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1 INTRODUCTION

Biominerals are found in all major phyla. They are involved in basic
biological functions such as structural and mechanical devices, acid-base
buffering systems, ion reservoirs and detoxification (Simkiss 1980,
Lowenstam 1981). Biominerals are formed either extracellularly or intracel-
lularly. In triploblastic metazoans, they are built up either by ectodermal or by
mesodermal tissues, a difference that could indicate their polyphyletic origin
(for discussion of the evolution of biomineralization, see Lowenstam &
Weiner 1983).

Biomineralization results from complex physicochemical interactions (for
review, see Mann 1983). Two main processes of biomineralization are
recognized, viz. the biologically induced process and the biologically con-
trolled process (Lowenstam 1981, Mann 1983). It should be clear, however,
that these two processes are the limits of a continuous spectrum in which the
organism exercises increasing control over the properties of the mineral to be
deposited (Lowenstam & Weiner 1983).

The biologically induced process is the ‘primitive stage’ of biomineraliza-
tion (Lowenstam 1981). The mineral is formed under minimal biological
control as a result of interactions between the activity of the organism and the
surrounding physical environment, i.e. between biologically produced meta-
bolites and cations present in the external environment. The mineral is
formed without the elaboration of any organic matrix and displays crystal
properties similar to those formed by inorganic processes. Such a process is
widespread among the monerans and also occurs in some green and red algae
(Lowenstam & Weiner 1983).

The biologically controlled process — or matrix mediated process — of
biomineralization is under strict genetic control. An organic matrix always
occurs (the organic matrix is defined as ‘any localized surface comprising
organic constituents such as lipids, proteins, and carbohydrates, which acts as
a mediator of mineralization in biological systems’; see Mann 1983). This
matrix acts as a mediator in facilitating and regulating both nucleation and
crystal growth by offering mechanical support, limiting the volume and
constructing an organic framework or mold. Ions are actively introduced into
the organic matrix where crystal formation and growth is induced
(Lowenstam 1981, Mann 1983). The biologically controlled process results
in minerals with well-defined properties, often in disequilibrium with the
external physicochemical conditions (Lowenstam & Weiner 1983). It occurs
in most eukaryotic phyla.

Three levels of regulation (viz. chemical, spatial and structural) may be
defined in the biologically controlled process of biomineralization depending
on how the organic matrix is involved (Mann 1983). At the chemically
controlled level, the organic matrix is simply a membrane limiting a vesicle.
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This allows control of the level of supersaturation of major ions, the concen-
tration of coprecipitating ions and the level of accelerator/inhibitor molecules
at the mineralizing sites. There is no need for an organic matrix to be present
within the deposited minerals at this level. In contrast, the organic matrix
plays a leading role in both the spatially and the structurally controlled levels.
At the spatially controlled level, the organic matrix forms a tri-dimensional
framework which acts either by limiting volumes in which numerous minera-
lization sites are promoted, or as a meshwork that orientates growth or
aggregation of crystallites. As a consequence, at the spatially controlled
level, the organic matrix pervades the whole mineral deposit. At the struc-
turally controlled level, the organic matrix is a two-dimensional net which
determines both the crystallographic structure and the orientation of growing
minerals through interfacial interactions. At this latter level of control, the
organic matrix intimately contacts the mineral phase — eventually through
ionic bonds —but can only surround it.

Echinoderms deposit only a few biominerals, namely, high-magnesium
calcite (making the endoskeleton), protodolomite (in the consolidated part of
echinoid teeth), amorphous hydrous ferric phosphate and opal (in dermal
granules of molpadiid holothuroids) (Chave 1952, Schroeder et al. 1969,
Lowenstam & Rossman 1975); weddelite and ilmenite have also been
reported incidentally (Lowenstam & Weiner 1983). Almost all investigations -
have been devoted to the principal biomineral deposited by echinoderms, i.e.
the high-magnesium calcite making the endoskeleton.

The echinoderm endoskeleton is of mesodermal origin, a fact that
markedly distinguishes the phylum from most other invertebrate phyla and
unites it with the Chordata. The skeleton of postmetamorphic echinoderms
basically consists of single elements — the ossicles — bound together by
connective and/or muscular fibres and which form the integument skeleton
(including the outer appendages and the jaw apparatus). The ossicular
structure is highly characteristic in that each ossicle consists of a tridimen-
sional mineral network (the so-called stereom; Plate 1A) which delimits an
internal and complementary network filled by connective tissue (the so-
called stroma; Plate 1B). Simpler skeletal elements (or spicules) also exist,
however. They build up the larval skeleton (e.g. the pluteus skeleton), and are
seen in the holothuroid body-wall (most holothuroids lack intra-
integumentary calcareous plates), as well as in the connective tissue layer of
some organs of postmetamorphic individuals (viz. ambulacral organs,
gonads or digestive organs).

The present review is devoted to calcification mechanisms of echino-
derms. Calcification will be addressed in regard to the cellular and molecular
aspects, such as the relationships between the mineral phase and the forming
cell, the question of the organic matrix, the nucleation and growth of calcite,
the regulation and dynamics of the incorporation of involved ions, and the
fate of calcite after formatign.
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2 THE SKELETON FORMING-CELL AND ITS RELATIONSHIPS TO
THE MINERAL PHASE

2.1 The skeleton-forming cell of larvae

The larval skeleton of echinoderms consist of rods which serve supporting
functions; these rods are largely resorbed during metamorphosis. Only
ophiuroids and echinoids develop an actual larval skeleton. It is well establ-
ished that the skeleton-forming cells of larvae are the primary mesenchyme
cells, i.e. the cells that migrate into the blastocoel just prior to gastrulation
(however, in larvae of cidaroid echinoids, the migration of the skeleton-
forming cells seems to occur later, i.e. after the mid-gastrula stage; Schroeder
1981). The skeleton-forming cells of echinoderm larvae have been investi-
gated only in echinoid larvae (pre-1960 studies dealing with the formation of
the larval skeleton were reviewed by Okazaki 1960). Bevelander & Nakahara
(1960) reported that initial spicular growth takes place within the cell body of
a single mesenchyme cell. They reported, moreover, that spicular growth
goes on extracellularly as soon as the rudiment becomes triradiate. This
proposal, however, has been rejected by most authors who agree that spicule
formation results from a syncytium in which several primary mesenchyme
cells are involved (see, e.g. Okazaki 1960, 1965, 1975a, Wolpert & Gustaf-
son 1961, Gustafson & Wolpert 1961). According to them, primary mesen-
chyme cells gather together to form two cell aggregates and at least four cell
chains (Fig. 1). The cell aggregates lie in the basal part of the embryo on both
sides of the archenteron, while the cell chains occur above the aggregates
(one longitudinal cell above each aggregate) and between the aggregates
(two latitudinal cell chains surrounding the archenteron and located in the
spaces separating the two aggregates). As soon as the aggregates are formed
their cells send out pseudopodia that progressively fuse together and form
two central triangular hyaloplasmic areas (one area in each aggregate) (Fig.
2A-C). The two rudiments of the larval skeleton develop (as a small calcare-
ous granule) within each triangular area (the so-called skeletal envelope; see
Okazaki 1960). The granules then increase in size and take a triradiate shape
(Fig. 2D-E). The cells grouped in chains behave similarly to those of the
aggregates, i.c. they send out pseudopodia that also fuse together forming a
pseudopodial strand in which local enlarged hyaloplasmic areas occur (Fig.
2C-E). As soon as the rudiment becomes triradiate, the extremities of the
strands adjacent to the aggregates fuse with the closest corer of the triangu-
lar areas (Fig. 2E). This results in an increase of the skeletal envelope in
which the spicule will extend. The growing spicules thus always lie — at least
until the late endotrophic stage of the pluteus — within the cytoplasm of the
syncytium formed by the pseudopodia of the primary mesenchyme cells.
When cultured in vitro, isolated primary mesenchyme cells or their
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Figure 1. Location of the primary mesenchyme cells forming aggregates and chains in the
euechinoid embryo (A, adapted from Hyman 1955; B and C, adapted from Okazaki
1975a). A. Late gastrula stage (ventral view) showing the two aggregates with spicules,
the two longitudinal cell chains and the ventral cell chain. B. Late gastrula stage:
cross-section showing the location of the aggregates as well as the ventral and dorsal cell
chains. C. Late gastrula stage: front view of a mesenchymal cell aggregate with its
triangular hyaloplasmic area (enclosing the triradiate spicule) topped by its correspond-
ing cell chain. a: mesenchymal cell aggregate; d: dorsal cell chain; e: ectoderm; g:
archenteron; h: hyaloplasmic area of a mesenchymal cell aggregate; 1: longitudinal cell
chain; s: spicule; sm: secondary mesenchyme; v: ventral cell chain.
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precursors (i.e. micromeres) also form larval spicules (Okazaki 1975b,
Harkey & Whiteley 1980, Kitajima & Okazaki 1980). As observed in vivo,
the cells gather together and form aggregates and chains (however, they do
not show the definite spatial arrangement observed in whole larvae). The
spicule rudiment appears in the hyaloplasmic area formed by some cell
aggregates and develops either into a triradiate spicule or into a linear rod.
The spicule then extends into the pseudopodial strand(s) formed by the
adjacent cell chains (Okazaki 1975b).

TEM observations have shown that the spicule growing in vivo is enclosed
in a membrane-bound vacuole (i.e. the calcifying vacuole) which is itself
located within the cytoplasm of the pseudopodial syncytium (i.e. skeletal
envelope) (Gibbins et al. 1969, Millonig 1970). As previously reported by
Okazaki (1960), it is noteworthy that growing spicules always occur in
enlarged pseudopodial extensions, and not in the cell bodies themselves, the
latter being in contact with the former through thin pseudopodial processes.
Although Kerkis & Isaeva (1984) reported that, in some in vitro cultured
primary mesenchyme cells, spicules lay directly within the cell body, Decker
et al. (1987) clearly showed that in vitro spiculogenesis also occurs within a
pseudopodial syncytium built by cultured cells. Contrary to what was ob-
served on in vivo growing spicules, the pseudopodial syncytium surrounding
the in vitro growing spicules seems to be sometimes discontinuous (Decker et
al. 1987). If this is true, in vitro growing spicules are thus topographically
extracellular. In support of that, Decker er al. (1987) showed that the
membrane impermeant conjugate of ConA-gold binds to the internal
membrane of the calcifying vacuole whereas it is not seen within the
cytoplasm of the primary mesenchyme cells.

The inner surface of the calcifying vacuole is covered by an electron-dense
material whose aspect depends on the fixation method (when using the
Millonig’s method, it seems to be structured in a coherent layer) (Gibbins et
al. 1969, Millonig 1970, Decker et al. 1987). As for the cytoplasm of the
pseudopodial syncytium, it includes mitochondria, double vesicles, coated
vesicles, microtubules (parallel to the pseudopodial axis) and free ribosomes
(Gibbins et al. 1969, Millonig 1970). The coated vesicles that are located
close to the calcifying vacuole contain material similar to that found in the
calcifying vacuole. The main organelles of the cell bodies are a well-
developed juxtanuclear Golgi complex and short segments of rough endopla-
smic reticulum (RER) (Gibbins et al. 1969). Cultured primary mesenchyme
cells prepared by freeze substitution methods show electron-dense deposits
in their perinuclear region, mitochondria, RER cisternae, and ‘smooth-
surface’ vesicles. X-ray probe analysis demonstrated that these deposits
contain high levels of calcium (Decker et al. 1987).
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Figure 2. Formation of a cell aggregate and its corresponding longitudinal cell chain
(adapted from Okazaki 1975a). A. The primary mesenchyme cells gather together in an
aggregate. Note the numerous thin pseudopodia. B. Some of the pseudopodia of the
aggregating cells fuse together and form enlarged hyaloplasmic masses within the

pseqdopodia.
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Figure 2 (cont.). C. The hyaloplasmic masses of the aggregate fuse together and form a
triangular hyaloplasmic area. Other mesenchyme cells align themselves in a longitudinal
cell chain and begin to form hyaloplasmic masses. D. The granular rudiment of the
primary larval spicule appears at the center of the triangular hyaloplasmic area. The
primary mesenchyme cells of the longitudinal cell chain increase the number of connec-
tions. E. The spicular rudiment develops into a triradiate spicule. The longitudinal cell
chain develops a pseudopodial strand with locally enlarged hyaloplasmic areas. Note the
connection of the hyaloplasmic area surrounding the spicule with the longitudinal
pseudopodial strand (arrow).
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2.2 The skeleton-forming cell of postmetamorphic echinoderms

The skeleton-forming cell of postmetamorphic echinoderms has been in-
vestigated in newly formed ossicles, regenerating ossicles, and fully develop-
ed ossicles (Table 1).

2.2.1 Newly formed ossicles

The formation and growth of new postmetamorphic ossicles were studied by
Woodland (1906, 1907a, b) in all classes of echinoderms except asteroids.
Woodland’s observations were performed on non-decalcified material, viz.
thick histological sections containing whole developing ossicles or in toto
preparations. He reported that the ossicle rudiment appears either in a single
cell (crinoids, echinoids and ophiuroids) or in a syncytium (holothuroids).
When appearing within a single cell (the scleroblast), the rudiment has a
granular shape and progressively develops into a triradiate spicule. At the
triradiate stage the slceroblast nucleus undergoes its first division and the
cytoplasm increases in size without subsequent cell division. The spicule
then grows by successive bifurcations and anastomosis giving a typical
stereomic unit. This unit develops into a syncytial mass resulting from
numerous nuclear divisions, the nuclei being located at the periphery of the
syncytium. On the contrary, the first rudiment of holothuroids appears in a
preformed syncytium (Woodland 1906, 1907a, b). The granular rudiment
grows within the syncytium to form first a rod with two bifurcated extremi-
ties. The rod then develops into a stereomic unit by successive bifurcations
and anastomosis. There is almost no nuclear division in the syncytium during
the development of holothuroid spicule.

