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Abstract. Foraminifera are unicellular eukaryotes known to have a shell, called test, generally made of secreted calcite 

(CaCO3). We report for the first time a Foraminifera having a composite calcite/opal test in the cosmopolitan and well-studied 15 

benthic species Bolivina spissa (Rotaliida), sampled from the Sagami Bay in Japan at 1410 m depth. Based on comprehensive 

investigations including Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS) 

and Fourier Transform Infrared Spectroscopy (FTIR), we inspect the morphology and composition of the novel opaline layer 

coating the inside part of the calcitic test. Using Scanning Transmission Electron Microscopy (STEM) and EDS analyses, we 

detected probable Silica Deposition Vesicles (SDVs), organelles involved in opal precipitation in other silicifying organisms, 20 

confirming that the Foraminifera themselvesf secretes the opal layer. The layer was systematically found in all studied 

individuals and had no apparent sub-structure. Its thickness showed an analogous growth pattern with to the calcitic shell of 

B. spissa, being the thickest in the oldest chamber (proloculus) and becoming thinner toward the younger chambers (apertural 

side). Its absence in the youngest chambers indicates that silicification occurs subsequently to calcification, probably 

discontinuously. We further discuss the potential function(s) of this composite test and propose that the opal layer may serve 25 

as a protection barrier against predators using either mechanical drilling or chemical etching of the calcitic test. Isotopic 

composition measurements performed separately on the proloculus part and the apertural side of B. spissa suggest that the 

presence of an opal layer may alter the calcitic isotopic signal and impact paleoenvironmental proxy using foraminifer’s tests 

composition. If silicification in Foraminifera was found to be more widespread than previously thought, it could possibly have 

important implications for foraminiferal evolution, palaeoceanographic reconstructions, and the silica cycle at global scale. 30 
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1 Introduction 

Silicon (Si) is the second most abundant element (27.2 wt. %) in the earth crust after oxygen (Greenwood and Earnshaw, 

1997). In nature, silicon Si occurs generally in the form of silicate minerals (e.g., quartz, aluminosilicates). and silicon dioxide 

(SiO2, e.g., quartz). Its soluble form, orthosilicic acid Si(OH)4, is biologically assimilableavailable, and biogenic silica, also 

referred to as biogenic opal (amorphous hydrated silica, SiO2·nH2O), is the second most abundant mineral type formed by 35 

organisms after carbonate minerals. A wide range of marine organisms such as sponges andor protists, including diatoms, 

radiolarians andor silicoflagellates (dictyochales), are able to take up Si(OH)4 from their surrounding water and use silicon Si 

to build their shells or skeletons (Brümmer, 2003; Ehrlich et al., 2016). The sSilicified protistan shells were proposed to serve 

various and not mutually exclusive functions, such as defence against grazers, buoyancy, light modulation, catalysis of carbon 

assimilation, maintenance of shape and orientation or defence against viruses (Knoll & Kotrc, 2015). 40 

Foraminifera (Rhizaria), belonging to the SAR group (i.e., Stramenopiles, Alveolata and Rhizaria, Burki et al., 2020), are one 

of the most widespread unicellular eukaryotes inhabiting both benthic and pelagic realms. They are characterised by the 

presence of a shell, also called a “test”, which can be organic, agglutinated (typically attaching sediment particles) or 

constituted consist of precipitated minerals, most commonly calcium carbonate (CaCO3,( Sen Gupta, 2003). In the last 

category, almost all species precipitate calcium carbonate (CaCO3). Having a high diversity with ~ 4000 recent living hard-45 

shelled species able to fossilise (Murray, 2007), they show a profuse fossil record starting in the Cambrian (Culver, 1991). 

Consequently, the group is intensively employed for palaeoceanographic studies and palaeoenvironmental reconstructions 

(e.g., Murray, 2006, Jones, 2013), and geochemical measurements of their tests have been extensively used to gain most of 

our knowledge on the past ocean responses to climate change (e.g., Katz et al., 2010). Additionally, Foraminifera play an 

important role in the global carbon cycle through and carbonate production (Langer, 2008) and remineralisation, especially in 50 

poorly oxygenated environments (Piña-Ochoa et al., 2010; Cesbron et al., 2016) and carbonate production (Langer, 2008). 

Although the exact calcification process is still up for in debate (de Nooijer et al., 2014; Toyofuku et al., 2017; Nagai et al., 

2018; Ujiié et al., 2023), different foraminiferal sub-orders are known to exhibit different test structure organisations (Hansen, 

2003) and geochemical compositions (de Nooijer et al., 2023).  

While silica precipitation occurs frequently in most of lineages of the SAR group (Marron et al., 2016), it was only very rarely 55 

described in Foraminifera. The first report was made by Brady in the late 19th century, who wrote that the tests of some benthic 

foraminifera assigned to Miliolina from the abyssal area of North Pacific wereas not dissolved by acid, and that their usual 

calcareous shell was totally or partially replaced by a thin siliceous investmentexternal coating, which exhibited a perfectly 

homogeneous texture (p. xvii, Brady, 1884). However, no supplementary information about this observation is available and 

these specimens might have been agglutinating foraminifera having with a very smooth test. Almost one century later, Echols 60 

(1971) reported rare individuals of ‘Miliolinella’ sp. presenting a wall insoluble in dilute hydrochloric acid, lacking apparent 

agglutinated particles, and possibly composed of opaline silica in sediment sampled at various depths (990−4640 m water 

depth) in the Scotia Sea, Southern Ocean. A benthic foraminiferal species sampled in the Indian Ocean at depths ranging from 
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5266−5420 m was also described as having an opaline shell, because as it was insoluble in hydrochloric acid (Miliammellus 

legis, Saidova & Burmistrova, 1978). This species, being the only representantive in of the newly established genus 65 

Miliammellus, was placed into the order Miliolida because of its general morphology (Burmistrova, 1978). However, Lipps 

already argued in 1973 that insolubility in acids is not a conclusive experiment, because an organic cement would hold the test 

together, such as in specimens assigned to Rzehakinidae (Cushman, 1933), introducing foraminifera having a “siliceous or 

agglutinated” wall that disaggregate in hydrogen peroxide but resist acid dissolution. Additionally, in the case of fossil species 

that do not disaggregate in hydrogen peroxide, taphonomic processes might have stabilised the organic matter cement, making 70 

this test inconclusive for fossilised specimens. In 1980, Resig et al. described a species sampled from the Pacific Ocean at ~ 

4400 m depth as presenting an imperforate test uniquely constituted of silica (Silicoloculina profunda, Resig, Lowenstam, 

Echols & Weiner, 1980), and created a new suborder (Silicoloculinina) based on the wall construction type (imperforate test 

made of secreted opaline silica). The authors imaged the fine structures of the test and investigated its composition, validating 

its opaline silica nature, and concluding that the test was secreted by the Foraminifera. The remarkable similarity regarding 75 

the descriptions given in Burmistrova (1978) and Resig et al. (1980) led to the conclusion that they certainly described the 

same species, making Silicoloculina profunda a junior synonym of Miliammellus legis (as referenced in WoRMS database). 

