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Abstract 12 

 13 

Micro-computed tomography is increasingly important for the taxonomic analysis of early Palaeozoic 14 

radiolarians as it provides the opportunity to conduct detailed observations of the most internal parts of 15 

radiolarian skeletons in a non-destructive way. Our observations on 3D models of the species 16 

Protoentactinia gracilispinosa from lower Tremadocian strata of Newfoundland (Canada) indicate that 17 

during the first two stages of growth the skeleton develops symmetrically with respect to the median 18 

bar. However, subsequently, progressive reduction of the number of rays placed proximally, combined 19 

with full growth of rays distally, results in the formation of an external subglobular shape during stages 20 

6 to 8. Although our results confirm the previously assumed growth pattern of the skeleton, they reveal 21 

for the first time the number and pattern of branched spicule iterations. More importantly, we establish 22 

that some of the stages of skeleton growth are in a preferential direction, highlighting a clear 23 

heteropolarity to skeleton development, although the end product is a subspherical spicular test.  24 
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Introduction 28 

  29 

Polycystine radiolaria constitute a diverse group of marine planktic Rhizaria that secrete an aesthetically 30 

pleasing skeleton made of amorphous silica. Molecular studies suggest the presence of skeletonless 31 

radiolaria since the Late Neoproterozoic (Sandin et al. 2025); however, the presence of polycystine 32 

radiolaria in the fossil record has only been confirmed since the early Cambrian (Obut and Iwata 2000; 33 

Pouille et al. 2011; Sennikov et al. 2017).  34 

 35 

The Cambrian and Ordovician periods are of key significance for the early evolutionary history of 36 

marine organisms, including heterotrophic plankton clades such as polycystine radiolarians. Indeed, the 37 

siliceous skeletons of early Palaeozoic radiolarians testify to their significant diversifications and 38 

evolutionary changes (Danelian and Monnet 2021, 2026). 39 

 40 

During the last thirty-five years, significant progress has been achieved in the taxonomy and 41 

biostratigraphy of early Paleozoic radiolarians (Aitchison et al. 2017; Caridroit et al. 2017; Danelian et 42 

al. 2017; Noble et al. 2017). Success relied on the discovery of well-preserved fauna (i.e. Won and 43 

Below 1999), which have been carefully described and detailed with 2D imaging techniques, such as 44 

scanning electron microscopy (SEM). However, the recent application of micro-computed tomography 45 

(micro-CT) on radiolarians (Kachovich et al. 2019) allows the capture of the full 3D complexity of their 46 

skeleton development, especially of its most internal parts. The latter are of higher taxonomic 47 

significance and thus open new avenues for improved understanding of their internal architectures 48 

(Kachovich and Aitchison 2020, 2021; Sheng et al. 2020, 2026a, b). 49 

 50 

Based on Tremadocian (Lower Ordovician) material from Nevada, the species Protoentactinia 51 

gracilispinosa was first introduced by Kozur et al. (1996, p. 253), as the type species of the newly 52 

defined genus Protoentactinia Kozur et al. (1996), type-genus of the newly defined family 53 
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Protoentactiniidae. P. gracilispinosa was described as a radiolarian bearing a spicular system that was 54 

initiated from “a bar-centered entactinarian spicule with 3 terminal rays” at each end; the subglobular 55 

skeleton was described as being formed of a repeatedly branching pattern of spicules, which 56 

accommodated a nearly spherical inner empty space. The species was later reported from upper 57 

Cambrian and lowermost Odrovician strata from western Newfoundland (Won and Iams 2002; Won et al. 58 

2005; Pouille et al. 2014). Here, thanks to micro-CT, we provide for the first time details of the different 59 

stages of spicular branch re-iterations, the number of spicular rays formed as branches and the overall 60 

skeleton growth pattern and dynamics. 61 

Material and methods 62 

 63 

The single specimen studied here (Fig. 1) comes from a lower Tremadocian radiolarian assemblage, 64 

extracted after hydrochloric acid leaching from a limestone sample of the Green Point section (level 23) 65 

of the Cow Head Group of Newfoundland (Canada; Pouille et al. 2014). Protoentactinia gracilispinosa 66 

is abundant in this assemblage (ca. 15% of over 2,000 identified specimens) and has been well 67 

documented, with many different specimens, by Pouille et al. (2014). The reader is referred to this paper 68 

for further taxonomic and biostratigraphic details. 69 

 70 

Skeleton analysis of the radiolarian specimen was conducted at Ghent University’s Centre of X-ray 71 

Tomography (UGCT) in Belgium, thanks to the EXCITE network. These scans were performed using 72 

the custom-built Nanowood micro-CT scanner at 70 kV, 4W, and a voxel size of 900 nm.  2322 73 

projections were acquired at an exposure time of 1000 ms/projection, resulting in a total scan time of 74 

around 40 min. The projections were reconstructed using Octopus Reconstruction (XRE), following the 75 

in-house protocol, during which ring filtering and beam hardening corrections were applied. In this 76 

study stacks of 2D images were processed using the 3D Slicer software. This open-source software is 77 

commonly used to extract structural models from images primarily used for clinical and biomedical 78 

applications. Image segmentation delineates regions within an image, in this case structures of the 79 

siliceous skeleton. It is essential for visualizing certain structures or for quantifying them (measuring 80 
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volume, surface area, and shape properties). The segmentation was performed semi-automatically. By 81 

manually scanning all the slices (hundreds of 2D images) in three dimensions (X, Y, and Z), and using 82 

the segmentation tools provided by the 3D Slicer software, we were able to delineate the areas of 83 

interest in the radiolarian specimen by selecting the corresponding grey levels. Each part or segment 84 

could then be coloured, facilitating the overall interpretation of each branch within the 3D volume. 85 

