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Abstract

Biomineralogy is an ancient discipline, based initially on techniques that were those of classical crystallography and
histology, in light or in electron microscopy. Recently, the research landscape has been modified by new methodologies coming
from molecular genetics and also from inorganic chemistry, driven by hopes to create a genuine ‘chimie douce’, close to
physiological conditions, in which biomineralisations would provide useful models. Historically, belief preceded basic unders-
tanding. Today, mineralised tissues appear to be highly structured composites at nanoscales and their morphogenesis might be a
model system for genetics. To cite this article: Y. Bouligand, C.R. Palevol 3 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Le renouvellement des idées à propos des biominéralisations. La biominéralogie est une discipline ancienne, basée
initialement sur des techniques qui furent celles de la cristallographie et de l’histologie classiques, en microscopie photonique ou
électronique. Récemment, le paysage de la recherche s’est modifié en raison de nouvelles méthodologies venues de la génétique
moléculaire et aussi de la chimie minérale, avec l’espoir de créer une authentique « chimie douce », proche des conditions
physiologiques : les biominéralisations constitueraient d’utiles modèles de ce point de vue. Historiquement, de vieilles croyances
ont précédé les premières connaissances. Aujourd’hui, les tissus minéralisés sont perçus en tant que composites hautement
structurés, dont la morphogenèse pourrait être un système modèle pour la génétique. Pour citer cet article : Y. Bouligand, C.R.
Palevol 3 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. A primordial interface: minerals and life

Most advances in biomineralogy have come from
the emergence of new chemical and physical techni-

ques. However, the main concepts were based on geo-
metric considerations, as in crystallography, but diffe-
rently, since biological shapes are curved in general,
whereas straight lines and planes dominate in crystals.
This aspect was developed in several chapters of a
famous book written by D’Arcy Thompson [54]. In
recent years, the context was different for two reasons.
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Molecular biology and genetics have proven to be of
considerable interest in the study of biominerals, and
this trend is illustrated in several works presented in
this issue. Today also, biomineralisations represent an
attractive topic for specialists of inorganic chemistry,
because life is able to produce various chemicals in
large quantities, under physiological conditions, whe-
reas the same materials are manufactured throughout
the world, using procedures that often remain delete-
rious for people and environment.

These differences between chemistry in factories
and chemistry in biological systems were considered
very early, but the dream is now the possibility of a
genuine ‘chimie douce’ as suggested by Livage [32],
different from the usual chemistry and even from bio-
technologies that are not more innocent. This new
chemistry would involve soft conditions, replacing fur-
naces and reactors in factories by tiny melting pots
resembling enzymatic sites and other systems at work
in cell machineries, but the main point would be to
build these nanoreactors with the very atoms of inorga-
nic chemistry, so that confusions with true biological
processes could be avoided, a way to circumvent some
difficulties encountered in recent biotechnologies. The
mineral world and the living world are compatible,
since the latter arose from the former, and still coexist,
so that the study of mineral metabolism and of skeleton
formation could provide ideas for experiments in pure
inorganic chemistry.

Organizing this meeting on biomineralisation was a
splendid initiative of two professors at the ‘Collège de
France’, from the very different disciplines of inorga-
nic chemistry and palaeontology. Their long-term
views were not limited to these nanofactories for the
future, since the topic covers large domains in biologi-
cal sciences and life history at the surface of the Earth.
The fossil record is based mainly on mineralised tis-
sues. Recognizable remains of cells and molecules of
biological interest were found in various rocks, inclu-
ding the most ancient ones. Purely inorganic nanofac-
tories were possibly at work for long periods before the
very beginning of biosphere and biomineralisations
probably began with life itself, but were certainly pre-
ceded by innumerable mineral-organic associations.

2. Ancient paradoxes and beliefs

Simple but difficult questions have appeared regu-
larly about the mineralised parts of living beings but,

even today, in many cases, answers are not on the
horizon (see Marin in this issue). Some words suffice
to explain this situation, say ‘the paradox of the sculp-
tor and the mollusc’ for instance. To create a statue, an
artist uses hard materials such as marble or wood, and
hard tools to carve them, whilst soft living bodies, as
molluscs, do not need such instruments and neverthe-
less produce solid shells comparable to sculptures,
with precise geometries and decorations; there are also
soft matters such as clay plus water, shaped by fingers,
but hardening requires high temperatures in an oven,
whereas the mollusc ‘works’ at the water temperature,
in normal environmental conditions.

So, we return to Livage’s hope of a ‘chimie douce’
with morphogenetic capabilities, but the route will be
long, as suggested by the state of the art related in some
optimistic articles, which however cannot hide the dis-
tances separating the genuine shells or other elaborated
biological materials from the products of some beauti-
ful experiments [38,33].

Many good ideas were debated by people for centu-
ries, but did not survive simply, because various wrong
conceptions could provide easy answers to innumerable
questions, and spread among people and even scholars,
by a kind of natural selection. Examples of such conve-
nient beliefs were reported in a book by Metzger [34],
dealing with the intellectual context at the birth of crys-
tallography [35]. For instance, in the 17th century and
later, water was often told to turn into stone, as ‘pro-
ven’by petrifying sources and stalactites or stalagmites
in caves, so that ice was a solid state of water among
others, as some rocks that also return to water, but less
easily than ice... Stones were said to be alive and even
to reproduce, despite evidence of the contrary, whilst it
was admitted that certain rocks were products of life,
which remains true in many cases, but this depends on
the rock itself and on the precise meaning of the term
product. Note that the interpretation of ancient texts is
not easy and, for instance, the word ‘water’often meant
a solution or even any other liquid. The expression
‘mother water’ of a crystal is still in use, and applies to
aqueous supersaturated solutions, which give rise to
crystal germs and their growth. Today, this term is
often replaced by that of ‘mother liquor’.

Ancient observations and ideas on biominerals were
presented in general in books and articles about pearls
[12,51]. Pliny the Elder wrote that pearls ‘formed
around drops of rain entering the oyster’, what seems
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to be pure poetry, but Pliny possibly believed also that
water could turn into stone, so that the end of the story
could be correct... In China, in the 13th century, pearls
were really produced by inserting leaden images of the
Buddha between the inner surface of the shell and the
mantle of a mussel Cristaria plicata, and then waiting
for some years. In the 18th century, Carl von Linné
himself proposed a process to prepare artificial pearls.
They were also generated by simple intrusion of sand
grains or parasites, or by displaced ova. Remarkable
works on pearls came from Japan.