The presence of silicate grains within the calcitic test was reported in Melonis baarleanus (Rotaliida) but were supposed 

inferred to be from aof sedimentary origin (Borrelli et al., 2018). While biosilicification hasve commonly been reported in 

other rhizarian groups such as radioralians andor cercozoans (Marron et al., 2016; Hendry et al., 2018), only scarce 80 

observations of foraminifers having a silica siliceous test were have been reported and their silica mineralisation process is 

totally unknown. To date, M. legis (Miliolida) is the only species reported as having a secreted siliceous test for this group. 

Here we report the systematic presence of an opaline layer in the test in the cosmopolitan benthic species Bolivina spissa 

(Rotaliida) sampled at 1410 m depth in the Sagami Bay (Japan). The composite test is composed of two different materials: 

an external calcitic test, typical from for hyaline and porcelaneous Foraminifera, and an internal layer composed of biogenic 85 

silica (opal) coating the inside part of the calcitic test. Different observational and measurement methods were used to describe 

the composition, morphology and presumed precipitation mechanism of this opal layer, including Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM), Energy-Dispersive X-ray Spectroscopy (EDS) and Fourier-

Transform Infrared spectroscopy (FTIR). Based on these comprehensive observations, we further discuss the potential 

function(s) of this composite test, its potential impact on paleoenvironmental reconstructions using Fforaminifera’s tests 90 

composition and its possible importance for biogeochemical cycles understanding. 
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2 Material & Methods 

2.1 Sampling sites 

Sediment cores were collected using the research deep submergence vehicle (DSV) Shinkai 6500 on-board R/V Yokosuka, in 

the central part of the Sagami Bay (NSB site, 35°00.3’ N 139°22.7’ E) at 1410 m depth (Fig. 1), during three sampling 95 

campaigns in May 2022 and 2023, and October 2022 (Table 1). 

 

Figure 1: Mmap of Japan (bottom right panel) indicating the localisation of the Sagami Bay (main panel). Sampling site NSB (red 

cross) and sampling depth are indicated. 

Table 1 summariseresumes the samples origin and the type of analyses performed. Bolivina spissa specimens were isolated 100 

from different sediment depth intervals (topmost cm or down to 5 cm depth) under a stereomicroscope and were fixed using 

different techniquecs (cryo-fixed on board: Okada et al. submitted2024, frozen at –80 °C, glutaraldehyde fixed, or air dried).  

Table 1: Sampling period, sediment interval, type of analysise, fixation type and timing and number of specimens analysed in this 

study. 

Sampling 
period 

Sediment 
interval  

Type of analyse Fixation type  Fixation timing 
Number of  

specimens analysed 

May 2022 0-1 cm Cryo-SEM and EDS Cryo-fixed 
Isolated ~1.5 months after sampling from a  

bucket of sediment stored in the lab at 4 °C 
1 
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October 2022 0-1 cm Cryo-SEM and EDS Cryo-fixed Cryo-fixed directly on board after sampling 6 

May 2022 
0-1 cm and  

1-5 cm 

Environmental 

SEM 
Frozen at -80°C Sample frozen -80 °C directly on board after sampling 15 

May 2022 
every cm from 

0-1 cm to 3-4 cm 
TEM and EDS Glutaraldehyde 4% Fixed directly on board after sampling  8 

May 2023 0-2 cm FTIR spectroscopy Air dried 
Isolated ~3 months after sampling from a  

bucket of sediment stored in the lab at 4 °C 
3 

October 2022 0-5 cm 
Isotopic composition  

of calcite 
Air-dried 

Isolated ~2 months after sampling from a  
bucket of sediment stored in the lab at 4 °C 

17 

2.2 Cryo-SEM imaging & EDS mapping 105 

After confirming that individuals were livealive  checks (based on the presence of sediment aggregation at the aperture and 

cytoplasm coloration), isolated living specimens were processed following the protocol described in Okada et al. 

(2024submitted). Briefly, specimens were embedded in a sucrose-based or glycerol-based aqueous glue, cryofixed (in liquid 

nitrogen-cooled isopentane) and stored at c.a. –170 °C. Cross-section of the specimens were exposed using a diamond knife 

in a cryo-ultramicrotome, aiming for a clean cut to eliminate topographic variations of the sample surface. Scanning electron 110 

microscope (SEM) observations waeres performed on a Helios G4 UX (Thermo Fisher Scientific) equipped with gallium 

focused ion beam (FIB) gun, an energy dispersive X-ray spectroscopy (EDS) detector (Octane Elite Super C5, AMETEK), 

and a cryogenic stage with a preparation chamber (PP3010T, Quorum). After sublimation of overlying water ice crystals (~ 5 

min at ~ –80 °C), several SEM images in backscattered electron mode were acquired and aggregated to obtain a high-resolution 

SEM image for all each individuals (n = 7). The elemental composition was then mapped by EDS analysis without conductive 115 

coating of the sample to avoid possible overlaps of EDS peaks offrom the coating metals.  

After spectra treatment to deconvolve signal from noise (correction for the bremsstrahlung effect, Supplementary Method 1), 

the colocalisation of SEM images and EDS elemental maps wasere done manually using calcium distribution maps (Ca EDS), 

the main compound component of the test in calcitic tests foraminifera (SEM images). EDS maps Sscaling and/or rotation of 

EDS maps were performed when necessary but deformation (i.e., warping) was never applied. Finally, to obtain a Si mapping 120 

from of non-sedimentary origin, the aluminium (Al) signal was subtracted to from the silicon (Si) signal to remove 

aluminosilicate particles (typically from clay minerals, the major compound constituent of the sediment at the sampling site) 

from EDS maps. Additional individuals belonging to the genera Uvigerina, Chilostomella and Globobulimina and isolated 

from the same sample site were also studied with a similar procedure. 

 125 

Finally, Additionally, tthe thickness of the Si layer was measured in each separate chamber (numbered from the proloculus 

toward the apertural side) on all available B. spissa specimens. 

