponding author. 
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mong the myriad of inorganic materials produced by organisms, 

ingle crystals are common skeletal elements across the kingdoms 

f life [8] . Based on a more profound understanding of such bio- 

ogical systems, we may devise straightforward strategies for the 

rowth of single crystals with desired size, form, perfection, and 

omogeneity [9] . This knowledge is particularly useful in finding 

ustainable routes to growing synthetic single crystals from aque- 

us solution at ambient temperature. Smoothly curving single crys- 

als, as exemplified by the Acantharia, are a rich source of inspi- 

ation to inorganic materials used as catalysts, solar cells, energy 

torage media or medical implants [10–13] . 

Acantharia ( Acantharea ) are single-celled marine protozoa that 

resent one of the rare examples of strontium sulfate (SrSO 4 , ce- 

https://doi.org/10.1016/j.actbio.2023.01.037
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2023.01.037&domain=pdf
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estite) mineralization in the biosphere [14–17] . These planktonic 

rganisms occupy a unique ecological niche by selecting stron- 

ium ions over chemically similar, but more abundant calcium ions 

rom seawater. Apart from being an integral part of the marine 

cosystem [18] , Acantharia play a major role in biogeochemistry by 

ontrolling strontium and barium fluxes [19–21] and contributing 

o oceanic carbon and nitrogen cycles [22] . Although Acantharia 

re common subsurface plankton species across the globe, rang- 

ng from polar to tropical climate zones, a pattern of seasonality 

xists in most places [ 18 , 21–23 ]. 

Acantharia are a class within the radiolarians in the eukaryotic 

uper-group Rhizaria that encompasses approximately 50 genera 

nd 150 species with highly diverse skeletal morphology, which 

s consistent with fine genetic regulation of the mineral deposi- 

ion [ 24 , 25 ]. The size of the skeleton is on the order of 50 μm

o 1 mm, depending on the developmental stage and geographic 

rigin. Contingent on the molecular clade, the skeleton consists of 

ither 10 diametral (clades A and B) or 20 radial spicules (clades C- 

). Acantharia from clades A and B do not form a central junction, 

ut the spicules loosely cross the center of the cell. In clade C, the 

0 spicules are connected by contractible fibrils, giving rise to a 

oldable umbrella-like structure. The present study focuses on the 

axonomic suborders Symphyacanthida and Arthracanthida (molec- 

lar clades E and F), which are characterized by a high degree of 

orphological complexity and a robust central junction that fixes 

he spicules in the center of the cell. 

Acantharia from clades E and F follow a sophisticated symmet- 

ical arrangement, generally known as Müller’s principle. The ge- 

metric law states that two quartets of polar spicules alternate 

ith two quartets of tropical spicules and one quartet of equato- 

ial spicules [ 14 , 26 , 27 ]. This geometric organization was originally

hought to be governed by the space-efficient packing of the vesi- 

les enclosing the spicules [28] . While Müller’s principle describing 

he geometrical arrangement of the Acantharian spicules has been 

nown for over a century [14] , it is yet poorly understood how 

xactly spicules fuse in the center of the organism. In the quest 

f explaining morphogenesis in nature [28] , D’Arcy Thomson sug- 

ested in his landmark monograph "On Growth and Form" that the 

wenty Acantharian spicules radiate towards the faces of an icosa- 

edron [28] . Perry et al. speculated that the arrangement of the 

picules stems from an interplay between crystallochemical and bi- 

logical control, reconciling an optimum use of space at the spic- 

lar joint with the crystallographic requirements of an orthorhom- 

ic crystal lattice [ 27 , 29 ]. However, as illustrated by Wilcock et al.

28] and explored in this study, the spatial arrangement of the 20 

picules do not exactly follow this arrangement, but rather loosely 

dhere to Müller’s principle. 

The curved surface of the Acantharian spicules is at odds with 

he internal lattice structure of the orthorhombic crystal. Apart 

rom sculpting the crystal shape, Acantharia exert exquisite con- 

rol over the crystallographic texture. As previous studies indi- 

ate, spicules grow along the crystallographic a -axis, with the lat- 

ral wings consistently lying in low-index planes, irrespective of 

he skeletal morphology [27] . In contrast, geological SrSO 4 crystals 

rown under equilibrium conditions are aligned along the crystal- 

ographic c -axis [ 27 , 30 ]. 

