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Fig. 4. Initial mineral deposits at the mineralizing front. Shown are SHIM micrographs obtained on
the intact surface (unpolished, not etched) of a skeletal branch. The region in (A) is a single corallite,
in which a growing columella and six growing septa are observable. (B1 to B3) and (C1 to C3) are
successive magnifications that progressively reveal the morphology and size of the mineral particles at
the top of the growing columella and on the edge of one of the growing septa, respectively.

(fig. S6). A 'H signal centered around 1.2 ppm was
detected in the highly disordered environments
of both aragonite-1 and aragonite-2, potentially re-
sulting from hydroxyl ions (22). Moreover, there is
evidence of hydrogen-carbonate ions in highly dis-
ordered environments in aragonite-2. These results
respectively confirm and suggest the presence of
HCO3;™ and OH™ ions in the mineral phase asso-
ciated with the interfacial regions of coral skeleton.

Examination of the
mineral/organic interface

The interfacial HCO5™ ions were used as a starting
point for probing the presence of neighboring
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bioorganic molecules. The spectrum with an in-
termediate CP time (7., = 4 ms) allows the simul-
taneous detection of the various **C signals from
the SOM and the 'H signal from the HCO;™ ions.
The F2 slice taken at the hydrogen-carbonate ion
position in FI (fig. S7) reveals the ®C chemical
environments in the interfacial regions. This F2
slice exhibits the expected *>C resonance of the
interfacial carbonates, as well as the **C reso-
nance from the amide, carbonyl, and carboxyl-
ate groups belonging to proteins. These results
suggest a close spatial proximity, not exceeding
a few angstroms, between some skeletal pro-
teins and the mineral phase in coral skeleton.
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Given the nature of the interactions involved in
the CP magnetization transfer (i.e., heteronuclear
'H-C dipolar couplings), these proteins might
be strongly bound to and/or even trapped within
the highly disordered calcium carbonate environ-
ments that coat the aragonite crystals.

Presence of an amorphous
precursor phase

We explored the nature of the initial mineral
deposits at the mineralizing front. SHIM obser-
vations were obtained from an intact corallite,
both on the top of a growing columella and on
the edge of a growing septum (Fig. 4). The highest-
magnification micrographs show spherical nano-
sized particles with a diameter of about 40 to
50 nm. Further, confocal Raman spectroscopy was
applied, in which the laser was directed to the
top of a growing columella from an intact skel-
etal branch (fig. S8A). The n; band at 1087 cm *
is broader and is shifted toward lower wave num-
bers than for well-crystallized aragonite (obtained
from skeletal fibers exposed by CRM; white arrow
in Fig. 2A1). These features are typical of the pres-
ence of amorphous material and have been ob-
served for the stable biogenic amorphous calcium
carbonate (ACC) in sternal deposits of the crus-
tacean Porcellio scaber (23). Solid-state NMR
spectroscopy was also applied, for which the
surface of a skeletal branch was first mechan-
ically collected; then, this surface fraction and
the underlying fraction of the skeletal branch
(called the core fraction) were analyzed sepa-
rately. The '®C resonance from the surface frac-
tion (FWHM = 1.45 ppm) is wider than the **C
resonance from the core fraction (FWHM =
1.29 ppm) (fig. S8B). This wider **C chemical
shift distribution in the surface region is con-
sistent with the presence of a small fraction of
amorphous material. These interrelated inves-
tigations strongly suggest that ACC is a pre-
cursor phase for coral aragonite. On the basis
of our observations and those of others (24), we
assume that the “immature” aragonite particles
evidenced in the COCs correspond to ACC par-
ticles that are not fully converted into aragonite.

Crystal growth process of
coral aragonite

The transformation from the amorphous pre-
cursor phase to the aragonite crystals was ex-
plored by using SHIM to analyze the trabecula
units (fig. S9). A COC and the adjoining skeletal
fibers are visible in fig. S9, A and B. Three im-
ages of successively increasing magnification
are shown of the COC (fig. S9, C1 to C3) and of
the adjoining skeletal fibers (fig. S9, D1 to D3).
The COC is composed of randomly arranged,
densely packed, spherical nanosized particles
with a diameter of about 40 to 50 nm (inter-
preted as initially deposited ACC nanoparticles),
whereas the adjoining skeletal fibers are com-
posed of microsized acicular aragonite crystals
with homogeneous crystallographic orientations
(fig. S10). Further, the highest-magnification mi-
crograph shows that the surface of the aragonite
crystals is highly textured; there are spherical
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Fig. 5. The crystal growth process.
SHIM micrograph from a restricted
area of a trabecula composed of skeletal
fibers (bottom region) that arise

from the COC (top region). These
observations were obtained from the
broken, unpolished, etched surface

of a skeletal branch that was
transversely sectioned.

nascent aragonite crystals

Fig. 6. Working model of coral biomineralization. Step 1, secretion of the SOM by the animal
cells. Step 2, deposition of magnesium-rich ACC nanoparticles mediated by the SOM. Steps 1

and 2 might happen simultaneously. Step 3, growth of acicular aragonite crystals by attachment of
amorphous precursor nanoparticles. Step 4, formation of the skeletal fibers through the “layered

model” (38) of skeletal growth.

nanoparticles that were also observed by trans-
mission electron microscopy (fig. S11).

