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Coccolith-associated polysaccharides (CAPs) are thought to be a key part of the
biomineralization process in coccolithophores, however their role is not fully understood. We
have used two different systems that promote different polymorphs of calcium carbonate to
show the effect of CAPs on nucleation and polymorph selection in vitro. Using a combination
of time-resolved cryo-transmission electron microscopy (cryoTEM) and scanning electron
microscopy (SEM), we examined the mechanisms of calcite nucleation and growth in the
presence of the intracrystalline fraction containing CAPs extracted from coccoliths from
Gephyrocapsa oceanica and Emiliania huxleyi, two closely related coccolithophore species.

The CAPs extracted from G. oceanica were shown to promote calcite nucleation in vitro, even
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under conditions favouring the kinetic products of calcium carbonate, vaterite and aragonite.
This was not the case with CAPs extracted from E. huxleyi, suggesting that the functional role
of CAPs in vivo may be different between the two species. Additionally, high-resolution
synchrotron powder X-ray diffraction (SXPD) revealed that the polysaccharide is located
between grain boundaries of both calcite produced in the presence of the CAPs in vitro and

biogenic calcite, rather than within the crystal lattice.

1. Introduction

Biomineralization is the production of mineralized tissues by organisms, and is widespread
throughout the five kingdoms. From teeth for grinding to bones and shells for structure,
organisms have long exploited crystal properties to suit their functional requirements.™
Coccolith scales, produced by coccolithophores, which are unicellular calcifying marine algae,
are a striking example of the fine control that organisms exert over mineral formation.? Each
coccolith scale is an assembly of nano-crystalline building blocks of CaCO3 in the form of
calcite that are mechanically interlocked into an elliptical structure (Figure 1).[I The crystals
exhibit non-equilibrium morphologies and have precisely controlled crystallographic
orientations. Furthermore, the morphology of the calcite crystals produced by coccolithophores
is species-specific, to the extent that their taxonomic classification is based on the size and
shape of the coccoliths.¥! In contrast, non-biogenic calcite crystals are at least a few
micrometres in size and have a rhombohedral morphology, reflective of the unit cell. Due to
the precise level of control coccolithophores exert over the nucleation, growth and morphology
of the calcite crystals, many studies have explored the mechanism by which this is achieved
(e.g™).

Each coccolith is formed inside a specialized intracellular compartment that is derived

from the Golgi complex called the coccolith vesicle.[®l Mineral formation starts with the
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nucleation of calcite crystals on the rim of an organic scaffold known as a baseplate, forming
a proto-coccolith ring, followed by crystal growth.®! Once mature, the vesicle is secreted
towards the cell surface, and the coccolith is extruded to the exterior of the cell. At least two
sets of macromolecules are present in the vesicle during coccolithogenesis: the aforementioned
organic scaffold, or baseplate, which is water-insoluble,® 7 and the water-soluble coccolith-
associated polysaccharides (CAPs), which are the predominant organic components associated
with calcification in coccolithophores. !

Little is known about the roles of these macromolecules in controlling the

biomineralization process and how conserved their function may be across species and
morphotypes. However, it is thought that the baseplates, composed of cellulose fibres and
proteins,® use a structured template to serve as a scaffold for crystal nucleation and growth,
191 whilst the CAPs are purported to be involved in regulating the transport of Ca?* ions,
promoting crystal growth and determining morphology.® Recently, Gal et al. demonstrated
that polysaccharides from Pleurochrysis carterae selectively bind to the rim of the baseplates
in the presence of calcium ions, suggesting that both components act cooperatively to direct
the ions to the mineralization site.[*!
The CAPs are acidic in nature, with those originating from Emiliania huxleyi known to consist
of a backbone of mannose residues with attached complex side-chains that contain both sulfate
esters and uronic acid groups, the latter mostly consisting of galacturonic acid.* The structure
and composition of CAPs differ between species, with some species such as P. carterae
requiring more than one CAP during mineralization.[® 12 Such variance is particularly evident
in the uronic acid content of the CAPs which varies between both strains and species and was
suggested to have an impact on the final morphology of the resulting coccoliths. 4

In vitro studies have shown that CAPs isolated from E. huxleyi inhibits calcite growth

by adsorbing to the acute [441]- and [481]-edges of calcite and generating crystals elongated
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along the c-axis.’* %) Moreover, adsorption to the calcite acute steps only occurred in the pH
range of 3.4 to 7.7 and in the presence of K*, Na*, Sr** and Ca?' ions, suggesting that
polysaccharide conformation and reaction conditions are important for function.™™¥ Indeed,
while the carboxylic acid moiety of uronic groups of CAPs is proposed to be responsible for
its activity in affecting calcite growth due to its ability to bind Ca?* ions, polygalacturonic acid
at a similar concentration does not show the same effect.l!'® 41 However, investigations on
calcite growth in the presence of CAPs have so far been limited to studying their effect on
crystal morphology, or their interaction with an already formed calcite surface.® 31 Therefore,
whether CAPs induce crystal nucleation or have any polymorph selectivity properties remains
unknown.

