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Unicellular marine microalgae are responsible for one of the larg-
est carbon sinks on Earth. This is in part due to intracellular forma-
tion of calcium carbonate scales termed coccoliths. Traditionally,
the influence of changing environmental conditions on this pro-
cess has been estimated using poorly constrained analogies to
crystallization mechanisms in bulk solution, yielding ambiguous
predictions. Here, we elucidated the intracellular nanoscale envi-
ronment of coccolith formation in the model species Pleurochrysis
carterae using cryoelectron tomography. By visualizing cells at var-
ious stages of the crystallization process, we reconstructed a time-
line of coccolith development. The three-dimensional data portray
the native-state structural details of coccolith formation, uncover-
ing the crystallization mechanism, and how it is spatially and tem-
porally controlled. Most strikingly, the developing crystals are only
tens of nanometers away from delimiting membranes, resulting in
a highly confined volume for crystal growth. We calculate that the
number of soluble ions that can be found in such a minute volume
at any given time point is less than the number needed to allow
the growth of a single atomic layer of the crystal and that the
uptake of single protons can markedly affect nominal pH values.
In such extreme confinement, the crystallization process is
expected to depend primarily on the regulation of ion fluxes by
the living cell, and nominal ion concentrations, such as pH, become
the result, rather than a driver, of the crystallization process. These
findings call for a new perspective on coccolith formation that
does not rely exclusively on solution chemistry.

biomineralization j coccolith j crystallization j cryoelectron tomography j
ocean acidification

In the ocean, many geochemical cycles are driven by the activ-
ity of microorganisms, linking global environmental processes

to fundamental cell biology. An important sink for the long-
term sequestration of carbon in deep-sea sediments is biogenic
calcium carbonate crystals produced by coccolithophores,
microalgae that cover their cells with mineralized scales called
coccoliths (1). Although it is established that coccoliths form
intracellularly within specialized vesicles, the local chemical
conditions within the cell, which facilitate this pH-sensitive crys-
tallization process, are unknown (2, 3). Our poor understanding
of the biomineralization process poses major challenges when
trying to predict how future changes to seawater chemistry,
most notably ocean acidification, will affect coccolithophore
physiology (4).

A coccolith is a composite structure made of a radial array of
calcite crystals that nucleate and grow on the rim of a preformed
organic base plate (Fig. 1 A and B). Each coccolith forms inside a
Golgi-derived compartment, the coccolith vesicle. Several studies
have elucidated the cellular anatomy of coccolith formation in a
few key species (5–9). In the model species Pleurochrysis carterae,
calcium ions are transported to the coccolith vesicle in complex
with polysaccharide counter ions, forming dense membraneless
particles, called coccolithosomes (Fig. 1C) (7). Traditionally, the

calcite crystals of coccoliths were thought to form by a solution-
mediated growth mechanism (6), where the crystals grow from a
supersaturated solution within the coccolith vesicle (10–12). This
notion stems from structural investigations that relied on electron
microscopy of chemically fixed and resin-embedded cells. How-
ever, it is well known that such procedures alter fine structures
within the cell (13). It is very challenging to investigate in vivo the
cellular mechanisms that control crystallization. Specifically, the
nanoscale environment inside the coccolith vesicle and how it
affects the crystallization process remains elusive. As a conse-
quence, the possible involvement of transient mineral phases and
the influence of the confined volume of the coccolith vesicle on
the chemistry of the process constitute major open questions.

In recent years, multiple alternatives to the solution-
mediated ion-by-ion crystal growth process have been identified
(14–17). It is now established that crystals can grow via a myr-
iad of possible routes, involving various intermediate phases,
which open almost limitless options for the crystallization path-
way and its regulation (18). A well-known strategy in living
systems is to use transient amorphous precursors that can be
molded into intricate morphologies. Such processes are charac-
terized by a confined environment, usually delimited by lipid
membranes (14). The nanoscale effects of such confined
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volumes were shown to affect stabilization of mineral phases
and polymorph selection during crystallization in vitro (19),
suggesting that biomineralization processes can deviate signifi-
cantly from the expectations of a solution-mediated process.

