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1. Introduction

Biomineralization pathways exercise high
levels of control over crystallization reac-
tions, capable of producing single crystals
with intricate shapes that are rare at geolog-
ical and synthetic settings.[1,2] To form
these complex crystals, the formation envi-
ronment of biominerals is usually within
confined spaces where the chemical and
spatial conditions are highly regulated by
cells.[3–5] However, the factors that direct
crystal growth to result in such unique
morphologies are poorly understood and
are of great interest to biomineralization
and materials science.[6,7]

One of the most intriguing examples of
biologically controlled crystal morphology
is the calcite elements produced by unicel-
lular marine algae called coccolitho-
phores.[8] These mineralized elements,
termed coccoliths, are composed of an
array of complex and anisotropic crystal
morphologies that are species-specific.[9,10]

Interestingly, the regulation over calcite
crystal morphology fundamentally differs between the two life-
cycle stages of a single coccolithophore species.[11,12] In contrast
to the elaborate crystals produced at the diploid stage, called het-
erococcoliths, the crystal morphology in coccoliths of the haploid
stage, termed holococcoliths, is solely rhombohedral,[8] the most
common morphology of calcite.

The biomineralization pathway of the complex heterococcolith
crystals has been the focus of numerous studies that have eluci-
dated the role of cellular structures involved in the crystallization
process.[9,13–16] Crystallization takes place intracellularly within
the confined environment of a membrane-bound organelle
termed the coccolith vesicle.[3,16] The first structure to form is
an organic base plate scale, which serves as a template for crystal
nucleation.[9,17] Calcite nucleation takes place simultaneously at
defined locations and orientations around the base plate periph-
ery, forming a ring of simple rhombohedral crystals.[8,18]

Subsequently, anisotropic crystal growth occurs within the vesi-
cle, ultimately forming the intricate morphologies characteristic
of the fully developed heterococcolith crystals.[10,19]

Heterococcolith formation is tightly linked to highly acidic
soluble macromolecules, termed coccolith-associated polysac-
charides (CAPs).[20,21] CAPs are found during coccolith develop-
ment in complexes with Ca2þ ions, and as a coating material over
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Coccolithophores are a group of unicellular marine algae that shape global
geochemical cycles via the production of calcium carbonate crystals.
Interestingly, different life-cycle phases of the same coccolithophore species
produce very different calcitic scales, called coccoliths. In the widely studied
diploid phase, the crystals have anisotropic and complex morphologies, while
haploid cells produce coccoliths consisting solely of calcite crystals with simple
rhombohedral morphology. Understanding how these two life-cycle phases
control crystallization is a highly sought-after goal, yet, haploid phase crystalli-
zation has rarely been studied, and the process by which they form is unknown.
Herein, advanced electron microscopy is employed to elucidate the cellular
architecture of the calcification process in haploid cells. The results show that in
contrast to diploid-phase calcification, the coccolith-forming vesicle of haploid-
phase cells is voluminous. In this solution-like environment, the crystals nucleate
and grow asynchronously in a process that resembles calcite growth in bulk
solution, leading to the simple morphologies of the crystals. The two distinct
mineralization regimes of coccolithophore life-cycle phases suggest that cellular
architecture, and specifically confinement of the crystallization process, is a
pivotal determinant of biomineral morphology and assembly.
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the mature crystals. These macromolecules were suggested not
only to transport Ca2þ into the calcification environment but also
to promote altered crystal morphologies by forming stereochem-
ical interactions with the growing crystals.[22,23] However, recent
work shows that developing heterococcolith crystals present only
the rhombohedral crystal facets, ruling out growth modification
by such stereochemical means.[10]

The understanding of holococcolith formation severely
lags behind that of heterococcoliths, with only a handful of
investigations to date,[24–27] which all report on conserved
holococcolith architectures that point to a highly regulated
biomineralization process. The difficulty of culturing calcifying
haploid cells was a major obstacle,[28] and only recently holococ-
colith formation was shown to be an intracellular process.[27] One
of the most intriguing aspects is the fundamental differences in
the crystallization processes, which lead to such distinct crystal-
line products in the two genetically identical cell types.