3. Minerals are present in most groups of living
beings

The first studies on biominerals were conducted by
zoologists who described skeletons, either external
like carapaces, shells, and concretions formed by in-
vertebrates and protozoa, or internal like bones in
vertebrates and spicules in the form of long needles or
that of fenestrated stones in many invertebrates. The
vertebrate teeth are first internal and grow outside to be
functional. The involved minerals are poorly soluble
salts as calcium phosphates, carbonates, and sulphates,
or oxides as silica and magnetite.

Most animals were considered as machines produ-
cing sculptured stones, with an excellent efficiency,
whereas plants were at the origin of woods and related
fibrous materials. However, corals represented a major
exception, since they were first classified in the plant
kingdom by Tournefort, for instance, as recalled in
[35]. They were later recognized as animals, but in a
group named Phytozoa. Indeed, their polyps are beau-
tiful as flowers and the term Anthozoa is still in use, but
polyps are not flowers. Corals form a calcified skele-
ton, at the origin of considerable calcareous rocks in
reefs. The first naturalists were not completely wrong
about the plant nature of corals, because they contain
innumerable xanthellae, which are unicellular algae,
with a mass of organic matter superior to that of the
animal tissues in which they are enclosed. Through
their chloroplasts and photosynthesis, xanthellae af-
ford nutrients used by the coral and conversely these
symbionts are protected against predators. Xanthellae
also contribute to the calcium metabolism and minera-
lisation (see Allemand, in this issue).

Some seaweed as Lithothamniae, a family of red
algae, also produce hard calcareous concretions, the

maerl for instance, the incrusting plates of Lithophyl-
lum, and the pretty corallines, in ponds between rocks
at the sea-shore, but these very special seaweeds are
undoubtedly plants. Terrestrial plants contain minerals
in their tissues, for instance silica in many species, at
low percentages, but concentrated here and there.

Amorphous silica forms hard deposits in spicules of
most sponges and also in the skeleton of unicellular
organisms as diatoms and radiolaria, often at the origin
of rocks as diatomites and radiolarites (see [53] and
Coradin in this issue). Some sponges form calcium
carbonate spicules and there are considerable sedi-
ments due to protozoa, for instance the coccoliths,
which form the chalk [60].

Diverse bacteria also produce inorganic precipitates
and their nature depends on their anabolism. Stroma-
tolites, for instance, have been present on diverse seas-
hores since the earliest times of life, and superpose
calcareous layers, produced by intercalated cyanobac-
teria, first confused with blue–green algae. Some bac-
teria produce a hard calcite patina at the surface of
calcareous stones, the biocalcin, which is a natural
protection against erosion [31,45]. Many oral bacteria
form the dental plaque and concretions like the tartar.
Other bacterial species are the main actors in the cycle
of diverse salts and oxides in nature, in particular the
remarkable magnetobacterias. Mineral deposits are of-
ten important at the periphery of bacteria and in their
cytoplasm. High concentrations of calcium are found
also in mitochondria and in the endoplasmic reticulum
of eukaryotes.

4. Early recognized properties of mineralised
tissues

At the Renaissance and later, important collections
were created by zoologists, botanists and also in hos-
pitals. Conservation methods in appropriate liquids
were improved to prepare long-term samples in tight
flasks. Shells and skeletons were washed and ordered
in boxes or in specialized pieces of furniture. Compa-
rative observations and dissections led to reasoned
descriptions, drawings, and paintings. Among ideas
from these past times, several still prevail.

4.1. Thick mineralised materials are produced
by thin living sheets

Metres of calcareous deposits in the bulk of coral
reefs are formed by a thin external layer of living
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matter (some millimetres thick), associating polyps
and tissues in between. We know today that ions in the
sea, Ca2+ and HCO3

–, enter the complex metabolism of
this thin layer, and finally cross it to assemble into a
calcareous mineral (Allemand in this issue). At a smal-
ler scale, the periost also is a thin living layer produ-
cing compact bone.

4.2. Accretive growth and intussusceptive growth

Measurements of lengths, weights, and growth rates
began mainly in the 18th century and also physiologi-
cal investigations. Two distinct types of growth were
considered by Buffon and contemporaries: accretion
was observed in crystals and shells, and consisted in
peripheral additions of new materials, with visible
growth lines in many cases. A second type, called
intussusception, corresponded to an intercalary
growth, generally studied in soft tissues of plants and
animals. In the 18th century, Hales delicately inscribed
a series of equidistant marks on young plant shoots
and, after twenty-four hours, he ‘found a gradual scale
of unequal extensions, those parts extending most
which were tenderest’. This citation is reproduced
from D’Arcy Thompson [54] and offers a clear exam-
ple of intussusception. Hales also implanted silver
nails at definite distances in long bones of young ani-
mals, some ones in the median and narrow diaphysis,
which is more compact, and the other ones in the
epiphyses, at the wider extremities. Some years later,
distances were conserved in the diaphysis, but had
increased between nails lying in diaphysis and those in
epiphyses, showing that bone development was com-
plex, associating both types of growth.

4.3. Organic matrices

In the 19th century, considerable advances on bio-
minerals came from collaborations with chemists, af-
fording their new chemicals, often well purified, and
their analytical methods. The organic matrix of bone,
the ‘ossein’, was discovered by a simple demineralisa-
tion in solutions of hydrochloric acid, and this lead also
to recognize the mineral itself, a hydrated calcium
phosphate. Shells, carapaces, spicules, and most mine-
ralised tissues, pathological or not, presented an orga-
nic matrix.

5. Mineralised tissues observed at microscales

The technical advances in microscopy and micro-
tomy in the 19th century led to the discovery of most
cell types and their assembly in diverse tissues. An
extraordinary set of techniques was invented to see the
organization of living matter through series of thin
sections, where the order was remarkably preserved.
This was the origin of two associated disciplines, na-
med histology and cytology, since they considered
tissues and cells. Their methods were adapted to mine-
ralised organs by devising procedures of demineralisa-
tion, which did not alter strongly the matrix and the
cells themselves, as can do hydrochloric acid solutions,
replaced by trichloracetic acid for instance. Calcium
chelators and acid salts were used later, as diluted
ammonium citrate, preserving some enzymes and most
proteins. The polarizing microscope was essential in
the study of minerals. X-ray radiographs and diffrac-
tion appeared during the following century.

Some stains were recognized to bind to precise
components, and specific chemical reactions were ob-
served at the level of cellular details. These histoche-
mistry and cytochemistry have now their immunologi-
cal and molecular prolongations in light or in electron
microscopy. All these techniques are long and difficult,
but often remain the sole way to define biomaterials,
their nature, structure, shape, localization in cells, tis-
sues and organisms, and to ask clear questions, a pre-
requisite to any further studies in X-ray and electron
diffraction, or to apply microanalytical methods.