Here, we used in-cell cryoelectron tomography (cryo-ET),
which provides native-like state, three-dimensional (3D), sub-
nanometer scale information (20–22), to directly investigate the
cellular nanoenvironment in which the coccolith crystals grow.
The results show an orchestrated sequence of controlled inter-
actions between the inorganic crystals and the organic scaffolds
that shape their environment. We suggest that the main feature
that funnels the crystallization process into its prescribed out-
come is the confined volume in which the crystals grow.

Results
Actively calcifying cells of P. carterae were vitrified by plunging
into liquid ethane without any chemical treatment. We used
cryo–Focused Ion Beam (FIB) milling to generate ∼200 nm
thin lamellae that traversed the entire width of the cell (SI
Appendix, Fig. S1) (23). The cell anatomy of P. carterae proved
advantageous, as several intracellular coccoliths form simulta-
neously in close proximity to each other (8). This enabled us to
collect multiple datasets spanning the entire process of cocco-
lith formation from a single lamella (Fig. 1D). Even though
cryo-ET on FIB-milled lamellae is a relatively low-throughput
technique, the breadth of data yielded enough snapshots of the
process to allow us to derive a timeline of coccolith formation
(SI Appendix, Fig. S2).

The early stages of coccolith formation are known to occur
within the trans-Golgi (6, 7). Initially, a cellulosic fibrous scaf-
fold (24), constituting the rigid layer of the base plate is assem-
bled in a radial fashion (Fig. 2 A and B, in purple). Several
such scales are seen simultaneously, in parallel to the appear-
ance of coccolithosomes as dense particles (Fig. 2 A and B, in
red). In Golgi cisternae, the coccolithosomes appear as an
interconnected, particulate mass, whereas inside the coccolith
vesicles they are arranged as individual spheres. In about half
of the inspected cells, fibers are observed close to the forming
coccolithosomes (Fig. 2C, in pink). We speculate that these

fibers might be the charged polysaccharides that drive the con-
densation of this Ca-rich dense phase (5). Interestingly, the
coccolithosomes and base plates are often seen in the same ves-
icle even before the initiation of calcite nucleation, suggesting a
temporal regulation of crystallization activation (Fig. 2 A and
B). Dense membrane-bound organelles, which are structurally
similar to the Ca-P-rich bodies of coccolithophores (25), are
present in the cytoplasm of the cells (Fig. 2H). In accordance
with previous reports, we never observed a physical connection
between the Ca-P-rich bodies and the Golgi cisternae that con-
tain coccolithosomes. This points to an indirect ion transport
pathway between these two calcium stores (26, 27).

After the coccolith vesicle leaves the Golgi, the base plate
changes dramatically, developing into a multilayer organic
structure. In addition to the flat horizontal layers (28), a layer
of vertical fibers covering the surface of the base plate interior
is observed (Fig. 2 D and E, in light purple and Movie S1). The
vertical fibers create a gel-like volume, denser at the center of
the base plate and gradually disappearing toward the periphery
(Fig. 2F). This gel-like environment, where the fibrous material
takes ∼5% of its volume, can physically or chemically constrict
the upcoming crystallization process to the spatially confined
nanoenvironment of the base plate periphery. These fibers
were observed in later stages of coccolith formation but were
absent in extracellular coccoliths (SI Appendix, Fig. S3). Fur-
thermore, we observed at the periphery of the base plate a
bulky dense phase, morphologically distinct from both a crystal
and the coccolithosomes (Fig. 2 D and E, in dark red). Such a
localized Ca-rich phase was demonstrated to form in vitro at
the base plate rim as the result of specific interactions between
soluble polysaccharides and the base plate (29, 30) and can
serve as a precursor that facilitates crystal nucleation (31). It
is worth noting that crystallization was never detected in areas
where the perpendicular fibers were present, pointing to
an inhibitory effect of the fibrous gel-like volume on crystal
growth.