Here, we use advanced techniques of sample preparation,
transmission electron microscopy (TEM), and 3D focused ion
beam scanning electron microscopy (FIB-SEM) to investigate
the cellular characteristics of the holococcolith formation path-
way. We show that, as for heterococcoliths, holococcolith forma-
tion takes place within vesicles derived from the Golgi apparatus.
However, holococcolith crystal nucleation does not depend on an
organic scale, and crystal growth occurs in a voluminous liquid
environment.

2. Results

2.1. Cellular Architecture and Holococcolith Morphology

We chose to study two coccolithophore species, Calyptrosphaera
sp. and Coccolithus braarudii, available as haploid holococcolith-
forming cultures. The two species are both members of the
Coccolithales order but produce distinct holococcolith morpho-
types, providing the opportunity to explore general traits of hol-
ococcolith formation. Both species exhibit sufficient growth in
laboratory conditions (Figure S1, Supporting Information),
and a full coccolith coverage of the cells is present throughout
culture growth (Figure 1). The holococcolith morphology of
C. braarudii is a flat ellipse with a double layer of crystals, situated
one on top of the other, delimiting the periphery of an organic
base plate, while the center can be fully or partially covered by a
monolayer of crystals (Figure 1c). The holococcoliths produced
by Calyptrosphaera sp. are of a hollow sphere-like shape, where
only a subset of the crystals is in contact with the organic base
plate (Figure 1d).

To study the structural aspects of holococcolith producing
cells, we prepared samples of exponential stage cultures for
TEM analysis. The cellular environment was preserved using
high-pressure freezing (HPF),[29] followed by freeze substitution
and resin embedding.[30] In this method, a dense cell pellet is
pressurized and immobilized at the temperature of liquid nitro-
gen to prevent the formation of destructive ice crystals. The sam-
ple is then chemically fixed and dehydrated during freeze
substitution as it is slowly brought back to room temperature,
thereby preserving cellular ultrastructure close to its native state.
Ultrathin sectioning of resin-embedded samples was conducted

under anhydrous conditions to prevent the dissolution of holo-
coccolith crystals. TEM images show the major intracellular
organelles of the coccolithophore cell, including chloroplasts
with a central pyrenoid, a nucleus, vacuoles, and cytoplasm,
alongside the extracellular region (Figure 2). The vacuolar con-
tent in both strains is thin and lightly stained (Figure 2a,d), sim-
ilar to the morphology of vacuoles in diploid coccolithophore
cells.[31] However, we did not observe the characteristic dense
phases embedded within.[32] Mature holococcoliths are found
in the extracellular region, situated proximal to an outermost thin
envelope layer (Figure S2, Supporting Information),[25] and distal
to several layers of unmineralized scales and fibers (Figure 2c,f,
S2, Supporting Information).

As crystal morphology is very different between heterococco-
liths and holococcoliths, we investigated whether holococcolith
crystals possess a coating of CAPs similar to that of heterococ-
coliths. We used a chemical fixation method for TEM, which
was previously used to visualize the organic coat of heterococco-
lith crystals.[20,33] In this preparation, acidic conditions during
the fixation stages result in complete dissolution of the coccolith
calcite crystals, leaving the organic coating as a stained remnant
of the crystal. Rhombohedral outlines were identified in the
extracellular region of Calyptrosphaera sp., delimiting the shapes
of the holococcolith crystals, indicating an organic coating over
each calcite rhombohedron (Figure S3, Supporting Information).
In addition, Calyptrosphaera sp. coccoliths interact with
Ruthenium red, a positively charged dye forming specific inter-
actions with uronic acid residues, indicating their presence in the
coating material (Figure S3, Supporting Information). However,
it is unclear whether a crystal coating is also present in
C. braarudii because it could not be identified with this chemical
fixation method and is not stained by Ruthenium red (Figure S3,
Supporting Information).

2.2. Holococcolith Formation Process

In order to increase the possibility of observing developing hol-
ococcoliths in TEM preparations, we decalcified cells to remove
extracellular coccoliths by acidifying their seawater medium.
Restoring the pH to ambient levels induced intense recalcifica-
tion and increased the fraction of actively calcifying cells in the
culture (Figure S1, Supporting Information). Samples for TEM
investigations of recalcifying cells were prepared using the same
technique as for fully calcified cells (Figure 2). In this manner, we
obtained a large TEM dataset of developing intracellular holococ-
coliths from both Calyptrosphaera sp. (n= 43) and C. braarudii
(n= 13). In addition, 3D data of the calcification environment
were acquired by a FIB-SEM slice-and-view workflow, altogether
providing a detailed characterization of the holococcolith biomin-
eralization pathway.