The concept of epithelium was established in the
19th century, from microscopical studies, and corres-
ponds to single or multilayered sheets of densely pac-
ked cells. These epithelia delimit compartments, with
distinct physiological properties, and are able of consi-
derable works, for instance building carapaces in crus-
taceans and shells in molluscs. The carapace of crabs,
or ‘cuticle’, can be one or two millimetres thick and is
secreted by a single layered epidermis, which can be
forty times thinner [57]. The mollusc shells also pre-
sent a variable thickness, often several millimetres, and
are produced by a single-layered epidermis or
‘mantle’. These animals secrete these remarkable
shields by capturing the appropriate materials and pro-
cessing them through their metabolism.

It appeared that matrices and mineral concretions
were absent from cytoplasm in epithelial cells at the
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origin of shells in molluscs or cuticles in crustaceans,
so that it was concluded that cell membranes separa-
ting these cells from their external productions repre-
sented an essential part of the machinery elaborating
the matrices. In bones, the collagen molecules assem-
ble into fibrils at the close periphery of cells, the osteo-
blasts, and mineralisation occurs later, at a distance
from membranes. The matrix assembly always prece-
des mineralisation. The synthesized matrix proteins
are first packaged and exported in the reticulum and in
Golgi vesicles, separated by a membrane from hyalo-
plasm, and they assemble into the matrix outside of the
cell. This was made clear also from studies on minera-
lised skeletons of Protozoa, coccoliths for instance by
Pienaar [39,40] and Young et al. [60], or on other
unicellular organisms with silica tests [53] and on
spicules in Pluteus larvae of sea urchins [1].

6. Biominerals are highly structured composites

The demineralisation methods even by hydrochloric
solutions do not alter the bone shape but, after some
days and washings, the bone becomes flexible and is
easily cut by a razor blade, so that histological sections
can be prepared. The mineral salts were first conside-
red to correspond to hydrated Ca3(PO4)2, with a small
amount of carbonates, but more precisely it is an hy-
droxyapatite (see Rey in this issue). This deminera-
lised bone is organic, with some mineral traces. This
organic matter was called ossein, its main component
being collagen, a fibrous protein also present in
connective tissues. Heating of ossein or connective
tissues in water leads to the production of a well-
known glue, which is gelatine, and corresponds to
denatured collagen. Organic matrices are present in
most mineralised tissues and intracellular stones or
spicules, but the mass ratio is highly variable between
mineral, organic matter, and water. This ratio is not
easily estimated, because a part of the organic matter is
not the matrix, but comes from diverse associated cells
and tissues, as nerves, vessels, etc.

Important matrices were found in vertebrate bones,
in mineralised carapaces of crustaceans and in shells of
molluscs, but are often less developed in spicules.
Fibrous proteins and polysaccharides form these ma-
trices, mainly proteins with collagen in bones and
mainly chitin, a polysaccharide, in crustacean carapa-

ces. In both cases, the fibrils form a highly structured
matrix, with a plywood-like arrangement, the fibril
direction differing in successive layers, either by an
angle close to 90°, in compact bone, or by a series of
small angles leading to a continuously twisted packing,
found in cholesteric liquid crystals, but stabilized as in
crab carapaces, for instance, by the assembly of chitin
chains into fibrils (see [5–9] and Giraud-Guille in this
issue). Many fibrous matrices in biominerals present
geometrical characteristics close to those found in li-
quid crystals formed by long polymers. This is the case
of apodemes in crustaceans, these inner extensions of
carapace for the attachment of certain muscles; they
are made of aligned fibrils of chitin and proteins, with
symmetries of nematic liquid crystals. Matrices in
sponge spicules show symmetries analogous to those
found in smectic liquid crystals (Garrone, in [53]).

Composites are materials made of distinct parts,
differing by their physical and chemical properties,
these parts being distributed according to a definite
geometry. This term was introduced by Maxwell in
very general terms. There is the example of materials
associating transparent media of different refractive
indices, for instance, a stack of layers of refractive
index n1 intercalated alternatively between layers of
index n2, or also a set of parallel cylinders of index n1,
separated by a medium of index n2. Such optical sys-
tems exist in muscles and in some mineralised tissues;
in that case, both components are birefringent [23].

Skeletal tissues are ‘fibre-reinforced composites’, a
kind of system where ‘the whole is more than the sum
of its parts’, a conception often discussed by Plato
himself. Such composites are realized in bones, cara-
paces, and shells. Separately, the mineral or the fibrils
do not show ‘useful’ mechanical properties, the mine-
ral being made of brittle crystals and the polymers
being supple, but the composite structure resists strong
constraints, since crystal fractures stop where they
meet fibrils, and these latter do not bend, because the
inter-distances are fixed in the mineral.

7. Structures and textures in biominerals

Goniometry applied to crystals began on the 18th
century, polarizing microscopy on the 19th century and
X-ray diffraction on the 20th century, so that there are
three phases in the history of crystallography and also
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in the exploration of biominerals. Chapter 9 in D’Arcy
Thompson’s book is a reasoned presentation of most
concretions and spicules in unicellular organisms and
invertebrates [54]. A book was published by Schmidt
in 1924 about polarizing microscopy applied to mine-
rals in the animal kingdom [49]. The inorganic depo-
sits in tissues are either amorphous or crystallized. An
amorphous state is confirmed by the absence of sharp
spots in X-ray or electron diffraction patterns, and also
the absence of transmitted light between crossed po-
lars. When crystallized, the unit cells and symmetries,
mainly recognized by X-ray diffraction, might differ
for the same component. Calcium carbonate, for ins-
tance, gives either the rhombohedral calcite, or the less
stable orthorhombic aragonite and hexagonal vaterite.
The chemical and crystalline polymorphisms of biomi-
nerals and their distribution through the living world
gave rise to innumerable articles. Main facts were
known from works due to Biedermann, Bütschli,
Kelly, Lacroix, Meigen, Rose and Schmidt, and all
these references were recalled and discussed by Pre-
nant [43], who also studied the determinism of the
various crystalline forms of carbonates and demonstra-
ted the roles of pH, [Ca2+], [Mg2+], P, the partial
pressure in CO2 and C, the total concentration of inor-
ganic carbon in the system [43]. His results were pre-
sented in a tentative phase diagram and graphs of the
main mineral transformations.

The crystal lattice of a mineral is never perfect and
there are defects. Textures correspond to the arrange-
ment of domains of uniform crystalline orientation, of-
ten separated by walls, which are narrow zones associa-
ting numerous defects. Definite textures were observed
in biominerals. They were studied in artificial concre-
tions and in spicules by Prenant [41–44], or in crusta-
cean cuticle by Dudich [18] and Drach [17]. The pre-
sence of organic molecules or that of a matrix might be
essential in the determinism of complex geometries in
textures. Giard [25] had observed the aragonite spicules
of Didemnidae (Tunicates) and found their shapes si-
milar to those of calcium carbonate concretions obtai-
ned in vitro, without cells, by Harting in 1840 and
1872. Drops of CaCl2 and CO3Na2 solutions were
simply added to a colloidal gel [29,30]. Prenant multi-
plied such experiments in gelosis, to illustrate these
similarities between in vitro and in vivo concretions
[41,42]. They were confirmed later by Monniot [36].