Acantharia exhibit a fascinating diversity in spicule shapes. It 

s known that celestite crystallization occurs in membrane-bound 

esicles known as perispicular vacuoles that restrain crystal growth 

27] . Previous research reported that spicules are joined to each 

ther with protoplasmic strands called “spicular cement” [31] . The 

picule-containing compartments are attached to both the cyto- 

lasmatic membrane and microtubule filaments [ 27 , 29 ]. Hence, the 

volution of the spicule shape has hitherto been attributed to the 

ifferent growth rates of cellular constituents, namely a higher 

rowth rate of the vesicle containing the developing spicule com- 
75 
ared to the overall cell [29] . This hypothesis implies that the spa- 

ial organization of membranes and filaments, in particular the fil- 

ment length and cell membrane curvature, accounts for the spic- 

lar crystal shape [29] , but it falls short of explaining apparent 

axon-specific variations in spicule morphology, which might be 

nfluenced by intracrystalline matrix proteins, as observed in other 

iomineralizing organisms, such as sea urchin larvae [32] . In some 

cantharian species, both vesicle and cell membrane start grow- 

ng tangentially along the cell surface when the spicules touch the 

apsular membrane, producing a porous inorganic SrSO 4 shell en- 

losing the amoeboid body [ 33 , 34 ]. 

In contrast to many other biomineralizing organisms, Acan- 

haria are uncultured protists that cannot be kept in the labora- 

ory for an extended time after capture [ 31 , 34 ]. In most sampling

ocations, Acantharia need to be harvested from the open ocean 

sing Niskin bottles, scuba divers, plankton nets, or sediment nets 

 22 , 35 ]. Another potential hurdle in the study of these planktonic 

rganisms is that the celestite skeleton dissolves rapidly in high 

alinity seawater upon cell death [ 35 , 36 ]. As a result, this marine

ife form is absent from the fossil record [19] . Hence, suitable fixa- 

ion methods are required to preserve the delicate skeleton for fur- 

her analysis, including the conservation in ethanol, formaldehyde 

olution, cryo-fixation, or freeze-drying [ 37 , 38 ]. Due to the chal- 

enges to preserve the organic matter by ethanol over an extended 

ime period, the present study focuses on the mineral architec- 

ure. Moreover, the poor stability in culture renders time-resolved 

tudies of the spiculogenesis across developmental stages impossi- 

le. Previous research showed that the unique mineralization pat- 

erns evolve through primitive stages in juvenile Acantharia, in 

hich rod-shaped, diametral spicules cross in the center of the cell 

efore elaborating towards well-developed skeletons in the adult 

 24 , 26 , 27 , 29 ]. 

To resolve the complex internal morphology of Acantharian en- 

oskeletons, we used synchrotron-based X-ray nano-computed to- 

ography (X-ray nanoCT) at the P05 imaging beamline (PETRA III, 

ESY, Hamburg, Germany). X-ray nanoCT is a powerful imaging 

ool for visualizing internal and external nanostructures in a non- 

estructive manner [ 39 , 40 , 41 ], thereby avoiding sample prepara- 

ion artefacts from sectioning a priori [ 42 , 43 ]. Here, the resolution

f the hard X-ray microscope exceeded 50 nm. The high linear ab- 

orption coefficient of strontium sulfate rendered Acantharia ideal 

amples for nanofocused X-ray imaging. Detailed reconstructions 

f the X-ray tomographic data based on variations of the linear 

ttenuation coefficient allowed us to perform exact morphometric 

easurements, e.g., interspicular angles. In addition, volume ren- 

erings were digitally rotated and analyzed from different points 

f view. Based on the experimental results, we gained a deeper 

nderstanding of the skeletal development in Acantharia. Special 

mphasis was placed on taxon-specific features, such as the com- 

lex morphology of the inner joint, as these parts are likely to be 

nvolved in the oriented growth of SrSO 4 crystals. 

. Materials and methods 

.1. Data collection 

A mixed assemblage of planktonic organisms collected using 

et tows at Mborokua, Solomon Islands, and preserved in 70% 

v/v) aqueous ethanol was kindly provided by the American Mu- 

eum of Natural History (New York, New York). In the present 

tudy, we primarily focused on Acantharia from the orders Sym- 

hyacanthida and Arthracanthida (molecular clades E & F) that 

re characterized by their robust central junction and intricate 

keletal morphology. Since the cellular matter was not preserved 

y the alcohol, samples were classified based on morphological 

ues. However, an unambiguous taxonomic identification would re- 
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Fig. 1. Schematic of geometric arrangement of spicules as per Müller’s principle; 

P = polar spicules, T = tropical spicules; E = equatorial spicules. Left: Each line rep- 

resents one of 20 radial spicules. The plane containing equatorial spicules shown. 