The images of calcifying cells show that the process of holo-
coccolith formation occurs within vesicles (from now on referred
to as “coccolith vesicle”) originating from the Golgi body
(Figure 3), similar to the coccolith vesicle in heterococcolith
forming cells.[3,33] These coccolith vesicles are strictly found at
the cell periphery in proximity to the plasma membrane
(Figure 3a,b,f ). In contrast, cisternae containing organic scales
are found in more proximal layers of the Golgi body
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(Figure 3a,b). Coccolith vesicles from both species are often
observed near the flagellar pole of the cell (Figure S4,
Supporting Information), a location reported by light microscopy
as the site where new holococcoliths are extruded.[25,27]

In both species coccolith vesicles were found in two character-
istic shapes, an elongated form (defined by an aspect ratio greater
than 2), which resembles a Golgi cisterna (Figure 3c, S4d,
Supporting Information), and a more ubiquitous subspherical
form (an aspect ratio smaller than 2) (Figure 3, S4c,
Supporting Information, see quantification in Figure S5,
Supporting Information). The two vesicle morphologies were
observed together in cells, with the elongated and thinner type
at a proximal position, bringing the option that the two types
may represent different developmental stages, whereby the elon-
gated shape evolves into the spherical shape. The membrane of
the coccolith vesicle could be seen in some sections engulfing a
cytoplasmic pocket (Figure 3d, S5, Supporting Information), pos-
sibly providing a larger surface area for exchanging materials
with the cytoplasm. Some coccolith vesicles contain an internal
subvesicle enclosing many globular vesicles of �50 nm in diam-
eter (cross sections in Figure 3b,e, surface view in Figure 3f, and

quantification in Figure S5, Supporting Information). It is pos-
sible that these subvesicles and the cytoplasmic pockets represent
different planes of the same anatomical organization.

In many cases, several organic scales were observed within the
coccolith vesicle, with a maximum of nine scales in spherical
vesicles and two in elongated ones (Figure 3b,e,f, S5,
Supporting Information). The multiple scales within the
coccolith vesicle contrast with the single ones found in the more
proximal Golgi cisternae, where scales are first seen. Within
the larger spherical coccolith vesicles, scales were found at vari-
ous orientations, even perpendicular to the Golgi cisternae
(Figure 3e,f, S5, Supporting Information). The fusion of several
Golgi cisternae into a single crystal-forming vesicle, or the con-
tinuous production of scales, could explain the observation of
multiple scales and the large volume increase of the spherical
vesicle.

2.3. Crystallization Mechanism of Holococcolith Crystals

In the heterococcolith developmental scheme, the growth pattern
of the crystals is sequential. It starts with simultaneous and

Figure 1. Holococcolith morphology in C. braarudii and Calyptrosphaera sp. a,b) Low-magnification SEM micrographs showing critical-point-dried cells
fully covered by holococcoliths. Red pseudocoloring highlights single holococcoliths. Insets: light micrographs of single cells (holococcoliths are the
hyaline layer covering the yellow-brown cell body). Scale bars in insets represent 10 μm. c,d) Higher magnification SEM micrographs of single holo-
coccoliths, showing the well-defined size of rhombohedral crystals assembled into species-specific ultrastructures. The base plate can be seen underlying
the crystals of Calyptrosphaerea sp. holococcolith.
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Figure 2. Intracellular and extracellular arrangement of holococcolith producing cells. a–f ) TEM images of sectioned cells. Calcite crystals have dark
contrast, while bright holes are visible where crystals have fallen out. a,d) Low- and b,e) high-magnification images showing cellular ultrastructure. Chl.,
chloroplast; Nuc., nucleus; Vac., vacuole. c,f ) The various layers of the extracellular space are indicated with color-coded arrowheads according to the
legend on the right.