Helical defects were observed in the nacre of mol-
luscs [52,58], in brachiopod shells [59] and in hy-

droxyapatite crystals of tooth enamel [11,50]. These
screw dislocations are involved in crystal growth and
are therefore a factor of biomineralisation but, in the
teeth, they represent an easy access for bacteria invol-
ved in caries [2–4]. Defects are present in the carapace
matrix, as we have shown [6,8], and in calcite crystals
of crabs ([27] and Giraud-Guille in this issue). The two
types of defects and the twist are supposed to facilitate
the calcite growth.

8. Mineralisation programs and factors

Mineralisation follows a program of precise events
in skeletal structures. The construction of a coccolith
for instance begins by the assembly of a thin fibrous
matrix in the form of an elliptical disc [39,40], and
then, according to a strict chronology, calcite pieces
are built with sharply defined shapes [60].

Similarly, during their moult, crabs first absorb
seawater, so that the body swells, unfolding the new
skin, and they can leave their ancient carapace [17].
Mineralisation begins in the outer part of this new
cuticle, which is alkaline, as indicated by a pH indica-
tor, the Nile blue, in Carcinus maenas for instance
[15]. This region also is rich in alkaline phosphatase
[56], an enzyme removing phosphate groups, which
attach to calcite and are poisons of calcite growth [51].
Calcite forms horizontal discs often centred on bristle
ducts across the cuticle, and their radial growth leads to
a mosaic, just below the outer epicuticle. This mosaic
is thickened by further precipitations and crystalliza-
tions (some micrometres), which concentrate later
along vertical walls forming a honeycomb pattern, a
trace of the arrangement of epidermal cells [57]. These
interprismatic walls contain carbonic anhydrase,
which facilitates the precipitation of carbonates and
accelerate the calcite growth, as shown by Travis [56]
and Giraud-Guille (see this issue). The inner part of
prisms remains poorly mineralised, but is filled by
glycoproteins inserting between matrix fibrils. During
these first steps of mineralisation, new matrix layers
are secreted below those deposited before the moult,
and will be mineralised later. We stop here this brief
description of the first part of a complex program,
certainly written in the genes, somewhere...

Experiments by Digby [14–16] indicated that this
program was easily perturbed. The NaCl concentration
is higher in the crab body than in seawater, due to an
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active uptake of NaCl at the gill level, so that ions are
expected to diffuse out across the carapace. Since Na+

diffuses more rapidly than Cl–, this was a simple expla-
nation of the observed alkalinity in the outer part of the
cuticle. To test this idea, recently moulted crabs were
placed in seawater added with more NaCl, to obtain a
reversed salinity gradient across the cuticle, and then
mineralisation began along the inner part of the cuticle,
far from the sites of phosphatases and carbonic anhy-
drase. This did not contradict the involvement of phos-
phatases and carbonic anhydrase, but shows that, in
normal conditions, different factors cooperate. In these
normal conditions, a potential difference was observed
between both sides of the cuticle, but was only the half
of the Nernst potential predicted from the salinity dif-
ference between seawater and the crab inside. This
difference was attributed to an electron flow through
the matrix, supposed to be a semiconductor, due to
quinone tanned proteins, mainly in the epicuticle and
its close neighbouring [14]. Indeed, a cuticle piece
placed in a solution containing metallic ions and sub-
mitted to appropriate electric conditions can be copper
or silver-plated in its strongly tanned regions, which
also are the most salient and form the first nucleation
sites of calcite discs, in normal conditions.

9. Environment, physiology and mineralisation

This electrochemical theory of biomineralisation
due to Digby requires some enzymes, the phenol-
oxidases involved in protein tanning, which add their
effects to those of alkaline phosphatases and carbonic
anhydrases to build the calcitic texture. Digby exten-
ded his interpretation to mineralisation of mollusc
shells [14] and to other systems. He showed that mine-
ralisations are highly sensitive to external factors. As
indicated above, salinity variations might change the
positions of the first calcified sites in the matrix. More
generally, biomineralisations are modified by many
external factors. For instance, a pH of 6.5 in seawater
or rearing in lime free seawater suffices to prevent
spicule mineralisation, but not the matrix differentia-
tion in sea-urchin larvae. The same effect was observed
in Foraminifera, which are Protozoa differentiating a
calcified shell in normal conditions – see references in
[43] and [54] (pp. 648–649).

Spicule demineralisation was obtained in living Al-
cyonaria by adding 0.7 g l–1 of calcium glycero-

phosphate to seawater, at pH 7.6 and at 17 °C, in
well-aerated conditions [55]. Glycerol was released at
the colony surface and calcareous granulations appea-
red in both epidermis and endodermis. These in vivo
spicule demineralisations could be due to a local de-
crease of pH in mesoglea, since phosphatases separate
glycerol from phosphates and these latter transform
into phosphoric acid, whereas the calcium is precipita-
ted into carbonates in other tissues with xanthellae.
This early work proposed new methods that remain
very interesting today.

Environment conditions often modify shell growth
rates, either at the matrix level, or in the mineral pro-
gression, or both. Growth lines are visible in mollusc
shells and in some crustacean mineralisations (see Ma-
rin and Luquet in this issue). In certain cases, they form
age rings, as in otoliths (see Herbomel and Payan in
this issue). Their existence is often related to periodic
variations of environment, observed daily or yearly or
something else. In vertebrates also, aquatic or not,
bone mineralisation depends on nutrition and environ-
ment. Vitamin D and A are essential to a normal mine-
ralisation of bones, with small doses of ultraviolet light
to ‘activate’ sterols. This is a great chapter in mineral
physiology with numerous metabolic steps, from ab-
sorption [19,20] to matrix mineralisation, and also
resorptions due to pregnancy or lactation, with the
lactose involved in the skeleton thickening [22] and its
protecting role demonstrated by Fournier in 1954 [21],
all that under endocrine control. Bone resorptions also
occur in birds, when eggs are produced in number with
their mineralised shells (see Nys in this issue). These
problems about mineral metabolism could provide
ideas to conceive control mechanisms applied to an
inorganic ‘chimie douce’, but much ‘simpler’ ques-
tions will be asked before. How can organisms be able
to capture inorganic ions, so highly diluted in their
direct environment? These ions are internalised
through channels or pumps, and calcium concentrates
in compartments as mitochondria, endoplasmic reticu-
lum and matrix, rather than in the hyaloplasm. All that
is coordinated, for part by the thin cytoplasmic projec-
tions in bone or cuticle, so that mineral deposition
occurs at chosen sites in the matrix, but how to inves-
tigate this control exerted by cells and membranes, and
how can it be programmed for all these mineral and
matrix re-handlings?
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10. Nucleation and growth of biominerals

Biominerals are supposed to be deposited directly in
a solid state, amorphous or crystalline. Nucleation de-
pends on the existence of interfaces provided mainly
by matrices, with diverse structures and defects from
place to place, and also epitaxial possibilities [24].