In many datasets, the coccolith vesicle membrane is deco-
rated with a layer of densities on its luminal side (Fig. 2 D and
G, yellow arrows). The appearance of these membrane

Fig. 1. In-cell cryo-ET reveals the native-state anatomy of coccolith formation in P. carterae. (A) Scanning electron microscope image of an isolated
coccolith. The organic base plate (*) is indicated. (B) Schematic representations of the ultrastructure of a coccolith cut in half, showing the alternating
interlocked crystals and the base plate. The lower scheme highlights the characteristic cross-sectional view, usually seen in thin lamellae. (C) A scheme
indicating the three major stages reported in this work: 1) assembly of the coccolith vesicle, coccolithosomes, and base plate in the Golgi; 2) crystal nucle-
ation and growth; 3) morphogenesis. (D) A cryo-TEM image of a subcellular area in a FIB-milled cell that contains multiple intracellular stages of coccolith
formation. Selected features are artificially colored in the highlighted area using the color code in C.
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densities on the coccolith vesicle membrane correlates with the
initial crystal growth stages: they were absent in vesicles con-
taining the base plate only and observed when coccolithosomes
were present in the vesicle. This might indicate that the array
of membrane-associated molecular complexes is involved in the
crystallization process. The dimensions of these complexes,
about 19 nm high and 9.5 nm in diameter (SI Appendix, Fig.
S4), are comparable to the sizes of known molecular machines,
such as ATP synthases that measure ∼20 × 10 nm (32). Even
though we attempted to use subtomogram averaging to extract
structural information of these complexes, their structures did
not converge to a unique category. This suggests that there is
more than one type of such molecular complexes, which could
not be disentangled by 3D classification.

The preservation of the cellular fine structure allowed us to
detect the interaction of minute crystals, only tens of nano-
meters in each dimension, with the base plate (Fig. 3 A–C and
Movie S2). Previously, control of crystal orientation was
hypothesized to originate from direct stereochemical interac-
tions, presumably with a “ribbon” that arises from the base
plate surface and tethers the crystals in a specific geometry that
results in the alternating orientation of the crystals (1, 6, 33).
No such ribbon was observed in the three datasets containing
11 minute crystals, and none of the crystallographic faces of the
crystals is in contact with a defined structural feature. Instead,
they nucleate about 50 nm from the edge of the base plate, ori-
ented with one of their edges facing the base plate plane (Fig.
3C). The mechanism underlying the exquisite nucleation con-
trol of coccolith crystals still awaits elucidation.

The initial crystals exhibit the characteristic rhombohedral
facets of calcite (Fig. 3 A–C and SI Appendix, Fig. S5). It
remains unclear whether and how the bulky amorphous phase
that was described earlier (29), and observed in Fig. 2D, may
give rise to the nascent crystals. As the crystals grow, their mor-
phology roughens and includes serrated surfaces with coccoli-
thosomes adjacent to them (Fig. 3 D and E and Movie S3). In
these maturation stages of coccolith formation, smooth and flat

crystal facets, which are typical for ion-by-ion growth, are
always observed in addition to the more complicated curved
morphologies (Figs. 3 D and E and 4). Although the involve-
ment of particle attachment is a hallmark of many biological
crystal growth processes (34), here, coccolithosomes are exclu-
sively seen outside the growing crystals, with the exception of
the occasional appearance of voids of the same size within the
crystals (Fig. 3D, yellow arrows). Quantitative analysis of the
diameter of coccolithosomes as a function of their distance
from the closest crystal face shows a decrease in particle size
near growing crystals (Fig. 3F). We interpret these observations
as the outcome of a complex process, in which coccolithosomes
transport calcium to the growing crystal faces, where they
undergo dissolution to support ion-mediated growth. Occasion-
ally, a coccolithosome is engulfed by the crystal before the cal-
cium ions are released from the polysaccharides, leading to the
entrapment of its polysaccharides, and possibly water mole-
cules, inside the crystal, leaving characteristic lower-density
voids.

In the final stages of coccolith formation, the crystals attain
their intricate shapes. It was postulated that coccolith crystal
morphology is a manifestation of different crystallographic
planes (6, 35, 36). Our observations demonstrate a more com-
plex scenario, in which only the planes facing the interior of the
coccolith vesicle or those formed by the meeting of two crystals
exhibit smooth crystallographic features (Fig. 4 A and B and
Movie S4). In all other directions, where the crystals grow
toward the vesicle membrane, their morphology mirrors its
shape (Fig. 4 C, E, and F and Movie S5). Such curved surfaces
in other biominerals are commonly the result of a precursor
mineral phase that exhibits a granular morphology (37). How-
ever, here, such surfaces are smooth to the nanometer scale
(Fig. 4C). We observe a belt formed from ∼2.5 nm diameter
fibers of unknown composition surrounding the coccolith vesi-
cle (SI Appendix, Fig. S6). These fibers may serve as cellular
regulators of the shape of the vesicle membrane. Analysis of
the distances from each point on the crystal surface to the