TEM studies show that some holothuroid spicules are surrounded by a
seemingly continuous cytoplasmic sheath while others are only surrounded
by small cytoplasmic vesicles, leaving the spicules in contact with the
extracellular matrix (Stricker 1985, 1986). According to Stricker, the latter
are fully developed spicules (see Part 2.2.3) while the former are developing
spicules. The cytoplasmic sheath of developing spicules is part of the
syncytial pseudopodia produced by adjacent sclerocytes. The spicule would
thus be enclosed in a vacuole within the syncytial pseudopodia, and its early
development would be, as a consequence, intracellular (Stricker 1985, 1986).
The cytoplasmic sheath is separated from the spicule by a thin layer of
flocculent material (Stricker 1985). It contains only mitochondria while the
sclerocyte cell body has numerous mitochondria, free ribosomes, a few Golgi
bodies and cisternae of RER. An electron-dense boundary layer surrounds
the membrane of the sclerocyte cell body (Stricker 1985, 1986).

Woodland’s descriptions of developing holothuroid spicules probably
corresponds to Stricker’s observations, the pseudopodia being inconspicuous
with the low resolution methods used by Woodland. The morphological
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Table 1. Studies on the skeleton-forming cells of postmetamorphic echinoderms

A.NEWLY FORMED OSSICLES
Crinoidea
Antedon bifida (ossicle)
Echinoidea
Echinus esculentus (ossicle)
Eucidaris tribuloides (tooth)
Lytechinus variegatus (tooth)

Paracentrotus lividus (tooth)
Ophiuroidea
Amphipholis squamata (as Amphiura elegans)
(ossicle)
Ophiothrix fragilis (ossicle)
Holothuroidea
Cucumaria miniata (spicule)
Cucumaria sp. (spicule)
Eupentacta quinquesimita (spicule)
Leptosynapta clarki (spicule)
Leptosynapta inhaerens (spicule)
Leptosynapta makrankyra (as Synapta hispida)
(spicule)
Labidoplax digitata (spicule)
Ocnus lactea (as Cucumaria brunnea) (spicule)
Thyone fusus (spicule)

B. REGENERATING OSSICLES

Echinoidea
Eucidaris tribuloides (spine)
Strongylocentrotus droebachiensis (test)
Strongylocentrotus intermedius (test and spine)
Strongylocentrotus purpuratus (spine)

C. FULLY DEVELOPED OSSICLES
Crinoidea
Comanthus japonica (stalk ossicle)
Democrinus conifer (stalk ossicle)
Florometra serratissima (arm ossicle)
Metacrinus rotundus (stalk ossicle)
Echinoidea
Echinus esculentus (spine)
Eucidaris tribuloides (spine)
Ophiuroidea
Ophioderma longicauda (scale)
Holothuroidea
Eupentacta quinquesimita (spicule)
Leptosynapta clarki (spicule)
Pentamera sp. (spicule)
Psolidium bullarum (spicule)
Stichopus californicus (spicule)

Woodland 1907a

Woodland 1907a

Markel ez al. 1986

Chen & Lawrence 1986a, Veis
etal. 1986

Prenant 1926, Kniprath 1974

Woodland 1907a
Woodland 1907a

Stricker 1986
Woodland 1906
Stricker 1986
Stricker 1985, 1986
Woodland 1907b
Woodland 1907a

Woodland 1907a, b
Woodland 1906
Woodland 1906

Mirkel & Roser 1983a

Kindred 1924, Vocisano 1971
Shimizu & Yamada 1976, 1980
Heatfield & Travis 1975a

Grimmer ez al. 1984a
Grimmer ez al. 1984b
Holland & Grimmer 1981
Grimmer et al. 1985

Pilkington 1969
Mirkel & Roser 1983a

Mirkel & Roser 1985

Stricker 1986
Stricker 1985
Stricker 1986
Stricker 1986
Stricker 1986
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relationships between the stereom and the associated cells are indeed very
difficult to distinguish in histological preparations (see, e.g. Vocisano 1971).
The same interpretation could be valid for ossicles of other classes investi-
gated by Woodland.

The echinoid tooth grows continuously, being abraded at its chewing tip
and formed at its aboral tip (the plumula). It is made of many homologous
plates (the primary plates) arising in the plumula as separate units and
producing several extensions during their formation (viz. the lamellae,
needles and secondary plates) (see, e.g. Markel 1970). The primary plates are
solid and do not show the classical stereomic structure of other echinoderm
ossicles. The plates (as well as their extensions) are bridged and cemented
together during a second stage of calcification by the so-called calcareous
discs. From this process results the functional rigid structure of the mature
echinoid tooth. The precursors of the skeleton-forming cells (i.e. the preo-
dontoblasts) are densely packed in the very end of the plumula where they
actively proliferate (Holland 1965). The preodontoblasts produce thin pseu-
dopodia filled with longitudinal microtubules. They bear a cilium provided
with a complex ciliary apparatus. Golgi complexes and lipoid membrane-
bound bodies are the more conspicuous organelles (Markel et al. 1986).
When developed into odontoblasts, the skeleton-forming cells align in paral-
lel rows and form pseudopodial syncytia that probably arise from the fusion
of the preodontoblast pseudopodia. The cell bodies remain distinct and the
calcifying vacuoles are formed within the fused pseudopodia, being sur-
rounded by a very thin cytoplasmic sheath (Fig. 3a) (Prenant 1926, Kniprath
1974, Chen & Lawrence 1986a, Mirkel er al. 1986). Before mineralization
starts, a fibrillar reticular structure partly fills the calcifying vacuole (Kni-
prath 1974, Mirkel et al. 1986). The formation of the very first crystallites
have not been described but the cytoplasmic sheath that surrounds the
youngest plates is separated from the calcite by a vacuolar space (Fig. 3a).
This indicates that mineralization has begun in the center of the vacuole and
is thus centrifugal (Markel es al. 1986). On the contrary, Kniprath (1974)
claimed that the first crystallites appear in close contact with the vacuolar
membrane and that calcification is centripetal. (Kniprath’s TEM micro-
graphs showed a row of crystallites closely apposed to the membrane of an
otherwise empty vacuole.) These interpretations will be discussed in Part
3.2,

The calcite of the plate is sheathed by granular to amorphous material up to
45 nm thick (the matrix coat) (Kniprath 1974, Mirkel et al. 1986). The matrix
coat (and the calcifying vacuole) extends beyond the previously deposited
calcite, indicating that it is synthesized before calcite formation. In these
areas, the matrix coat is loose and irregularly shaped (Mirkel ez al. 1986). It is
noteworthy that fibrillar reticular structure no longer occurs in the calcifying
vacuole as soon as mineralization is initiated (Kniprath 1974, Markel ez al.
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Figure 3. Schematic representation of the sclerocytes associated with primary plates of an
echinoid tooth (A, adapted from Kniprath 1974; B, adapted from Markel ez al. 1986). Not
to scale. A. Growing plate: intracellular stage. B. Plate with an extracellular fully
developed part and a still growing part separated from the extracellular matrix by gaskets.
cb: cell body of the sclerocyte; dp: distal process; e: extracellular matrix; g: gasket; pl:
primary plate; s: pseudopodial sheath; v: vacuolar space.
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1986). The only structures in the vacuolar space are ‘thin-walled’ vesicles
(membrane-bound?) which become detached from the vacuolar membrane
(Markel er al. 1986). Their actual function remains unknown. The pseudo-
podial cytoplasmic sheath contains glycogen o-particles, microtubules and
Golgi-like vesicles (Kniprath 1974, Markel ez al. 1986). The latter are formed
at the growing front of the vacuole and are supposed to fuse with it (Kniprath
1974). Cell bodies show perinuclear Golgi complexes, numerous vesicles,
mitochondria, cisternae of RER, homogenous granules (lipid droplets?) and
glycogen o-particles (Kniprath 1974, Chen & Lawrence 1986a, Mirkel et al.
1986, Veis et al. 1986). The odontoblasts no longer have cilia and the ciliary
apparatus is converted to centrioles. During the calcification process the
calcifying vacuoles increase and ramify, producing the characteristic projec-
tions of the primary plates (viz. the lamellae, needles and secondary plates).
Increase in size of the calcifying vacuoles occurs together with a progressive
incorporation of new odontoblasts in the pseudopodial syncytium (Kniprath
1974, Chen & Lawrence 1986a, Mirkel et al. 1986). The not yet incorporated
odontoblasts are aligned with those already engaged in the syncytium,
prefiguring the shape of the future calcifying vacuole (Markel et al. 1986).
Formation of plates and plate projections is thus a wholly intracellular
process (Kniprath 1974, Markel et al. 1986). However, fully developed parts
of the plates are no longer covered by a continuous cytoplasmic sheath (see
Kniprath 1974, Figs 5and 7, and Veis et al. 1986*, Fig. 3; Mirkel ez al. 1986).
The latter has seemingly split (by fusion of the vacuolar membrane with the
cytoplasmic membrane?) leaving the so-called distal processes at the calcite
surface (see Part 2.2.3) (Fig. 3b). As a consequence, the skeletal element
becomes extracellular. On the other hand, the integrity of the calcifying
vacuole in still growing areas of the same plates is maintained by ‘gaskets’
which closely attach the pseudopodia to the calcite (Markel ez al. 1986).

The calcareous discs which cement the plates together seem to be pro-
duced by the same odontoblasts that are involved in the first stage of
calcification. These odontoblasts would restore (at least partially) the conti-
nuity of the cytoplasmic sheath before reinitiating calcification (Markel et al.
1986). According to the micrographs of Markel et al., the plates remain
extracellular, the calcifying sites alone being preserved by a continuous
sheath and tightened by gaskets. Otherwise, the process of disc formation is
similar to the formation of the tooth elements (Markel et al. 1986).

*Veis et al. (1986) mistook the matrix coat for a vacuolar membrane.

Plate 1. Stereom and stroma of the adambulacral spine of Asterias rubens (original). A.
SEM-view of a proteinase-cleaned spine showing the tridimensional arrangement of the
stereom. B. Longitudinal semi-thin section through a decalcified spine. e: epidermis; s:
stroma; st: white areas corresponding to the decalcified stereom.
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Plate 2. Effect of intrastereomic organic material of Asterias rubens (EDTA-soluble
fraction) on crystal decoration of fractured adambulacral spines of the same species
(SEM micrographs). A, B. Calcite crystals epitaxially grown on broken trabeculae, in the
absence of organic material (A), and in the presence of 100 pg/ml of intrastereomic
organic material (B). Insets: high magnification of the epitaxially grown crystals, Scale
bar 1 um. C, D. Calcite crystals nucleated in the decorating solution (and loosely adsorbed
on the stereomic element, see Dillaman & Hart 1981), in the absence of organic material
(C), and in the presence of 100 pg/ml of intrastereomic organic material (D).



2.2.2 Regenerating ossicles

As reported by several authors, regeneration of the echinoid test occurs
within a membrane — the so-called healing membrane — built up by syncytial
leucocytes (viz. the so-called bladder amoebocytes). Stereom formation
occurs in a scattered way within the syncytium, leading to the formation of
several platelets (Kindred 1924, Vocisano 1971, Shimizu & Yamada 1976).
Calcification occurs in vacuoles which include small crystallites, granular or
amorphous material, and several small Golgi-like vesicles. After partial
decalcification, the crystallites sometimes leave membranous structures in
parallel array (Shimizu & Yamada 1976). Besides calcifying vacuoles, the
cytoplasm contains numerous secondary lysosomes, mitochondria with
dense granules, and well-developed perinuclear Golgi complexes having
numerous associated vesicles. Numerous free ribosomes and glycogen o-
particles are seen during the initial stages of calcification (Shimizu & Yamada
1976).

Spherulous cells also occur in the healing membrane (Kindred 1924,
Vocisano 1971, Shimizu & Yamada 1976). According to Vocisano (1971)
many of these cells are degenerating and in process of being absorbed by
leucocytes, especially in areas actively engaged in calcite deposition. He
noted, moreover, that crystallites arise in vacuoles that result from the
phagocytosis of spherulous cells by leucocytes. This phenomenon, however,
was not reported by subsequent authors.

Further growth of the crystallites is thought to take place within the
syncytium, at least until the initial stage of formation of trabeculae. Accord-
ing to Shimizu & Yamada (1980), early trabeculae are surrounded only by
thin cytoplasmic extensions of the syncytium. They reported that in some
places these extensions are discontinuous and that the mineral phase thus
becomes extracellular. They suggested that this is caused by the fusion of
both the vacuolar and the plasma membranes so that only the growing tips of
the trabeculae remain covered by cytoplasmic processes. This is, however,
wholly speculative as no electron micrographs of these important events
were published in the case of the regeneration echinoid test (Vocisano 1971,
Shimizu & Yamada 1980).

In regenerating echinoid spines, the deposition of calcite begins on the
fractured surface of the initial trabeculae (Heatfield 1971a). Initial calcite
deposition consists of microspines that rapidly form thin trabeculae. The
sclerocytes (or calcoblasts) are the only cells which closely contact the
growing trabeculae. They produce thin pseudopodia that tightly surround the
trabeculae, forming the so-called skeletal sheath (Heatfield & Travis 1975a,
Mirkel & Roser 1983a) (Fig. 4). Two cell bodies may be connected with the
same skeletal sheath, which may be thus syncytial. It should be said,
moreover, that the skeletal sheath surrounds only the growing tip of the
trabeculae. As a consequence, no cytoplasmic structure separates the under-
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Figure 4. Schematic representation of the sclerocyte associated with the growing tip of a
trabecula in a regenerating echinoid spine (adapted from a micrograph of Heatfield &
Travis 1975a). cb: cell body of the sclerocyte; ch: tubular extracellular channel; e:
extracellular matrix; s: skeletal sheath; t: growing tip of the trabecula.
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lying calcite from the extracellular matrix along most of the trabecular length.
Calcification in regenerating echinoid spines is thus topographically extracel-
luar (Heatfield & Travis 1975a, Markel & Roser 1983a). To the contrary,
Shimizu & Yamada (1980) reported that the first crystallites appear in
vacuoles within the sclerocytes. According to them, growth of the crystallites
(and of the calcifying vacuoles) induces in places the fusion of the vacuole
and of the plasma membrane. As a result, these early trabeculae (more than
10 pm long) become outside the calcifying vacuoles and thus can fuse with
the stub. Subsequent growth would take place by the extracellular processes
described by Heatfield & Travis (1975a). This interpretation, however, is
totally inconsistent with Heatfield’s (1971a) SEM observations of the rege-
nerating spine. It is clear from Heatfield’s micrographs that the initial minute
microspines grow directly from the trabeculae of the stub.