Right: View along central axis. The two types of interspicular angles measured in 

this study are indicated using (i) and (ii). 
uire molecular phylogenetic information [34] . Prior to X-ray imag- 

ng, Acantharia were treated with 8.25% NaOCl for 30 min to re- 

ove surrounding organic material, was hed with H 2 O and 95% 

thanol. 1 mm quartz capillaries (Charles Supper) were used for 

ulling glass fibers. To prevent glass absorption, Acantharian en- 

oskeletons were mounted on the tip of pulled glass needles using 

yanoacrylate glue (Super Glue, 3 M) under a Zeiss Stemi 20 0 0-C 

tereomicroscope and held in place by a screw-in sample holder. 

In this study, over 20 Acantharian endoskeletons were scanned 

sing synchrotron radiation nano-computed tomography at beam- 

ine P05 operated by the Helmholtz-Zentrum Hereon at the PE- 

RA III storage ring at DESY (Deutsches Elektronen-Synchrotron, 

amburg, Germany) [44] . A Fresnel zone plate (FZP) was used as 

n objective lens. An X-ray sCMOS camera (Hamamatsu C12849–

01 U, 6.5 mm pixel size, 2048 ×2048 pixels, 16-bit image depth) 

ith a 10 μm Gadox scintillator was used as a detector. Using this 

etup, a pixel size of 13 nm and a spatial resolution of 50 nm were

chieved at 11 keV in 2D [45] . In this study, two different setups

ere used: In the first setup, a large FZP of 250 μm was employed

o achieve a larger field of view of 74 μm, resulting in an effective

ixel size of 35.94 nm. The other setup featured a 150 μm diame- 

er FZP, resulting in an effective pixel size of 18.65 nm and a field

f view of 38 μm. Samples were scanned using a monochromatic 

eam with X-ray photon energy of 11.1 keV. Each scan consisted of 

60 0–320 0 radiographs over 180 ° with an exposure time of 1.1 s 

er projection (smearing = 1, speed = 0.1 °/s). Due to the high ab-
orption coefficient of SrSO 4 , scans were performed with total scan 

imes from 30 min to 1 h in standard absorption mode. The quality 

f the tomographic reconstruction tends to scale with the num- 

er of projections, but we noted only minor differences between 

0 min and 1 h scans. A prolonged scan time may in fact undergo

ith significant sample drift of the sample. Due to the high X-ray 

bsorption coefficient of the strontium-bearing mineral, nanoCT 

ata were obtained in absorption mode. Scans were normalized by 

atfield radiographs and corrected for dark current using in-house 

ode and were reconstructed with the Gridrec algorithm [46] using 

he TomoPy package and a binning size of 2, doubling the effective 

ixel size [47] . Reconstruction of nanoCT data was carried out us- 

ng an in-house beamline script. The reconstructed data was used 

o carry out virtual slicing of the endoskeleton. The reconstructed 

can data (stack of 2D slices) were imported into the 3D visualiza- 

ion and analysis software Dragonfly (Object Research Systems Inc, 

ontreal, Canada, 2020, Version 2020.2) for Windows. 3D Models 

f Acantharian endoskeletons were made from the reconstructed 

anoCT data using Dragonfly’s deep learning module. 

.2. Image segmentation using deep learning methods 

The reconstructed image stacks were edited in preparation for 

I segmentation using the Image Filtering workspace in Dragon- 

y. Image contrast was enhanced via histogram equalization, and 

moothed using mean shift, gaussian, and percentile smoothing 

ethods. 10–20 projections in the XY plane were segmented man- 

ally and were used as training data. U-Net Convolutional Network 

or Biomedical Image Segmentation was used as the algorithmic 

rchitecture for the segmentation for each of the ten samples [ 48 ]. 

he data was segmented into two regions of interests: the Acan- 

harian endoskeleton and the background. The endoskeleton ROIs 

ere saved as .tiff stacks to create 3D models and videos, and for 

etermining interspicular angles. 