Fig. 2. The base plate architecture shapes a confined nano-environment within the coccolith vesicle. (A–C) The trans-Golgi region, where the organic
scales are assembled. (D–F) A mature base plate inside a coccolith vesicle. (A and D) Slices in the reconstructed 3D volumes; some of the features in the
highlighted rectangles are artificially colored according to the color code in E. (B and E) Three-dimensional surface rendering of segmented volumes. (C)
Distinct fibers (partially segmented in pink) in close proximity to coccolithosomes (in red). (F) A 3D representation (gray) of the “free” solution volume
inside the coccolith vesicle, which is limited by the vesicle membrane and the base plate gelatinous volume. (G) An extension of a coccolith vesicle that
clearly demonstrates a dense array of complexes (yellow arrows) on the membrane luminal side. (H) A Ca-P-rich body within a cell. Its dense homogenous
content is delimited by a membrane.
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closest point in the engulfing membrane shows that, throughout
the growth process, the membrane is only tens of nanometers
away from the crystal (Fig. 4D). Notably, at locations where
crystal morphology is round and deviates from the crystallo-
graphic habit, the membrane is closer than 50 nm to the crystal,
demonstrating the molding ability of the membrane and the
highly confined space that is available for crystal growth.

In several instances, we observe a <20 nm thick dense phase
covering the almost-mature crystals (Fig. 4G). This dense phase
probably contains the soluble polysaccharides from the coccoli-
thosomes that are excluded from the growing crystal, forming
an organic sheath around mature crystals (8). In addition,
coccolithosome-loaded vesicles fuse to the coccolith vesicle at
sites where crystals grow in an outward direction, adding the
necessary space for the elongation of the crystals (Fig. 4 E and
F). Altogether, the tendency of the calcite crystals to express
their crystallographic growth habit can be outweighed by mem-
brane molding at close proximities. This directly substantiates
the long standing hypothesis that the intricate crystal morphol-
ogies result from an interplay between both crystallographic
and external driving forces.

Discussion
Studying biomineralization processes in situ at nanometer reso-
lution is incompatible with most conventional experimental
techniques (14, 38). Our in-cell cryo-ET approach, enabled by
cryo-FIB specimen thinning, allowed the collection of extensive
high-resolution native-like data from mineral-forming cells.
This yielded a holistic “four-dimensional” view, which puts an
emphasis on the nanoenvironment of the coccolith vesicle as a
mechanistic driver of coccolith nucleation, growth, and mor-
phogenesis. Our data indicate that the intricate shapes of the
calcite crystals are the result of both the kinetics of ion-
mediated growth that yields crystallographic planes and mold-
ing of crystal growth by the vesicle membrane that results in
curved crystal surfaces.

When considering the well-established paradigm of an amor-
phous precursor pathway in biomineralization, the formation of
coccoliths is still an undecided case. On the one hand, cocco-
liths exhibit intricate morphologies and precursor particles (the
coccolithosomes), suggesting the involvement of amorphous
phases. On the other hand, some of their surfaces show clear
crystallographic facets, and the crystals do not demonstrate the
granular crystal morphology that is indicative of a precursor
transformation (34). Our in situ observations of coccolith
formation reveal a fascinating variation of the known crystalli-
zation pathways, which combines both particle-mediated and
ion-mediated crystal growth. In the case of coccoliths, the coc-
colithosomes as precursor particles are not incorporated to
become an integral part of the growing calcite crystals but
rather appear to function primarily in calcium transport.