Longitudinal sections through regenerating spines show that the skeletal
sheath occurs several microns ahead of the trabecular tip, enclosing a
dead-end tubular channel beyond the trabecular tip (Heatfield & Travis
1975a) (Fig. 4). This tubular (extracellular) channel is not calcified. It
contains a homogeneous non-electron dense material, and sometimes
filamentous material located near the mineral surface. Moreover, the deposit-
ed calcite is covered by a continuous electron-dense material, called the
trabecular coat (Heatfield & Travis 1975a, Markel & Roser 1983a). The
cytoplasm of the skeletal sheath contains free ribosomes, mitochondria and
vesicles, while the cell body contains a well-developed and dilated Golgi
complex with associated vesicles (similar to that of the sheath) as well as
cisternae of RER, mitochondria, numerous free ribosomes and lipid droplets
(Heatfield & Trvis 1975a, Mirkel & Roser 1983a). An electron-dense
boundary layer — which is thought to be characteristic of the skeleton-forming
cell — surrounds the sclerocyte outside the plasma membrane (Mirkel &
Roser 1983a).

Heatfield & Travis (1975a) and Shimizu & Yamada (1980) reported the
occurrence of presclerocytes in regenerating spines. These cells are similar to
the sclerocytes but do not closely contact the growing trabeculae and have
numerous convoluted pseudopodia. They are often aligned near the active
growing tips of the regenerating spines, a location suggesting they are
precursors of sclerocytes.

2.2.3 Fully developed ossicles
The relationships between the sclerocytes and the fully developed stereom
have been investigated in echinoids, ophiuroids and holothuroids (Pilkington
1969, Markel & Roser 1983a, 1985, Stricker 1985, 1986) as well as, more
incidentally, in crinoids (Holland & Grimmer 1981, Grimmer ez al. 1984a, b,
1985). The situation is very similar in all the investigated classes.

The sclerocyte is the only cell which contacts the stereom. The cell body
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sends a few enlarged pseudopodia (the so-called ‘branches of cytoplasm’; see
Mirkel & Roser 1983a) which ramify into filiform and convoluted distal
pseudopodia (the distal processes) closely appressed to the trabeculae
(Markel & Roser 1983a, 1985, Grimmer et al. 1984a). Because of their
convoluted pathway, distal pseudopodia are generally seen in transverse
section and appear as small vesicles of about 100 mm in diameter. These
vesicles correspond to Pilkington’s ‘second order spherical bodies’ (the “first
order spherical bodies’ of Pilkington being transverse sections of the en-
larged part of the pseudopodia; see Mirkel & Roser 1983a).

In TEM sections of fully developed ossicles, sclerocyte cell bodies are
very scarce. Transversally sectioned distal pseudopodia are sometimes the
only signs of sclerocyte occurrence (Grimmer et al. 1984b, 1985, Stricker
1985, 1986). Fully developed ossicles thus have very broad contact areas
with the extracellular matrix and are typically extracellular. However, in all
studied species the stereom is always separated from the extracellular matrix
by a trabecular coat which was mistakenly considered by Pilkington (1969)
as a plasma mkembrane (see Markel & Roser 1983a). The trabecular coat is
hypothesized to be secreted by the sclerocytes and to be involved in the
maintenance of the flawless condition of the mineral, which is essential to
avoid stress concentration leading to a reduction in skeleton strength (Nichols
& Currey 1968, Heatfield & Travis 1975a).

Organelles are similar to those described in the sclerocytes of regenerating
spines. No organelles, however, are found in the distal pseudopodia. An
electron-dense boundary layer surrounds the cell body and the enlarged part
of the pseudopodia but does not occur along the distal pseudopodia (Markel
& Roser 1983a, 1985, Stricker 1985, 1986). That layer contains mucopoly-
saccharides, at least in ophiuroids (Markel & Roser 1985). A similar layer
also surrounds the fibrocyte-like cell type described in the ophiuroid stroma
(Markel & Roser 1985). These two cell types share a very similar ultrastruc-
ture — except for the pseudopodia — a fact that suggests that sclerocytes and
fibrocytes could have a common origin (Grimmer et al: 1984a, Markel &
Roser 1985).

2.3 Discussion

Both echinoid larval spicules and echinoid tooth plates clearly develop
intracellularly in a syncytium (at least in the early stage). Intrasyncytial
development seemingly occurs also in newly formed postmetamorphic
ossicles as well as in the regenerating test of echinoids. In contrast, skeletal
growth proceeds extracellularly during both regeneration of echinoid spines
and formation of tooth calcareous discs. It is noteworthy that larval spicules,
tooth plates, postmetamorphic ossicles and test regenerating plates are
ossicles which appear de novo. On the contrary, spine regeneration and
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calcareous disc formation start from a pre-existing skeleton. Furthermore, the
fully developed areas of the tooth plates as well as the stereom of fully
developed ossicles are typically extracellular. Considering the different
relationships that occur between sclerocytes and skeleton, the following
hypothesis can be proposed (expanded from the proposals of Shimizu &
Yamada 1980, Stricker 1985 and Mirkel et al. 1986). The rudiments of new
ossicles appear intrasyncytially (within a vacuole) and trabecular growth
proceeds inside the vacuole until a definite size. Extension of the calcifying
vacuole progressively reduces the size of the surrounding cytoplasmic
sheath, the vacuolar and plasma membranes becoming very close. Local
fusion of these two membranes causes the splitting of the cytoplasmic sheath
resulting in the formation of the distal processes (see 2.2.3) which surround
the now extracellular trabecula. Sclerocytes involved in growth will remain
at the edges of the ossicle, eventually preserving a locally continuous
cytoplasmic sheath, whereas those involved in ossicle maintenance will be
retained within the ossicle (i.e. in the stroma). Further growth at the edge of
the ossicle will be either continuously performed or easily resumed by the
sclerocytes that have preserved a locally continuous cytoplasmic sheath. For
secondary growth (e.g. trabecular thickening) or stereomic repair, sclerocytes
involved in maintenance either will resume their activity (as shown in the
echinoid tooth; Markel et al. 1986) or will multiply (as demonstrated in
regenerating echinoid spine; Heatfield 1971b). They will delimit an enclosed
space around the intact or broken trabecula in which mineralization takes
place. Whatever the case, an intracellular calcifying vacuole is no longer
needed because the pre-existing trabecula acts as a nucleus, favouring
crystallization. This also avoids the necessity of a subsequent fusion between
the newly deposited mineral and the existing trabecula.

The skeleton-forming cells of echinoderms share some general character-
istics. Whether the location of the calcifying site is intra- or extracellular, it
always appears to be a confined space (vacuole or tubular channel) originat-
ing from syncytial pseudopodia. Moreover, this space is always separated
from the surrounding plasma or vacuolar membranes by an electron-dense
material. In postmetamorphic ossicles, that electron-dense material is some-
times complemented by filamentous or membranous structures. Most authors
interpreted these materials as an organic matrix for crystallization; this will
be discussed in the next section.

The ultrastructural uniformity of the skeleton-forming cell must be
stressed. Besides the already quoted morphology of the calcifying space, the
following organelles occur in all skeleton-forming cells investigated:

— A well-developed juxtanuclear Golgi complex. That complex is sur-
rounded by vesicles which also occur close to the calcifying space. These
vesicles sometimes contain material similar to the electron-dense material
found within the calcifying space.
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- RER cisternae. They are always present in the cell body, being sometimes
plentiful and dilated.

— Mitochondria and free ribosomes. These organelles are always numerous,
being typically present in pseudopodia.

- Microtubules. They are often aligned in the pseudopodial axis.

The constant occurrence of such organelles led some authors to speculate
about the subcellular mechanisms of calcification (Heatfield & Travis 1975a,
Okazaki & Inoué 1976, Shimizu & Yamada 1976). They suggested that
molecules are first synthesized in the RER and then translocated to the Golgi
complex. Vesicles would bud off the Golgi cistenae and would migrate in the
pseudopodia near the calcifying space. Their contents would then be secreted
or incorporated into the calcifying space. This material would be basically
the organic matrix (Gibbins et al. 1969, Shimizu & Yamada 1976). These
presumptions received some confirmation as, according to Benson et al.
(1987), components of the spicule organic matrix were detected in the
endoplasmic reticulum and the Golgi complexes of primary mesenchyme
cells. Furthermore, a calcium-binding protein whose synthesis is correlated
with spiculogenesis, was detected in intracellular granules of the mesen-
chyme cells (Iwata & Nakano 1986). Finally, mitochondria, RER, and
‘smooth-surface’ vesicles were also suggested to be involved in calcium
transport within the skeleton-forming cells (Shimizu & Yamada 1976,
Decker et al. 1987).

Although the knowledge of organelles which occur in the skeleton-
forming cell is rather satisfactory, the relationships between sclerocytes and
the stereom during active mineralization remain poorly known. There is a
need for further studies on (1) the early stages of calcite deposition in both
intra- and extracellular growing skeleton, (2) the fate of the larval spicule
during the exotrophic stage of the pluteus (does it remain intrasyncytial?), (3)
the production and fate of the first rudiment of postmetamorphic ossicles (this
may be done either during metamorphic events or when new ossicles develop
in postmetamorphic individuals), and (4) the three-dimensional relationships
between sclerocytes and the stereom in both fully developed ossicles and in
regenerating ossicles.

3 THE ORGANIC MATRIX

Mann (1983) defined the organic matrix as any localized surface comprising
constituents such as lipids, proteins and carbohydrates which acts as a
mediator of mineralization in biological systems. Three structures fit this
definition in the calcification system of echinoderms, viz. the plasma or
vacuolar membrane of the calcifying site, the organic material surrounding
the mineral phase (i.e. the matrix or trabecular coat), and the intrastereomic
organic components.
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3.1 The membrane of the calcifying site

The membrane surrounding the calcifying site in echinoderms mediates
calcification by limiting the liquid volume at the mineralization site, regulat-
ing the supersaturation levels by active ion transport, and framing the shape
of the calcareous elements (namely the three most important functions of the
membrane matrix, Mann 1983).

Morphological evidence (see part 2.3) shows that calcification in echino-
derms always occurs in a confined space limited by either a plasma or a
vacuolar membrane that is generated by syncytial pseudopodia. The
membrane closely surrounds the calcifying site and must be necessarily
crossed by the ions involved in the mineralizing process (viz. calcium and
carbonate ions, mainly). These ions should also cross the cytoplasm of the
skeleton-forming cell or at least its pseudopodial component (this is obvious
in the case of intracellular calcification). The transport of calcium and
carbonate ions through primary mesenchyme cells of echinoid larvae would
involve several transport systems (viz. calcium channels in the plasma
membrane, a mitochondrial calcium pump, and a CI/HCO; ATPase in the
vacuolar membrane; see part 4). In echinoid teeth, carbonate ions are
supposedly transported through the vacuolar membrane of odontoblasts as
carbon dioxide, and then converted into bicarbonate ions by carbonic anhy-
drase at the calcifying site (Chen 1985). Autoradiographic studies suggest
that carbonic anhydrase is located on or in the vacuolar membrane of
odontoblasts (Chen & Lawrence 1986b).

The development and orientation of the calcifying space by the plasma or
vacuolar membrane precede mineral deposition in most echinoderm calcify-
ing systems. The shape of the so-defined space prefigures that of the calcare-
ous element and the membrane of the calcifying space is suggested to mold
the ossicle. In regenerating echinoid spines, the plasma membrane of the
skeletal sheath limits a microspine-shaped tubular channel which extends
ahead of the mineralizing front (Heatfield & Travis 1975a). Similarly, cal-
cification of echinoid teeth occurs in pseudopodial vacuoles whose shape and
ramifications correspond to those of the plates, lamellae, and needles (Kni-
prath 1974, Mirkel et al. 1986). In echinoid embryos, the relationships
between the calcifying vacuole and the shape of the spicule have been rather
intensively studied. According to Okazaki (1960, 1962) and Wolpert &
Gustafson (1961) the growth of the pseudopodial syncytia made by the
primary mesenchyme cells — as well as that of the associated calcifying
vacuoles — precedes and determines the growth of the spicule. Experimental
modification of the shape of pseudopodial syncytia induces corresponding
modifications in the shape of the spicule (Okazaki 1962). Moreover, when
micromeres (i.e. the potential mesenchyme cells) were exchanged between
embryos of different echinoid species, the spicules formed were always
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characteristic of the species from which the cells originated (von Ubisch
1937, 1939). According to Harkey & Whiteley (1980), the migration, differ-
entiation, and distribution pattemn of primary mesenchyme cells in aggregates
and chains are determined by both intrinsic and extrinsic factors. Among the
extrinsic factors are interactions with the blastocoel wall (see Harkey &
Whiteley 1980, for review) and with components of the extracellular matrix
of the blastocoel (Blankenship & Benson 1984, Miyachi et al. 1984, Katow
& Hayashi 1985, Iwata & Nakano 1985a, Katow 1986).