Results 86 

 87 

Colouring dissection allowed us to recognize seven different types of branches (Fig. 2). The most 88 

common branch is the trifurcating one, representing the vast majority, but some new rare branches may 89 

be single-rayed, or bifurcating, quadrifurcating, pentafurcating and hexafurcating; one single case of 90 

heptafurcating branch was also observed. Eight successive stages of skeleton growth are identified. 91 

Table 1 lists the number and types of new branches developed at each growth stage and the total 92 

number of rays generated at the end of each stage. The first stage represents the initial spicule being 93 

formed by two trifurcating branches developed at each opposite side of the median bar (Fig. 3). It is 94 

noteworthy that during the first two stages of skeleton growth the branches are exclusively trifurcated. 95 

Both the total number of new branches and of new rays increases very rapidly up to stage 5, after which 96 

they decrease. It is also worth noting that after stage 2, only a fraction of rays develops new branches; 97 

for example, only 17 out of the 18 new rays that are developed at stage 2 produce new branches at stage 98 

3. At the end of stage 3, fifty new rays are formed, but only 35 of them branch during stage 4. More 99 

remarkably, only a third of the rays that are newly formed during stage 4 will branch during stage 5. 100 

Therefore, one may argue that the decreasing trend of spicule development starts during stage 5, 101 

although this growth stage results in the largest number of rays produced ever for this specimen. 102 

 103 

In terms of spatial development, nearly half of the final sphere is formed at the end of stage 3. Starting 104 

with stage 4, shell growth is clearly oriented distally, away from the initial spicule. However, there is 105 

also a trend to form a more complete spherical test. The distally oriented development of the shell is 106 

more obvious during stage 5. Most of the branches developed during stage 6 are generated on the 107 
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opposite side of the initial spicule and in such a way as to form a spherical shell. The few spicules 108 

generated during stages 7 and 8 are also developed in such a way as to increase the spherical aspect of 109 

the test. 110 

Discussion 111 

 112 

Based on Tremadocian (Lower Ordovician) material from Nevada, the genus Protoentactinia was first 113 

introduced by Kozur et al. (1996), as a spicular test initiated by a median bar that bears three rays at 114 

each end; the external subglobular test was described as being formed by a repeatedly branching pattern 115 

of spicules, which accommodated a nearly spherical inner empty space. Our observations confirm the 116 

assessment of Kozur et al. (1996) and further describe the number of iterative branch stages, the number 117 

of new spicules formed at each successive stage, as well as the pattern of their distribution spacially.  118 

 119 

The heteropolar development of a polycystine radiolarian skeleton has been recognized until now only 120 

for the radiolarians of the order Nassellaria. Here we document for the first time the heteropolar growth 121 

of the test in a primitive Entactinarian species. Indeed, the skeleton growth of Protoentactinia 122 

gracilispinosa resembles to some extent the heteropolar development described in Nassellaria, but 123 

without the axial symmetry characteristic of Nassellarians. Few are still the studies that provide some 124 

insights to the function of the polycystine radiolarians skeleton morphology (i.e. Matsuoka 2007). We 125 

may realistically consider that their siliceous skeleton served as an anchoring structure for a better 126 

function of the axoflagellates and cytoplasmic extensions. We may also speculate that P. gracilispinosa 127 

had a cell structure similar to the periaxoplastitid-type, as described by Hollande and Enjumet (1960) 128 

from cellular observations of living radiolarians from the Western Mediterranean. If such was indeed 129 

the case, we may imagine that the axoplast P. gracilispinosa was likely positioned close to the initial 130 

spicule and that axoflagellates were all oriented antapically away of the axoplast. Such an axoflagellate 131 

organisation would be consistent with the directional skeleton growth of P. gracilispinosa in spite of its 132 

final subsphaerical form.  133 

 134 
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Conclusions 135 

 136 

Our analysis confirms the initial description provided by Kozur et al. (1996) for Protoentactinia 137 

gracilispinosa; indeed, the subglobular “spongy” test of this entactinarian species is formed by repeated 138 

branches of rays starting from two trifurcating branches formed in a crown-shaped arrangement from 139 

each termination of an initial spicule composed of a median bar (MB). The skeleton is formed through 8 140 

stages of reiterated branches, but the subglobular form mainly develops during stages 3, 4 and 5. The 141 

maximum number of branches is manifested in stage 5, with a total of 109 rays, after which their 142 

number gradually decreases. Heteropolarity is expressed by the excentric position of the initial spicule, 143 

as described by Kozur et al. (1996). However, directional skeleton growth (alike in Nassellarians) is 144 

established here for the first time thanks to micro-CT analysis. 145 

 146 
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 231 

 232 

Captions 233 

 234 

 235 

Figure 1. Illustration of the scanned radiolarian specimen. Scale = 250 µm 236 

 237 
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 241 

 242 
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 244 

Figure 2. Different types of branches and number of rays per branch recognised in this study. 1) Single 245 

ray; 2) bifurcating; 3) trifurcating; 4) quadrifurcating; 5) pentafurcating; 6) hexafurcating; 7) 246 

heptafurcating. 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 
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 256 

Figure 3. Successive growth stages of branches of the skeleton of Protoentactinia gracilispinosa. 257 

Numbers indicate new branches/rays.  258 
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 260 

Grow

th 
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Sing

le 

ray 

Bifurca-

ting 

Trifurca-

ting 

Quadrifur-

cating 

Penta-

furcating 

Hexafurca-

ting 

Hepta-

furcating 

Total 

of new 

branch

es 

To-

tal of 

new 

rays 

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 
 261 

Table 1 : Number of new rays and type of branches produced at each growth stage of the skeleton of 262 

Protoentactinia gracilispinosa.  263 
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