While most research has been conducted on CAPs extracted from the distantly related
E. huxleyi and P. carterae, little is known about the polysaccharides from other
coccolithophore species and how they affect calcite formation. Here, we investigated the effect
of an intracrystalline fraction composed of polysaccharides extracted from Gephyrocapsa
oceanica, considered a ‘sister species’ to E. huxleyi, on CaCOz precipitation in vitro to
understand how this macromolecule affects and controls crystal nucleation and growth. G.
oceanica is closely related to E. huxleyi, having diverged only 291,000 years ago,*>! however,
distinct differences exist between the species: G. oceanica has a larger cell size, and more
heavily calcified coccoliths which display a central bridge formation. Examples of coccoliths
from both G. oceanica and E. huxleyi are shown in Figure 1. These two species contain only
one type of CAP, which are found inside the calcite crystals during coccolith formation, and
can be purified by dissolving the mineral.[}'* 161 | ee et al. described differences in the
polysaccharides between these two species, showing G. oceanica CAPs to be smaller but little
data are available regarding the nature and action of G. oceanica CAPs on calcite nucleation

and growth.**¥ Using a combination of scanning electron microscopy (SEM), cryo-
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transmission electron microscopy (cryoTEM), powder X-ray diffraction (pXRD) and high-
resolution synchrotron X-ray powder diffraction (SXPD) we demonstrate that the
intracrystalline fraction from G. oceanica has a unique property of calcite selectivity, even
under conditions that would normally favour other CaCOz polymorphs. We suggest that this

polymorph selectivity plays a biological role in coccolithogenesis in G. oceanica.
2. Results

2.1. Crystallization in the Presence of CAPs

The intracrystalline organic fraction of the coccoliths from E. huxleyi and G. oceanica,
composed mainly of CAPs, was extracted by dissolving the crystals and isolated as previously
described.™*'4 SDS-PAGE confirmed that the intracrystalline fractions from each species was
composed of polysaccharides of a single molecular weight, visible by the presence of a single
band on the Alcian Blue-stained gel (Supporting Information, Figure S1). Furthermore, no
proteins were detected by coomassie-stained gel (Supporting Information, Figure S2) or by
Bradford assay, showing the absence of these macromolecules from the extracts.

To examine the effect of the CAPs on calcium carbonate nucleation and polymorph
selectivity, we utilized a direct addition method where Na,COs was added directly to
CaCl2.2H20 to create a final reaction concentration of 5 mM of each, with or without the
presence of each polysaccharide individually at a concentration of 5 pg/mL. Using these high
supersaturation conditions favours the formation of the kinetic products of CaCO3 expected at
this temperature - vaterite and amorphous calcium carbonate (‘ACC”) - in addition to calcite.
Furthermore, this system has a pH of ca. 10.8, in which no calcite step adsorption of the CAP
is observed,*® precluding any morphological effect on CaCOsz formation. Thus, these
conditions allow us to investigate exclusively the effect of the CAPs on crystal nucleation and

polymorph type. The polysaccharides employed in this study were extracted from E. huxleyi,
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(strain RCC1216) and from G. oceanica (strain RCC1314). Both CAPs have consistent uronic
acid contents of 58.5 % and 54.75 % which is significant given that these moieties are thought
to be responsible for Ca?* binding.[**@

To observe the crystals formed in the reaction, glass slides were removed from the base
of the reaction solution after 20 minutes of reaction and examined by SEM and Raman
spectroscopy. When no additives were present, two contrasting morphologies were observed,;
rhombohedral and spherical. These represent a mixture of calcite and vaterite respectively, with
the identity of the polymorphs confirmed by Raman spectroscopy (Supporting Information,
Figure S3). This mixture of polymorphs was also observed when E. huxleyi CAPs were added
to the reaction solution. However, in the presence of G. oceanica CAPs, no vaterite was
observed, and only calcite was present. Representative SEM images of the species found in
each sample are shown in Figure 2a-c.

To examine this further, a minimum of 300 crystals per sample from SEM images were
measured for the control and each polysaccharide. The ratio of crystals of the two polymorphs
in the control and in the presence of the E. huxleyi CAPs was shown to be 90% vaterite to 10%
calcite, whilst it was confirmed that in the presence of G. oceanica CAPs, consistently only
calcite was present (Figure 2a). Additionally, results showed a difference in both number of
crystals per mm? and size (Figures 2b and c). While the control and the E. huxleyi
polysaccharide yielded about 200-300 crystals per mm?, in the presence of the CAPs from G.
oceanica the number of crystals per mm? increased to 8300. This was concurrent with a
decrease in the size of the crystals formed when the latter was present, going from 13-15 pm
to 2.5-3 pum (Figure 2c). This demonstrates that the G. oceanica CAPs promoted calcite
nucleation. As nucleation events happen more frequently, more crystals form in the same
amount of time, resulting in a faster drop in the supersaturation of the growth mixture.