.3. Angle measurement 

The 3D models generated from the AI-assisted image segmen- 

ation of the nanotomography data were loaded into 3D Slicer. [ 49 ] 

or each Acantharian endoskeleton model, the center of the cross- 
76 
ection of each spicule as well as the center of the overall model 

ere annotated using points. Each spicule was also given a “po- 

ar,” “tropical,” or “equatorial” assignment as per Müller’s principle. 

he polar and tropical assignments were further labelled “north”

nd south,” with the hemispheres arbitrarily assigned for ease of 

ngle measurement. This resulted in five spicule assignments: PN, 

N, EQ, TS, and PS. The points and the spicule arrangements were 

mported into a custom MATLAB live script through which inter- 

picule angles were determined. This was accomplished by first 

tting a sphere at the center of the spicule junction, and then de- 

ermining the intersection of each spicule vector with the sphere, 

uch that the spicule length for all the spicules in each model 

as the same. Using these new spicule vectors, an ellipse was fit 

round each of the five spicule assignments. The centers of these 

llipses were used to make a non-spicule “central vector.” Two 

ypes of angles were measured: the angle between each spicule 

nd the central vector ( Fig. 1 , i), as well as the angle between an

quatorial spicule in the sample and all the other spicules as pro- 

ected onto the equatorial plane ( Fig. 1 , ii). Additional information 

n angle measurement can be found in the supplemental informa- 

ion. Statistical analyses were carried out using the Data Analysis 

oolPak on Microsoft Excel (2020). 

. Results and discussion 

.1. Morphology of spicule junctions 

Acantharian endoskeletons consist of 20 spicules, specifically 

our pairs of polar (P) spicules, four pairs of tropical (T) spicules, 

nd two pairs of equatorial (E) spicules. As illustrated in Fig. 1 , 

üller’s principle states that all equatorial spicules are at right 

ngles towards each other. Tropical spicules are oriented at a 30 °
ngle from the equatorial plane while being rotated 45 ° from the 

quatorial spicules when viewed from above. Polar spicules pro- 

rude at 60 ° angles from the equatorial plane, thereby overlap- 

ing with the equatorial spicules [14] . A stereographic projection 

f spicular arrangement is shown in Figure S1. 

The present study focuses on how the spicules emanate 

rom the central junction and whether the three-dimensional 

rrangement of spicules deviates from Müller’s principle in mor- 

hologically complex Acantharia. The central junction was of 

pecial interest, since the arrangement of the spicules towards 

he center of the endoskeleton could provide insight into how 

oose spicules fuse together during the developmental stage of the 

rganisms. To test the validity of the geometric law, polar, tropical, 
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Fig. 2. Diverse morphology of spicule junction. Type I: Lateral wings for all spicules. Type II: Lateral wings for two spicules. Type III: Less pronounced lateral wings for all 

spicules. Type IV: Lateral wings only on one pair of equatorial spicules. Type V: Presence of porous shell. Left: 3D segmentation models from type I-V endoskeletons. Cube in 

bottom right corner of each model has length of 5 μm. Models are falsely colorized. Right: 2D NanoCT reconstructed slices for polar, tropical and equatorial spicules. Scale 

bars correspond to 10 μm. 
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nd equatorial spicules were assigned as per Müller’s principle, 

heir spatial orientation was converted to vectors centered at 

0,0,0) and the suitability of the assignment was verified using 

 custom MATLAB script. In all samples examined in this exper- 

ment, the polar, tropical, and equatorial spicules oriented with 

imilar interspicular angles to those dictated by Müller’s principle. 

et, while the overall spatial arrangement was maintained across 

he samples to a large extent, there were stark differences in terms 

f spicule shape and thickness between different types. Image seg- 

entations based on Deep Learning Models were used to create 

hree-dimensional volume renderings. The twenty endoskeletons 

hat were examined as part of this study were classified according 

o morphological similarities. We further observed pronounced 

ifferences with regard to how the spicules fused in the central 

unction between different species. Based on differences in these 

riteria, the samples examined were divided into five types to 

ase discussion of morphological differences between samples. 