3.2 The trabecular coat

The trabecular coat consists of an electron-dense material lying between the
mineral component and the plasma or vacuolar membrane (see part 2.3). The
occurrence of such material has been demonstrated in almost all echinoderm
skeletal tissues. It is particularly conspicuous around larval spicules (Gibbins
et al. 1969, Millonig 1970, Decker et al. 1987) but also occurs as a thin layer
in echinoid teeth (Kniprath 1974, Mirkel er al. 1986), in regenerating
echinoid spines (Markel & Roser 1983a), in developing holothuroid spicules
(Stricker 1985), and in fully developed ossicles (Mirkel & Roser 1983a,
1985, Holland & Grimmer 1981, Grimmer et al. 1984a, b, 1985). The coating
material may be amorphous, granular or fibrous. Gibbins ez al. (1969) and
Millonig (1970) suggested that this material may represent, at least partly, the
organic matrix of the spicule. (Millonig proposed that the electron-dense
material surrounding the spicule is involved in a stimulation/inhibition
process of the spicular growth.) Kniprath (1974) claimed that the coating
material is ‘obviously’ an organic matrix for the tooth ossicle as the first
crystallites appeared in close contact with that material. He concluded that
mineral growth in the echinoid tooth is a process of epitaxial growth inside a
compartment (i.e. one of the structurally controlled processes of mineraliza-
tion). However, the epitaxy theory implies that a substrate acts as a lattice
template for the mineral overgrowth, controlling both the orientation and the
structure of the crystal (Mann 1983). Thus, epitaxial growth applied to
biomineralization supposes an atomic matching between the organic matrix
(the substrate) and the mineral phase. Actually nothing is known about the
atomic structure of the coating material, a knowledge that is essential to
decide whether or not epitaxial growth is possible. Furthermore, Kniprath
(1974) did not resolve the objection of Towe (1972; see also Mann 1983),
namely that when epitaxial growth occurs within a compartment some parts
of the wall of the compartment have to be active and some other parts inactive
in order to avoid incoherent development of the mineral nuclei. Actually the
crystallites shown by Kniprath grow over the entire wall of the calcifying
vacuoles (a fact that led him to suggest a centripetal growth process). Markel
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et al. (1986) also suggested a matrix role for the coating material. They
pointed out (1) that the coating material is always formed prior to calcite
deposition, and (2) that it does not contact the vacuolar membrane surround-
ing developing ossicles while it contacts the vacuolar membrane in apparent-
ly fully developed ossicles. From these observations, Mirkel et al. (1986)
suggested that the coating material acts as an organic matrix, initiating crystal
growth at the center of the calcifying vacuole, and that its activity is
controlled by the cytoplasmic sheath, calcite deposition stopping when the
coating material touches the vacuolar membrane.

Ultrastructural studies of echinoid larval spicules (Benson et al. 1983)
questioned the very significance of the coating material. Benson et al.
showed that the whole spicule is permeated by a fibrous organic material in
the form of interconnected concentric sleeves. As a consequence, the coating
material appears as the most external sleeve of this system and thus does not
seem to represent an entity of its own. It would belong rather to a more
extensive structure which occurs within and around the spicule (this is
certainly true in larval spicule and is probable in ossicles of adult echino-
derms, see part 3.4). Moreover, the presence of a three-dimensional organic
structure within the stereom is a major argument against the use of the
epitaxial growth theory as an explanation for echinoderm mineralization.
Actually, that theory rests basically on surface interactions (i.e. two-
dimensional interactions) between the substrate — the organic matrix —and its
mineral overgrowth (Mann 1983).

3.3 The intrastereomic organic components

The presence of organic material in stereomic units of echinoderms was
demonstrated both by chemical analyses of adult and larval skeletal elements
cleaned of their associated soft tissues (Pilkington 1969, Currey & Nichols
1969, Nauen & Bohm 1979, Weiner 1985, Benson et al. 1986) and by
morphological observations of cleaned and partially demineralized larval
spicules (Okazaki 1960, Benson et al. 1983). The occurrence of intrastereo-
mic organic material is also indicated by mechanical and crystallographic
evidence, namely, (1) the larval spicules of echinoids have the characteristics
of composite materials (Emlet 1982), and (2) the columnal ossicles of the
crinoid Neocrinus blakei observed in TEM ion-thinned sections show a
mottled contrast ‘due to the existence of an apparently non-crystalline
substance incorporated into calcite’ (Blake & Peacor 1981). (Moreover,
STEM microanalysis of the same sections reveal phosphorus and sulfur in
minor quantities.) The organic material detected within the stereom of
echinoderms is formed either by pigments and proteins or by proteins only.
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3.3.1 Pigments

Most pigments reported for skeletal parts of echinoderms are naphthoqui-
none pigments (i.e. echinochrome or spinochromes). They have been mainly
identified in echinoid tissues, being reported only incidentally in other
echinoderm classes.

The test and spines of most echinoids contain several types of polyhydro-
xynaphthoquinones (for review, see Fox & Hopkins 1966, Goodwin 1969,
Anderson et al. 1969). According to Goodwin & Srisukh (1950) and Lederer
(1952), part of these pigments are associated with the skeleton. Goodwin &
Srisukh reported, moreover, that the pigments form salts with the calcium of
the stereom. One should note that all the reported extractions of naphthoqui-
none pigments have been carried out on whole echinoid body walls, the
ossicles being not cleaned from their associated soft tissues. It is well known,
however, that the test of numerous species of echinoids remains coloured
after having been cleaned with sodium hypochlorite. Furthermore, pig-
mented growth bands were reported within the test plates of some echinoids
(Moore 1935, Sime 1982, Nichols et al. 1985). These bands were revealed by
grinding cleaned ossicles (without other treatment like charring, see Jensen
1969) and occur in areas without stereomic banding (Smith 1980a, Sime
1982, Nichols et al. 1985). According to Smith (1980a), these bands result
probably from an actual incorporation of pigments in the calcite. Moreover,
Goodwin & Srisukh (1950) reported that colours of cleaned tests are similar
to those of the calcium salts of some spinochromes (the natural colour of the
pigments being different from that of their calcium salts). In non-echinoid
echinoderms, naphthoquinone pigments have been demonstrated in Antedon
bifida (Crinoidea; Dimelow 1958), Polycheira rufescens (Holothuroidea;
Mukai 1958, 1960), Acanthaster planci (Asteroidea; Singh et al. 1967), and
Ophiocoma erinaceus and Ophiocoma insularia (Ophiuroidea; Singh et al.
1967). It seems obvious that the pigment of P. rufescens must be principally
located in the soft parts of the integument. This is also the case with A. bifida
where the pigment is located in granules within the superficial part of the
dermal tissue (Dimelow 1958). In the investigated asteroid and ophiuroids,
naphthoquinones were extracted from roughly cleaned spines (Moore et al.
1966, Singh et al. 1967). It is consequently possible that they also originate
from associated uncalcified tissues. This agrees with the fact that asteroid and
ophiuroid ossicles are totally colourless when their soft tissues have been
digested either by sodium hypochlorite or by protease (Dubois unpubl.).
Naphthoquinone pigments would thus be present only in the mineral phase of
echinoid ossicles.

Non-naphthoquinones pigments were reported in a single case, namely in
the test of Arbacia lixula, where two types of tetrapyrrol pigments were
detected (Kennedy & Vevers 1972). The most concentrated one (i.e. chlorin
€6) supposedly occurs within the stereom as a calcium salt. Kennedy &
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" Vevers suggested that chlorin 6 may be derived from chlorophyll a in the
diet of the echinoid.

As a rule, pigments trapped in skeletal phases are not considered to be a
part of organic matrix (Towe 1972). This seems to be true also in echino-
derms where pigments have been recognized only in echinoid ossicles, being
absent from those of the remaining classes. The fact that both calcification
processes and ossicular stereomic structures are very similar in the whole
phylum also indicates that the intrastereomic pigments of echinoids cannot
be considered as part of the organic matrix. It should be added, moreover, that
no morphological evidence suggests that the red spherulous cells (i.e. the
naphthoquinone secreting cells) associated with the echinoid ossicles play
any role in calcification processes (see, e.g. Heatfield and Travis 1975b).

3.3.2 Proteins. Proteins form the bulk of the organic material detected
within the stereom. Intrastereomic proteins have been successively thought
to be either collagen or glycoproteins.

3.3.2.1 Postmetamorphic individuals. Collagen was first reported from the
stereom of echinoid test plates that had been cleaned with pronase before
being demineralized by EDTA (Travis et al. 1967). TEM observations of the
remaining material showed fibrils having the typical banding pattern of
collagen. Biochemical analyses of that material indicated an amino acid
composition equally characteristic of collagen. Travis (1970) reported, mo-
reover, that collagen fibrils with electron-dense spots in their so-called ‘hole’
regions occur in asteroid, echinoid and ophiuroid ossicles ‘which have not
fully calcified’. Travis interpreted these spots as primary stages of calcite
crystal formation. She proposed furthermore that during the secondary stage
of calcification the collagen fibrils would become completely mineralized
inducing the obliteration of the banding pattern of the collagen fibrils.
According to Travis, this obliteration would explain the aspect of the stereom
she observed in non-decalcified TEM sections of completely mineralized
regions. (In such regions, the stereom is reported to be made of closely
packed crystals organized into sheet-like layers that are embedded in an
apparently unbanded organic material.) However, Travis does not show any
micrographic evidence of this secondary stage of calcification at work.
Pucci-Minafra et al. (1978) and Veis et al. (1986) reported that collagen
occurs in the plates and teeth of the Aristotle’s lantern of two echinoids.
However, no attempt was made to remove the soft tissue (i.e. the stroma and
the connective tissue of the joints) associated with the plates (it is well-known
that collagen is a usual component of these tissues; see, e.g. Kniprath 1974
and Chen & Lawrence 1986a).

The collagen reported by Travis and co-workers (1967, 1970) as being
associated with the mineral phase of postmetamorphic ossicles was demon-

133



Table 2. Composition of the intrastereomic organic material of Paracentrotus lividus,!
Lytechinus variegatus,? and Arbacia punctulata.?

Whole material Soluble material Insoluble material
EDTA! Acetic EDTA Acctic EDTA Acetic
acid? acid acid

%3 of organic material in mineral 01502 0092 005 002* 01015 0074

Proteins
% in the considered material nd’ 849 nd 928 23 88.1
% of whole proteins - - >90 17-24 <10 76-83
Non-protein material
carbohydrates

% in the considered material nd 14.0 nd 35 nd 11.6
phosphate

% in the considered material nd 031 nd 39 nd 0.3

1. EDTA-extraction performed on ossicles of Paracentrotus lividus by Weiner (1985).

2. Acetic acid-extraction performed on ossicles of Lytechinus variegatus and Arbacia punctulata by
Swift et al. (1986).

3. All percentages are w/w (dry weight).

4. Data calculated from published results.

S. nd: not determined.

strated to result from contamination either from the stroma or from the sutural
areas between ossicles (Currey & Nichols 1969, Klein & Currey 1970).
When reproducing the amino acid analysis of Travis et al. (1967) ‘using a
slightly different technique’, Currey & Nichols (1969) were unable to
discover any trace of hydroxyproline, the more characteristic amino acid of
collagen. Moreover, amino acid analysis of the organic material from ossicles
of adult echinoids preceded by collagenase digestion of the stroma before
demineralization reveal also the virtual absence of hydroxyproline (Klein &
Currey 1970, Weiner 1985). As noted by Klein & Currey, if one assumes that
calcified collagen is protected from collagenase digestion — as is the case in
calcified mammalian tissues — then the collagen showed by Travis and
co-workers (1967, 1970) should necessarily originate from the stroma. This
is supported by all ultrastructural studies of echinoderm calcified tissues (see
part 2.2) as collagen fibrils were never observed within the demineralized
calcified spaces. Moreover, the organic material which sometimes remains in
the calcified spaces after demineralization shows a fibrillar reticular structure
without any evidence of banding pattern. (Such intrastereomic material was
reported from the echinoid tooth by Kniprath 1974 and Markel et al. 1986,
from the regenerating test of echinoids by Shimizu & Yamada 1976, and
from the fully developed ossicles of a crinoid by Holland & Grimmer 1981;
see part 2.2.).
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The actual intrastereomic organic material was extracted from echinoid -
ossicles cleaned with either crude collagenase solution or sodium hypoch-
lorite and sodium hydroxide (Weiner 1985, Swift et al. 1986). Its concentra-
tion ranges from 0.1 to 0.2% (w/w) and it is composed mostly of proteins
although non-protein material is also detected (Table 2). The non-protein
material of EDTA-insoluble fraction was suggested by Weiner (1985) to be
pigments. Noteworthy is the carbohydrate fraction averaging 14% of the total
organic material. These carbohydrates could be linked to proteins as demon-
strated for the intraspicular organic material of larvae (see part 3.3.2.2).
Polyacrylamide gel electrophoresis of acetic acid-soluble fraction reveals a
single band at 160-180 kD (Swift er al. 1986). However, results of gel
electrophoresis may be misleading as most soluble components of intraske-
letal organic material do not bind commonly used dyes (Weiner et al. 1983,
Benson ez al. 1986, Venkatesan & Simpson 1986). According to the extrac-
tion agent, the protein distribution between soluble and insoluble material
differs (Table 2). The proteins of the EDTA-soluble fraction can be divided
into two broad classes, viz. those rich in glycine and aspartic acid/asparagine,
and those poor in aspartic acid/asparagine but rich in serine, glycine, and
glutamic acid/glutamine (Weiner 1985).

The putative organic matrix role of the intrastereomic organic components
was investigated by Swift ez al. (1986), Berman ez al. (1988), and Dubois
(1988). Swift et al. (1986) showed that the whole organic material extracted
by acetic acid from echinoid stereom had no effect on the incorporation of
dissolved inorganic #C into larval spicules whereas the acetic acid-soluble
material significantly decreased Ca'4CO, formation at a concentration
precluding a quantitative binding of calcium ions in solution (1.2 10%M).
Moreover, the soluble material (at 0.24 10°M) can also delay the onset of
crystal formation and reduce the maximal crystal growth rate during in vitro
crystallization of inorganic CaCO, (Swift et al. 1986). Berman et al. (1988)
investigated in vitro calcite crystallization in presence of the EDTA-soluble
material extracted from echinoid stereom. Calcite crystals grown in such
conditions develop new faces as compared to control crystals (effective
concentrations of extracted material range from 2.0 to 8.0 pg/ml, which
corresponds to 1.1 to 4.5 10®M using Swift et al.’s assumption of the
molecular weight of intrastereomic organic components). Use of fluorescent-
labelled intrastereomic material demonstrated that part of it was occluded
inside the crystal. Such crystals with occluded material cleave ‘with
difficulty’ : they fracture surfaces have a curved glassy appearance reminis-
cent of the conchoidal fracture of echinoderm stereom whereas crystals
grown in the absence of intrastereomic material — i.e., pure calcite crystals —
cleaved along the classical rhomboedron cleavage (Berman et al. 1988).
Dubois (1988) studied the effect of EDTA-soluble intrastereomic material
from Asterias rubens on crystal decoration of fractured asteroid spines. He
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showed that the shape of both the crystals nucleated in the decorating solutiori
and these that have grown epitaxially on the broken trabeculae is strongly
modified when crystals grow in presence of 10 or 100 pg/ml of instrastereo-
mic material (i.e., 5.6 and 56 10-*M using Swift et al.’s assumption) (Plate 2).
Particularly, the epitaxial crystals grown in presence of intrastereomic ma-
terial take a whiskered appearance reminiscent of the tapered prismatic
structures observed in the trabeculae of echinoderm sterom (see part 3.4)
whereas crystals grown in absence of intrastereomic material show the
classical thomboedron morphology (Plate 2A, B).