About growth, one has two extreme situations and
intermediate ones. Let us first consider the case of
well-developed matrices, presenting a uniform distri-
bution, at least locally. Nucleation begins here and
there, at points that can correspond to singular structu-
res of the matrix, and then growth is often radial. The
main example considered above and studied by Pre-
nant [41] is that of aragonitic spicules that form wi-
thout cell intervention in the tunica of Didemnidae.
Another example is the radial growth of calcite in
many crustacean carapaces, often starting from canals
associated to bristles or secretory cells but, instead of
being spherulitic, the textures are cylindrical, with c
axes of calcite radiating within the cuticle plane, and
generally not parallel to fibril direction in this plane.
The growth front is not in direct contact with the
epidermis, since matrix formation precedes its minera-
lisation by a long time, from days to months, depen-
ding on body size. In crustacean cuticles also, we
showed that the mineralisation does not change the
distances separating the matrix fibrils, so that the mine-
ral occupies the preformed spaces created during ma-
trix differentiation a long time before [7]. It appears
also that growth rates can depend on the angle between
fibrils and the progressing mineral interface.

The situation is radically different in sea urchins,
with a skeleton made of large calcite monocrystals (or
close to be), and a reduced matrix [48]. These mono-
crystals do not have the usual shapes of crystals limited
by planar faces, but those of sculptured plates or spi-
nes, and they show complex perforations, visible at
microscales [37]. Numerous cylindrical holes are pre-
sent in the crystal and curve to join here and there, so
that the crystalline matter itself is divided into cylin-
ders, which curve and join similarly. Two compart-
ments interpenetrate, one made of monocrystalline cal-
cite, and the other one made of cytoplasm, with a single
cell membrane to separate them. These monocrystal-
line plates, spines, or spicules are produced within
cells, in large and multiconnected vesicles, or between
cells, but also in close contact with cell membranes

forming such complex surfaces. These topological ar-
rangements of bilayers are known in bicontinuous pha-
ses of certain liquid crystals. Similar systems of mem-
branes were also observed at very different scales,
when chloroplasts transform into prolamellar bodies,
in etiolated plants. The geometry of such etioplasts
[28] and that of perforations in sea-urchin spines [37]
are similar, but the scales strongly differ.

Mineral growth in sea-urchin plates is accretive for
these calcite monocrystals, as demonstrated by Märkel
[34], and this leads to suppose a rather complex beha-
viour of cytoplasm and of its limiting membrane, at the
periphery of the crystal, to create new spaces available
for crystal growth. This involves a complex program of
membrane retractions and recombinations to build
these highly perforated shapes, whereas the cytoplasm
is maintained in perforations of the previously deposi-
ted crystal.

Now between these extreme cases, there are inter-
mediate ones. In nacreous layers of molluscs, there are
five to seven monocrystalline domains in each nacre
plate, and the matrix seems almost absent from them,
whereas each plate is completely surrounded by a
dense matrix [48].

In bones, mineralisation begins within collagen fi-
brils, at a distance from osteoblasts, a situation similar
to that of crustacean cuticles, but radial growth is
absent and there are signs of epitaxy, the first apatite
deposit nucleating within the gap zones of collagen
fibrils. Later, the free spaces separating fibrils are filled
by the mineral, apparently without changing the pre-
existent inter-distances between fibrils, as in crusta-
cean cuticle.

The matrix is not much developed in teeth, in the
enamel mainly, but also in the dentin, or in the osseous
rostrum of certain whales (see Goldberg and Zylber-
berg in this issue). These tissues with large crystals and
reduced matrix are very hard, but fragile. Usual patho-
logies as caries develop in enamel and dentin and can
be stopped at best, but do not repair themselves, in
contrast with other tissues, where wound healing is a
natural process, and even in bones, fracture reparations
are not excluded.

11. Liquid crystals and biominerals

We stressed some distinctive characters between
non-biological minerals and skeletal structures (in the
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first §). Minerals are often limited by planes and
straight lines, whereas curved surfaces and lines are
found in skeletal shapes. Similar differences separate
true crystals from liquid crystals, which also show
regularly curved lines and surfaces. Accretive and in-
tussusceptive growth also separates true crystals from
liquid crystals, since diffusion is a corollary of fluidity
in liquid crystals. It was recalled also (in § 6) that
fibrous matrices of mineralised organs presented the
symmetries and other geometrical characteristics of
liquid crystals, without being liquid, but their assembly
was certainly related to that of liquid crystals. This
particular state of matter seems today very essential in
the study of biomineralisations.

11.1. Membranes are liquid crystalline

Important mineral deposits are produced by thin
layers, and mainly by cell membranes themselves (as
indicated in § 4 and 5). It is worth remembering that
membranes are fluid and anisotropic, due to the paral-
lel orientation of their components within this bilayer,
phospholipids, and proteins mainly. This corresponds
to the definition of liquid crystals, which are anisotro-
pic liquids and most biominerals are precipitated in the
close vicinity of membranes, in Golgi vesicles or at the
periphery of cells or along their narrow projections
within carapaces or bones. The liquid crystallinity of
biological membranes confers remarkable morphoge-
netic capacities, from nanoscales to microscales and
much larger ones when cells are associated in tissues.
One knows also that long-range order arises sponta-
neously in liquid crystals.

11.2. Matrices originate from liquid crystalline sols
or gels

Membranes are involved in the production of most
macromolecules of the extracellular matrix. For ins-
tance, chitin synthetases are present in membranes that
produce chitin in extracellular matrices, in mycelia and
in arthropod carapaces, for example. Collagen also is
produced as other proteins in the endoplasmic reticu-
lum, at the contact point between a ribosome and the
reticulum membrane. Glycosylation and triple-helix
formation occur later in the Golgi and secretion fol-
lows. After cleavage of terminal peptides, collagen
molecules assemble into fibrils and form highly orde-

red matrices, which are stabilized analogues of liquid
crystals (as recalled in § 7). A brief passage through a
liquid-crystalline phase is not excluded in the first
steps of secretion, but the assembling matrix is rapidly
gelled by the differentiation of fibrils [9]). Cholesteric
phases of sonicated collagen were regularly obtained
in vitro by Giraud-Guille [26,27] and this self-
assembly was observed in cell-free conditions. On the
contrary, in situ, the cells are expected to influence the
orientations of the assembled fibrils, because membra-
nes are associated to a subjacent cytoskeleton, actin
filaments mainly, and can exert forces on a self-
assembling matrix, slightly gelled, via certain molecu-
les as integrins and other ones (rather numerous). Note
also that membranes themselves can be more or less
stabilized here and there, so that mechanical actions of
cells on self-assembling matrices are highly plausible.