Therefore, the size of the crystals is smaller when compared with reference samples.
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Comparison of the two species, both in terms of polymorph mixture and nucleating ability,
shows that even with similar uronic acid contents the two CAPs do not produce the same effect,
which provides evidence that another aspect of these molecules must be taken into

consideration while investigating their effect on calcium carbonate precipitation.

2.2. Time resolved Examination of the Reaction Solution

To further explore this interesting property, time-resolved SEM was used to examine
the effect of G. oceanica CAPs on the reaction mechanism (Figure 3). When no additives were
present, an initial precursor of spherical amorphous calcium carbonate (ACC, demonstrated by
low dose selected area diffraction (LDSAED), Figure 4a, inset) particles of 250-350 nm
formed after 1 minute (Figure 3a). These particles then began to aggregate (Figure 3b), with
crystalline material first observed after 10 minutes (Figure 3c). After 20 minutes, a mixture of
calcite and vaterite was present (Figure 3d). Contrastingly, in the presence of G. oceanica
CAPs, the initial ACC formed after 1 minute was 50-150 nm, a marked decrease in size
compared to the control system. The particles were irregular in shape and size, and semi-cuboid
shapes were already beginning to form (red circle, Figure 3e). Calcite rhombohedra were
visible by 3 minutes, surrounded by an attached flat material, with the continued presence of
small ACC particles (Figure 3f). These were angular in texture, as shown in higher
magnification in Figure 3g. By 10 minutes, fully formed calcite was present (Figure 3h), with
only a small amount of ACC remaining. All ACC was gone by 15 minutes (Supporting
Information, Figure S4). The fast precipitation and growth of calcite in the presence of the G.
oceanica CAPs suggest it is acting as a nucleator for the polymorph, and the decrease in size
observed in the ACC is likely due to the co-precipitation of small calcite crystals which provide
a sink for calcium and carbonate ions. These observations support the conclusions drawn from

the results in Figure 2.
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In order to obtain a mechanistic understanding of the crystallization process induced by
G. oceanica CAPs, time-resolved cryo-transmission electron microscopy (cryoTEM) was
employed to visualize particles present in the reaction solution at early time points in their
native, hydrated state. For this, samples were collected at different time points throughout the
reaction, plunge-frozen in liquid ethane and analyzed by cryoTEM. Similar to the results
obtained with the SEM, without additives, after 1 minute spherical particles of 250-350 nm
were present in the reaction (Figure 4a, red circle). Low dose selected area diffraction
(LDSAED) did not show any signs of crystallinity, confirming that they were composed of
ACC (Figure 4a, inset). After 10 minutes the amount of ACC had increased, and the particles
started to aggregate (Figure 4b), and after 20 minutes crystallized into a mixture of vaterite
(Figure 4c, red arrow) and calcite (Figure 4c, white arrow), as demonstrated by LDSAED
(Figure 4c, inset).

When G. oceanica CAPs were present, after 1 minute irregular particles of ACC 45-
100 nm were visible (Figure 4d), shown to be amorphous by LDSAED (Figure 4d, inset). By
3 minutes, (Figure 4e) the material had begun to crystallize, with the first crystals of calcite,
around 100 nm in size, present (Figure 4e, inset). After 40 minutes, only calcite crystals were
present (Figure 4f). Here, several smaller crystals were found to be connected to a larger central
one, analogous to the crystals shown by SEM (Figure 3f), suggesting Ostwald ripening is taking
place to continue the crystal growth.

From these results we can see a number of changes taking place in the presence of G.
oceanica CAPs. The polysaccharide has had a major effect on the mechanism of calcite
formation in terms of both nucleation and growth of calcite. Initial ACC formed is smaller and
has a different and irregular morphology. Calcite growth is observed at an earlier time point,
with more nucleation points, resulting in many small crystals, and suggesting that rather than

disfavouring vaterite, calcite is being actively selected.
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2.3 Effect of Polysaccharides in an Aragonite Promoting System