Echinoid lanterns and teeth were also investigated regarding skeleton-
associated organic material (Minafra ez al. 1980, Weiner et al. 1983, Weiner
1985, Veis et al. 1986). However, the studied skeletal elements were not
cleaned of their soft tissues prior to analysis. As a consequence, these results
reflect more the composition of the stroma than that of the intrastereomic
material.

3.3.2.2 Larvae. Collagen was also reported from echinoid larval spicules.
Ellis & Winter (1967) and Pucci-Minafra et al. (1972) noted that larvae
incorporate 3H-proline as protein-bound *H-hydroxyproline into spicules
(the labelled molecules were demonstrated within spicules cleaned from their
associated cells and tissues). This was confirmed by Pucci-Minafra et al.
(1980) who observed small amounts of collagen fibrils in demineralized
cleaned spicules. It should be said, however, that the banding pattern of
collagen was observed only after acetic acid extraction followed by in vitro
repolymerization of the fibrils. Moreover, Gould & Benson (1978) and Mintz
et al. (1981) reported that inhibition of the metabolism of collagen-like
proteins prevented spicule growth. Actually, this strongly suggests that
collagen play a leading role — such as an organic matrix role — during
spiculogenesis. Selective inhibition of collagen synthesis (probably at the
transcriptional level) by a low concentration of actinomycin D generates
pluteus without spicules (Gould & Benson 1978) and inhibits in vitro
spiculogenesis by cultured primary mesenchyme cells (Mintz et al. 1981).
Similarly, the inhibition of enzymes involved in post-translation
modifications of amino acid residues in collagen-like proteins (viz. prolyl-
hydroxylase, lysyl-hydroxylase, and lysyl-oxidase) blocks almost complete-
ly spicule formation in vitro (Mintz et al. 1981). (One may note that this
larval collagen-like protein differs from typical collagen as it does not contain
pepsin-resistant domains and is not degraded by collagenase; Mintz et al.
1981.)

Blankenship & Benson (1984) found that ‘when utilizing the technique of
Pucci-Minafra et al. (1972), it is very difficult to purify spicules free of
blastocoelic collagen and basement membrane components’. Moreover,
Benson et al. (1983) reported that ultrathin sections through partially demine-
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ralized spicules showed that the spicules contain fibrous organic material
which forms interconnected concentric sleeves (see part 3.2). The fiber
component of this material lacks any cross-banding, a fact that suggests that
this material is not collagen. The finding of such intraspicular material
confirms Okazaki’s (1960) observations that spicules cleaned with sodium
hydroxide leave an organic cord of spicular shape when they are decalcified.
This organic material lacks hydroxyproline, confirming that it is not collagen
(Benson et al. 1986). Consequently, the collagen-like protein detected in
association with the larval spicule and whose metabolism is said to be
necessary for spicular growth (see e.g., Mintz et al. 1981) appears to be only a
component of the extracellular matrix of the blastocoel. According to
Blankenship & Benson (1984), that collagen-like protein would be synthe-
sized by the micromeres and would interfere in the migration and organiza-
tion of the micromeres into aggregates and strands. This is confirmed by
observations showing that inhibitors of collagen cross-linking caused un-
successful gathering and arrangement of primary mesenchyme cells, result-
ing in failure of spicule formation or in spicule deformation (Uto ez al. 1984,
Uto & Muranaka 1985). The role of collagen, together with fibronectin and
dermatan sulfate, in the migration of primary mesenchyme cells was, further-
more, emphasized by in vitro studies using artificial extracellular matrixes
(Katow 1986).

Extraction of the actual intraspicular organic material revealed that it is
about 0.1% (w/w) of the spicule, is mainly protein in nature, and shows
calcium binding activity (Kd = 1.5 10#M) (Benson et al. 1986). Contrary to
the organic material extracted from postmetamorphic ossicles, acetic acid-
and EDTA-extractions led to the same results. The insoluble fraction is
reduced and was not investigated. The soluble fraction shows a protein
fraction rich in aspartic acid/asparagine, glutamic acid/glutamine, glycine,
serine, and alanine or proline (Benson et al. 1986 and Venkatesan & Simpson
1986, respectively). Reduced sugars are present in the soluble fraction as 4%
of the amount of protein material, one-fourth being amino sugars (Benson et
al. 1986). SDS polyacrylamide gel electrophoresis showed that the intraspi-
cular organic material is a mixture of several components. (Apparent mole-
cular weights of major components are 117, 64, 57, 50 and 47 kD according
to Benson et al. 1986, and 117, 67, 48, 37, 24.5 and 19.5 kD according to
Venkatesan & Simpson 1986.) Treatment of the soluble proteins with en-
doglycosidase F or N-glycanase (enzymes that cleave N-glycosidic bonds)
induces a pronounced electrophoretic shift of several components (Benson et
al. 1986, Venkatesan & Simpson 1986). On the contrary, treatment with
endoglycosidase H (hydrolyzing N-glycosidic bonds of the high mannose
type), neuraminidase or mild alkaline hydrolysis (cleaving O-linked oligo-
saccharides) does not alter the electrophoretic mobility of the soluble pro-
teins. According to Benson et al. (1986), these results indicate that several
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Leu Ile Gln Val
Trp Val Gly Asp Asn Gln Ala Val Asn
Trp Asp Pro Glu

Figure 5. Primary structure of the repeated sequence of the SOkD intraspicular glycopro-
tein of Strongylocentrotus purpuratus (from Sucov et al. 1987).

intraspicular proteins are N-glycosylated glycoproteins with oligosaccha-
rides of the complex type. The gene that encodes of the intraspicular
glycoprotein (viz. the S50kD protein) of Strongylocentrotus purpuratus larvae
have been isolated and sequenced (Benson et al. 1987, Sucov et al 1987). The
characteristics of the derived protein sequence were studied by Succov et al.
(1987). As a whole, it is an acidic protein (pI = 5.2) of about 435 amino acids
long; it displays an alternating pattern of hydrophobic and hydrophilic
regions. The amino terminal half is characterized by a proline rich domain
(i.e. 17 proline residues in a sequence of 55 amino acids). The carboxy
terminal half contains a domain of 193 amino acids formed by the imperfect
repetition of a 13-amino-acid sequence. This sequence consists itself in
alternating hydrophobic and hydrophilic groups of amino acids (Fig. 5). The
C-terminal end shows a very basic character (pI = 12.7) and contains the
glycosylation signal. According to Sucov et al. (1987), the repetitive domain
shows some similarities (but no significant homologies) with the calcium-
binding domains of proteins such as troponin C and parvalbumin. They
alternatively suggest that the repeating structure of this domain may also be
involved in the ordering of other intraspicular proteins. The C-terminal basic
domain is suggested to be involved in electrostatic interactions with negat-
ively charged regions of other intraspicular proteins (Sucov et al. 1987).
Consistent with the glycoprotein nature of the intraspicular organic ma-
terial, the specific inhibition of N-glycosylation of proteins by tunicamycin
strongly affects the spiculogenesis of echinoid embryos. If embryos are
incubated in tunicamycin prior to gastrulation, the primary mesenchyme
cells do not arrange themselves into aggregates and strands (Schneider ez al.
1978, Heifetz & Lennarz 1979, Akasaka et al. 1980, Mizoguchi ez al. 1981).
The spicules which developed in these conditions showed abnormal shapes
and had no extinction position in polarized light indicating that the micro-
crystals of calcite were randomly arranged within the spicule (Mizoguchi et
al. 1981). If whole larvae or cultured primary mesenchyme cells are incu-
bated with tunicamycin after gastrulation, the spicule formation is stopped or
delayed (Schneider e al. 1978, Mintz et al. 1981, respectively). Blocking
spiculogenesis is correlated with a partial inhibition of both the calcium
uptake by larvae and the concomitant *H-glucosamine incorporation into
glycoproteins (Schneider et al. 1978, Mintz ez al. 1981). Schneider et al.
(1978) reported that unpublished observations suggested that a large fraction
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of the 3H-glucosamine labeled protein is associated with isolated spicules.
However, tunicamycin also acts on embryological events unrelated to spicu-
lar growth. In echinoid embryos, it blocks the invagination of the vegetal
plate, probably by preventing the formation of the secondary mesenchyme
(Schneider et al. 1978, Heifetz & Lennarz 1979, Akasaka et al. 1980,
Mizoguchi et al. 1981). In asteroid larvae tunicamycin blocks the bulging of
the archenteron tip, the migration of mesenchyme cells, the formation of
coelomic pouches, and the formation of the mouth (Dan-Sohkawa et al.
1980). These observations suggest that tunicamycin acts principally on the
migratory capability of mesenchyme cells when mediated by filipodial
movements (indeed, the formation of the primary mesenchyme cells is not
inhibited; Mizoguchi er al. 1981). The abnormality or the inhibition of the
spicular growth induced by tunicamycin could thus result either from affect-
ing the ability of the primary mesenchyme cells to migrate and/or from
directly inhibiting the synthesis of a glycoprotein forming the organic matrix
of the spicule.

3.4 Discussion

The membrane of the calcifying site definitely acts as an organic matrix in
both limiting the liquid volume at the mineralizing site and framing the shape
of the larval spicule; it is probably also involved in the transport of the
precipitating ions. The membrane governs the supersaturation level of the
precipitating ions and regulates calcification mostly at the chemically con-
trolled level.

Organic material occurs both around (i.e. the trabecular coat) and within
(i.e. the intrastereomic organic material) the stereom. In larval spicules, the
coating material surrounding the spicule is in continuity with the intraspicu-
lar organic material and the former can thus no more be considered as an
organic matrix per se. The demonstration of intrastereomic organic material
ends the long-time controversy as to whether echinoderms are the only group
of animals having a one-phase skeleton (see e.g. Currey & Nichols 1967,
1969). The intrastereomic organic material is mostly made of proteins. It
consists of glycoproteins in echinoid larvae (the relationships between pro-
teins and carbohydrates within the stereom of postmetamorphic ossicles have
not been investigated). The intrastereomic organic material of partly demine-
ralized sections shows a fibrillar reticular structure. In larval spicules, it
clearly forms a three-dimensional net of interconnected concentric sleeves
permeating the whole spicule. This arrangement recalls the concentric inor-
ganic layers made of ‘small sub-units’ observed in echinoid spicules (Millo-
nig 1970, Okazaki & Inoué 1976). These authors reported that echinoid
spicules would consist of an ‘accumulation of crystallites’ embedded in
organic material. This observation strongly suggests that echinoid spicules

139



are made of concentric mineral layers separated by organic laminae resulting
in an actual two-phase system. Moreover, inorganic concentric layers made
of tapered prismatic structures were also observed in ossicles of postmeta-
morphic echinoids and asteroids (Nissen 1969, Pearse & Pearse 1975, Bignot
1976, O’Neill 1981, Dubois & Jangoux 1985). Although its significance is
not totally understood (see Dubois & Jangoux 1985), this arrangement
~ suggests that the stereom of post-metamorphic echinoderms is composed of
mineral layers separated by organic laminae such as in larval spicules. As
noted by Towe (1972), the occurrence of a coherent organic matrix within a
mineral phase proves the discontinuity of the crystalline network and demon-
strates the polycrystalline nature of the entity. Actually, Blake er al. (1984)
showed by high resolution lattice fringe image of crinoid stereom that
echinoderm calcite possesses a mosaic structure, i.e. it is composed of
sub-pum-sized crystallites which are slightly misoriented one to the other. The
crystallographic discontinuities produced by the mosaic structure were not
detected by high voltage electron microscopy (Blake ez al. 1984). From this
point of view, Travis’ (1970) observations showing highly ordered discrete
crystals in the stereom of several postmetamorphic echinoderms, using
conventional TEM, are difficult to interpret. All skeletal elements of echino-
derms are thus actually polycrystalline aggregates made of highly oriented
microcrystals that are probably arranged in mineral concentric layers alter-
nating with organic laminae. The high orientation level of the microcrystals
explains why in most cases echinoderm ossicles and spicules behave like
single crystals of calcite either in polarized light, X-ray diffraction or crystal
decoration studies (Raup 1959 and Okazaki 1975a; Donnay & Pawson 1969;
Okazaki & Inoué 1976 and Okazaki et al. 1981, respectively) (slight crystal
misalignments were detected in X-ray diffraction spectra of echinoid plates
by Garrido & Blanco, 1947, and Nissen, 1963).

The macromolecular components of recognized organic matrixes of
several phyla are classically separated into insoluble and soluble fractions in
EDTA solutions (see Wheeler & Sikes 1984 for discussion of the validity of
this dichotomy). The insoluble constituents are the hydrophobic ‘framework’
constituents which are thought to be a substrate for the soluble constituents
and to contribute to the mechanical properties of the skeleton, whereas the
soluble constituents are the acidic hydrophilic ‘surface’ constituents which
are closely associated with the growing mineral (Degens 1976, Krampitz
1982, Crenshaw 1982, Weiner er al. 1983, Weiner 1984). Surface acidic
constituents are present in all calcified tissues for which data are available
(including echinoderms), whereas framework constituents are not always
present (Weiner et al. 1983). Moreover, the biochemical nature of framework
constituents varies substantially according to the animal group (Weiner
1984). On the contrary, surface acidic constituents show a more uniform
composition, probably reflecting their calcium-binding activity (Weiner
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1984). Two classes of soluble acidic proteins — one rich in aspartic acid, the
other rich in serine and glutamic acid but poor in aspartic acid and linked with
polysaccharides — have been reported from the skeleton of several phyla
(Weiner 1984). These two classes have been demonstrated in the stereom of a
postmetamorphic echinoid (Weiner 1985). They seemingly also occur in
echinoid larvae where similar characteristic amino acids compose the gly-
coproteins occurring within the spicules (Benson et al. 1986, Venkatesan &
Simpson 1986). It should be added, moreover, that the acidic proteins rich in
serine and glutamic acid of the echinoid stereom resemble the acidic ename-
lins of vertebrate enamel (enamelins form part of the organic matrix of
enamel; Eastoe 1968, Weiner 1984). That a limited amount of organic
intrastereomic material (about 0.1-0.2% w/w) was found in ossicles of
postmetamorphic echinoderms could be linked to a maturation process of the
organic matrix. Actually this was demonstrated with enamel which loses 75
to 90% of its initial protein content during growth (Eastoe 1968, Degens
1976).