11.3. A fluid toolbox

Our idea is that liquid crystals could be an essential
intermediate state of matter, well devised to accommo-
date things between the liquid state present in hyalo-
plasm, say the cytoplasm lying between organelles,
and the stabilized state of matrices and even the solid
state of minerals in the extrahyaloplasmic compart-
ments, as Golgi vesicles for instance, or in the extracel-
lular spaces. Liquid crystals could be the key of our
paradox of the sculptor and the mollusc. The hard tools
or the high temperatures used by the sculptor could be
replaced by a very special machinery made of a liquid
crystal at physiological temperatures, with inserted
macromolecules considered as tools in their toolbox.
The tools themselves are diverse macromolecules (or
macromolecular systems) as receptors, ionic channels
pumps, attached ribosomes, or enzymes involved in the
production of matrix polymers for instance, or those
essential to mineralisation. Most tools are designed to
remain attached to their fluid toolbox, since they pre-
sent amphiphilic properties and are not lost in general,
because the liquid crystal is well separated from its
aqueous environment, as can be membranes in cells
and tissues. Note that certain enzymes are known to be
attached to membranes, but are found also in the hya-
loplasm (cytosol or cytogel), or in the extracellular
matrix, and this can be the case of carbonic anhydrases
or alkaline phosphatases, as indicated in § 8. This
indicates that some tools, these enzymes, could be
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released from the fluid toolbox at definite positions in
the matrix, possibly with the help of cytoplasmic pro-
jections in pore canals, as in the carapace of crabs.

11.4. Some steps towards a ‘chimie douce’,
the new challenge

Materials are said to be hybrid when they associate
inorganic and organic parts, which strongly interpene-
trate at nanoscales, both parts being linked by diverse
bond types, covalent, ionic or van der Waals [46,47].
Recent advances in their synthesis came from the sol–
gel process, leading to materials closely related to
certain biominerals. For instance, metal-organic alk-
oxides were hydrolysed in the presence of organic
molecules that are able to produce liquid-crystalline
phases with water. The main example was that of
Si(O–C2H5)4 or TEOS, or tetraethoxisilane, which was
added to a mixture of a cationic surfactant,
CH3(CH2)15N+(CH3)3, (or CTACl, or cetyl-
trimethylammonium chloride) with water and HCl.
For certain precise proportions of these components,
the hydrolysis leads to the formation of amorphous
silica deposited between the hexagonally packed cylin-
drical micelles of CTACl, which serve as template. The
silica forms a honeycomb pattern within the liquid
crystalline structure, and this was the prototype of a
new type of materials called mesopores.A large variety
was created, using aluminophosphates or other mine-
rals in presence of templating organic components
[33,38] (see also Coradin in this issue). This is an
important advance towards systems resembling skele-
tal structures, but I observed that important differences
remain, for instance, the fact that micelles are replaced
in skeletal structures by cytoplasmic channels limited
by membranes, which show similar shapes to those of
cylindrical micelles, but are much larger [10].

Another domain of research is essential, that of
inorganic liquid crystals discovered by Zocher in 1925
(see [61]) and revisited by Davidson et al. [13]. The
hope now would be to create mineral amphiphilic mo-
lecules showing a polymorphism in structures and tex-
tures, comparable to that of organic liquid crystals.

12. Biomineralisations as model systems
for molecular genetics

Techniques in molecular genetics were essential in
morphogenetic studies and research on Drosophila

was extensive in this domain, leading to the discovery
of many genes involved in body segmentation for ins-
tance. The morphology is highly complex, but precise,
with some recognizable bristles in the adult, which can
be given a name, as are the teeth in mammals or
fingers, for instance. The distribution of bristles at the
surface of Drosophila integument form remarkable
patterns, with few individual variations at the same
instar, and this suggests an elaborate subjacent geo-
metry. Similar morphologies exist in crustaceans and
most about growth and form in insects and in crusta-
ceans is likely to have common origins at the genetic
level. Minerals also form defined patterns in crusta-
cean carapaces, less elaborated, but the involved enzy-
mes are known, their positions also in the carapace
architecture, as the main steps of the process, with
several characteristics of the matrix that we recall:
• (1) defined fibril diameters and inter-distances in the

organic matrix;
• (2) presence of phenoloxidases in the epicuticle and

in the twisted layers, just below the epicuticle;
• (3) very strong twist just below the epicuticle, crea-

ting screw dislocations;
• (4) presence of alkaline phosphatases just below the

epicuticle;
• (5) presence of carbonic anhydrase along interpris-

matic walls.
These five characters are expressed according to a

program defined in the matrix space and in the time of
the inter-moult cycle. Points 1 to 5 do not exactly
correspond to a chronology. Character 1 is expressed
all along the secretion of the fibrous matrix and its
expression is modulated according to the level in the
cuticle. Character 2 is expressed during secretion of the
epicuticle and begins a short time before 1, but stops
much before the end of 1. Characters 3 and 4 are
expressed at the beginning of the expression of charac-
ter 1 and character 5 comes after 2, 3 and 4, but stops
much before 1. The precise knowledge of the involved
molecules and of these steps could provide the best
access to a correct interpretation of genetic results.

Mollusc shells also present a subjacent geometry,
with a system of coordinates made of intersecting
growth lines and conical logarithmic spirals, both visi-
ble on the outer periostracum, with its characteristic
plywood-like structure. These sharply defined archi-
tectures are continued below within the prismatic layer
and the nacre, described in clear crystallographic
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terms. The progressive assembly of these mineralised
composites is known for its main aspects and some of
the involved proteins and genes are studied today.
Similar spatio-temporal programs of mineralisation
are expected in most skeletal tissues, as illustrated in
this issue by a promising series of results.