Figure 3. Intracellular morphology of holococcolith calcification. TEM images a–d) of HPF and freeze-substituted cells. a,b) Coccolith vesicles are part of
the Golgi system, located in proximity to the plasma membrane. Organic scales are evident in both cis-Golgi cisternae and coccolith vesicles (partial false
coloring). c) A section through a cell containing both elongated and spherical coccolith vesicles; the spherical vesicle is positioned more distally.
d) A coccolith vesicle engulfing a pocket of cytoplasm. e) A single slice from the FIB-SEM dataset used for 3D visualization. f ) A 3D visualization
of a coccolith vesicle imaged by FIB-SEM volume imaging. Crystals are dispersed within the volume of the vesicle and are not adjacent to the organic
scales. Scale bars represent 1 μm. See also Movie S1, Supporting Information, for more details.
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site-specific nucleation around the base plate, followed by syn-
chronized growth of all crystals.[9] However, in contrast to the
ordered nucleation pattern in heterococcoliths, our extensive
TEM datasets and FIB-SEM data of an entire coccolith vesicle
show that individual holococcolith crystals are dispersed within
the coccolith vesicle space. Most crystals show no association
with neighboring crystals or other organic structures detectable
within the vesicle, such as the organic base plate scale, the sub-
vesicle, and the coccolith vesicle membrane (Figure 3, Movie S1,
Supporting Information).

In order to investigate possible patterns in the crystallization
pathways of the holococcolith crystals we analyzed crystal sizes
and numbers in the intracellular stages of coccolith formation.
First, we measured the size of mature extracellular holococcolith
crystals in TEM thin sections, using the maximum length of the
rhombic diagonal (Figure 4a, red). The average size of these sec-
tioned crystals was smaller than that of un-sectioned mature hol-
ococcoliths mounted directly on a TEM grid (Figure 4a, blue).
This size reduction is because sectioning leaves only a fraction
of the crystals, reducing the measured lengths in the sections.
For example, in Calyptrosphaera sp. the sectioning effect reduces
the average size of crystals from 120 nm (SD= 19 nm) in unsec-
tioned mature holococcoliths, to 97 nm (SD= 23 nm) in
sectioned mature holococcoliths. Nevertheless, sectioned intra-
cellular crystals exhibited an even smaller average size of
79 nm (SD= 24) (Figure 4a, green), which arises only from

the fact that some intracellular crystals are in the midst of their
growth process and are thus smaller than the mature extracellu-
lar crystals. A similar pattern was also found in C. braarudii
(Figure 4b). It is important to note that crystal size varied con-
siderably within a single vesicle, such that it was not common
to find vesicles with uniformly small crystals, as observed for
immature heterococcoliths. Even though this variability can orig-
inate as an artifact from sectioning, it is more likely the result of
an unsynchronized crystal nucleation and growth process within
vesicles.

A second trait that differentiates the synchronized nucleation
of heterococcoliths from the situation in holococcoliths is the
number of crystals within coccolith vesicles. In heterococcoliths,
this number is constant from the early stages of coccolith forma-
tion and equals the number of crystals in mature cocco-
liths.[3,9,19,34] We compared crystal numbers in whole-mount
mature holococcoliths, sectioned mature holococcoliths, and sec-
tioned coccolith vesicles. For this analysis, which is affected to a
greater extent by the sectioning plane relative to crystal size mea-
surement, we used various sections (cross, median longitudinal,
and lateral longitudinal sections) through mature holococcoliths.
We found that the number of crystals within sectioned coccolith
vesicles and in sectioned mature holococcoliths does not
coincide, where fewer crystals are found in coccolith vesicles
(Figure 4c,d). This difference strengthens the conclusion that
nucleation is not a synchronized stage in holococcolith formation

Figure 4. Sizes and numbers of crystals in developing and mature holococcoliths. a,b) Length measurements as a proxy for crystal sizes. Whole mounts
of mature holococcoliths, sections of mature holococcoliths, and sections of coccolith vesicles are color coded. c,d) The number of crystals comprising
each coccolith or coccolith vesicle from the same populations as in (a,b). The dashed lines indicate the average of each group. Representative TEM
images from both species are shown in the same color code. Scale bars represent 500 nm. Length measurements are illustrated by yellow lines on red-
colored crystals in C. braarudii images. Due to overlapping crystals in whole mounts of mature Calyptrosphaera sp., the data represent an underestimation
of the actual numbers. In (a,b), *P< 0.05; ANOVA followed by Tukey HSD. In (c,d), *Pr< 0.05; Poisson regression model.
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but occurs continuously and alongside crystal growth within a
single coccolith vesicle.