The evidence which indicates that the intrastereomic organic material of
echinoderms may act as an organic matrix is (1) the glycoproteins extracted
from larval spicules show a calcium-binding activity whose dissociation
constant is similar to those of EDTA-soluble matriges from several inver-
tebrate skeletons (Benson et al. 1986); (2) the acetic-acid-soluble material
extracted from echinoid stereom partly inhibits both larval calcification and
in vitro crystallization of inorganic CaCO, (Swift et al. 1986); (3) the
EDTA-soluble material extracted from both echinoid and asteroid stereom
modify the morphology and cleavage properties of calcite crystals grown in
its presence, cleavage and morphology of these crystals are reminiscent of
the corresponding characteristics of echinoderm stereom (Berman et al.
1988, Dubois 1988). (The signification of such in vitro crystallization studies
has been discussed by Wheeler & Sikes, 1984; briefly, they consider that in
vitro studies gain some legitimacy if the formed crystals appear to mimic the
morphology of the natural crystalline material.) Calcium-binding activity
occurs at the anionic sites of a matrix, viz. acidic amino acid residues (found
to be quantitatively important in the soluble protein fraction of both larval
spicules and postmetamorphic stereom) or inorganic groups like phosphate
(detected with the organic components of the echinoid stereom) and sulfate
(Sikes & Wheeler 1983). Calcium-binding components are generally thought
to promote nucleation but could also inhibit crystal growth by binding to
CaCO, crystals (Wheeler & Sikes 1984). Indeed, partial inhibition of cal-
cification processes are performed by echinoderm intrastereomic compo-
nents. According to Wheeler & Sikes (1984), the main role of inhibiting
components is probably to regulate crystallization. They would act at con-
centrations that do not block crystal growth or nucleation. At such concentra-
tions, these components may markedly modify the crystal morphology as
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demonstrated with oyster shell soluble matrix (Wheeler & Sikes 1984). As
shown by Berman ez al. (1988) and Dubois (1988), the echinoderm organic
intrastereomic components can actually modify the calcite crystal morpholo-
gy. Such a mechanism could account partly for the unique characteristics of
echinoderm stereom. In this context, it is noteworthy that the inhibition of
N-glycosylation of proteins (and of the putative organic matrix) causes
random arrangement of the calcite microcrystals of larval spicules (Mizo-
guchi et al. 1981). This means that organic components must be involved in
the ordering of the microcrystals. Furthermore, the possibility was raised that
similar matrix components may sequentially both initiate and inhibit crystal
growth (see Wheeler & Sikes 1984). The arrangement in concentric layers of
the intrastereomic organic material, sandwiched between mineral layers,
could be the result of such process.

The available evidence indicates that the high-magnesium calcite of
echinoderms precipitates as highly ordered microcrystals on a putative
organic matrix organized in a three-dimensional structure. This matches the
occurrence of a spatial control of biomineralization in which the organic
matrix controls the vectorial properties of the mineral formation (see Mann
1983). In such a spatially controlled process of biomineralization, the orien-
tation of the microcrystals is directed by thermodynamic relationships be-
tween crystal faces and the organic matrix components (e.g. by atomic
matching between the organic substrate and the mineral overgrowth or
through the presence of active sites on the surface of the organic substrate).
The size of the microcrystals is determined by both temporal and spatial
regulation of the synthesis of the organic matrix (Mann 1983). One may note
here that the calcitic otoconia of mammals share similarities with echinoderm
ossicles (otoconia are crystalline ellipsoidal bodies of S to 10 pm length
which occur in the gravity receptors of the inner ear of most vertebrates).
Mammalian otoconia show X-ray diffraction patterns of single crystals
although they are composed of microcrystals 50 to 100 nm in diameter which
are arranged in sheets of highly ordered domains (Mann ez al. 1983, Ross &
Pote 1984). When partially etched, otoconia appear to be formed by micro-
crystals and look like etched trabeculae of echinoderms (see Mann et al.
1983, Fig. 14b, and compare with Dubois & Jangoux 1985). Otoconia
contain protein material. Some crystallographic and morphological proper-
ties of their microcrystals strongly suggest that these proteins affect the
seeding and growth of the crystals (Ross & Pote 1984). Mann (1983)
suggested that the organic material within otoconia controls their formation
at the spatial level.

The similarities between the intrastereomic organic material of echino-
derms and the organic matrixes of mineralized tissues from other phyla,
together with the above-mentioned preliminary evidence, strongly suggest
that the intrastereomic material is an organic matrix. This material would
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control nucleation and growth of highly ordered microcrystals at the spatially
controlled level. Future investigation of the organic matrix of echinoderms
should (1) characterize the morphology of the organic matrix of ossicles of
postmetamorphic echinoderms, (2) identify the different constituents of the
organic matrix of both larval spicules and postmetamorphic ossicles and test
their matrix function, (3) precisely locate each constituent of the organic
matrix within the mineral phase, (4) determine the steric organization of both
polypeptide and polysaccharide chains that constitute the organic matrix.

4 TONS

4.1 Calcium ions

The relationships between calcium uptake and skeleton formation have been
studied in whole echinoid larvae, in in vitro cultured primary mesenchyme
cells of echinoid larvae, and in growing and regenerating postmetamorphic
ossicles of asteroids, echinoids, and ophiuroids.

In both growing and regenerating ossicles, *Ca** was incorporated from
the outer medium into the stereom a few hours after the beginning of the
incubation period (Heatfield 1970, Nauen & Béhm 1979, Dafni & Erez 1982,
Dafni 1985, Donachy & Watabe 1986). Incorporation may start in less than
one hour in regenerating echinoid spines (Heatfield 1970). During both the
slow growth stage of Asterias rubens (the so-called waiting stage) and the
arm regeneration of Ophiothrix angulata, net deposition of 43Ca** in ossicles
is preceded by a short period (a few hours) of saturation of exchangeable
calcium pools (respectively, Nauen & Bohm 1979, Donachy & Watabe
1986). Kaneko et al. (1981a, b) showed that postmetamorphic echinoids take
up 43Ca** from the digestive tract and the body-wall surface, especially the
tube feet. Labelled calcium ions were rapidly accumulated within the coelo-
mic fluid which reached equilibrium with the medium after 24 to 36 hours of
incubation (Heatfield 1970, Kaneko et al. 1981b). However, in vitro regene-
rating spines of echinoids show the same rate of calcium deposition as in vivo
regenerating spines (Heatfield 1970). This demonstrates that calcium ions
needed for skeletal growth can be directly incorporated through the epider-
mis.

In echinoid larvae, the level and rate of calcium uptake increase rapidly
during gastrulation (viz. when spicule formation initiates; Nakano et al.
1963, Schneider et al. 1978, Fujino et al. 1985a) (at the late gastrula stage, the
rate 'of calcium uptake is over ten times higher than that of the blastula stage).
A similar increase in calcium uptake occurs at the time when spicules begin
to be produced by in vitro cultured primary mesenchyme cells (Mintz et al.
1981). Both cultured mesenchyme cells and whole larvae deposit 70% (at the
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prism stage) to 40% (at the pluteus stage) of the incorporated calcium ions
into their spicules (Mintz ez al. 1981, Fujino et al. 1985a). Furthermore, in
whole larvae, the rate of calcium uptake begins to increase during the
mesenchyme blastula stage, before the onset of spiculogenesis (Nakano et al.
1963). Autoradiographic studies showed that this early accumulation occurs
within the blastocoelian extracellular matrix and not within the primary
mesenchyme cells (Nakano et al. 1963). )

In larvae, calcium ions are taken up from the external medium directly
through the ectoderm (Okazaki 1956, 1975a, Yasumasu et al. 1985b). Both
the intracellular location of the larval spicule (see part 2.1) and the kinetics of
incorporation of calcium ions into in vitro cultured primary mesenchyme
cells indicate that calcium ions are taken up by primary mesenchyme cells
before being deposited into the spicules. (Mintz et al. 1981, Decker &
Lennarz 1988). Moreover, Decker et al. (1987) reported, from TEM studies
of in vitro cultured primary mesenchyme cells, that calcium ions are
sequestered during calcification in mitochondria as well as, to a lesser extent,
in RER and in ‘smooth surface’ vesicles.

The mechanisms which control calcium uptake and deposition have been
studied only in echinoid larvae. The involvement of calcium-transport
systems, CAMP, and extracellular components was suggested.

Studies using inhibitors indicated that several transport systems are in-
volved in calcium uptake and deposition in echinoid larvae (Table 3).
Calcium antagonists (i.e. calcium channel inhibitors) were reported by most
authors to inhibit calcium uptake and deposition both in whole larvae and in
in vitro cultured primary mesenchyme cells. An anion transport inhibitor —
DIDS (4,4'-diisothiocyano-2,2'-disulfonic acid stilbene) — showed the same
effects as calcium antagonists while chloride transport inhibitors — furose-
mide and ethacrynic acid — showed a different pattern of inhibition. At the
swimming blastula stage, calcium uptake in whole embryos was hardly
blocked by the chloride transport inhibitors. At the late gastrula stage, they
completely inhibited calcium deposition into spicules but only reduced at
50% the level of calcium uptake in whole larvae (Fujino et al. 1985a,
Yasumasu et al. 1985a, b). Indeed, the uptake of calcium in cells not
associated with the spicules (i.e. ectodermal and endodermal cells) was only
slightly reduced by chloride transport inhibitors. These inhibitors thus inhibit
calcium uptake only in skeletogenic cells. Experiments carried out on in vitro
cultured primary mesenchyme cells showed that calcium uptake in skeletoge-
nic cells is only partly blocked by chloride transport inhibitors whereas
calcium deposition in spicules is totally prevented (Mitsunaga et al. 1986a).
Moreover, chloride transport inhibitors also inhibit the release of CO, (or of
its associated ions HCO3and COj -) from the primary mesenchyme cells
(both toward the calcifying vacuole and to the culture medium) probably
through blockage of a membrane CI'/HCO™ ; ATPase (Mitsunaga et al.
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1986a; see part 4.2). The inhibition of calcium uptake and deposition by
ruthenium red and R 24571 suggests that both the Ca**-ATPase of the
plasma membrane and the respiration-dependent calcium transport in
mitochondria (see Table 3) are also related to spicule formation (Fujino e al.
1985a, Makihara et al. 1985). Furthermore, colchicine and podophyllotoxine
inhibit calcium uptake and deposition by cultured primary mesenchyme cells
at concentrations which do not prevent the elongation of the pseudopodial
syncytium (Fujino et al. 1985b). This suggests that tubulin assembly is
implicated in calcium transport within the calcifying cells.

Inhibition experiments with in vitro cultured primary mesenchyme cells
showed that some transport systems certainly occur in the calcifying cells
themselves (see Table 3) and suggest a transport pathway for calcium ions.
Calcium ions would enter the primary mesenchyme cells through calcium
channels in the plasma membrane. This transport is probably coupled with
the co-transport of chloride ions, neutralizing the increase in positive charge
caused by the calcium influx (Yasumasu ez al. 1985b, Mitsunaga et al.
1986a). The decrease in intracellular calcium concentration caused by
mitochondrial calcium uptake could make calcium transport through calcium
channels easier. TEM studies by Decker er al. (1987) confirmed that
mitochondria sequester large amounts of calcium during spicule formation.
Tubulin could contribute to calcium transport through the pseudopodial
syncytium to the calcifying vacuole (Fujino et al. 1985b). The mechanism of
calcium secretion into the calcifying vacuole is still unknown. Calcium ions
could be driven into the vacuole by the release of HCO; by the CI/HCO;
ATPase (Mitsunaga et al. 1986a). In this context, a 130kD protein involved in
spicular deposition has been detected on the surface of primary mesenchyme
cells and, to a lesser extent, on their associated extracellular matrix (Carson et
al. 1985). The monoclonal antibody to this protein inhibits calcium deposit-
ion and blocks spicular growth in cultured primary mesenchyme cells already
attached to their culture dishes (Carson et al. 1985, Grant et al. 1985).
Experiments uncoupling calcium deposition from calcium uptake showed
that the antibody actually inhibits calcium uptake in the primary mesen-
chyme cells (Grant ef al. 1985). Three other antibodies (two monoclonal and
one polyclonal) were demonstrated to recognize the 130kD protein (Anstrom
et al. 1987, Leaf et al. 1987). It was confirmed that it is a surface protein
specifically expressed by primary mesenchyme cells after the mid-gastrula
stage and whose expression is related to the spiculogenic ability of the cells
(Farah er al. 1987, Leaf et al. 1987). Moreover, the 130kD protein was
localized in the Golgi complexes of primary mesenchyme cells (Decker &
Valdizan 1987). It is noteworthy that a 180kD calcium-binding protein whose
synthesis is correlated with spiculogenesis had already been detected in
intracellular granules of the primary mesenchyme cells (Iwata & Nakano
1986).
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The intracellular cAMP level was reported to control the uptake of calcium
ions (Mintz & Lennarz 1982, Mintz et al. 1982). High cAMP levels (induced
by cAMP phosphodiesterase inhibitors, cAMP analogues, or stimulation of
adenyl cyclase) block spicule formation and calcium uptake in cultured
primary mesenchyme cells engaged in spicule formation. In contrast, cal-
cium uptake is not affected by high levels of cAMP prior to spicule formation
(Mintz & Lennarz 1982, Mintz et al. 1982). No mechanism has been
proposed for the role of cAMP in the mineralization process of echinoderms.
One may notice, however, that cAMP is known to exert its effects by
activating cAMP-dependent protein kinases and that these enzymes may
control the activity of calcium channels or pumps by phosphorylation (Al-
berts et al. 1983).