hese types, along with projections of how the polar, tropical, and 

quatorial spicules meet are presented in Fig. 2 . The region of the 

D model from which the planar views of the spicular junctions 

n Fig. 2 are presented in Figure S2. 3D views of the polar, tropical,

nd equatorial junctions are shown in Figure S3. 
77
Type I samples are characterized by 20 thin radial spicules with 

ruciform cross sections, which stem from the presence of lateral 

ings on all spicules. Acantharia from the family Acanthometri- 

ae (Genus Amphilonche ) have 20 spicules with four-winged cross- 

ection near the base. Due to this particular spicule shape, an 

pening remains in the middle where the four polar spicules join. 

wo of the four lateral projections from each polar spicule meet 

ith one projection of two other polar spicules. The two other ini- 

ially unattached ends of the polar spicules merge with the tropi- 

al spicules. Gaps are again maintained in the center of the tropical 

unctions which do not close fully until the four equatorial spicules 

erge in the middle of the endoskeleton. These gaps could result 

n an overall weaker, yet more lightweight endoskeleton, creating 

dditional interspicular compartments lined by the mineralized en- 

oskeleton, which could be necessary for the sequestration of or- 

anelles or harboring the cytoplasm. The four equatorial spicules 

eet each other at right angles, as per Müller’s principle. The 

picules appear to narrow down almost to a point as they meet 

n the middle, as observed in other studies [ 27 , 50 ]. Unlike the en-

oskeleton of the simpler Acantharian species Phyllostaurus siculus 

tudied by Wilcock et al. [27] , in which spicules also connect to 

ach other via lateral wing structures, here there are four lateral 
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Fig. 3. Diametric variation in spicule cross-section. Left: Schematic of 3D spicular arrangement with polar (P, red), tropical (T, blue) and equatorial (E, gray) spicules. Right: 

Progression of 2D projections illustrate change in shape within an individual polar spicule and in diametric polar spicule of Type I sample. Scale bar corresponds to 5 μm. 
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ings present on all spicules in the samples of this type. Addi- 

ionally, the orientation of the lateral wing as well as the shape 

f the spicule cross-section are not maintained diametrically, espe- 

ially for the polar spicules of this type ( Fig. 3 ). The spicule shape

s adjusted as required to maintain the overall spatial arrangement 

f the spicules. Wilcock et al. hypothesized that the availability of 

pace near the poles (or lack thereof) influences the arrangement 

f the lateral wings [27] . Since the lateral wing placement of four 

ut of the eight Type I polar spicules resemble tropical spicules 

nd the other four resemble equatorial spicules, the spatial con- 

traint appears to be adjusted for by the alternation of lateral wing 

rrangement in two out of polar spicules at each polar junction. 

Of all the samples examined, the lateral wing arrangements 

f the Type II samples most closely resemble that of the species 

. siculus (Family Phyllostauridae , Genus Phyllostaurus ) studied by 

ilcock et al. [27] . P. siculus is furnished with 20 cylindrical 

picules, yet, the proximal ends of the radial spicules are cross- 

haped. The spicule cross-sections are thicker overall and more 

ounded compared to those of the Type I samples. At the polar 

unction where the polar spicules first meet, as shown in Fig. 2 , 

he spicules fuse without an obvious gap outside of the small in- 

erspicular spaces (addressed later in this paper). This suggests that 

he central axis of this type of Acantharia is more strongly rein- 

orced compared to the type I samples. Video 1 highlights how the 

ifferent spicule types, specifically polar (red), tropical (blue), and 

quatorial (beige), fuse together as they approach the central junc- 

ion for this sample type. 

2D slices of the reconstructed nCT volume of the Type III sam- 

les resemble that of the Type II samples, but Type III samples fea- 

ure deeper interspicular compartments and thinner polar spicules. 

n this type (Family Diploconidae , Genus Diploconus ), the tropical 

picules fuse with the equatorial spicules, and combined, the two 

ypes of spicules form a cornet, a mineralized skirt around the 

quatorial plane encasing the entire central junction. This is espe- 

ially evident in a tomography with a smaller voxel size ( ∼35nm), 

hich looks more closely at the central junction (Video 2). Lateral 

ings are present on all spicules but are less pronounced in the 

olar spicules, particularly in the 3D representation of the sample. 