3. Discussion

In this work, we show that the basic cellular process of coccolith
formation, consisting of base plate formation and calcification
within Golgi-derived vesicles, is similar in both life-cycle phases.
However, in the haploid phase, coccoliths are not the outermost
extracellular layer, as in the diploid phase, but are shielded from
seawater by a thin organic envelope layer. In addition, the process
of holococcolith crystallization is markedly different, with unsyn-
chronized crystal nucleation and growth that is not directly reg-
ulated by insoluble macromolecules, such as the base plate and
membranes. These similarities and differences are schematically
summarized in Figure 5. An unresolved aspect is the absence of
observations of coccolith vesicles containing fully assembled
holococcolith ultrastructures, or similar crystal numbers as in
the extracellular holococcoliths, which are both very common
observations for heterococcoliths before secretion.[35] These final
intracellular stages in which holococcoliths reach maturation
may be missing from our dataset due to the possible rapid
dynamics of the last stages of the process. Alternatively, part
of holococcolith assembly may take place in an extracellular site.
This latter scenario would require a morphogenetic mechanism
fundamentally different from that of heterococcoliths.

Both holococcoliths and heterococcoliths exhibit tight cellular
control over crystal size, morphology, and final orientation.
However, they result in significantly different structures. The
differences between the two formation schemes raise interesting
questions about biomineral crystallization processes. From the

chemical point of view, holococcolith formation shares many
more similarities with solution-mediated growth: unsynchro-
nized nucleation, simple crystal habit, and a lumen without
delimiting membranes. These properties can explain some of
the differences between the two structures, such as the overall
simpler shapes in holococcoliths. They can also direct us to pos-
sible important differences, such as the impact of confinement
on crystal growth,[6,10,36] and the part of organic macromolecules
in the crystallization process.

In heterococcoliths, the base plate is the exclusive site for
nucleation, and once its periphery is fully mineralized, nucle-
ation is exhausted. This notion is supported by the observation
that the perimeter length of the base plate determines the num-
ber of nucleation events.[37] In contrast to the spatially and tem-
porally regulated nucleation process of heterococcoliths, the
random pattern in which intracellular holococcolith crystals
are found and the disparity between the number of crystals found
in coccolith vesicles and mature holococcoliths suggests that
nucleation in holococcoliths is an unsynchronized process. In
addition, most of the crystals within the holococcolith vesicle
are not associated with the base plate, making stereochemical
nucleation from the base plate unlikely. As the final number,
size, and orientation of the crystals in holococcoliths are also
controlled, these fundamental regulation processes may be
independent of the base plate.

An important hallmark of heterococcolith biomineralization is
the intricate crystal morphologies. Morphogenesis has been
suggested to bemediated by two different factors. One is the tight
interactions of growing crystals with vesicle membranes or
neighboring crystals.[3] In this respect, the simple rhombohedral
crystals of holococcoliths are in accordance with their

Figure 5. Schematic presentation of the calcification pathways of coccolithophore life-cycle stages. The known traits of heterococcolith formation are
compared and contrasted with holococcolith characteristics that emerge from this study.
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solution-like environment. The second factor is stereochemical
modulations of crystal growth by specific binding of CAPs to
crystal facets.[38] The fact that Calyptrosphaera sp. holococcolith
crystals are covered by CAPs, like heterococcoliths, together
with recent work showing the simple crystallographic habit of
heterococcoliths,[3,10] suggests that the central role of CAPs is
not as crystal growth modifiers by binding to crystal facets. It
is plausible that the main function of CAPs is related to the
transport of calcium ions to the site of precipitation and dictating
calcite nucleation.[3,14,20,39]

One of the most intriguing aspects of holococcolith biominer-
alization, which is not addressed by this study, is the assembly
process of the rhombohedral calcite into the complex and spe-
cies-specific superstructures. Ultrastructure could be achieved
by templating crystal nucleation, controlling both location and
orientation of the crystals, as in the heterococcolith formation
pathway, or by packing fully grown crystals nucleated at random
sites. We could not detect any substance templating crystal nucle-
ation; however, this can be a limitation of the sample preparation
and imaging techniques used. Future work using cryoelectron
microscopy techniques may reveal more information about this
enigmatic process.