Iwata & Nakano (1985b) suggested that calcium uptake in cultured prim-
ary mesenchyme cells is controlled by a fibronectin-binding acid polysaccha-
ride (FAPS). Indeed, they observed that a monoclonal antibody to FAPS
(anti-FAPS) increased both the number of spicules produced in vitro by
cultured primary mesenchyme cells and the calcium uptake by these cells.
The spicules produced under these conditions were, however, smaller than
those which develop in control experiments. In whole larvae, FAPS occurs in
the extracellular matrix surrounding the primary mesenchyme cells. When
anti-FAPS was injected into the blastocoel, more than one pair of triradiate
spicules developed (Iwata & Nakano 1985a). Moreover, these spicules had
an abnormal morphology. Okazaki (1960) demonstrated that multi-
spiculation results from a failure of the triangular hyaloplasmic areas and the
pseudopodial strands to fuse. Moreover, she also demonstrated that spicules
of abnormal morphology were produced when the shape of the pseudopodial
syncytia was modified (Okazaki 1962). This strongly suggests that FAPS is
one of the so-called ‘extrinsic factors’ which control differentiation and
migration of the primary mesenchyme cells (see part 3.1). As a consequence,
FAPS is probably not directly involved in calcium uptake contrary to the
proposal of Iwata & Nakano (1985b).

When reviewing biochemical and histochemical studies about alkaline
phosphatase activity during echinoid larval development, Giudice (1973)
pointed out that ‘the enzymatic activity starts to increase at gastrulation to
become particularly high at pluteus stage’. Alkaline phosphatase activity is
principally located within both the cells of the archenteron and the primary
mesenchyme cells (Evola-Maltese 1957a, Hsiao & Fujii 1963). Moreover,
beryllium — an alkaline phosphatase inhibitor — induces defects in spicular
formation (Evola-Maltese 1957b). Because of these observations, both
Evola-Maltese (1957a, b) and Hsiao & Fujii (1963) suggested that alkaline
phosphatase was involved in spicule formation. However, beryllium is
known to compete with divalent metals such as Mg* and Ca** whose role in
general physiological processes and in spicular formation have been stressed
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(Okazaki 1956, 1961, 1962). This led Giudice (1973) to question the actual
role of alkaline phosphatase in spiculogenesis. One may yet notice that the
activity of that enzyme is closely correlated to Ca**-ATPase in rat tissue
(Russel eral. 1972). Moreover, alkaline phosphatase has been suggested to be
involved in calcium transport into matrix vesicles (and not to function as a
hydrase) in chicken epiphyseal cartilage (Wuthier et al. 1981).

4.2 Carbonate ions

Metabolic CO, is the major source for carbon in the echinoid larval spicule.
The ratio between the 43Ca** and the dissolved inorganic C incorporated in
the spicule indicates that, while respiration produces more than enough
carbon to support all calcification, metabolic CO, supplies only 63.2% of the
carbon needed for spicule deposition, the remaining 36.8 % being supplied by
dissolved inorganic carbon (Sikes et al. 1981). There are no direct data about
the source of carbon used in skeleton formation of postmetamorphic echino-
derms.

Two transport systems of carbonate ions (or their associated species
bicarbonate ions and carbon dioxide) were investigated in echinoderms, viz.
carbonic anhydrase and a CI'/HCOj3; ATPase. Carbonic anhydrase catalyzes
the hydration of CO, and dehydration of HCO;3. This enzyme is involved in
several carbonating biomineralization systems (Degens 1976, Tashian &
Hewett-Emmett 1984) although its exact role in most of these systems is not
yet clear (Sikes & Wheeler 1983). Carbonic anhydrase activity has been
demonstrated in the calcified tissues of both larval and postmetamorphic
echinoids (Table 4). The use of specific inhibitors demonstrated that carbonic
anhydrase interferes in the calcification processes of echinoderms. Spiculo-
genesis and calcium deposition are inhibited or reduced within whole larvae
and cultured primary mesenchyme cells by both benzothiazolesulfonamide
and acetazolamide, i.e. two specific inhibitors of carbonic anhydrase
(Stolkowsky 1948; Mintz et al. 1982, Mitsunaga et al. 1984, 1986b, Carson
et al. 1985, and Grant et al. 1985, respectively). In regenerating spines of
postmetamorphic echinoids, >Ca** deposition decreased by 50 to 60% when
the spines were incubated in vitro with acetazolamide (Heatfield 1970). The
same experiment performed in vivo showed that the rate of spine regeneration
decreased by 88% and that the regenerating stereom of inhibitor-incubated
spines was denser than that of control regenerating spine (Heatfield & Wilbur
1972). Production of denser stereom is probably related to slower growth rate
(see Pearse & Pearse 1975).

Carbonic anhydrase was localized in the plumula of the echinoid tooth by
autoradiography using labelled inhibitors (Chen & Lawrence 1986b). Occur-
rence of carbonic anhydrase was demonstrated in several places, namely (1)
in the mesothelium of the tooth, (2) in odontoblasts not yet engaged in

149



calcification, (3) in calcifying odontoblasts, (4) in fibroblasts, and (5) in the
extracellular matrix. Most of the carbonic anhydrase activity of the odontob-
lasts is located on or in the plasma membrane and in the membrane of the
calcifying vacuole. The function of carbonic anhydrase of the plumula was
studied by incubating the teeth in vitro with 14C-NaHCO, as external source
of inorganic carbon (Chen 1985, Chen & Lawrence 1987). The kinetics of
entry of 14C into the soft tissues in the presence or absence of acetazolamide
" indicates that carbon enters the tooth as CO, and that both mesothelial
carbonic anhydrase and passive diffusion are involved in CO, transport into
the tooth. At high concentrations of external dissolved inorganic carbon, the
entry of “C in the soft tissues of the control group was lower than that of the
acetazolamide-treated group. This suggests that epithelial anhydrase can also
facilitate the movement of CO, out of the tooth to regulate the CO, content
within the latter. Acetazolamide decreases the incorporation of 4C into the
calcareous elements of the plumula showing that carbonic anhydrase of
odontoblasts facilitates the movement of CO, from the soft tissues through
the membrane of the calcifying vacuole. Chen & Lawrence (1987) suggested
that membrane-bound carbonic anhydrase would form an ion-channel which
would separate H* and HCO;3, the H* ions moving from the vacuolar
membrane into extracellular spaces while the HCO; ions would move
through the vacuolar membrane to the biomineralizing site.

Involvement of a CI/HCO; ATPase activity was suggested by use of
chloride transport inhibitors (viz. ethacrynic acid and furosemide) on cul-
tured primary mesenchyme cells. These inhibitors block both 43Ca** and 4C
deposition into the larval spicule (see part 4.1) and the release of CO, from
the calcifying cells (as well to the calcifying vacuole as to the culture
medium) (Mitsunaga et al. 1986a). They inhibit also the ouabain-insensitive
ATPase activity dependent on CI~ and HCO; which is found in the homo-
genates and the microsome fraction of cultured primary mesenchyme cells
(Mitsunaga et al. 1986a, c). Furthermore, the activity of CI/HCOj; ATPase in
embryos and cultured primary mesenchyme cells increases during develop-
ment, in close correlation with the rate of calcium deposition in spicules.
Finally, after initiation of spiculogenesis, the activity of that enzyme is mostly
detected in the spicule vacuole and plasma membrane fractions of cultured
primary mesenchyme cells (Mitsunaga et al. 1987a). (It should be said,
however, that, according to the authors themselves, the spicule vacuole
fraction was not sufficiently characterized.) These results led Mitsunaga et al.
(1986a, 1987a) to suggest that a CI/HCO; ATPase, located in the plasma
membrane and in the membrane of the calcifying vacuole, is involved in the
release of HCOj to the calcifying vacuole. According to them, carbonic
anhydrase would not be involved in HCO; or CO, transport through the
membrane of the calcifying vacuole that later enzyme would only catalyzes
the production of HCOj in the cytosol).
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4.3 Protons: acid-base balance at the calcifying site

Overall, carbonate deposition is an acid-producing process. In vitro observa-
tions show that the crystal growth of carbonate is proportional to the quantity
of base-titrant required to maintain a constant pH during the carbonate
deposition reaction (Wheeler & Sikes 1984). In echinoid larvae, the magni-
tude of the pH decrease during calcification depends on the source of carbon,
being greater when the carbon source is CO, (Sikes et al. 1981). An alkaline
environment favors and an acid environment hampers the formation of the
skeleton. For example, larvae of Paracentrotus lividus reared in acidified sea
water show a very slow spicular development below pH 7.2 and a regression
of the spicules below pH 6.4 (Bouxin 1926). Although low pH could affect
many physiological processes, one may presume that the acid-base balance
has to be maintained at a certain level for the formation of the skeleton.
Carbonic anhydrase functions in an unsaturated condition at the mineralizing
site of the echinoid tooth, suggesting that the mineralizing site is alkaline
(Chen 1985, Chen & Lawrence 1987).

The mechanisms of acid-base balance related to calcification processes
were mainly studied in echinoid larvae. Allylisothiocyanate —an inhibitor of
H*/K* ATPase — inhibits calcium deposition and spicule formation both in
larvae and in cultured primary mesenchyme cells (Mitsunaga et al. 1987b).
Furthermore, the H*/K* ATPase activity becomes detectable as soon as
spicule formation initiates. An H*/K* ATPase activity was principally found
in the plasma membrane and the microsome fractions whereas almost no
activity was detected in the spicule vacuole fraction (Mitsunaga ez al. 1987a).
As a consequence Mitsunuga er al. (1987a) suggested that the H*/K*
ATPase, while releasing the protons out of the primary mesenchyme cells, is
not involved in the deacidification of the calcifying vacuole. According to
them, the CO, produced by calcite deposition would passively diffuse into
the cytosol and would then be converted by carbonic anhydrase into HCO3
and H* (the bicarbonate ions being transported into the calcifying vacuole by
the CI'/HCO3 ATPase, see part 4.2). In postmetamorphic echinoderms, Chen
& Lawrence (1987) suggested that an alkaline environment could be main-
tained at the mineralizing site of the echinoid tooth by carbonic anhydrase
acting as an ion-channel (see part 4.2). Urease, which converts urea into
carbon dioxide and ammonia (which in turn may be subject to protonation to
form NH}), may elevate pH during calcium carbonate deposition. Loest
(1979) purified an urease from whole echinoids with properties similar to
those from other animals with a calcium carbonate skeleton. He suggested
that this enzyme is possibly significant in carbonate deposition in echino-
derms (as it was suggested to be in snails and corals). However, the urease
activity of the echinoid embryos declines by about 30% from the unfertilized
eggs to the blastula stage, after which it remains relatively constant (Brook-
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bank & Whiteley 1954). Moreover, the uptake of 4C-labelled urea by the soft
tissues and its incorporation as carbon source into the spicules of echinoid
larvae are very low (Sikes er al. 1981). According to Sikes et al., these
observations suggest that neither urease nor urea are involved in the cal-
cification process of echinoderms.

4.4 Magnesium ions.

Magnesium is present in the echinoderm skeleton in solid solution within the
calcite and consequently affects the unit cell parameters of the biomineral
(Chave 1952, Goldsmith er al. 1955). Magnesium concentration within
echinoderm calcite ranges from 2.5 to 39.4% MgCO, (w/w) (Schroeder et al.
1969). Despite the quantitative importance of magnesium and its possible
involvement in nucleation processes, the only evidence about its origin and
role in the echinoderm skeleton come from Okazaki’s (1962) experiments on
echinoid larvae. According to her, the triradiate spicules of larvae cultured in
magnesium-free sea water either did not develop or stopped to elongate and
thickened. This thickening caused the tips of the spicule to become cubical.
This indicates that magnesium is directly taken up by the larvae from the
surrounding sea water. In larvae cultured in sea water containing one-tenth of
the normal calcium and magnesium concentrations (‘0.1 Ca-Mg’ sea water),
the rudiment of the spicule grew into a cube. If the transfer from normal sea
waterto 0.1 Ca-Mg sea water was done at the triradiate spicule stage the arms
of the spicule thickened without elongating, each arm ending in a cube
{Okazaki 1962). SEM observations show that the faces of such cube corre-
spond to the cleavage faces of a calcite rhomb (Okazaki & Inoué 1976). On
the other hand, when larvae were cultured in 0.1 Ca sea water (i.e. 0.1 Ca-1
Mg sea water), the rudiment developed as a spherical mass. If the larvae were
transferred from normal sea water to 0.1 Ca sea water at the triradiate stage,
the spicule failed to lengthen and thicken, ending in a globular bulge
(Okazaki 1956, 1962). These experiments show that magnesium could be
involved in concealing the crystalline faces of echinoderm high-magnesium
calcite* (this property is obviously related to the solid solution state of
magnesium within calcite, a suggestion that had been made for the stereom of
postmetamorphic asteroids by O’Neill 1981). That suggestion is supported
by SEM observations of synthesized crystals of magnesium calcite with
increased magnesium levels: the higher the magnesium level, the rounder

*As quoted by Okazaki (1962), calcium and/or magnesium deficiency also causes
deformations of the skeletal envelope. These deformations prevent the lengthening of the
spicule but, as noted by Okazaki herself, do not explain the fact that spicules of different
shapes are sometimes formed by envelopes of seemingly like shapes (e.g.in 0.1 Ca and
0.1 Ca-Mg sea water).
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the shape of the crystal (crystals of pure calcite have a rhombic shape) (Koch,
pers. comm.).

Particular attention has been paid to the environmental factors which
govemn the concentration of skeletal magnesium. Clarke & Wheeler (1922)
first reported the occurrence of a relationship between the magnesium
concentration of echinoderm skeleton and the temperature of the sea water in
which the organisms lived. They observed that within each of the four classes
investigated (viz. crinoids, echinoids, asteroids, and ophiuroids) the skeleton
of the species from warmer waters showed a higher magnesium concentra-
tion than those from colder waters (e.g. the MgCO, concentration of crinoid
species ranged from 7.28% w/w of ash residue at 1.5°C to 13.74% at 28°C).
According to Clarke & Wheeler (1922) and subsequent pre-1950 authors (see
Vinogradov 1953, for review), the relationship between sea water tempera-
ture and magnesium concentration of the skeleton is more obvious in crinoids
and echinoids than in asteroid and ophuroids. Chave (1954) calculated the
regression lines of skeletal magnesium concentration versus sea water tempe-
rature in each class of echinoderms (except holothuroids) using new data
from X-ray diffraction analysis (a method which avoids contamination from
the soft tissues). He showed that a definite positive correlation occurred
between the two parameters in the four classes although the data did not fit the
regression lines as closely as in other phyla (this is particularly obvious in
echinoids and crinoids for which numerous data have been collected). A
more detailed statistic analysis was performed by Weber (1969, 1973) who
demonstrated that the relationship between sea water temperature and ske-
letal magnesium concentration of different species from the same class is real
although poorly defined, the data often being widely scattered even within
one genus. Moreover, he showed that in both echinoids and asteroids the
relationships are significantly different from one taxonomic order to another.
In some cases, the difference was significant even at the generic level. The
variability of the temperature-magnesium relationship between orders and
genera of the same class becomes obvious when analyzing the skeletal
magnesium concentration of different species from the same community.
Significant differences which occur between species of the same locality are
rather low in asteroids and ophiuroids but may be high in echinoids, viz. up to
6.5% MgCO, (Pilkey & Hower 1960, Raup 1966, Weber 1969). The skeletal
magnesium concentration is thus not only controlled by environmental
factors but also by genetic factors (Weber 1969).