The edge of a COC, where the adjoining skel-
etal fibers start to form, was also closely examined
(Fig. 5). This section reveals a clear spatiotemporal
evolution of the crystal growth process, showing
(i) initially deposited ACC nanoparticles in the
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COC (top); (ii) highly textured nascent arago-
nite crystals next to the ACC nanoparticles; and
(iii) less textured and more “mature,” acicular
aragonite crystals on the bottom. All of these
observations support the hypothesis that ACC
nanoparticles are initially deposited in the COCs;
they further aggregate and serve as building
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blocks for constructing aragonite crystal struc-
tures through a crystal growth process referred
to as crystallization by particle attachment (25).

Chemical composition of the initial
mineral deposits

Cathodoluminescence microscopy (CLM), back-
scattered electron imaging, and wavelength-
dispersive x-ray spectroscopy (WDXS) mapping
were coupled in an electron microprobe (fig. S12).
CLM reveals the localization of the COCs and
enables WDXS maps to show variations in the
chemical composition across the trabeculae. The
elongated white regions of the CLM image cor-
respond to COCs (fig. S12A and Fig. 2A3), which
coincide with magnesium-rich regions, accord-
ing to the WDXS map (fig. S12B). Further, a
SHIM micrograph confirms the presence of
spherical nanoparticles in a COC exposed by
CLM and CRM (fig. S12C). These observations
and measurements support that the initial min-
eral deposits consist of magnesium-rich ACC nano-
particles. This confirms previous observations in
corals (26, 27) and supports the hypothesis that
magnesium stabilizes ACC (28).

Conclusions

Our results elucidate the basic steps of the min-
eral deposition process in stony corals (Fig. 6).
The process is initiated by the formation of a
transient disordered precursor phase, which is
probably in the form of ACC nanoparticles.
This is not specific to stony corals; analogous
ACC precursor phases have been observed in
other marine organisms, including in the arag-
onitic nacre layer of abalone shells (24), the
calcitic spicules of sea urchin larvae (29), and
the spines of sea urchins (30). Our measure-
ments indicate that the lifetime of these ACC
nanoparticles is likely to be prolonged because
they are rich in magnesium (28). Whether the
initial mineral deposits are formed by the cells
inside vesicles (31) or extracellularly at the cal-
cifying interface between the calicoblastic ec-
todermal cells and the skeleton (6, 7) remains
unclear. However, our results not only reveal
that ACC precursor nanoparticles are deposited
in microenvironments that are enriched in SOM
secreted by the animal (i.e., the COCs), but
also show that an organic substrate, in the form
of fibers, appears to serve as a nucleation site.
Further, our results suggest the presence of
skeletal proteins strongly bound to and/or trap-
ped within the highly disordered calcium carbon-
ate environments that coat the aragonite crystals.
These features are consistent with a heteroge-
neous nucleation of the solid mineral phase
catalyzed by coral acid-rich proteins (12), which
are present in the COCs (32) and can precip-
itate aragonite directly from seawater (15). As
more and more ACC nanoparticles are formed,
they migrate from the COCs, lose magnesium,
and grow to become acicular aragonite crystals
by attachment of amorphous precursor nano-
particles (25).

Last, our results strongly suggest that the abil-
ity of corals to calcify is biologically controlled
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and thus relatively robust. As such, the biolog- 9.
ical reaction is far from thermodynamic equi-
librium, and, hence, biomineralization in stony 10
corals is not simply related to physicochemical |
parameters such as the equilibrium saturation
state of carbonate ions or the bulk pH of sea- | 12
water (33). This conclusion is further supported
by the fossil record of scleractinian corals. These 13
organisms survived the Paleocene-Eocene Thermal | 14
Maximum, which was associated with a very
large increase in atmospheric carbon dioxide 15
(34). Indeed, scleractinian corals radiated in 1o
the Eocene (35). Corals undoubtedly will be en- Vi
dangered in coming decades and centuries by | g
thermal stress, eutrophication, and decreasing
ocean pH (36, 37). However, the results presented | 19
here and elsewhere (15) suggest that they may 2
retain greater metabolic capability to form arag-
onite skeletons than commonly supposed. 21
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Editor's Summary

Building coral skeletons

Among other things, corals are threatened by ocean acidification and warming. Being ableto
project the magnitude of these threats requires an understanding of how corals form their carbonate
skeletons. VVon Euw et al. combined ultrahigh-resolution three-dimensional imaging and
two-dimensional solid-state nuclear magnetic resonance spectroscopy to study coral skeletons. They
found that mineral precipitation in coralsis abiologically controlled process mediated by organic
molecules, rather than an abiotic one that depends only on physico-chemical conditions. This has
important implications for the health of coralsin our warmer, higher-CO, future.
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