The endokeletons of Type IV and Type V samples have porous 

hells around the central junction. Latticed or armored shells are 

ommonly found in the families Dorataspidae and Dictyacanthidae . 

n Type IV samples, only one pair of equatorial spicules has four 
78 
ateral wings and the resulting cross-shaped spicule cross section, 

hile the remaining spicules have an ovalish cross section. The 

ther pair of equatorial spicules are not particularly larger in size 

ompared to the remaining 16 spicules, thereby retaining oval- 

haped cross-sections. In the area of the central junction examined 

n the nanotomography experiment, the shells of the Type IV sam- 

les were not visible. 

Type V samples are equipped with a porous shell surrounding 

he central junction. None of the twenty radial spicules in the im- 

ged samples have lateral mineralized wings present, and as such, 

ll their cross-sections are roughly oval-shaped. Towards the cen- 

ral junction, the spicules become more angular as they almost 

each out to the other spicules, but do not have any apophyses 

mineral protuberances) compared to the previous types examined. 

he lack of cross-shaped or ridged spicules for the shelled sam- 

les could point to the two structural features, shells and ridged 

picules, being formed through a similar growth mechanism. The 

entral junction of these samples also appears to have some ex- 

ra reinforcement in the middle compared to the other types, as 

here are traces of short stubs of the tropical spicules remaining in 

he very center. This could be due to equatorial spicules in Type 

 samples being the thinnest of all the types, and therefore they 

ould require additional reinforcement to hold all the spicules in 

heir arrangement as the organism moves, without compromising 

he stability of the central junction. 

.2. Diametric variation in spicule cross-section 

We further addressed the question as to how the spicule cross- 

ection changes along a pair of diametric spicules. In an exemplary 

anner, Fig. 3 displays changes in the x-shaped cross-section 

f polar spicules in a type I endoskeleton where all 20 spicules 

re furnished with lateral wings. Morphometric measurements 

long opposite spicules reveal that the orientation of the lateral 

ings as well as the shape of the spicule cross-section are not 

aintained within an individual spicule as well as in diametric 

picules. As we move from the tip of a spicule towards the central 

unction, the x-shape converges to a point at the very center of the 

ndoskeleton, potentially due to space constraints, as exemplified 

y tomographic slices from the spicule cross section close to the 

ip ( Fig. 3 A,D) or the central junction ( Fig. 3 B,C). Similarly, spicules

f type II morphology become more angular as they approach 
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Fig. 4. Mineralization pattern surrounding the spicules of a type III endoskeleton marked by red arrows. (A) indicates the presence of such material towards the center of 

the Acantharia. (B) shows the material acting like struts connecting the polar spicules to the other spicules in 3D. Scale bars correspond to 10 μm. 
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he central junction and more ellipsoidal away from the center. 

e hypothesize that the spicule shape is adjusted as required to 

aintain the overall spatial arrangement of the 20 spicules. 

.3. Mineralization pattern around central junction 

Based on variations in X-ray absorption coefficient, we can 

asily discern mineralized from unmineralized regions. Surround- 

ng the central joint, we found X-ray absorbent areas, which are 

ot part of the endoskeleton. Such regions may serve as mineral 

eservoirs or precursor mineral phases preceding the fully miner- 

lized skeletal elements. Skeletal formation processes, such as ion 

ccumulation, mineral deposition and reorganization are likely to 

ccur in the unicell center. Furthermore, unmineralized pockets 

ulge inwards towards the central joint, providing additional space 

or cellular organelles. This is illustrated in Video 3, where a 

phere mask of progressively decreasing radius is applied to a 

D model of the endoskeleton of a Type II sample. In Type III 

amples, spicule fusion results in a mineralized plane with deep 

ockets around the central junction (see red arrows in Fig. 4 A). 

-ray absorbent material surrounds the spicules, potentially acting 

s support struts for the polar spicules or previously observed 

spicular cement” [31] , as depicted in Fig. 4 B. 

.4. Interspicular interstices 

In the areas where radial spicules meet each other or fuse, 

e found interspicular interstices such that the spicules can still 

e distinguished as separate crystals even in the central junction 

here all twenty spicules fuse together. As depicted in Fig. 5 , these 

nterstices were found in all five types of samples, suggesting that 

hey are not image artefacts. The interstices show remarkable 

ymmetry in arrangement, as shown in Fig. 6 . Previous research 

emonstrated that each Acantharian spicule is a single crystal, 

hich likely originates from an individual nucleation event inside 

ts vesicular compartments [ 26 , 27 , 29 ]. Based on our observations

nd contrary to previous literature reports [31] , the spicules do not 

ompletely merge in the center, but they remain separate entities. 