There are clear reasons that make biomineralisa-
tions very attractive today to geneticists and this can be
understood with an example. Great therapeutic pers-
pectives appeared twenty years ago with the progress
of molecular techniques. Results accumulate now with
large collections of genes, proteins, transcription fac-
tors, and some indisputable successes, but not so nu-
merous, and one generally waits for applications. The
origin of these difficulties is rather simple: pathologies
often lead to slowly destructive effects that remain
diffuse, not clearly visible and latent, so that there are
neither sharply defined geometries, nor programs. To
really grasp the force of these new methods in genetics,
we need to apply them to model systems, as morpho-
genesis, but possibly less complex than the splendid
patterns observed in adults of Drosophila. Biominera-
lisations could be the right model systems.

Acknowledgements

Thanks to Professor Vic Norris (Rouen University),
for his remarks and useful suggestions.

References

[1] L. Ameye, R. Hermann, P. Dubois, Ultrastructure of sea urchin
calcified tissues after high pressure freezing and freeze substi-
tution, J. Struct. Biol. 131 (2000) 116–125.

[2] J. Arends, Dislocations and dissolution of enamel. Theoretical
considerations, Caries Res. 7 (1973) 261–268.

[3] J. Arends, Mechanisms of dental caries, in: G.H. Nancollas
(Ed.), Biological Mineralization and Demineralization,
Springer-Verlag, Berlin, 1982, pp. 303–324.

[4] J. Arends, P.J. van der Berg, W.L. Jongebloed, Physicochimie
des apatites d’intérêt biologique, Colloq. Int. CNRS, Vol. 230,
1975, 389.

[5] Y. Bouligand, Sur une architecture torsadée répandue dans de
nombreuses cuticules d’Arthropodes, C. R. Acad. Sci. Paris,
Ser. D. 261 (1965) 3665–3668.

[6] Y. Bouligand, Sur l’existence de « pseudomorphoses
cholestériques » chez divers organismes vivants, J. Phys. 30
(C4) (1969) 90–103.

[7] Y. Bouligand, Aspects ultrastructuraux de la calcification chez
les Crabes, in: 7e Congr. Int. Microsc. Électr., Grenoble,
France, Vol. 3, 1970, pp. 105–106.

[8] Y. Bouligand, Twisted fibrous arrangements in biological
materials and cholesteric mesophases, Tissue Cell 4 (1972)
189–217.

[9] Y. Bouligand, Liquid crystalline order in biological materials,
in: A. Blumstein (Ed.), Liquid Crystalline Order in Polymers,
Academic Press, 1978, Chap. 8, pp. 261–297.

[10] Y. Bouligand, Les solides mésoporeux d’intérêt biologique,
L’Actualité chimique (juillet 2003) 4–15.

[11] E.F. Brès, J.C. Barry, J.L.A. Hutchinson, A structural basis for
the carious dissolution of the apatite crystals of human tooth
enamel, Ultramicroscopy 12 (1984) 367–372.

[12] W.J. Dakin, Pearls, Cambridge University Press, London,
1913.

[13] P. Davidson, P. Batail, J.C.P. Gabriel, J. Livage, C. Sanchez,
C. Bourgaux, Mineral liquid crystalline polymers, Progr.
Polym. Sci. 22 (1997) 913–936.

[14] P.S.B. Digby, Semi-conduction and electrode processes in
biological material. I. Crustacea and certain soft-bodied
forms, Proc. R. Soc. Lond. B 161 (1965) 504–525.

[15] P.S.B. Digby, Calcification and its mechanism in the shore-
crab, Carcinus maenas (L.), Proc. Linn. Soc. Lond. 178
(1967) 129–146.

[16] P.S.B. Digby, Mobility and crystalline form of the lime in the
cuticle of the shore crab, Carcinus maenas, J. Zool. 154
(1968) 273–286.

[17] P. Drach, Mue et cycle d’intermue chez les Crustacés Décapo-
des, Ann. Inst. Océanogr. 19 (1939) 103–391 Monaco, Paris.

[18] E. Dudich, Systematische und biologische Untersuchrungen
über die Kalkeinlagerungen der Crustaceenpanzers, in pola-
risierten Lichte, Zoologica 30 (H. 80) (1931) 1–154.

[19] Y. Dupuis, P. Fournier, Lactose and the absorption of calcium
and strontium, in: R.H. Wasserman (Ed.), The Transfer of
Calcium and Strontium across Biological Membranes, Aca-
demic Press, New York, 1963, pp. 277–293.

[20] Y. Dupuis, S. Tardivel, A. Digaud, P. Fournier, The influence
of phosphorylable molecules in calcium transfer in the rat
ileum, Life Sci. 26 (1981) 899–906.

[21] P. Fournier, L’effet protecteur du lait (lactose) vis-à-vis de la
résorption du squelette de la ratte allaitante, C. R. Hebd. Acad.
Sci. Paris 238 (1954) 391–393 & 509–511.

[22] P. Fournier, Y. Dupuis, Épaississement généralisé du squelette
sous l’effet de l’administration continuelle de lactose, C. R.
Hebd. Acad. Sci. Paris 258 (1964) 3089–3091.

[23] A. Frey-Wissling, Submicroscopic Morphology of Proto-
plasm, Elsevier, Amsterdam, 1953.

[24] J. Garside, Nucleation, in: G.H. Nancollas (Ed.), Biological
Mineralization and Demineralization (Dahlem Konf., Life
Sci. Rep), 23, Springer-Verlag, Berlin, 1982, pp. 23–35.

[25] A. Giard, Recherches sur les Ascidies composées ou Synasci-
dies, Arch. Zool. Exp. Gén. 1 (1872) 1–204.

[26] M.-M. Giraud-Guille, Twisted liquid crystalline supramolecu-
lar arrangements in morphogenesis, Int. Rev. Cytol. 166
(1996) 59–101.

627Y. Bouligand / C. R. Palevol 3 (2004) 617–628



[27] M.-M. Giraud-Guille,Y. Bouligand, Crystal growth in a chitin
matrix: the calcite development in the crab cuticle, in:
Z.S. Karnicki, A. Wojtasz-Pajak, P.J. Bykowski, M.M. Brzeski
(Eds.), Chitin World, Wirtschaftsverlag N.W., 1994, pp. 136–
144.

[28] B.E.S. Günning, The greening process in plastids. 1. The
structure of the prolamellar body, Protoplasma 60 (1965)
111–130.

[29] P. Harting, Étude microscopique des précipités et de leurs
métamorphoses, Bull. Soc. Phys. Nat. Néerl. (1840).

[30] P. Harting, Recherches de morphologie synthétique sur la
production artificielle de quelques formations calcaires orga-
niques, Mém. Acad. Sci. Amsterdam, Math.-Phys (1872) XIV.

[31] G. Le Métayer-Levrel, S. Castanier, G. Orial, J.-F. Loubière,
J.-P. Perthuisot, Applications of bacterial carbonatogenesis to
the protection and regeneration of limestone in buildings and
historic patrimony, Sediment. Geol. 126 (1999) 25–34.