To directly address whether indeed the CAPs disfavour the formation of vaterite
specifically, or produces a nucleating effect that can favour calcite in systems where it is not
the preferential polymorph, we investigated the effect of the CAPs (at the same concentration
of 5 pg/mL) in a secondary system. The chosen system used a 1:1 water:alcohol mixture to
specifically promote the formation of aragonite by dramatically increasing the supersaturation
of carbonate within the water phase of the solution.”] Dynamic light scattering and cryoTEM
measurements confirmed that the CAPs from E. huxleyi and G. oceanica remained soluble in
50 % ethanol (Supporting Information, Figure S5). Glass slides from each reaction were
removed after 24 hours and examined under SEM to observe any changes. Refined powder X-
ray diffraction patterns were used to quantify the ratio of aragonite to calcite. As expected, in
the control experiments where CAPs were absent, >95 % of aragonite was obtained (Figure 5a
and e). Again, we saw little effect from the E. huxleyi CAPs (Figure 5b) when compared to the
control (Figure 5a), but a marked increase in calcite in the presence of G. oceanica CAPs
(Figure 5c), from 5 % to 40 %. This provides evidence that a biological material can direct
polymorph selectivity even in this synthetic system, where the driving force is highly favoured
towards aragonite.

Lowering the concentration to 1 pg/mL resulted in a decrease in the amount of calcite
(Supporting Information, Figure S6), showing a correlation between concentration of
polysaccharide and amount of calcite present in the sample. Experiments using higher
concentrations of the polysaccharide were not possible due to the limited availability of the
material. To further confirm that the uronic acid alone is not responsible for promoting calcite,

we used polygalacturonic acid (>85%, Sigma Aldrich) as an additive in the experiment. Similar



WILEY-VCH

to the control and the CAPs from E. huxleyi, the amount of calcite formed still remained at
under 10 % (Figure 5d).

Time resolved cryoTEM of this aragonite promoting system in the presence of G.
oceanica CAPs also showed the fast formation of calcite crystals (Figure 6). In control
experiments, where no additives were present, precipitation started with the formation of ACC
particles (60-120 nm) after 3 minutes (Figure 6a and LDSAED, inset), which grew in size and
aggregated after 10 minutes (Figure 6b and LDSAED, inset), leading to the formation of
aragonite crystals after 1 hour (Figures 6¢ and 6g).[*81 In contrast, in the presence of the CAPs
from G. oceanica, calcite crystals several hundreds of nanometres in size were already present
after 1 minute (Figure 6d), and were continuously forming in the solution as evidenced by the
presence of calcite crystals of similar size after 5 minutes and 40 minutes (Figure. 6d-k). As
ACC was also present at 1 minute (Supporting Information, Figure S7), this suggests that two
competing pathways are present in the system. One, via ACC, leads to aragonite as the favoured
polymorph, and the second is the direct nucleation of calcite by G. oceanica CAPs. This is
supported by the observations that the size of the ACC particles formed in this system when
the CAPs was present were smaller than in the control: 30-160 nm in the former (Supporting
Information, Figure S6a), as opposed to 60-120 nm in the latter (Figure 6a). Additionally, after
5 minutes some larger ACC particles were occasionally present (Figure 6e and Supporting
Information Figure S6b), but were much less prevalent than in the absence of additives (Figure
6b). This is reflective of observations for the direct addition system. Interestingly, no aragonite
crystals were found in the cryoTEM analysis of the samples precipitated in the presence of G.
oceanica CAPs. As we know from the SEM experiments that this polymorph does still form
(Figure 5), this further supports the conclusion that two different pathways are present at the

same time: one leading to calcite, nucleated by the CAPs, and one leading to aragonite due to
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the water:alcohol mixture. This allows us to confirm that the CAPs are actively selecting calcite
rather than disfavouring the other polymorphs of calcium carbonate.

Additional control experiments were performed using CAPs extracted following the
methods by de Jong et al.,*® and Gal et al.l¥l, none of which involve treating the coccoliths
with NaOCI prior to polysaccharide extraction. As before, CAPs from E. huxleyi did not
promote calcite formation when precipitation was carried out using a reaction mixture
containing 5 mM of CaClz and 5 mM of Na.COz (Supporting information, Figure S8a and b).
Rather, a similar proportion of vaterite as the control was obtained. Similarly, the CAPs had
little effect in promoting calcite formation under aragonite-promoting conditions (Supporting
information, Figure S8c and d). CAPs from G. oceanica, on the other hand, promoted calcite
formation under both experimental conditions (Supporting information, Figure S9). This
demonstrates that that the lack of polymorph selectivity activity by the E. huxleyi is not due to
oxidative damaged caused by the NaOCI, but rather due to the composition and structure of the

macromolecules.