he spicule interstices range from roughly 70 nm to 200 nm in 

ength and stretch along the entire width of the region where any 

wo spicules fuse. The size of these interstices is largely consistent 

n size across types but reached up to 800 nm in one Type I 

ample. An advantage of nanofocused X-ray imaging consists in 

he high resolution necessary to resolve such fine skeletal features 

s well as the nondestructive nature of the experimental approach. 

ince interspicular gaps are reminiscent of growth plates in imma- 

ure bone [ 51 ], their presence might provide new perspectives on 

rSO spiculogenesis across developmental stages. 
4 

79 
.5. Interspicule angle measurements 

Of the samples examined, the interspicular angles of five sam- 

les of Type I, one sample of Type II, two samples of Type IV, and

wo samples of Type V were thoroughly measured. Angle measure- 

ents were not carried out for Type III samples as the tropical 

picules were not clearly distinguishable from the lateral wings of 

he equatorial spicules of these samples within the scanned area. 

.5.1. Angles measured from central (non-spicule) axis 

To examine possible deviations from Müller’s principle, the an- 

le between a central non-spicule axis (the C4 axis, illustrated in 

ig. 1 ) and all spicules was measured and compared by sample 

ype in Table 1 . For all sample types examined, the angle between 

his central vector and a polar spicule is around 35 º, whereas 

he angle between this axis and a tropical spicule is around 67 º, 
ather than an evenly portioned 30 º and 60 º for polar and trop- 

cal spicules respectively. These results contradict recent findings 

y Fujimaki et al. who focused on the three-dimensional arrange- 

ent of four-bladed spicules in Acanthometra cf. multispina [ 50 ] 

Family Acanthometridae ). Wilcock et al. inferred interspicular an- 

les from a combination of optical microscopy, SEM and electron 

iffraction [27] . Our experimental approach based on nanofocused 

-ray tomography revealed subtle deviations from Müller’s princi- 

le in morphologically complex Acantharian skeletons. We believe 

hat the high spatial resolution and nondestructive nature of the 

maging technique helped improve the accuracy of the morphome- 

ric measurements. 

.5.2. Angles measured from equatorial plane projections 

The interspicular angles here were thoroughly measured from 

ne of the four equatorial spicules to all the projections of all 

picules onto the equatorial plane. It is expected according to 

üller’s principle that polar angles projected onto the equatorial 

lane would lie on top of the equatorial angles, at 0 º, 90 º, or 180 º
easured either side from the chosen equatorial spicule. Likewise, 

he projections of the tropical spicules are expected to lie at 45 º or 

35 º either side of the equatorial spicule. Table 2 shows that the 

ngles measured differ on average from these expected values by 

round 3 º for each type. This result suggests that while there are 

ome spatial restraints as described by Müller’s principle, there is 

ome room for variation in how the spicules can be oriented in 

pace, depending on the unique spicular morphology. Since only 

ne Type II sample was examined, the results were more easily 

kewed. We conclude that the three-dimensional arrangement of 

picules is dictated by space restraints at the central junction to- 

ether with the crystallographic requirements of the orthorhombic 

rystal lattice. 
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Fig. 5. Interspicular interstices (marked with red arrows) are present in Type I-V endoskeletons. (A) Type I: Equatorial spicule in center (B) Type II: Equatorial + tropical (left) 

and tropical + polar (right)spicule junctions (C) Type III: Polar + equatorial spicule junction (D) Type IV: Tropical spicule and x-shaped equatorial spicule, (E) Type V: Central 

junction. Scale bars correspond to 5 μm. 

Fig. 6. Interstitial space between adjacent spicules. (A) shows one such interstice between lateral wings of adjacent spicules of a Type I sample. The interstices were traced 

across the reconstructed nanoCT slices as a region of interest as shown in (B) and visualized in (C). Scale bars correspond to 10 μm. Black cube in (C) has side lengths of 

2 μm. 

Table 1 

Average angles ( º) measured from a central (non-spicule) axis, presented with 95% confidence intervals. 