Image treatments and measurements were done using the software Fiji (Schindelin et al., 2012). 
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2.3 Low-vacuum SEM imaging 

To expose the Si layer below the calcitic test, isolated and air-dried individuals (n = 15) were subsequently immersed in 0.5 130 

M ethylene-diamine-tetraacetic acid disodium salt solution (EDTA, 03690 - Sigma Aldrich) for 48 h and then rinsed with 

distilled water before observation. AfterSubsequently, specimens were put on an aluminium stub on carbon tape prior 

observation with a benchtop SEM (JEOL JCM-6000Plus) in low vacuum mode, without coating, at 15 kV of acceleration 

voltage and using backscattered electron mode. In addition, oOptical pictures images using a camera mounted on a 

stereomicroscope were obtained both before and after the decalcification step. Additional individuals belonging to the genus 135 

Bulimina and isolated from the same sample site were also imaged with the same procedure. 

2.4 TEM imaging & EDS measurements 

To search for potential organelles involved in biosilicification, we observed the contents of the cytoplasm content using a 

transmission electron microscope (TEM) and performed high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) coupled with EDS analyses. Directly on board, living specimens (n=8) were isolated from 140 

different sediment layers of one cm thickness (0-1cm to 4-5 cm depth) , isolated and live checked specimens (n = 8) and were 

fixed with glutaraldehyde. Specimens were then embedded in 1 % aqueous agarose and cut into ~ 1 mm cubes. Samples were 

decalcified with 0.2 % ethylene glycol tetraacetic acid (EGTA) in 0.81 mol L-1 aqueous sucrose solution (pH 7.0) for several 

days, rinsed with filtered seawater and postfixed with 2 % osmium tetroxide in filtered seawater for 2 h at 4 °C. Samples were 

rinsed with an 8 % aqueous sucrose solution and stained with 1 % aqueous uranyl acetate for 2 h at room temperature. Stained 145 

samples were rinsed with milli-Q water, dehydrated in a graded ethanol series, and embedded in epoxy resin. Blocs were 

further sectioned into ultra-thin sections (60 nm thick) which were then placed on a formvar-supported copper grid mesh and 

subsequently stained with 2% aqueous uranyl acetate and lead stain solution (0.3 % lead nitrate and 0.3 % lead acetate Sigma-

Aldrich). TEM observations were done with a bottom-mounted 2k × 2k Eagle charge-coupled device (CCD) camera (Tecnai 

G2 20, Thermo Fisher Scientific). Elemental compositions were obtained by EDS analyses performed using an EDAX Genesis 150 

system under scanning transmission electron microscopy (STEM) mode operating at an acceleration voltage of 120 kV and 

200 kV, respectively. 

2.5 FTIR spectroscopy 

The topmost 2 cm sediment from NSB station were sieved on a 63 µm mesh size sieve and B. spissa specimens were isolated 

from the residue. Only specimens showing a completely empty shell and having a translucid aspect appearance were selected 155 

to avoid the presence of remaining cytoplasm in the test. To remove the calcitic layer and expose the underlying Si layer of 

the test, empty tests were then immersed in 0.5 M EDTA (03690, Sigma Aldrich) for 24 h, rinsed with milli-Q water, placed 

on a calcium fluoride (CaF2) plate, and dried in a vacuum chamber prior to measurement. Dried samples were measured using 

a microscope Fourier transform infrared spectrometer (FTIR 6200 with IRT-7000, Jasco Inc.) with an aperture size of 15 × 15 

a mis en forme : Police :Italique
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µm. Transmission IR signals were background-corrected to determine the infrared spectra between 4000–750 cm-1 spectral 160 

region for a total of three specimens. Because CaF2 absorbs below 1000 cm-1, therefore no band assignments wereas done in 

this region (Mayerhöfer et al., 2020). 

2.6 Isotopic analyses 

In total, 17 specimens of B. spissa with transparent shells were isolated from NSB site sediment (Supplementary Fig. 1), 

cleaned with Milli-Q water, and carefully examined under a stereomicroscopeand  to confirm the absence of authigenic 165 

particles (Ishimura et al., 2012). Individuals were micro-dissected in two parts using a scalpel aiming to separate the oldest 

part (proloculus side) from the newest part of the test (apertural side). Because it was challenging to dissect only the proloculus 

from the other chambers on the apertural side, few chambers were still attached to the proloculus prior measurements to 

analysis (6 microspheric and 11 macrospherics individuals, Supplementary Fig. 1). Stable carbon and oxygen isotopic 

compositions (13C and 18O, respectively) of dissected parts were determined using a high precision microscale carbonate 170 

isotopic analytical system, MICAL3c (Ishimura et al., 2004; 2008). Samples were reacted with phosphoric acid ( H3PO4) to 

decompose CaCO3 and produce CO2. Note that with the same method, Ishimura et al. (2012) reported that no CO2 was evolved 

through the reaction between H3PO4 and organic materials at 25°C over several days. After purification, CO2 was introduced 

into an IsoPrime100 isotope ratio mass spectrometer (Isoprime Ltd., Cheadle Hulme, UK) equipped with a customized 

continuous-flow gas preparation system (MICAL3c) at Kyoto University. This system allows us to determine the 13C and 175 

18O values of as little as 0.1 μg CaCO3 with an analytical precision of better than ± 0.10 ‰. The isotopic values were 

standardised to the Vienna Pee Dee Belemnite (VPDB) scale and expressed in  notation. The mass of dissected samples was 

estimated from the volume of CO2 gas produced during the reaction between CaCO3 and H3PO4. 

3 Results 

3.1 Morphology of the Sisilicon coating the inside part of the calcitic test 180 

Macrospheric (haploidic) and microspheric (diploidic) specimens were observed with a stereomicroscope (Fig. 2a & 2bd) 

before being imaged in low-vacuum SEM settings (Fig. 2cb & 2de). Specimens showed a costate proloculus, acute carinate 

edges and sometimes a minute apical spike, typical from the morphospecies Bolivina spissa. The same specimens were then 

imaged again inwith low-vacuum SEM settings (Fig. 2ec & 2f) after the dissolution of their calcitic shell to expose the 

underlying Si layer. In all individuals, the last fewfinal (newer) chambers were always missing and/or collapsed after 185 

decalcification, while the older chambers on the proloculus side remained well shaped (Fig. 2ec & 2f). 
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Figure 2: Macrospheric (top rowa–c) and microspheric (bottom rowd–f) Bolivina spissa specimens, imaged with a stereomicroscope 

(a and db) and low-vacuum SEM before (cb and de) and after (ec and f) decalcification to expose the Si layer below the calcitic shell. 190 
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Figure 3a shows the Si layer connectxions between consecutive chambers after the removal of the calcitic test by 

decalcification. Protruding Ffunnel-like structures were visiblye sticking out at the pore’s’ location after decalcification, 

coating the inner surface of the original pore’s calcitic wall (Fig. 3b). These funnel-like structures were not made of Si but 

were probable remains of organic material, as the Si internal coating being visibly terminated at the pore plate from cryo-SEM 