2.4 Synchrotron Powder X-Ray Diffraction

To examine whether the polysaccharide occludes within the crystal lattice, synchrotron
SXPD was used to examine the lattice distortion and coherence length (the single crystalline
domain size) in calcite crystals grown in the presence of G. oceanica CAPs. Previous work has
shown that incorporation of amino acids into the calcite lattice causes a significant shift in the
lattice distortion.?%l The two most pronounced examples were aspartic acid and cysteine whose
incorporation led to lattice deviation of Aa/a=2.33 x 10 and Ac/c=1.56 x 107 respectively.
Here we consider a polysaccharide, so it would be expected that any incorporation would
produce a shift at least equal to individual amino acids (therefore on the scale of 10%). Rietveld

refinement of the resulting patterns showed the lattice distortion (Ac/c) for the (104)-plane to
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be on the scale of 10 for crystals grown in the presence of G. oceanica CAPs, demonstrating
that there was limited incorporation into the lattice (Figure 7b). Similar results were obtained
in the analysis of the biogenic coccoliths from G. oceanica, which exhibited a lattice distortion
of 3.6 x 10 (Figure 7c), well below the expected shift (refined fitted curves for (104)-reflection
and full patterns are shown in Figure S10 and S11, Supporting Information). In contrast, peak
broadening was significant in both samples. Since the SXPD instrumental contributions are
negligible due to its high resolution capability,!?!) this must be attributed either to a decrease in
the coherence length or lattice strain.

The dominantly Lorentzian broadening of the reflections described by a pseudo-Voigt
function confirmed that coherence length of the crystal domains provided the major
contribution to broadening. Interestingly, both calcite grown in the presence of G. oceanica
CAP and coccolith calcite produced by G. oceanica cells have a similar level of broadening
(Figure 7b and c) and similar coherence lengths of 373 nm and 343 nm respectively, calculated
using the Scherrer equation. In contrast, a control sample (Figure 7a) precipitated under the
same conditions produced crystals characterized with a coherence length of 800 nm. Taken
together, the SXPD data shows that G. oceanica polysaccharide, produced both in vitro and in
biogenic calcite is located in the grain boundaries of the crystals, rather than in the crystal
lattice. This is in agreement with earlier work on another species of coccolithophore, P.
carterae.l*5! We attempted to quantify the amount of polysaccharides occluded within the
calcite single crystals, however, this was technically challenging as the amount of material is

below the detection limit of methods at our disposal.

3. Discussion

Our results show that, in vitro, there is a strong driving force for the formation of calcite

when the intracrystalline CAPs from G. oceanica coccoliths are present, an ability not evident
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at the same concentration of E. huxleyi CAPs (Figure 1 and 3). Previous work on CAPs has
focused on E. huxleyi, which can inhibit CaCOs precipitation.[® 24 This is clearly not the case
for G. oceanica, where calcite nucleation is strongly favoured under our experimental
conditions. The identification of a calcite preference over two different polymorphs suggests
an active selectivity for calcite rather than a mechanism where both competing polymorphs are
disfavoured. Although we are unable to confirm whether this in vitro effect is present in vivo,
it raises interesting questions about the contrasting process of coccolithogenesis in G. oceanica
compared to E. huxleyi.

The time-resolved studies show an increase in the rapidity of appearance of calcite
crystals, which takes place after only 1 minute of reaction in the presence of G. oceanica CAPs
in both systems (Figure 3 and 6). This is opposed to the control, where 20 minutes is required
to observe fully formed crystals (Figure 3a-d). When considered alongside the increase in
number of crystals in the presence of the CAPs, this early calcite growth indicates that the
polysaccharide is acting as a calcite nucleator.

It has previously been shown that several mechanisms of calcite formation can occur
concurrently in a system.[?21 Our results suggest that in the two systems investigated here (direct
addition and water:ethanol mixture), two competing mechanisms were taking place
simultaneously when the CAPs were added: one progressing via ACC that will eventually
crystallize into the favoured polymorph according to the solution conditions (i.e. vaterite and
calcite in the direct addition method or aragonite in water:ethanol mixture), and the other
mechanism progressing via direct nucleation of calcite induced by the CAPs. Since calcite is
the most thermodynamically stable polymorph of CaCOg, its presence in the reaction from the
very early stages induced dissolution-reprecipitation, where calcite grew at the expense of the

ACC. As a result, no vaterite was observed in the direct addition method and 40 % calcite

13
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formed in the water:ethanol mixture. It is possible that in the latter case, a higher proportion of
calcite could be obtained if a higher concentration of the CAPs is used.

The small lattice distortion and consequential lack of incorporation of the
polysaccharide within the crystal lattice (Figure 7) shows the mechanism differs from other
mechanisms of polymorph selectivity such as the promotion of aragonite in the presence of
Mg?* ions. In the cases of Mg?", the ions incorporate into the lattice in sufficient amounts to
make calcite unfavourable, thereby promoting aragonite.l?®l As we observe no significant
lattice distortion in calcite crystals grown in the presence of the polysaccharide, we can
discount this mechanism. This was expected considering that the polysaccharide is a large
molecule, and therefore is more likely to be situated at the grain boundary, rather than inside
the crystal lattice. This is in agreement with previous work on the occlusion of coccolithophore
macromolecules.™® This is confirmed by the decrease in the coherence length observed in the
presence of G. oceanica CAPs and coccoliths (Figure 7b and c¢), which means that within the
crystals formed, sizes of individual domains are smaller compared to the reference sample.
This is consistent with other biominerals, which show decreased coherence length in
comparison to non-biogenic crystals due to the occlusion of macromolecules.?! This provides
evidence that the polysaccharide is active in solution and at the solution/crystal interface.

