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Abstract. The calcareous skeletons built by invertebrate organisms share a paradoxical property.
Although growing outside the mineralizing cell layers the crystal-like skeleton units exhibit morpholo-
gies and three-dimensional arrangements that imply an eYcient link between crystallization process
and taxonomy. Almost two centuries of investigation led to a series of developmental models in which
biological and physical or chemical influences are variously balanced. Recent innovative methods
allow for their re-examination. From control of the overall shape of the shell to photo-spectroscopic
evidence at the atomic level, influence of the biological processes on mineral properties may be a
widely shared specificity of the calcareous biomineralization mechanism.
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1. The paradox of calcareous biominerals

In the study of the widely distributed calcareous
shells (mostly produced by marine organisms) a
major breakthrough occurred in the middle of the
19th century. At that time, the main lines of the
zoological classification in which morphology of the
calcareous skeletons play a major role were already
established. A first synthesis had been produced by
Linné [1] and value of shell morphology as taxo-
nomic criteria was also made obvious through de-
velopment of palaeontological research in the ear-
liest decades of the 19th century. Investigating ter-
tiary fauna from the Paris basin, Lamarck [2], for
instance, created many invertebrate genera (mostly
molluscs and corals) whose representatives were
later found alive in the tropical seas. This point was
important at the beginning of geological investiga-
tions because the ratio between still living and exclu-
sively fossil genera was the key point to separate the
periods in Cenozoic era. When progress of the mi-
croscopes and development of appropriate prepar-
ative methods allowed for observation of thin sec-
tions of these calcareous shells, a wealth of additional
information became available. The origin of this in-
novative step is well known and provides a remark-
able example of unexpected results and correlated
interrogations.

The Microscopical Society of London (founded
1839) was dedicated to the study of cellular organiza-
tion of living organisms, a theory whose universality
had just been suggested [3,4]. Among the seventeen
founders of the Society, the figure of Bowerbank is
of particular interest because he focused his inves-
tigation on the shells and other biological mineral-
ized structures. In his first results (published in the
first issue of the Transactions of the Microscopical
Society [5]), followed by more extended works by
Carpenter [6,7], conclusion was that, in contrast to
the other organs of the molluscs, their shells were
not made of cells. This key point was extended to
any calcified structure built by invertebrates. Even
for unicellular organisms (e.g., Foraminifera or the
Haptophyte algae Coccoliths), formation and growth
of the mineral units occur in specific spaces inside
the cell, but carefully isolated from the biologically
active compartment.

Not only are the calcareous structures of the in-
vertebrates non-cellular, but between cross-nicols

Figure 1. Species-specific morphology of the
shell-building units exemplified by fibres in a
brachiopod shell (a). Each fibre is a contin-
uous single crystal of calcite ((b) EBSD dia-
gram) whose shape has been adapted to ani-
mal anatomy during growth (c) without chang-
ing its individual crystallographic orientation.
(d) Bowerbank bust.

the mineralized units exhibit crystalline appearances
regardless of their shapes (Figure 1a–c). Conclu-
sively, specialized cell layers (e.g., the outer epithe-
lium of the mollusc mantles) produce the chem-
ical components, but crystallization of the shell-
building units always occurs outside the miner-
alizing cell layers, following a process that Hux-
ley assimilated to a secretion [8]. Almost two hun-
dred years later, the mechanism enabling a given
species to keep so precise control over construction
of its shell that microscopic observation allows for
its taxonomic identification remains an unsolved
enigma.
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From an applied viewpoint, however, the Bower-
bank and Carpenter's results were immediately ap-
preciated in another then rapidly evolving research
area: the geology of sedimentary rocks, in which
the fossilized shells could be now more precisely
identi�ed by studying small fragments. Therefore, at
Burlington Hall (home of the Geological Society of
London) the Bowerbank bust (among very few oth-
ers) is an expression of the durable impact of his in-
novative approach (Figure 1d).

Eighty years later, the Schmidt's exhaustive syn-
thesis of microscopic organization of the mineral-
ized structures among living organisms [9] may be
considered as an achievement of the Bowerbank and
Carpenter's investigations [5–7]. In this milestone
study the major patterns and respective importance
of the three main types of biogenic mineralized cat-
egories were precisely described. Calcium carbon-
ate is by far the most used [10]. It is distributed
among most of invertebrate phyla and, accordingly, a
remarkable diversity of taxonomy-linked crystal-like
building units is generated. Their shapes always dif-
fer from the typical forms of the non-biogenic calcite
and aragonite. In most cases, a given species can pro-
duce two distinct microstructural types simultane-
ously, with sometimes mineralogical change between
the two distinct areas of the mantle as shown by this
bivalve (Figure 2a–e).

To emphasize speci�city of the calcareous
biocrystallization, mention must be made of sil-
ica as the second biomineral from a quantitative
point of view. Its geological importance was recog-
nized since the beginning of scienti�c oceanography.
First data were collected during Ross explorations of
the Antarctic oceans (1839 to 1842) and popularized
by the spectacular drawings made by Haeckel [11].
In contrast to Ca-carbonates of the shells, silica is
always deposited as amorphous material. However,
deposition of this silica is precisely controlled
(Figure 3a–d) assessing for the presence of an ex-
tremely e Vective biological process that allows for
creation of a precise morphology-based classi�ca-
tion for thousands of species.