(Fig. 3c) and TEM observations (Supplementary Fig. 2 & 3) show the Si internal coating terminates at the pore plate. The 195 

texture of the Si layer’s surface always appeared smooth without visible substructures (excluding where pores priorly 

occurred), and the proloculus was nearly spherical (Fig. 3d). None of the individuals belonging to the other investigated genera 

(i.e., Uvigerina, Chilostomella, Globobulimina and Bulimina) showed a Si layer. 
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 200 

Figure 3: SEM images of the silicified structures of B. spissa. (a) Broken B. spissa after decalcification to expose the Si layer 

connectxions between successive chambers. (b) Magnification on the pore funnel-like structures of B. spissa exposed after 

decalcification. (c) Transversal section of a pore imaged with cryo-SEM on non-decalcified B. spissa. White arrows indicate the 
position of the Si layer. White colour on the top right of the image and on the pore plate is due to overcharging. (d) Magnification of 

the proloculus of B. spissa exposed after decalcification. 205 

Figure 4 illustrates the different steps performedworkflow used to obtain the Si distribution maps offrom non-sedimentary 

origin which wereas finally superimposed on the cryo-SEM images. The calcium distribution (Fig. 4a & 4b) followed the 

electron-dense area SEM images (Fig. 4c & 4d) representing the calcitic test of individuals (Fig. 4a–d). Sedimentary 

aluminosilicates wereas removed by subtracting the aluminium signal from that of silicon Si (Fig. 4e–j), and the resulting 

signal showed that the silicon Si was localised on the inner wall of the calcite test (Fig. 4k–l). The Si lining offrom non-210 

sedimentary origin was systematically found in all the seven specimens analysed (Table 1) and the Si signal was always 

stronger in the older chambers (proloculus side) than in the newer chambers (aperture side, Fig. 4i−2l).  
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Figure 4: SEM imaging and EDS maps (16 colours grey value scale) of a representative cryo-fixed B. spissa (a, c, e, g, i and k) and 

magnification on areas of interest (b, d, f, h, j and l). (a and b) EDS maps of Ca used to colocalise EDS elemental maps and SEM 215 
images. PThe proloculus is indicated and chambers are numbered. (c and d) SEM images of a cryo-cracked specimen. (e and f) EDS 

maps of Al. (g and h) EDS maps of Si. (i and j) Resulting EDS maps from the subtraction of the Al signal to from the Si signal (i.e., 

removing aluminosilicates). (k and l) Superimposition of Si map from of non-sedimentary origin over SEM images. 

The Si layer was clearly identifiable on cryo-SEM images as a less electron-dense structure coating the internal part of the 

calcitic test (Fig. 5). The thickness of this Si layer was constant inside individual chambers for a given specimen. The 220 

decreasing Si signal from the proloculus toward apertural side detected on EDS maps (Fig. 4i–l) was confirmed by cryo-SEM 

observations on cryo-SEM images as visibleshowing decreasing Si layer thickness of the layertoward younger chambers (Fig. 

5). The Si layer was homogeneous without any visible layering even on the thickest sections and exhibited conchoidal fractures 

which is typical for glassy nature materials (Fig. 5e). No other visible structures wereas observed between the Si layer structure 

and the calcitic shell, which were in direct contact. In very rare cases, we observed a hollow partgap between the two layers 225 

such as ion Fig. 5e, that we ascribe to preparation artifacts (i.e., the cutting step).  
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Figure 5: Cryo-SEM images of a representative cryo-cracked B. spissa specimen. (a) Overview of the specimen and (b–e) magnified 

regions of interest (black squares) to visualise the Si layer (indicated by white arrowheads) coating the inside part of the calcitic test. 

Note the decreasing thickness of the layer from the proloculus toward newer chambers. (e) Mmagnified cryo-SEM image of the Si 230 
layer in thea proloculus showing the homogeneity of the structure. Note the conchoidal fracture pattern typical from of glassy nature 

materials. The hollow partgap between the calcitic shell and the Si layer was very rarely observed and is resultsing from the cutting 

stepa preparation artifact. 

The Tthickness of the Si layer was equivalent considering each separate chamber and ranged from 1.65 to 0.05 µm, respectively 

measured in the proloculus part and in the last chamber of the individual where the Si layer was still visible (Supplementary 235 

Table 1). Data presented here must be considered carefully because a sub-perpendicular cracking orientation could introduce 

a bias in the actual thickness of the Si layer in each specimen. The Si layer was not visible in chambers newer younger than 

chamber 12 while when the number of visible chambers was higher than 12 in five over of the seven specimens (Supplementary 

Table 1). However, the cryo-SEM image resolutiondefinition might have not been sufficient to detect structures smaller than 

0.05 µm, corresponding to about four pixels in the acquired images. Thickness data indicated that the decreasing trend in the 240 

Si layer thickness follows an inverse power law (r²=0.99, Fig. 6). 
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Figure 6: Plot representing the thickness of the Si layer as a function of the chamber number (numbered such as indicated on Fig. 

4a) measured on 7 individuals. Measurements (smallminute black crosses) were averaged by chamber (big black crosses) and the 245 
standard deviation is represented by error bars. The black dotted line is a power law trend line based on averaged values. 

3.2 Infrared spectra analyses  

For all three B. spissa specimens and all chambers, FTIR spectra (Fig. 7) displayed a strong absorption band at ~1070 cm-1 

with an associated shoulder at ~1250 cm-1 that are is attributed to the asymmetric Si-O-Si stretching vibrations (Socrates, 2004; 

Larkin, 2011). The broad band at 3400 cm-1 and at ~1635 cm-1 are ascribed to the O-H stretching of absorbed water (Socrates, 250 

2004; Larkin, 2011), matching with opal. The IR spectra from the proloculus showed a broader band at ~1070 cm-1 with a 

shoulder at ~1250 cm-1, while a small peak from C-H stretching was observed at ~2930 cm-1 in spectra of the 8th chamber. 
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Figure 7: Examples ofRepresentative FTIR spectra measured on the proloculus (solid line) and the 8th chamber (dotted line) for two 

decalcified specimens (a and b) of B. spissa. o. ph. str. = out of phase stretching. 255 
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3.3 TEM imaging & STEM-EDS measurements 

 

Figure 8: TEM images of ultra-thin section of B. spissa specimen (a). (b–d) Magnified regions of interest represented by black squares 

on (a). (e–g) Further magnified area of the black squares in (b), (c) and (d) respectively. 