It has been shown that the E. huxleyi CAPs attach preferentially onto the acute edge of
calcite crystals leading to the directional growth of the single crystals of calcite that make up
the radial design of the coccolith,i*®! a property which is hindered in the presence of certain
ions or under basic conditions.[**l Whether the CAPs from G. oceanica have similar properties
at neutral pH or its activity is limited to promoting crystal nucleation remains to be investigated.
While the polysaccharides may indeed modulate calcite morphology during coccolithogenesis,
their activity may be modulated inside the cells through the influx of ions or change in pH in

the coccolith vesicle, as proposed.”®! Furthermore, it is likely that the cells use other

14
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mechanisms to provide morphological control, for instance by controlling the shape of the
coccolith vesicle through the cytoskeleton.[?6]

It is also important to note that the uronic acid content does not reflect nucleating ability
alone, as this was consistent between the two polysaccharides investigated. Additionally,
polygalacturonic acid (>85% uronic acid) alone also showed no effect. As previously
proposed,i*4 it is very likely that the polysaccharides have their own conformation structures
that are important for their activity. Furthermore, it is also possible that other functional groups
aside from uronic acids may be involved in the mineralisation process. Since the structure and
composition of the CAPs from G. oceanica are unknown, further work must be dedicated to
identifying the presence of additional functional groups and characterising their roles in
promoting crystal nucleation.

It could be argued that the CAPs from G. oceanica promote calcite formation by
complexing calcium ions and decreasing the supersaturation, hence chancing the kinetics of
the crystallisation in favour of the thermodynamic product. However, given the low
concentration of CAPs used here compared to the amount of calcium ions in solution (5 pg/ml
of CAPs in 5 mM CacCl; in vaterite-promoting conditions), such effect is highly unlikely. Even
polyelectrolytes like polyaspartic acid and polyacrylic acid at concentrations of 10 mg/mL do
not significantly lower the concentration of free calcium in the solution.[?l We propose that
the polysaccharide either has its own conformational structure, or self-assembles into a
structure that is arranged to attract calcium and carbonate ions in a geometry similar to the
calcite lattice, therefore acting as a nucleator. As a similar effect is seen even when ethanol is
present, it can be assumed that any structure formed by G. oceanica is not disrupted by the
change in the solvent system. This is in contrast to the inhibitory properties of E. huxleyi CAPs

which have been shown to be reduced in the presence of just 1% ethanol.l* It is also possible
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another functional group moiety aside from uronic acid may be involved in the mineralization
process.

The different properties of E. huxleyi and G. oceanica CAPs suggests that in each
species the polysaccharides play different roles during in vivo coccolith biomineralization.
Such a stark contrast was unexpected considering that genetic delineation has shown a strong
similarity between the two.[*® Further work is required to determine if this property is present
in other members of the Gephyrocapsa genus and other species, or whether this is unique to G.
oceanica. Importantly, while questions still remain regarding the solution chemistry of the
coccolith vesicle and the precise roles played by the polysaccharides and the baseplate in
controlling crystal growth, our results suggest that controls over the vesicle chemistry, and the
interactions of the polysaccharide with the mineral phase may be different between E. huxleyi
and G. oceanica. E. huxleyi cells are generally considered to exert a strong control over the
microenvironment of the coccolith vesicle and to promote calcite by controlling the physical-
chemical conditions such as pH and ion concentration.[® 281 We also know that E. huxleyi is
the only coccolithophore known capable of living and reproducing as a naked cell. The fact
that G. oceanica has a polysaccharide with polymorph-directing properties suggests that in this
species the conditions inside the coccolith vesicle may not naturally favour calcite formation,
explaining the need for a polymorph-directing agent. As G. oceanica has a larger cell size, it is
possible that active polymorph selection by a polysaccharide is more energy efficient than
promoting calcite by adjustment of the internal vesicle conditions as in E. huxleyi.

Another consideration is the role the macromolecules play in coccolithogenesis. The
baseplate has been suggested as the nucleation site for calcite in the coccolith biomineralization
process in E. huxleyi. However, previous studies on P. carterae showed that the
polysaccharides work cooperatively with the baseplate to direct Ca?* ions to the mineralization

site and promote nucleation.® 2% It is possible that G. oceanica CAPs are involved in a similar
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mechanism, and are responsible for nucleation of CaCOs, either alone or co-operatively. As
neither the nature or structure of the baseplate in G. oceanica has not yet been resolved, more

work is needed to elucidate this further.