An important open question is the transport mechanisms of
calcium and carbonate ions to the coccolith vesicle. Our data,
in accordance with previous observations confirming the pres-
ence of calcium in the coccolithosomes (13, 39), suggest that
calcium ions are delivered to the coccolith vesicle via fusion of
coccolithosome-loaded vesicles. It is unclear how calcium is
transported to the coccolithosomes in the Golgi apparatus (27).
The observation that other dense calcium stores such as the
Ca-P-rich bodies are not spatially close to the coccolithosome
vesicles points to additional transport stages (26). Regarding
transport of carbonate, it is tempting to speculate that the pres-
ence of the molecular complexes on the coccolith vesicle mem-
brane is related to the transmembrane transport of solutes
(Fig. 2 D and G). If these are indeed membrane-bound trans-
porters, they can be related to the import of inorganic carbon
species from the cytoplasm, and their high density can account
for the needed ion flux for crystallization.

Even though it is established that the environment inside the
coccolith vesicle determines important chemical aspects of the
crystallization process (10, 40–42), the lack of direct structural
information had hampered attempts to quantitatively address

Fig. 3. Coccolith crystals nucleate with minimal contact with the base plate and grow via dissolution of coccolithosomes. (A–C) The smallest crystal
observed. (D and E) A coccolith at a more advanced state. (A and D) Tomographic slices. Features in the highlighted rectangles are artificially colored,
using the color code in E. In D, the red arrows point to coccolithosomes in spatial proximity to the crystals, and yellow arrows point to voids within the
crystal. Voids with similar sizes were observed in about 75% of the crystals larger than 100 nm. (B, C, and E) 3D surface renderings of the datasets shown
in A and D. (C) Grazing-angle view of the crystal in A from the interior of the base plate (perspective schematically shown by the purple ellipse). The clos-
est region of the crystal to the base plate is highlighted in orange (∼10 nm). (F) Analysis of coccolithosome sizes from five datasets as a function of the
minimal distance to a crystal. In cases where the crystals are growing (two datasets of early stages in red and two datasets of intermediate stages in yel-
low), the slope of the linear regression is significantly different from the mature coccoliths (green). By an analysis of covariance; P < 0.001 for both con-
trasts, 95% confidence interval shown in gray.
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confinement effects. The 3D structural data generated in this
work allowed us to calculate the volume fraction of the
“aqueous lumen” within the coccolith vesicle (Fig. 2 F). This
represents the volume inside the coccolith vesicle that is not
occupied by the crystals, coccolithosomes, and fibrous macro-
molecules and therefore can facilitate solution-mediated crystal
growth. Analysis of four datasets of early stage coccoliths
showed that this “lumen” volume represents ∼50% of the coc-
colith vesicle, which corresponds to ∼0.36 mm3. In such a vol-
ume, an uptake of two protons would reduce the nominal pH
value from 8.2 to 7.8, similar to the projected acidification of
the ocean at the end of the century (see SI Appendix, Expanded
Materials and Methods). Such a nominal “pH decrease,” trig-
gered by the presence of two free protons inside the coccolith
vesicle, emphasizes the caveats in using bulk terminology for
confined volumes. On the one hand, the nominal pH change
implies a significant influence on the crystallization process. On
the other hand, it is not probable that two protons in the entire
coccolith vesicle will have any substantial effect on crystal
growth. We use this calculation to illustrate how solution chem-
istry characteristics, which represent thermodynamic driving
forces in the bulk phase, become more complex to interpret in
extreme confinement.

We expand such solution chemistry calculations to appreciate
the extent of confinement within the coccolith vesicle. Fig. 5
demonstrates a scenario where only 100 nm separate the vesicle
membrane from a rhombohedral calcite facet (in accordance
with the analysis in Fig. 4D). The number of free calcium and
carbonate ions in such a hypothetical solution are two orders of
magnitude smaller than that needed to grow a single atomic
layer of the crystal. In bulk solution diffusion is the primary
mechanism to sustain the needed flux of ions for crystal growth,
but within the confinement of the coccolith vesicle other mech-
anisms must be at work (43). We suggest two mechanisms that
act in concert: First, the environment adjacent to the crystal is
very different from a bulk solution, as many calcium ions are

complexed by the negatively charged macromolecules (5), such
that the activity of free ions is much lower than their actual
concentration. Second, membrane transport of carbonate or
bicarbonate ions can facilitate the rate of crystallization. Many
chemical processes, including isotope fractionation, trace ele-
ment incorporation, and the influence of environmental condi-
tions on crystallization, are dependent on these nanoscale envi-
ronment properties. For example, incorporation of trace
elements such as boron, strontium, or magnesium cannot be
explained by steady-state kinetics between the crystal surface
and its neighboring solution, as the actual volume of the cocco-
lith vesicle is too small to accommodate the needed trace