To investigate the putative organelles involved in silica deposition, TEM imaging of ultra-thin sections of B. spissa individuals 260 

were performed imaged with TEM (Fig. 8a). On From a total of eight individuals imaged, two showed structures filled with 

material presenting showing the characteristic conchoidal fracture pattern of silicon Si-basedmade  materials (Fig. 8b–g) were 

observed in two individuals. This conchoidal fracture pattern when sectioned with a diamond knife was also clear on the Si 

layer coating the inside part of the calcitic shell, which was visible on all eight specimens (Supplementary Fig. 2). Note that 

the aspect appearance of these structures on TEM images is presumably denatured during sample preparation, such as 265 

previously reported for other silicifying organisms (Garrone et al., 1981). 

STEM-EDS analyses indicated that the electron-dense material in these vesicles was mainly composed of silicon Si and showed 

a similar spectrum to the Si layer coating the internal part of the calcitic test (Supplementary Fig. 4). These organelles are 

remarkably resembling similar to Silica Deposition Vesicles (SDVs) described in other biosilicifying organisms (Anderson, 

1994; Foissner et al., 2009). The elemental composition of the content of these SDV-like organelles was different from vesicles 270 

filled with sediment material where Si was mostly associated with Al (aluminosilicates, such as feldspars which are abundantly 



17 

 

found in the sediment, Supplementary Fig. 4). The latter vesicles, filled with sediment and organic detritus, occurare 

abundantly occurring in the cytoplasm of B. spissa and represent food vacuoles (Goldstein & Corliss, 1994). 

3.4 Isotopic analyses 

The calcite mass of dissected samples ranged between 0.2 µg to 2.9 µg for the proloculus side and 1.1 µg to 13.6 µg for the 275 

apertural side (Supplementary Table 2). The proloculus side of dissected samples exhibited low δ18O values between ranging 

from +0.13‰ to +3.09‰ compared with the aperture side which was rangingranged from +2.11‰ to +3.11‰. The δ18O values 

of aperture side awerere comparable with to the isotopic equilibrium value of calcite at the a depth of 1100 m in the Sagami 

Bay (Ishimura et al., 2012). Specimens exhibiting low δ18O values also showedrepresent low δ13C values. This trend was 

observed both for microspheric and macrospheric individuals (Supplementary Fig. 5). Lower δ18O and δ13C values were 280 

typically found in smaller (i.e., younger) specimens, having a test length ranging from 200 to 400 µm (Supplementary Fig. 6). 

4 Discussion 

4.1 Composite test made of calcite and opal 

The Si layer, which was systematically observed in all studied B. spissa, is composed of biogenic opal (amorphous hydrated 

silica, SiO2·nH2O). This was firstly indicated by the cross-sections of the siliconSi-rich layer exposed by diamond knife cutting 285 

on (cryo-SEM and TEM images), both showing a conchoidal fracture pattern (Fig. 5e & Supplementary Fig. 2), typical from 

of amorphous glass and well known from for a variety of siliconSi-basedusing organisms (see review in Garrone et al., 1981). 

This was further confirmed by FTIR spectra obtained on decalcified empty tests (translucid, dead) , which were perfectly 

matchingin good agreement with spectra of reference opal (Lowenstam, 1971), diatom frustules (Stefano et al., 2005) and 

diatomite (Reka et al., 2021) spectra. This is congruent with previous measurements on Miliammellus legis in Resig et al. 290 

(1980), for which the test material spectra also matched the opal reference of Lowenstam (1971). 

The opal layer coating the inside part of the calcitic test of B. spissa seems composed ofappears homogeneous material, without 

any visible sub-structures even on high resolution SEM images. This is different from M. legis, for which the test, made entirely 

of opal, is formed by a median layer (18 µm thick) composed of fused tubular rods randomly arranged in three-dimensional 

open mesh. This median layer is, framed by an inner and an outer layer (1 µm thick each), both composed of tightly packed 295 

rods sheets parallel to the inner and outer surface of the shell, respectively (see Plates 2 & 3 in Resig et al., 1980). These 

morphological and structural differences suggest different precipitation processes between the two genera, such as it is the 

case for the carbonated tests ofin Miliolida and Rotaliida, to which Miliammellus and Bolivina respectively belong (Parker, 

2017; Dubicka, 2019).  

In B. spissa, the opal layer thickness was constant within each chamber but was not equivalent between chambers in a given 300 

individual, always being the thickest in the proloculus and becoming thinner toward the newer chambers at the apertural side 

of the test. This decreasing trend in thickness is analogousue to the calcitic tests in Foraminifera having a lamellar wall (such 
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as Bolivina), which cover the entire test with new calcitic material (i.e., outer lamellae) when adding a new chamber, resulting 

in a decreasing thickness of the calcitic test from the proloculus toward the newest chamber (Hansen, 2003). The outer lamellae 

covering the entire test when adding a chamber is progressively decreasing in thickness, so that the more layers are added, the 305 

more increasingly difficult it becomes to trace (Bé & Lott, 1964). In some of our B. spissa specimens, we could observed such 

a decreased outer lamellae thickness toward external calcite layers on cryo-SEM images. The opal layer thickness from the 

proloculus towards the apertural side of the test follows an inverse power law (Fig. 6), suggesting that it is resultingresults 

from an ontogenetic effect. This decreasing thickness trend, similarity in both calcite and opal, coupled to the observation of 

an opal coating in young specimens (i.e., with few chambers), indicates that the opal layer is not formed during a single event 310 

but during multiple discrete steps, possibly likewisecomparable to the precipitation pattern for the calcitic test. However, even 

in the proloculus where its thickness is at a maximum, no layered sub-structures were visible in the opal layer (Fig. 3d & 5e). 

After decalcification, the few lastyoungest chambers on the apertural side were always collapsed or absent (Fig. 2e & 2f), 

either because the opal layer was too thin to maintain its chamber-shaped structure or because of its absence in the newest part 

of the test. This is corroborated by cryo-SEM and TEM images observations, where no opal layer was visible in the newest 315 

chamber(s) (Fig. 5a & 8a; Supplementary Fig. 7). The absence of an opal layer in the newest calcified chambers indicates that 

its formation must occur afterward the precipitation of the calcitic shell.  

4.2 Is it the opal layer precipitated by the foraminifera itself?  

Several observations indicate that the opal layer is secreted by the foraminifera itself and is not due to specific environmental 

conditions or any other passive process(es): 320 

1. The layer is systematically present in all B. spissa sampled during two consecutive years (May and October 2022 and 

May 2023) and isolated from different depth intervals in the sediment, and hence exposed to different environmental 

conditions (e.g., oxic/anoxic). 