TYPE I TYPE II TYPE IV TYPE V ALL 

Polar 34.7 ± 0.5 35 ± 1.6 35.7 ± 0.8 35 ± 1.0 34.9 ± 0.4 

Tropical 67.6 ± 0.2 66.2 ± 0.4 68.2 ± 0.2 67.3 ± 0.3 67.5 ± 0.15 

Equatorial 89.7 ± 0.4 87 ± 2 89.7 ± 0.4 90.7 ± 0.6 89.7 ± 0.3 
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The formation of a mineralized endoskeleton offers unique se- 

ective advantages to unicellular organisms, ranging from structural 

upport, defense against predators, locomotion, and buoyancy con- 

rol. The Acantharian endoskeleton present an intriguing example 

f vesicle bound biomineralization. Growth patterns with high spa- 

ial regularity may arise from the internal symmetry of the or- 

horhombic crystal lattice, as well as geometric constraints in the 

enter of the cell. Yet, pronounced morphological differences ex- 

st between taxa, suggesting biologically controlled crystal growth. 

nteresting parallels can be drawn to more common biomineral 
80 
ystems whose skeletons are based on calcium carbonate or opa- 

ine silica. Similar morphological complexity can be found in the 

enestrated spicules of tropical sea urchin larvae [ 52 , 53 ] or ma-

ine sponges [ 54 ]. The curved moieties in some Acantharia resem- 

le the antler spicules of marine ascidians, which are composed 

f amorphous calcium carbonate [ 55 , 56 ]. While it is yet poorly 

nderstood how the curved skeletal elements of the Acantharia 

re molded, experimental observations have pointed toward the 

xistence of a non-classical crystallization mechanism in biogenic 

trontium sulfate [ 57 , 58 ]. It is conceivable that Acantharia use mul- 
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Table 2 

Average absolute value difference between expected and observed an- 

gles as projected onto the equatorial plane, in degrees ( º), presented 
with 95% confidence intervals. 

Angle difference 

TYPE I 3.9 ± 0.3 

TYPE II 7 ± 1.2 

TYPE IV 3.1 ± 0.3 

TYPE V 3.2 ± 0.5 
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iple strategies in concert to build their intricate mineral skele- 

ons, such as organic crystal growth modifiers and vesicle tem- 

lating. Other Radiolaria in the eukaryotic supergroup Rhizaria, 

articularly the centrosymmetric Spumellaria, mineralize siliceous 

keletons. Their cortical shells arise from the fusion of radial 

picules that do not follow a strict geometric arrangement such 

s Müller’s principle [ 59 , 60 ], indicating that the crystallography 

oes impose limitations on the growth pattern of the Acantharian 

keleton. 

. Conclusions 

In this study, synchrotron-based X-ray nanotomography pro- 

ides a comprehensive image of the internal skeletal organiza- 

ion and the porous mineralized shell present in some Acantharian 

pecies. NanoCT datasets were used to train state-of-the-art deep 

earning algorithms for image segmentation. Our investigation 

heds light on how the spicules emanate from the central junction, 

he presence and role of lateral spicule wings as well as pockets 

f interspicular space for possible cell compartmentalization. The 

ytoplasm, which constitutes the majority of the unicell, is orga- 

ized around the mineralized structures. Through thorough angle 

easurements across species, we detected minor, but statistically 

ignificant deviations from Müller’s principle and diverse patterns 

f spicule connectivity. We further observed changes in spicule 

hape along diametrically aligned spicules across different types 

nd investigated the requirements of spatial arrangements that 

ight restrict spicular shapes. We discuss the role of lateral wings 

nd porous shells to strengthen and support the skeletal struc- 

ure. Overall, this morphological information contributes to a bet- 

er understanding of the skeletal development and morphogenesis 

esulting in the unparalleled diversity of Acantharian endoskele- 

ons. This study is highly original since it focuses on celestite as 

et poorly explored biomineral system. Understanding how com- 

lex bioinorganic structures are formed is of significant interest for 

olid-state chemistry, bioinorganic chemistry and nanotechnology, 

pecifically for developing low-temperature synthesis routes and 

racture-resistant ceramics. Many of the bio-inspired approaches 

owards single crystals with complex shape have not been at- 

empted for celestite. Potential industrial applications of earth al- 

aline sulfates are the reduction of barite scales in oilfield op- 

rations [ 61 ], the selective removal of strontium-90 radioisotopes 

rom nuclear waste [ 62 ], celestite-based radiation dosimeters [ 63 ], 

trontium-substituted bioceramics as bone replacement materials 

 64 ], or SrSO 4 coatings as high-temperature solid lubricant [ 65 ]. 
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