4. Conclusions

Overall, our results reveal the calcite nucleating ability of Gephyrocapsa oceanica
coccolith-associated polysaccharide in vitro. The polysaccharide is able to actively nucleate
calcite under conditions that would promote another polymorph. This property is not found in
its closest relation, Emiliania huxleyi, suggesting the detailed biomineralization process differs
between the two species. It also raises questions as to whether the vesicle solution chemistry
and its relationship with seawater chemistry may be different in each of these sister species.
We suggest a role as a distinct polymorph selector for the CAPs in the in vivo biomineralization
process, at least in G. oceanica, which has implications for how the biomineralisation process

evolved during the taxonomic separation of the two species.

5. Experimental Section
Materials and general synthesis: For direct addition, stock solutions of CaCl,.2H,0O and

Na>COsz in H,O (HPLC grade) were prepared, and added together to form a final reaction
concentration of 0.005 M of each in a 24 well plate with a glass slide at the base. Glass slides
were cleaned prior to use with Piranha solution and washed with HPLC grade water and ethanol
before drying with compressed air.

For aragonite promoting conditions, stock solutions of CaCl..2H>0 and Na2COz in H20
(HPLC grade) were prepared. First, Na,COz was added to the ethanol in a 24 well plate and
mixed, before CaCl22H.O was also added and mixed to form a total reaction volume of 0.5

mL, and a final reaction concentration of 0.025 M of each. An initial white precipitate formed,
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and the well plate was placed on a rocker for the requisite length of time at 57 oscillations per
minute (opm) to replicate the described ‘gentle shaking’.["]

Extraction of polysaccharides: Polysaccharides were extracted from independent
batches of E. huxleyi (RCC1216) and G. oceanica (RCC1314) cultures at the Department of
Earth Sciences, University of Oxford, as previously described.[**d Briefly, cultures were
centrifuged and cleaned using 4.5 % v/v NaOCl and 1 % v/v Triton X-100 in 0.05 % NaHCO3
for 30 minutes at room temperature to remove cellular matter and any extracellular
polysaccharides. The samples were subsequently rinsed with MilliQ to remove any residual
NaOCI and Triton-X100. The cleaned coccolith mineral was then dissolved using EDTA to
release the intracrystalline fraction. This was dialysed to using a 10,000 Da MWCO membrane
to remove any small molecules. The intracrystalline fraction was examined by SDS-PAGE and
shown to be of one molecular weight (Supporting Information S1), and confirmed not to
contain proteins by SDS-PAGE (Supporting Information S2) and Bradford assay. Cultures
were grown in K/2 seawater under at 12/12hr dark/light cycle. A stock solution of
polygalacturonic acid was prepared in HPLC grade H.O. Alternatively, the polysaccharides
were purified using the method described by de Jong et al.[**! and Gal et al.”!

Electron microscopy sample preparation: For cryoTEM, aliquots (3 pL) of reaction
solution were applied to a cryoTEM grid and plunge-frozen using a vitrification robot (FEI
Vitrobot Mark 1V) with the sample application chamber at 21 °C and 100 % humidity. Prior to
freezing, cryoTEM grids (Au/C, Quantifoil Micro Tools GmbH) with 2 um holes were plasma
treated using a Quorumtech Glow Discharge system for 45 s. For conventional TEM, the
reaction solution was filtered after 24 hours using a 0.22 pum membrane (Millipore) and washed
with ethanol. The filtrate was resuspended in ethanol before 3 pL was applied to a 200 mesh

C/Ni grid and left to dry. A FEI F20 Technai electron microscope with 200 keV field emission

gun, equipped with a Gatan cryoholder operating at ca. -170 °C was used for imaging and
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LDSAED. Images were recorded on an 8k x 8k CMOS TVIPS F816 camera. For time resolved

SEM, aliquots (10 pL) of reaction solution were removed at various time points up to 60
minutes, filtered under vacuum through a 0.22 pum filter membrane (Millipore) and washed
with ethanol. Samples were sputter-coated with gold before being imaged using a Zeiss Sigma
HD VP Field emission scanning electron microscope. Glass slides were removed from solution
and washed with ethanol then sputter-coated with carbon before imaging.