2. The layer only coats the inside part of the calcitic shell, suggesting that it is resulting from a mechanism taking place 

inside the calcitic test (i.e., in the cell and not in the surrounding water). 325 

3. The layer is observed in living specimens, showing demonstrating that the deposition process occurs whileen the 

individual is alive. 

4. The layer is not observed in any other species found at the same site, such as individuals belonging to Uvigerina, 

Chilostomella, Globobulimina  or Bulimina genera, indicating that opal formation in B. spissa is not the result of a 

passive process. 330 

5. The smooth and homogeneous aspect appearance of the layer suggests that it is resulting from a precipitation process 

and not from of an aggregation of particles from allochthonous origin (e.g., of sedimentary or biogenic origin, but 

i.e.,  previously secreted by another organism and subsequently incorporated by the foraminifer). 
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6. The opal layer thickness follows an allometric relationship (i.e., inverse power law), from the proloculus (thick) to 

newer chambers (thin), commonly found in organisms’ growth patterns and suggesting that the layer is resulting from 335 

an ontogenetic process, analogous to the secreted calcitic test. 

Supplementary TEM observations reveal of peculiar organelles occurring in the cytoplasm, containing material exhibiting the 

typical conchoidal fracture pattern on TEM images and opal composition in EDS spectra (Fig. 8 & Supplementary Fig. 4). 

These findings and filled with similar material to opal layer (i.e., typical conchoidal fracture pattern on TEM images and EDS 

spectra indicating opal composition, Fig. 8 & Supplementary Fig. 4) further corroborate the assertion that the foraminifer 340 

secrete the opal layer itself.Fig. 8 & Supplementary Fig. 4. These organelles are strikingly resembling similar to Silica 

Deposition Vesicles (SDVs), involved in the secretion of opal in diatom’s ffrustules of diatoms (Drum & Pankratz, 1964) or 

the shell building of other organisms in the SAR group (Anderson, 1994; Foissner et al., 2009; Fig. 9) to which Foraminifera 

belong. While B. spissa was shown to feed selectively on fresh phytodetritus transported from the surface ocean (e.g., diatoms, 

Nomaki et al., 2006), the aspect appearance of these organelles greatly differs from typical diatom frustules ingested by 345 

foraminifera (e.g., see Fig. 9D in Jauffrais et al., 2018, Fig. 4D in Goldstein & Corliss, 1994; Supplementary Fig. 87 in this 

study) or sponge spicule (Garrone et al., 1981) indicating that they do not represent remains from these organisms. We consider 

that these organelles are SDVs (Fig. 8 and 9), which were have never been reported before in Foraminifera (see review in 

LeKieffre et al., 2018). The observation of these SDVs-like organelles in two out ofver eight individuals analysed in total 

supports the hypothesis that the opal deposition process takes place intermittently, or that these organelles occur rather rarely 350 

in the cytoplasm of B. spissa. SDVs-like organelles were observed both in youngernew and older chambers at the same timeof 

the same specimen (Fig. 8), suggesting that the opal layer deposition might occur simultaneously in different chambers, 

resulting in thicker layers in older chambers. These organelles were observed in individuals from 1-2 cm depth interval in the 

sediment, where oxygen is absent (Glud et al., 2009), suggesting that opal precipitation may occur in anoxic settings, as it was 

shown for calcite precipitation (Nardelli et al., 2014; Orsi et al., 2020). Further analyses, such as a transcriptomic study 355 

targeting genes involved directly in silica precipitation or biosilicification, are necessary to conclude about the exact nature of 

these organelles.  

The existence of a secreted opal layer coating the inside part of the calcitic test highlights a new biosilicification process in B. 

spissa, making this species the first Rotaliida able to secrete opal and the first Foraminifera able to precipitate both materials 

(i.e., calcite and opal) ever reported on in our knowledgethe literature. 360 
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Figure 9: TEM images showing the final development stage of the silicon Si granules in SDVs in the ciliate Maryna umbrellata 

(modified from Foissner et al., 2009) and organelles in B. spissa exhibiting similar aspectappearance, hence representing putative 

SDVs. Note the scale difference, which is two times larger for B. spissa than for the ciliate. 

The only other known biosilicifiyng Foraminifera is M. legis (Miliolida, Burmistrova, 1978), which is branching relatively far 365 

from Bolivina (Rotaliida) in phylogenetic trees based on 18S rRNA (e.g., Pawlowski et al., 2013) or multi-gene phylogenies 

(Groussin et al., 2011; Krabberød et al., 2017; Sierra et al., 2022, Supplementary Fig. 98a). These phylogenetic relationships, 

nesting in which Rotaliida and Miliolida are nested within naked foraminifers, suggests that biosilicification was acquired 

independently throughout their evolution history. Similarly, it was has been already previously suggested that different test 

organisation/composition and calcification pathways likely emerged multiple times during foraminiferal evolution in different 370 

foraminiferal orders, especially between Rotaliida and Miliolida (Groussin et al., 2011; Pawlowski et al. 2013; Holzmann & 

Pawlowski, 2017; Sierra et al., 2022, de Nooijer et al., 2023). The distinct appearanceaspect and microstructure of the opaline 

shell found in B. spissa compared to M. legis supports the idea that this trait emerged independently in both Bolivina and 

Miliammellus. However, we cannot exclude the hypothesis that biosilicification was inherited from a common ancestor (of 

rhizarians for instance) and that this trait was lost in most of other Foraminifera represents. Silicon Transporter (SIT) genes 375 

putatively inherited from a common eukaryotic ancestor were alreadyhave previously been identified in other well studied 

rotaliid Foraminifera that are not known to exhibit any opaline silica structures (i.e., Ammonia, Elphidium and Rosalina, 

Marron et al., 2016, Supplementary Fig. 98b). This finding confirms that the presence of SIT genes does not necessarily imply 

the capacity to precipitate opaline silica and rather corroborates the common ancestor hypothesis. To investigate the exact 

origin of biosilicification in Foraminifera from an evolutionary point of view, further extensive phylogenetic studies including 380 

M. legis are urged. 
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4.3 Function(s) of the opal layer 

The calcitic shell of fForaminifera l test may potentially originate from the detoxification of harmful Ca2+ ions within the cell 

(Simkiss, 1977; Kaźmierczak et al., 1985), the resultant test was proposed to servinge various functions such as protection 

against predation, buoyancy control, or facilitation of reproduction. Similarly, the opal layer may also be initially secreted as 385 

a detoxification byproduct (Marron et al., 2016), with additional function(s) beneficial for their success in deep-sea 

environments. Undoubtedly, the test also acts as protective physical barrier against unfavourable physical or chemical 

conditions of the environment (Marszalek et al., 1969; Wetmore, 1987), particularly considering the chemical and mechanical 

characteristics of opal.. 