4. Conclusion

In this work, we identify basic aspects of the holococcolith crystal
nucleation and growth environment, and compare it to the
widely studied heterococcoliths. The calcification compartment
of holococcoliths is a relatively unconfined space, giving rise
to simple rhombohedral crystals, yet of defined sizes and
architecture. As both holococcoliths and heterococcoliths are
the result of regulated biological crystallization, the differences
reported here spotlight the nanoenvironment in which crystals
grow in terms of the roles of confinement and functional macro-
molecules modulators of the crystallization process. Future
research is needed to elucidate the mechanism of packing the
rhombohedral crystals into the elaborate holococcoliths
ultrastructures.

5. Experimental Section

Cell Cultures: Clonal cultures of C. braarudii (RCC3777) and
Calyptrosphaera sp. (RCC1181) obtained from the Roscoff Culture
Collection (www.roscoff-culture-collection.org) were grown in sterile-
filtered seawater collected from the Mediterranean Sea, with salinity cor-
rected to 35 psu. Additional supplements were aseptically added according
to the K/2 nutrient recipe.[40] Culturing was conducted in a temperature-
controlled culture room at 18 °C with illumination provided by LED lights
at an intensity of 10–20 μmol m�2 s under a 16:8 light:dark cycle.
Inoculation of 2 week-old cultures (density of �7.5� 105 cell mL�1 for
Calyptrosphaera sp. and �2.5� 105 for C. braarudii) was undertaken by
a dilution factor of 1:10 into fresh seawater media.

Decalcification and Recalcification: To maximize the chance of observing
intracellular stages of holococcolith calcification by TEM, we enriched the
proportion of calcifying cells in the culture. As decalcification of
extracellular coccoliths has been shown to induce coccolith production
in heterococcoliths,[41] we attempted to apply a similar decalcification
method for holococcoliths. However, ethylenediaminetetraacetic acid
(EDTA)-based decalcification was found to be unsuitable for the studied
species because it resulted in the formation of large aggregates upon

removal of residual EDTA. The chosen method was acidifying and subse-
quently neutralizing the culture media, eliminating the need for washes
with centrifugation. 50mL of an exponential phase culture of
�105 cell mL�1 were acid-decalcified by lowering the medium pH to 5
using 1 M HCl. Once pH= 5 was reached, 1 M NaOHwas added to restore
the pH to 8.2. During this process, the culture was stirred by a magnetic
stirrer, and the pH was monitored with a pHmeter. Cells were left to recal-
cify for 12 h; the time point at which the coccolith production rate was
highest (Figure S1B, Supporting Information). The decalcification treat-
ment was coupled with the onset of the daylight phase to ensure repro-
ducible results.

SEM: To avoid the crushing of the cellular structure associated
with the surface tension of water, samples for SEM were dehydrated in
increasing concentration of ethanol (30%, 70%, and 100%), followed
by critical-point drying using the BAL-TEC CPD 030 instrument equipped
with a small particle holder suited for particles in the range of 2–30 μm
(Tousimis Research Corporation). Once dried, powder of cells were
mounted on an aluminum stub (EMS 75230) and sputter-coated
with 2.5 nm of iridium. Scanning electron micrographs were produced
with a Zeiss Ultra 55 microscope, using 2 kV acceleration voltage and
an InLens detector.

Light Microscopy: Light microscopy investigations were carried out
using a Nikon Eclipse Ni–U upright microscope. 30 μL of culture were
mounted on a glass microscope slide and topped with a cover slide.
Images were captured using the paired camera with NIS Elements v
5.02 imaging software (Nikon Corporate, Tokyo, Japan).

Ruthenium Red Staining: Ruthenium red (Sigma, 00541-1G) was
dissolved in seawater media until saturation. The dye solution was added
to a cell culture or isolated holococcoliths at a 1:1 volume ratio and was
incubated overnight with continuous agitation. Cells/coccoliths were then
washed by centrifugation 3 times with fresh seawater.

HPF: Exponentially growing cultures were gently concentrated by
settling in a conical tube for 2 h in growth room conditions. For the calci-
fication studies, recalcifying cultures were concentrated by gentle centrifu-
gation (500 g, 5 min). The dense culture suspension was loaded into a
100 μm deep aluminum HPF disc and covered with an aluminum cap.
The sample was then vitrified at liquid nitrogen temperature at
210MPa using a HPF machine (Leica Microsystems GmbH).