Characterisation: SXPD measurements were taken on the 111 Beamline of the Diamond Light
Source, UK,?Y using a wavelength of 0.826054. Strain was analysed using the pseudo-Voigt
function, and lattice parameters were calculated using the Scherrer equation. The percentage
of aragonite to calcite was determined by Rietveld refinement (Rexp <10). Samples were
prepared by filtering the entire reaction solution after the requisite amount of time through a
0.22 um membrane, and the resultant solid transferred to a borosilicate capillary. Coccoliths
were extracted from cultures of G. oceanica by centrifugation, and were cleaned with NaOCI
and Triton X-100 before being transferred to a capillary. Cultures were provided by the Roscoff
Culture Collection, France. Powder X-ray diffraction measurements were made using a Bruker
D8-Advance diffractometer using a CuKas source. Patterns were refined using Topas software.
Crystals precipitated from solution on to a glass slide were used to obtain Raman spectra,
measured using a Renishaw InVia Raman microscope with a wavelength of 785 nm.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) G. oceanica coccolith and b) E. huxleyi coccolith examined by SEM
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Figure 2. Top: SEM images of glass slides from the base of direct addition reactions after 20
minutes with a) no additives, (spherical vaterite shown with an orange circle, rhombohedral
calcite denoted by the blue square) b) E. huxleyi CAPs at 5 pg/mL and c) G. oceanica CAPs
at 5 pg/mL.

Bottom: Statistical data from a minimum of 300 crystals per sample imaged by SEM (each
experiment was repeated three times, and although the absolute numbers differed slightly the
effect was consistent). d) The ratio of vaterite to calcite for the control with no additives, E.
huxleyi CAPs and G. oceanica CAPs, showing the 100% calcite obtained with G. oceanica

CAPs. e) The number of crystals per mm2 formed in each reaction. f) Average size of the
crystals formed in um.
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Figure 3. SEM images of the reaction solution with no additives filtered after a) 1 minute.
ACC particles of 250-350 nm are visible. b) After 3 minutes the particles have begun to
group together, and not until ¢) 10 minutes is crystalline material present. d) Finally, after 20
minutes, both vaterite (spherical) and calcite (rhombohedral) crystals were present. €) When
G. oceanica CAPs were present after 1 minute, small ACC (50-150 nm) is present alongside
semi cuboid shapes (red circle). f) After 3 minutes, calcite rhombohedrons were already
visible, surrounded by flat material and angular ACC particles (magnification of red box
shown in g). h) After 10 minutes, rhombohedral calcite was fully formed with a small amount
of ACC around.
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Figure 4. CryoTEM images of the reaction solution after a) 1 minute with no additives showing
a small amount of ACC particles of 250-350 nm (red circle), shown to be amorphous by the
associated LDSAED, inset. b) After 10 minutes, the amount of ACC has increased and begun
to aggregate, but remained amorphous (LDSAED, inset). c) By 20 minutes, crystals of both
vaterite (top, red arrow) and calcite (bottom, black arrow) were present, confirmed by attached
LDSAED which shows the (012)- and (113)-planes of calcite and the (204)-plane of vaterite.
d) When G. oceanica CAPs were present in the reaction solution, after 1 minute small, irregular
shaped ACC particles (45-100 nm) were visible which are shown to be amorphous by the
LDSAED, inset. e) After 3 minutes the amorphous material had begun to crystallise, with small
80 nm calcite crystal visible confirmed by the (012)-plane visible in the associated LDSAED
pattern (inset). f) The final stage after 40 minutes showed only calcite present, with the (104)-
plane clear in the LDSAED (attached).
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Figure 5. SEM images of glass slides from the base of the aragonite promoting reaction after
24 hours with a) no additives, b) E. huxleyi CAPs, ¢) G. oceanica CAPs and d)
polygalacturonic acid. €) A graph comparing the % of calcite to aragonite in the system from
refined powder X-ray diffraction patterns for each additive.
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Figure 6. CryoTEM images of reaction solution of the aragonite promoting system with no
additive (a-c) and with G. oceanica CAPs (d-f). a) Control after 3 minutes showing small
ACC particles (LDSAED inset). b) After 10 minutes, the small ACC had agglomerated into
larger particles which remain amorphous (LDSAED inset). c) After 1 hour, small crystalline
aragonite needles were visible, as shown by the associated LDSAED (g). d) When G.
oceanica CAPs were present, after 1 minute a calcite crystal was already forming, with
crystalline reflections visible in the LDSAED (h). e) After 5 minutes calcite crystals
continued to form (LDSAED shown in i)). f) Calcite crystals continued to form after 40
minutes (LDSAED, k). g) LDSAED for c¢). h) LDSAED for d). i) LDSAED for €) and k)
LDSAED for f).
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Calcite (104)-reflections for
solutions after 24 hours

from HR-PXRD, in the direct addition system for crystals grown without additives (a, black)
and in the presence of G. oceanica CAPs (b, red), and biogenic crystals (c, green). Both the
original (circles) and fitted (line) data is presented. Arrows mark the centre of the reflection
accompanied by the 20 value in degrees. Broadening is demonstrated by the double ended
arrows and associated values in degrees.
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Coccolith-associated polysaccharides from Gephyrocapsa oceanica are shown to have the
ability to directly nucleate calcite even when this is no longer the thermodynamically
favoured polymorph. This property was not shared by CAPs extracted from its “sister species”
Emiliania huxleyi, suggesting that CAPs may have different functions in different species.
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