Fig. 4. The coccolith vesicle membrane shapes the growing crystals. (A–C) An intermediate growth stage before full expansion of the outermost ele-
ments, and (E–G) a coccolith at an almost mature stage. (A and E) Tomographic slices. Features in the highlighted rectangles are artificially colored, using
the color code in B. (B and F) Three-dimensional surface renderings of the datasets shown in A and E, respectively. The purple ellipses in B, D, G schemati-
cally show the viewing angle relative to the base plate. (C) Side view of the coccolith in A; the curved distal surface is highlighted in gray, and the arrows
indicate crystallographic facets. (D) Analyses of the distances from points on the crystal surface to the closest membranes. The analyzed crystals are the
same as in Fig. 3A and in A and E here. (G) A dataset showing a distinct phase, which probably contains the constituents of the organic sheath,
surrounding mature crystals (orange).

Fig. 5. Applying solution chemistry considerations to the coccolith vesicle.
Calculations made for a calcite (104) face that is 100 nm away from the
vesicle membrane. The aqueous lumen is modeled with a moderately
supersaturated solution. A box of 10,000 nm3 is used to demonstrate the
ratio between soluble ions and ions at the crystal surface. In such a box,
100 nm2 at the crystal surface accommodate ∼1,000 ions, while the corre-
sponding solution volume above it can accommodate about 10 free ions
at any given time. DIC, dissolved inorganic carbon.
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element concentration. It is therefore plausible that such reac-
tions are controlled by fractionation events outside the cocco-
lith vesicle, and crystallization acts as a final sink without sub-
stantial back-fluxes.

While P. carterae is a well-established model species for cocco-
lith formation and proved advantageous for detailed imaging of
the mineralization process, other species, including Emiliania
huxleyi, are more abundant in the ocean and dominate the envi-
ronmental effects of coccolithophores. Although differences
between the cellular anatomies of these two species are known,
most notably the absence of coccolithosomes in E. huxleyi, it is
likely that the extreme confinement of the coccolith vesicle and
the crystallization mechanism are similar and represent a con-
served trait of coccolithophore calcification (1, 9). The current
work emphasizes the roles of biological transmembrane transport
mechanisms and chemical nanoenvironment. It thus points future
research directions toward dissecting the cellular physiology of
calcification as a primary target in understanding the varied influ-
ence of environmental conditions on different species.

Conclusions
Elucidating the nanoscale architecture of coccolith formation
and the cellular confinement in which crystals form demon-
strate how this crystallization process can significantly differ
from crystal growth in solution. The presence of organic scaf-
folds, such as the base plate and the vesicle membranes, shapes
the nanoscale conditions in a dynamic environment that evolves
along the sequence of coccolith formation. It follows that, in

order to maintain the needed chemical conditions inside the
coccolith vesicle, the cell needs to regulate primarily ion fluxes
in and out of this nanoenvironment, and the importance of the
ion concentrations in this confined reaction volume is out-
weighed by these massive ion fluxes. Therefore, the effects of
external changes, such as ocean acidification, may not directly
affect the crystallization thermodynamics and kinetics within
the coccolith vesicle but rather influence cellular homeostasis
and impede the cellular regulatory mechanisms.

Materials and Methods
In brief (for detailed description, see SI Appendix), P. carterae cells grown in
culture were decalcified by EDTA treatment and allowed to recalcify for a few
hours. The actively calcifying cells were plunge-frozen on transmission elec-
tron microscopy (TEM) grids. Vitrified cells weremilled using a cryo-FIB to gen-
erate about five 200 nm thin lamellae per grid. The grids were then trans-
ferred to a 300 kV Titan Krios TEM for acquisition of cryo-ET data. Tilt-series
were aligned and reconstructed into 3D datasets. The datasets were seg-
mented and visualized using dedicated software packages.

Data Availability. All study data are included in the article and/or supporting
information. Tomograms depicted in the main figures are deposited to Elec-
tron Microscopy Data Bank (EMDB) under accession codes EMD-
13755–EMD-13761.
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