[32] J. Livage, Chimie douce: from shake-and-bake to wet chem-
istry, New J. Chem. 25 (2001) 1.

[33] S. Mann, G.A. Ozin, Synthesis of inorganic materials with
complex form, Nature 382 (1996) 313–318.

[34] K. Märkel, Wachstum des Coronarskeletes von Paracentrotus
lividus Lmk. (Echinodermata, Echinoidea), Zoomorphologie
82 (1975) 259–280.

[35] H. Metzger, La Genèse de la science des cristaux, A. Blan-
chard, Paris, 1969.

[36] F. Monniot, Les spicules chez les tuniciers aplousobranches,
Arch. Zool. Exp. Gén. 111 (1970) 303–312.

[37] H.-U. Nyssen, Crystal orientation and plate structure in echi-
noid skeletal units, Science 166 (1969) 1150–1152.

[38] S. Oliver, A. Kuperman, N. Coombs, A. Lough, G.A. Ozin,
Lamellar aluminophosphates with surface patterns that mimic
diatom and radiolarian skeletons, Nature 378 (1995) 47–50.

[39] R.N. Pienaar, The fine structure of Hymenomonas
(Cricosphaera) carterae. II. The observations on scale and
coccolith production, J. Phycol. 5 (1969) 321–331.

[40] (a) R.N. Pienaar, Coccolith production in Hymenomonas
carterae, Protoplasma 73 (1971) 217–224 (b) R.N. Pienaar,
in: N. Watabe, K.M. Wilbur (Eds.), The Mechanisms of Min-
eralization in the Invertebrates and Plants, University of South
Carolina Press, Columbia, SC, 1974.

[41] M. Prenant, Formation extracellulaire des spicules calcaires
chez les Didemnidés, Bull. Soc. Zool. Fr. 48 (1923) 119–122.

[42] M. Prenant, Contributions à l’étude cytologique du calcaire. I.
Quelques formations calcaires du conjonctif des Gastéropo-
des. II. Sur les conditions de formation des spicules chez les
Didemnidés. III. Observations sur le déterminisme de la forme
spiculaire chez les larves Pluteus d’Oursins. IV. La vatérite
chez les animaux, Bull. Biol. Fr. Belg. 58 (1924) ; 59 (1925)
403-434 ; 60 (1926) 522–560 ; 62 (1928) 22–50.

[43] M. Prenant, Les formes minéralogiques du calcaire chez les
êtres vivants et le problème de leur déterminisme, Biol. Rev. 2
(1927) 365–393.

[44] M. Prenant, Les modes de calcification chez les animaux, 70e

Congrès des sociétés savantes, 1937, pp. 261–265.
[45] A. Rodriguez-Navarro, M. Rodriguez-Gallego, K. Ben Chek-

roun, M.T. Gonzalez-Muñoz, Conservation of ornemental
stones by Myxococcus xanthus-induced carbonate mineraliza-
tion, Appl. Environ. Microbiol. 69 (2003) 2182–2193.

[46] C. Sanchez, F. Ribot, Design of hybrid organic–inorganic
materials synthesized via sol–gel chemistry, New J. Chem. 18
(1994) 1007–1047.

[47] C. Sanchez (Ed.), Matériaux hybrides, OFTA et Masson,
Paris, 1996, 320 p.

[48] M. Sarikaya, An introduction to biomimetics, Microsc. Res.
Tech. 27 (1994) 360–375.

[49] W.-J. Schmidt, Die Bausteine des Tierkörpers in polarisierten
Licht, F. Cohen, Bonn, 1924.

[50] K.A. Selvig, Periodic lattice images of hydroxyapatite crystals
in bone and dental hard tissue, Calcif. Tissue Res. 6 (1970)
227–236.

[51] K. Simkiss, Phosphates as crystal poisons, Biol. Rev. 39
(1964) 487–505.

[52] K. Simkiss, K. Wada, Cultured pearls – Commercialised
biomineralisation, Endeavour, New Ser. 4 (1) (1980) 32–37.

[53] S.T.L. Simpson, B.E. Volcani (Eds.), Silicon and Siliceous
Structures in Biological Systems, 1, Springer Verlag, New
York, Heidelberg, Berlin, 1981, 587 p.

[54] W. D’Arcy Thompson, On Growth and Form, Cambridge
University Press, 1917 1942.

[55] A. Tixier-Durivault, Contribution à l’étude du métabolisme du
calcium et du fer chez l’Alcyonium palmatum, Ann. Inst.
Océanogr., N.S. 20 (5) (1940) 311–379.

[56] D.F. Travis, The deposition of skeletal structures in the Crus-
tacea. 5. The histomorphological and histochemical changes
associated with development and calcification of the branchial
exoskeleton of the crayfish Orconectes virilis Hagen, Acta
Histochem. 20 (1965) 193–222.

[57] A.-N. Vitzou, Recherches sur la structure et la formation des
téguments chez les Crustacés Décapodes, Arch. Zool. Exp. 10
(1882) 451–576.

[58] (a) K. Wada, Nature 211 (1966) 1427; (b) Wada, Fujinuki,
N. Watabe, K.M. Wilbur (Eds.), The Mechanisms of Mineral-
ization in the Invertebrates and Plants, University of South
Carolina Press, Columbia, SC, 1976.

[59] A. Williams, Spiral growth of the laminar shell of the brachyo-
pod Crania, Calcif. Tissue Res. 6 (1970) 11 (1970).

[60] J.R. Young, S.A. Davis, P.R. Bown, S. Mann, Coccoliths
ultrastructure and biomineralization, J. Struct. Biol. 126
(1999) 195–215.

[61] H. Zöcher, C. Török, Crystals of higher order and their relation
to other superphases, Acta Crystallogr. 22 (1967) 751–755.

628 Y. Bouligand / C. R. Palevol 3 (2004) 617–628


	The renewal of ideas about biomineralisations
	A primordial interface: minerals and life
	Ancient paradoxes and beliefs
	Minerals are present in most groups of living beings
	Early recognized properties of mineralised tissues
	Thick mineralised materials are produced by thin living sheets
	Accretive growth and intussusceptive growth
	Organic matrices

	Mineralised tissues observed at microscales
	Biominerals are highly structured composites
	Structures and textures in biominerals
	Mineralisation programs and factors
	Environment, physiology and mineralisation
	Nucleation and growth of biominerals
	Liquid crystals and biominerals
	Membranes are liquid crystalline
	Matrices originate from liquid crystalline sols or gels
	A fluid toolbox
	Some steps towards a ‘chimie douce’, the new challenge

	Biomineralisations as model systems for molecular genetics

	Acknowledgements
	References