Freeze Substitution and Epon Embedding: High-pressure frozen samples
were transferred into a freeze-substitution device (EM AFS2, Leica
Microsystems GmbH) precooled to�90 °C. Samples were then immersed
in an anhydrous acetone solution containing the following combination of
fixatives and stains: 0.2% uranyl acetate (UA), 0.2% osmium tetroxide
(OsO4), and 2% glutaraldehyde (GA). Heating from �90 °C to room tem-
perature was conducted using the following sequence: 48 h at �90 °C, lin-
ear rise during 24 h to�20 °C, and a 1 h linear rise to 0 °C. At 0 °C, samples
were taken out of the FS Dewar and brought to room temperature.
Embedding in Epon (Polysciences Europe GmbH, Germany) was con-
ducted using a gradient concentration mixture (10%, 20%, 30%, 40%,
60%, 80%, 100% Epon in acetone) at room temperature. Epon-embedded
samples were cured at 60 °C for 72 h.

Chemical Fixation: Cells were pelleted by gentle centrifugation (500 g,
5 min) and resuspended in 1 mL of fixation buffer (4% paraformaldehyde
[PFA] and 2% GA in artificial sea water). Fixation was conducted under
mild shaking conditions at room temperature for 2 h. The pellets were
then embedded in agar (Noble, Sigma–Aldrich Corporate, St. Louis,
USA) made with artificial seawater. Pellets in agar were postfixed in a solu-
tion containing 1% OsO4, 0.5% potassium dichromate (K2Cr2O7), and
0.5% potassium hexacyanoferrate (K4[Fe(CN)6]. After washing, samples
were stained with 2% UA for 1 h. The pellet was then dehydrated in graded
ethanol/artificial seawater solutions, followed by Epon embedding
(Polysciences Europe GmbH, Germany) through a series of solution sub-
stitutions, and cured at 60 °C for 72 h.

Sectioning: Epon-embedded samples were sectioned to a thickness of
70 nm using Leica Ultracut UCT ultramicrotome (Leica Microsystems
GmbH) equipped with an Ultra 45° diamond knife (Diatome Ltd.,
Nidau, Switzerland). As the calcite crystals of interest readily dissolve
in distilled water, sectioning was carried out over a bath of 99.8%
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anhydrous ethylene glycol (Sigma–Aldrich Corporate, St. Louis, USA), in
which calcite is insoluble.[31] Sections were mounted on copper TEM grids
with a carbon support film.

TEM: Ultrathin sections were imaged with an FEI Tecnai Spirit
transmission electron microscope (FEI, Eindhoven, The Netherlands)
operated at 120 kV and equipped with a Gatan Oneview camera.

FIB-SEM: For FIB-SEM, Calyptrosphaera sp. samples were prepared by
the HPF-FS and embedded in Epon as described above. FIB-SEM images
acquisition was performed on a Crossbeam 550 FIB-SEM (Carl Zeiss
Vision GmbH). Specimens were coated with a conductive layer of iridium
(10 nm), prepared with sputter coating CCU-010 HV (Safematic). Prior the
acquisition, a wide trench of about 80 um was milled using ion beam of
30 nA, 30 kV, in order to expose a big area of the sample. Once the region
of Interest was defined on the cross-sectional face, the ion beam current
was reduced to 700 pA, and slicing process was performed with Serial
Surface Imaging algorithm of SmartFIB SW (Zeiss). SEM images were
acquired at 1.6 kV, 350 pA, with Inlens detector and noise reduction of line
averaging (n= 120). Image series of consecutive sections were collected
using an voxel size of 7.6� 7.6� 9 nm. Image processing and images
stack alignment were performed by Fiji image processing package
(National Institutes of Health, Bethesda, MD, USA). 3D reconstruction
was prepared in Amira-Avizo (Thermo Fisher Scientific). Segmentation
of 3D volumes was conducted manually using Amira-Avizo. A membrane
enhancement filter was used to assist with the segmentation of
membranes.

Crystal Length and Number Measurements: Measurements of the rhom-
bic crystals were conducted on both sectioned and whole-mount samples.
The length of the largest diagonal, which was used to indicate overall
crystal size, was measured. Measurements were conducted manually
using ImageJ. ANOVA, Tukey HSD, and Poisson regression statistical
analysis were performed using the “gl” package for RStudio.
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