The only other foraminifer having an opaline test, M. legis, is found in relatively deep habitats (> 4400 m depth, Burmistrova, 390 

1978; Resig et al., 1980) below the Carbonate Compensation Depth (CCD) where calcitic foraminifera are very rare (Resig et 

al., 1980; Gooday et al., 2008). This suggests that secreting an opaline test could be an adaptation in to environments in which 

producing and maintaining a calcitic shell is challenging. However, B. spissa specimens in the present study were found at 

much shallower depths (1410 m) well above the CCD (~ 4500-5000 m depth in the northwest Pacific, Chen et al., 1988), in 

samples where other calcitic species occur abundantly and without any visible signs of dissolution. This indicates that 395 

calcification is not limiting in these environments and suggests that the opaline and calcitic parts of the test could serve different 

and/or complementary function(s).  

Diatom frustules, made of opal, are known to possess incredible mechanical properties are reportedly known to achieve 

incredible mechanical properties regarding their light weight andsuch as remarkable light weight, strength leading to 

remarkable structural integrity and structural integrity, (among other functions, (Hamm et al., 2003; Knoll & Kotrc, 2015; 400 

Aitken et al., 2016). Despite Even if we did not observinge any microstructures in the opal layer of B. spissa such as in 

diDiatom’s frustule, s it is plausible that the opal layer may serve as a supplementary mechanical support for the calcitic shell, 

enhancing the mechanical integrity of the entire test. While However, this hypothesis is not supported by the occurrence of 

other species having a more fragile test compared to B. spissa at the same location, such as Chilostomella, does not support 

this hypothesis, it still needs to be invalidated with measurements. Achieving a better mechanical resistance regarding 405 

compressive forces could represent an advantage in the context of protection against potential predation. This might be 

especially true for propagules or juveniles, since the opal layer is the thickest in old chambers at the proloculus side.  

The thick opal layer in the proloculus might indicate a function associated with propagules dispersion. Compared to calcite, 

opal has a lower density (2.7 g .cm-3 and 1.9-2.2 g .cm-3, respectively, Mukherjee, 2012), which could facilitate resuspension, 

movements, and/or propagation of juveniles by decreasing the density of young tests compared to a test of equivalent thickness 410 

made only of calcite. Some benthic foraminiferal species are hypothesised to have a floating propagule stage to insure long-

distance dispersal to different habitats (Alve & Goldstein, 2010). Alternatively, another Bolivina species, Bolivina variabilis, 

was reported as having a tychopelagic life strategy and being able to grow and calcify in benthic and in planktic settings 

depending on its ontogenetic stage (Darling et al., 2009; Kucera et al., 2017). The low δ18O in the proloculus part of B. spissa 

a mis en forme : Exposant



22 

 

(Supplementary Fig. 6 and 7) could indicate that juvenile specimens did calcify in aat higher temperatures environment 415 

compared to adult chambers, such as it is the case for the congeneric B. variabilis (Darling et al., 2009). However, the isotopic 

shift between old and new chambers was not observed systematically in B. spissa, even among small individuals. Finally, the 

fact that an opal layer was not observed in decalcified B. variabilis (Supplementary Fig. 109) does not support the hypothesis 

that the opal layer observed in B. spissa could be involved in buoyancy function. 

Opaline silica is acid-resistant and ~ 5 times harder more resistant to abrasion than calcite (Mukherjee, 2012). These two 420 

parameters might be of great value regarding protection against foraminiferivory predation (Hickman & Lipps, 1983). For 

instance, parasitic Foraminifera were reported to be able to drill holes into the shells of bivalves by corrosion (i.e., dissolution, 

Cedhagen, 1994) and into the calcitic tests of other Foraminifera species (by unknown mechanism, Hallock & Talge, 1994). 

Drilling by mechanical abrasion, presumably the result of predation by nematodes, was also found on foraminiferal tests 

belonging to Rosalina and Bolivina genera (Sliter, 1971). Additionally, selective predation on a Foraminifera from the 425 

Galapagos hydrothermal mounds by a naticid gastropod was reported by Arnold et al. (1985) and other unknown organisms 

were suggested to bore holes into foraminiferal tests (Nielsen, 1999; Hickman & Lipps, 1983). Drilling strategies, either by 

chemical etching or mechanical abrasion, would be much more difficult or even inefficient against an opal layer, which would 

act as a protectiveon layer preventing predators fromto accessing the cell content. Foraminifera in the Sagami Bay were shown 

to beare potential prey for a variety of metazoans (e.g., molluscs, copepods, or nematodes, Nomaki et al., 2008), supporting 430 

the protection against predation hypothesis for Bolivina in this study. In case of complete ingestion by another organism 

(deliberate or fortuitous, e.g., Herbert, 1991; Hickman & Lipps, 1993; Lipps, 1983), it was suggested that some Foraminifera 

may survive relatively short passage in the gut by retracting in their test (Culver & Lipps, 2003), and the opaline silica layer 

may further help to avoid complete dissolution of the test in that specific case. Environmental SEM observations performed 

on another Bolivina morphospecies sampled from a nearby site in the Sagami Bay (Off Misaki, 740 m depth, 35°04.30’ N 435 

139°32.50’ E) indicate that it possesses comparable structures to B. spissa underlying the calcitic test after decalcification 

(Supplementary Fig. 110). While these observations were only made on few dead specimens, we sometimes occasionally 

observed such predatory marks on their tests, with the calcitic test being totally bored but with an underlying layer incompletely 

pierced (Supplementary Fig. 121). While Although these observations were made on a different Bolivina morphospecies, it 

suggests that protection from drilling strategy occur at a nearby location for the same genus. However, additional studies are 440 

necessary to confirm the exact nature of the structure exposed after decalcification in this different morphospecies and the 

origin of these borings. 

We hypothesise that a plausible function of this opal layer coating the inside part of the calcitic shell would be an anti-predatory 

functionfor protection against predators, efficient against chemical or abrasive boring attacks, and potentially increasing the 

overall strength of the test in case of important compressive mechanical stress. Further investigations are needed to validate 445 

this hypothesis and define potentialpossible other(s), and perhapspotentially non-exclusive, function(s). 