A third of the major chemical types of biominer-
als (although of lesser quantitative importance), cal-
cium phosphate, is used in the vertebrate phylum,
but also contribute to shell formation in some bra-
chiopods and crustacea [9,12]. Bones (of mesoder-
mal origin) and teeth (mesodermal by the dentine

Figure 2. Shell of Pinctada margaritifera , the
Polynesian pearl oyster. (a) On the inner side of
the valve, the mantle is visible but the physical
link between the mantle and the shell growing
edge has been disrupted. The mantle produces
calcite prisms at its periphery (black area of the
mantle and shell). The internal light re�ective
area is the nacre. (b) Enlarged view (SEM) of
the contact between prism and nacre areas. (c,
d) Nacre built by thin densely packed arago-
nite tablets parallel to shell surface: (c) front
view, (d) lateral view. (e) Prisms are large cal-
citic polygonal units perpendicular to the inter-
nal surface of the shell.

and ectodermal by their enamel) are crystallized ma-
terials characterized by the very small sizes of the
mineral units (Figure 3e, f) [13]. It is worthwhile
to note that when a vertebrate produces calcare-
ous structures (e.g., �sh otoliths or eggshells), the
mineralization mode closely resembles the inverte-
brate microstructural growth patterns [10].

In the third decade of the last century, asso-
ciation of biochemical compounds to the mineral
phases in the biogenic mineral structures was recog-
nized (or at least hypothesized) in the three major
biomineralization mechanisms. Nevertheless, even
in the calcareous units whose sizes make obser-
vation easily accessible, obtaining precise data re-
garding relationships between the organic compo-
nents and the mineral phases was subject to the oc-
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Figure 3. Siliceous and phosphate structures.
(a) Diatoms, sponge spicules and silico�agel-
lid skeletons are typical siliceous materials in
the world ocean. (b) Each of the about 1 � m
wide holes in a diatom skeleton contains a del-
icate siliceous grid very precisely controlled.
(c, d) Radiolaria drawings by Haeckel [11].
(e) Bone phosphate crystalline units are not vis-
ible at the enlargement of the optical micro-
scope. (f ) SEM view showing the complex ar-
rangement of enamel microstructure of a ro-
dent incisor, but not the very small crystallite
units.

currence of innovative observational and analytical
methods. Synchronous with the publication of the
Schmidt's synthesis, the famous de Broglie's paper
paved the way to electron microscopy [14], but com-
plexity of the calcareous structures and associated
biochemical compounds were still far from being
deciphered.

2. Attempts to reconciliate the crystal-like pat-
terns and taxonomy-linked diversity of the
calcareous skeletal units

Once the permanent association between their
organic and mineral phases was recognized, the

calcareous biominerals, owing to the frequently large
size of their crystal-like units, o Ver diversi�ed case
studies to investigate the respective roles of the two
components. The most immediate questionable
points were the origin of their obviously controlled
crystallographic orientation and in parallel the re-
lationship between this physical pattern and the
biological growth mode.

2.1. Biologically induced and matrix-mediated
crystallizations

Lowenstam coined these two terms [15] to formally
separate the biologically produced calcareous struc-
tures depending on the degree of control exerted
over their morphology and the three-dimensional
arrangements of the mineral units. This distinction
appears eY cient when comparing the highly or-
ganized skeletons produced by the major inverte-
brate phyla such as molluscs, brachiopods, echin-
oderms to the disordered arrangement of mineral
particles in the green algae, for instance (Figure 4a).
Here the small aragonite acicular units are grow-
ing without any spatial organization within the or-
ganic mucus between the last-order branching struc-
tures of the Udoteacea Halimeda (Figure 4b–e) or the
Dasycladacea.

Position of the coral skeletons exempli�es how
uncertain could be the limit between the two
branches of the Lowenstam's scheme. Up to 2005,
�nding statements placing coral skeletons among
the weakly controlled structures was possible: “ In
“biologically induced” mineralization—for example
in corals—the minerals adopt crystal shapes simi-
lar to those formed by inorganic processes and have
essentially random crystal orientations ” [16]. Actu-
ally, such a commonly shared view was based on
previous papers emphasizing the similarity of coral
skeletal structures with spherulitic crystallization,
a chemical precipitation process frequently ob-
served in sedimentary rocks. In corals “ each �bre
is a single orthorhombic crystal of aragonite . . . we
have concluded that these organisms [Hexacoralla]
have adopted spherulitic crystallization as an es-
sential mechanism of skeletal development ” [17].
In addition the Barnes's statement that “ three-
dimensional arrangement of �bres is due to “crystal
growth competition” ” [18] largely contributes to the


	1. The paradox of calcareous biominerals
	2. Attempts to reconciliate the crystal-like patterns and taxonomy-linked diversity of the calcareous skeletal units
	2.1. Biologically induced and matrix-mediated crystallizations
	2.2. Control of orientation for the crystal-like units: template model and crystal growth competition
	2.3. A ``radical change'' in the model of the secretion mechanism for calcareous skeletons: an intracellular phase predating the extracellular crystallization

	3. Evidence of a generalized layered growth mode for the calcareous crystal-like units and their common granular ultrastructure at the nanometre range
	3.1. The Pinna prism internal substructures reveal a three-dimensional stepping growth mode of the shell
	3.2. Prisms from their early beginning: origin of the distinct crystallographic orientations in the prisms of Pinctada margaritifera
	3.3. The common granular ultrastructure of the calcareous units observed at the nanometre scales

	4. Abnormal mineralization in pearls: evidence for a recovery process leading to nacre deposition
	5. Conclusion: converging evidences of a multi-scale biological control over developmental process in the matrix-mediated biomineralizations
	Acknowledgements
	References