23 

 

4.4 Implication(s) for palaeoproxies and biogeochemical cycles 

Compared to the aperture side of B. spissa where C and O isotopic compositions were almost close to equilibrium values, 

lower calcitic δ13C and δ18O values were principally observed at the proloculus side where the Si layer is the thickest. Moreover, 

the isotopic values of the proloculus side may be overwritten/diluted by the deposition of secondary calcite added during 450 

growth, lowering even further the δ18O and δ13C isotopic ratios that were measured in this study. This is confirmed by the fact 

that small specimens (i.e., with fewer chambers, younger) showed lower δ13C and δ18O values compared to larger specimens 

(i.e., with more chambers, older). These offsets can be explained by either “vital effects” during calcification or different 

habitat temperatures during the juvenile stage. Alternatively, Tthe higher silicification observed on the proloculus side 

compared to the aperture side may possibly have altered the cytoplasmic activity and/or resource partitioning regarding C and 455 

O in the cell, explaining the differences in isotopic composition between old and new chambers. Ishimura et al. (2012) 

suggested that the variations of in intracellular chemistry affect the isotopic composition of the calcite shell. This may might 

result from the more intense Si precipitation on the proloculus side (thicker opal layer) compared to the apertural side of the 

test in B. spissa, assuming simultaneous calcite precipitation and opal formation within putative SDVs. However, the decreased 

δ18O values in the proloculus part of B. spissa was not observed in all specimens, suggesting there could be other mechanism(s) 460 

responsible for such light isotopic compositions. Increasing the number of specimens analysed and conducting high spatial 

resolution analyses of isotopic compositions, such as Secondary Ionisation Mass Spectrometry (SIMS) or laser ablation ICP-

MS, will provide further insight into a potential isotopic composition shift regarding chamber position. 

Additionally, the presence of an opaline layer might possibly influence proxy calibrations and their interpretations by mixing 

the measured calcite signal with the opal signal, such as suggested for sedimentary silicate grains incorporated within the 465 

calcite of M. barleeanus (Borrelli et al., 2018). The test composition of calcitic foraminifera is widely used for 

palaeoreconstruction and palaeoproxy purposes (e.g., Zachos et al., 2001; Katz et al., 2010) and B. spissa was alreadyhas been 

used in this context (Glock et al., 2012; Koho et al., 2017). Therefore, refined geochemical composition analyses of the opaline 

layer, not done performed in our study, are necessary to assess its impact in the context of the use of Bolivina shells as a 

geochemical palaeoproxy. On the other hand, the presence of this opaline layer may open a whole new opportunity to develop 470 

novel proxies based on the glassy part of B. spissa test, especially in oxygen depleted environments. Such proxies exist for 

instance for diatoms, silicifying sponges or radiolarians, for which the isotopic composition may be used to trace dissolved 

silica concentration, pH or nitrate utilisation through geological times (e.g., De La Rocha, 2006; Hendry et al., 2010; Donald 

et al., 2020; Trower et al., 2021).  

Bolivina spissa is a cosmopolitan shallow infaunal species regularly reported at several different locations in the north-east 475 

Pacific such as the Santa Monica Basin, Monterey Bay cold-seeps or at the Cascadia convergent margin (e.g., Cushman, 1926; 

Bernhard et al., 2001; Heinz et al., 2005; Keating-Bitongo & Payne, 2017) as well as in the south-east Pacific at the Peruvian 

margin (Glock et al., 2011). The species is also found in the north-west Pacific around Japan (Kitazato et al., 2000; Nomaki et 

al., 2006; Glud et al., 2009; Fontanier et al., 2014; Koho et al., 2017) and in the Okhotsk Sea (Bubenshchikova et al., 2008). 
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Foraminifera are known to be major protagonists contributing to the organic and inorganic carbon cycle (OM degradation e.g., 480 

Gooday et al., 1992; Moodley et al., 2000; carbonate production, e.g., Langer, 2008) and nitrogen cycle (for denitrifying 

species such as B. spissa, e.g., Pina-Ochoa et al., 2010; Xu et al., 2017; Glock et al., 2019; Woehle et al., 2022). The wide 

geographic distribution and abundance of B. spissa emphasise its potential to be a good palaeoproxy using its opaline test and 

for global nitrogen cycle. Foraminifera are known to be major protagonists contributing to the organic and inorganic carbon 

cycle (OM degradation e.g., Gooday et al., 1992; Moodley et al., 2000; carbonate production, e.g., Langer, 2008) and nitrogen 485 

cycle (for denitrifying species such as B. spissa, e.g., Pina-Ochoa et al., 2010; Xu et al., 2017; Glock et al., 2019; Woehle et 

al., 2022). Furthermore, prior TEM observations of Bolivina pacifica (Fig. 4 in Bernhard et al., 2010) and Bolivina argentea 

(Figure 1a in Bernhard et al., 2012) revealed similar structures to those observed in B. spissa in this study, suggesting the 

potential presence of an opal layer beneath the calcitic test of other Bolivina species. If silicification in foraminifers was finally 

found to be more widespread than previously known, either among the genus Bolivina or possibly among other Foraminifera 490 

genera, this group could also have a substantial but overlookedparticipate role in silicon Si cycling, adding up to the already 

significant role of other Rhizaria in this cycle (Llopis Monferrer et al., 2020). Overall, silicifying Foraminifera may represent 

a critical component to better understand global Si cycling, which is in turn crucial to comprehend the functioning of other 

biogeochemical cycles, biological carbon pump or marine food webs (Tréguer et al., 2021). 

5 Conclusions 495 

We report that the Foraminifera Bolivina spissa exhibits a composite test made of an opal layer coating the internal part of the 

calcitic test. The thickness pattern of the opal layer, thick in the proloculus and thinning toward newer chambers, coupled to 

the identification of organelles involved in silica precipitation found for the first time in Foraminifera, ascribed to Silica 

Deposition Vesicles (SDVs), indicate that the B. spissa can silicify by itself. The deposition of opal appears to be discontinuous 

and to take place afterward calcite precipitation phases, while occurring in different chambers at the same time. We presume 500 

propose that the opal layer may serve as a protection barrier against predators able to drill holes chemically or mechanically 

in the calcitic tests of Foraminifera. However, others (non-exclusive) functions could exist and are stillneed to be investigated 

further. The presence of this unnoticed until now overlooked opal layer below the calcitic test in of the cosmopolitan B. spissa 

raises the questions on the of silicification extend of silicification in Foraminifera. The only other known silicifying species is 

branching relatively far on phylogenetic trees and belongs to another foraminiferal class, branching relatively far on 505 

phylogenetic trees., belongs to another foraminiferal class, and pAt the same time, preliminary observations on another 

Bolivina morphospecies exhibiting analogous structures below calcite could indicate that this trait may be more widespread 

than previously assumed. While the presence of this opal layer below the calcitic test may influence palaeoceanographic 

reconstruction using test composition, it may also lead to the development of new palaeoproxy(ies) based on this layer. Finally, 

if silicification was found to be more widespread than previously known, it would probably make Foraminifera significant, so 510 

far overlooked, actors regarding the Si cycle at global scale. 
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