In order to assess the relative influence of genetic and environmental
effects, variations of the skeletal magnesium concentration were studied
among individuals from the same species and among ossicles from the same
individual.

Weber (1969) reported that magnesium distribution in the stereom of
echinoid ossicles is not homogenous at the 10 um level provided by electron-
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microprobe analysis. Yet, this inhomogeneity is limited in most ossicles
except teeth whose different regions show differences in MgCO, concentra-
tions ranging from 2.5 to 39.4% (w/w) (Weber 1969, Schroeder et al. 1969).
On the contrary, Blake & Peacor (1981) and Blake et al. (1984) reported that
the magnesium distribution in the stereom of a crinoid ossicle is homogenous
at the 100 nm level provided by STEM microanalysis. As a consequence,
magnesium ion distribution cannot be related to the general rounded mor-
phology of echinoderm stereom, as hypothesized by O’Neill (1981) (Blake et
al. 1984).

In crinoids, asteroids, and ophiuroids no significant difference was de-
tected in the magnesium concentration of different ossicles from the same
individual (Chave 1954, Weber 1969, 1973). However, different ossicles of
the same echinoid individual do not have the same magnesium concentration
(Clarke & Wheeler 1922, Vinogradov 1953, Chave 1954, Weber 1969,
1973). According to Weber (1969), the difference in MgCO, concentration
between spines and coronal plates may reach 8.7% w/w in Echinometra
mathaei. Furthermore, a limited but significant variability occurs (the stan-
dard deviation ranging from 0.12 to 1.02% MgCO, w/w) in homologous
ossicles from crinoid, asteroid, ophiuroid or echinoid individuals of the same
population (Pilkey & Hower 1960, Weber 1969). The skeletal magnesium
concentration thus appears also to be controlled by individual biological
factors.

Sumich & McCauley (1972) reported that the variations of skeletal magne-
sium concentration in individual Allocentrotus fragilis from the same popu-
lation are negatively correlated with the age of the echinoids (range: about 1
to 1.5% MgCO, w/w). They suggested that differences between young and
older echinoids would result from a lower magnesium incorporation into the
new plates of older individuals that grow more slowly (see below for
discussion about the growth rate effect). On the contrary, Pilkey & Hower
(1960) found no relation between the skeletal magnesium concentration and
the size (and presumably the age) in Dendraster excentricus.

Few authors have compared individuals coming from different popula-
tions with contrasting environmental parameters. This is partly caused by the
paucity of species living in a wide range of temperature, a fact preventing
suitable statistic analysis (Weber 1969). Pilkey & Hower (1960; Dendraster
excentricus) reported the occurrence of a correlation (r = 0.63 to 0.84)
between skeletal magnesium concentration and sea water temperature over a
temperature range of 10°C representing 24 localities. However, the MgCO,
concentration changed by only 1% over the temperature range and the
authors did not test the significance of their correlation coefficients. The same
authors also suggested a salinity effect on the skeletal magnesium concentra-
tion but their data are too few to draw any conclusion. Sumich & McCauley
(1972; Allocentrotus fragilis) found no correlation between skeletal magne-
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sium concentration and sea water temperature in three stations at different
depths. Laboratory experiments by Davies et al. (1972; Arbacia punctulata)
on regenerating broken primary spines under different temperatures indi-
cated that the rate of spine regeneration is constant at a given temperature.
Davies er al. showed moreover that the magnesium concentration of the
regenerate is correlated only with the maturity of the stereom (i.e. the stage of
regeneration), the oldest parts of the regenerate have the magnesium concen-
tration closest to that of the stub. The correlation which is apparent between
magnesium concentration of the regenerate and temperature at any given
time is thus only due to the stage of maturity reached by the stereom (which
depends on the growth rate). At advanced stages of regeneration, the chemi-
cal compositions of the stub and of the oldest part of the regenerate become
equal. These observations fit well with Weber’s (1973) studies on spines in
various degrees of regeneration of echinoids collected from the field. Thus,
during growth of the spine regenerate, the calcite deposited at any specific
site gradually changes from an initial low-magnesium calcite to a high-
magnesium calcite as in the stub. Temperature does not control the final
magnesium concentration of the ossicle. Davies et al. (1972) proposed two
mechanisms that could explain this change, namely (1) a gradual increase in
the magnesium content of the calcite being deposited producing a ‘zoned’
crystal, or (2) a process of solution and redeposition, or of exchange between
the solid phase and the stroma. STEM microanalysis of crinoid stereom
showed that the distribution of magnesium ions is homogenous at a subtrabe-
cular level (see above). However, occurrence of concentric inorganic layers
in trabeculae of several species (see part 3.4) could suggest a combination of
the two mechanisms.

In conclusion, the skeletal magnesium concentration of a given species
appears to be governed mainly by genetic factors, the variation between
homologous ossicles of different individuals remaining limited always to
about 1% MgCO, (w/w). At higher taxonomic levels, the temperature effect
on skeletal magnesium concentration is less obvious than supposed by early
authors. Furthermore, the relationship between sea water temperature and
skeletal magnesium concentration differs according to the orders and genera
investigated. These observations led Weber (1973) to conclude that ‘biolo-
gical factors are enormmously more important in controlling the skeletal
chemistry of echinoderms than are environmental parameters’. Weber (1969,
1973) proposed that growth rate may account for both temperature and
biological effects. (For this purpose, Weber postulated that temperature and
growth rate are positively correlated, a fact that is not certain; see Moore
1966.) Weber (1969, 1973) suggested that magnesium is an impurity acci-
dentally complexed by the organic matrix. If the crystallization rate is low, the
magnesium ions have a high probability of being exchanged with calcium
ions whereas at high crystallization rates, the time available for exchange will
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be reduced and more magnesium ions will remain within the calcite. In
Weber’s hypothesis, the skeletal magnesium concentration is thus dependent
on three different parameters: (1) the rate of crystallization, (2) the concentra-
tion of magnesium ions at the crystallization site, and (3) the properties of the
organic matrix. However, studies by Davies et al. (1972) do not support the
growth rate effect proposed by Weber, although the experiments of the
former involved a single species (i.e. the genetic variability being greatly
reduced). Both Heatfield (1971a) and Davies et al. (1972) distinguished two
patterns of skeletal growth during the regeneration of echinoid spines, viz. a
longitudinal growth producing thin trabeculae and a lateral growth during
which trabeculae thicken. During the longitudinal growth, the trabeculae
increase primarily in length, so that the growth rate (expressed as the
lengthening of the regenerate) and the crystallization rate are proportional.
During the longitudinal growth, the same concentrations of magnesium are
found in regenerating spines whatever their growth rates (and thus whatever
the crystallization rates). Thus, in that case, the skeletal magnesium concen-
tration did not seem to be related to the crystallization rate and one may
consequently suggest that the organic matrix must play the leading role in
determining the magnesium concentration in echinoderms. Furthermore, the
maturation of the organic matrix could explain the change in magnesium
concentration undergone by the calcite of the regenerate stereom during its
maturation.

4.5 Trace elements

In addition to calcium and magnesium, the stereom of echinoderms contains
several trace elements, the most important ones being sodium and strontium
(Table 5). Occurrence of sodium presurnably results from contamination as
Donnay & Pawson (1969) showed that, when immersed alive in alcohol,
echinoid spines had no trace of NaCl in their skeleton. On the contrary, spines
which have been dried in air gave the X-ray diffraction pattern of NaClL
Studies about the origin, transport, and factors influencing the precipita-
tion of the trace elements in the echinoderm skeleton are too few to allow any
generalization. Binyon (1978) demonstrated that an increase of strontium
concentration in sea water produces a similar increase of the strontium
concentration in the soft tissues of asteroids. He also reported that the
duration of experiment (ten days) was, however, too short to eventually
reflect the strontium increase in the stereom. Pagett (1985) showed, further-
more, that there was no significant difference in skeletal strontium concentra-
tion between ophiuroids living in waters which differ in strontium concentra-
tion (from 4.3 to 7.9 mg/1). Salinity was reported to be unrelated with skeletal
strontium concentration in Dendraster excentricus (Pilkey & Hower 1960).
Thompson & Chow (1955) found no significant difference in the Sr/Ca ratio

156



.Table 5. Concentration range of the most important minor elements of echinoderm
skeleton (ppm in dried skeleton).!

Elements Concentration References of extreme References of intermediate
ranges values values
Na? 3800-12200  Harris & Pilkey 19663 Riley & Segar 19703
Sr 246-2600 Mauchline & Templeton ~ Thompson & Chow 19553,
1966, Davies etal. 1972 Pilkey & Hower 1960,
Riley & Segar 19703,

Gunatilaka 19753, Binyon
1978, Pagett 1985

K 330-650 Riley & Segar 19703

Al 120-160 Riley & Segar 1970°

Ba 97 Mauchline & Templeton
1966

Zn 12-110 Riley & Segar 19703

Mn 4.5-94 Riley & Segar 1970, Har-  Stevenson & Ufret 19663
ris & Pilkey 19663

Fe 1.6-620 Riley & Segar 19703, Har-  Stevenson & Ufret 19663
ris & Pilkey 19663

Ni 0.12-78 Riley & Segar 19703, Ste-
venson & Ufret 19663

Cu 0.42-1.8 Riley & Segar 19703

1. Post-1950 data have been listed only for methodological reasons; heavy metals from
pollution origin have not been considered.

2. See text.

3. Samples of these authors can be contaminated by elements from the peri-ossicular soft
tissues. These data are, however, taken into account because most part of the sample (>
90%) is made of skeleton.

of different species of echinoderms (belonging to all present classes) origi-
nating from habitats of different depths. On the contrary, Pilkey & Hower
(1960) observed variations in the Sr/Ca ratio of tests of Dendraster excen-
tricus from different localities and found a negative correlation between sea
water temperature and the Sr/Ca ratio. The effect of temperature was,
however, not significant in determining the strontium concentration in rege-
nerating echinoid spines (Davies et al. 1972). On the other hand, Davies et al.
found an inverse relationship between the maturity of the stereom and its
strontium concentration. This could be explained either by the faster crystal-
lization rate of the longitudinally growing regenerate (following a similar
hypothesis to Weber’s for magnesium) or by an organic matrix effect. A
faster crystallization rate was also suggested by Pagett (1985) to explain the
negative correlation between skeletal strontium concentration and individual
dry weight (thought to be an approximate indication of the age) in Ophioco-
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mina nigra. However, this relationship did not occur in the three other species
of ophiuroids he investigated.

Skeletal concentration of manganese, iron and nickel differ significantly
between two echinoid species from the same community (Stevenson & Ufret
1966). In Dendraster excentricus, manganese concentration of the test exhi-
bits a poorly defined negative correlation with temperature (Harris & Pilkey
1966). Stevenson & Ufret (1966) suggested that the significant differences in
the skeletal ion concentration exhibited by Tripneustes esculentus from two
localities are due to similar differences in the iron concentration of their
food.

5 RESORPTION AND SKELETAL DYNAMICS

5.1 Skeletal resorption

Skeletal elements of echinoderms are not necessarily permanent structures,
and resorption processes may occur in both larvae and postmetamorphic
individuals.

5.1.1 Resorption of larval spicules

The spicules of starved echinopluteus decrease in size (Runnstrom 1912,
Bonar 1978, De Greef & Jangoux 1985). In larvae of Paracentrotus lividus,
the anterolateral and postoral rods are resorbed during starvation whereas the
body rods (i.e. the rods which grow during the endotrophic phase of develop-
ment) are maintained almost until larval death (De Greef & Jangoux 1985)
(for rod terminology, see Okazaki 1975a).

Some echinoid larval spicules are also resorbed during normal growth of
well-fed pluteus. The distal part of the body rods (which is generally
thickened) is resorbed in several species, the tip of the rods generally
fracturing before being totally resorbed (Théel 1894, Mortensen 1931, 1937,
De Greef pers. comm.). According to Théel (1894), resorption of body rods is
performed by cells which are morphologically similar to skeletogenic cells.
He reported that these cells are provided with numerous active pseudopodia
that surround the part of the spicule to be resorbed. Then, the pseudopodia-
surrounded part begins to dissolve, and the rod becomes constricted and
breaks. In the end, the severed fragment is completely dissolved by the
resorbing cell. Théel supposed that the dissolution is intracellular and that the
dissolving agent is an acid secreted by the resorbing cell. Other larval rods
reported to be partly or completely resorbed during echinopluteus develop-
ment are the ventral transverse rods and the anterolateral rods of Diadema
setosum (see Mortensen 1931), the recurrent rods of Nudechinus gravieri
(see Mortensen 1937), and the anal rods and dorsoventral rods of Paracen-
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trotus lividus (De Greef, pers. comm.). According to Théel (1894), Morten-
sen (1931, 1937) and De Greef (pers. comm.), rod resorbtion starts when the
larval skeleton becomes unsuitable for further larval development (e.g. when
the rods either hinder the growth of the digestive tract or that of the echinoid
rudiment).

The fate of echinopluteus spicules during metamorphosis is still debated.
According to Théel (1892), Mortensen (1937), Okazaki (1975a) and Emlet
(1985), some rods are partly resorbed — the unresorbed parts being cast away
— whereas some others are either incorporated into postmetamorphic ossicles
or cast away by the individuals. On the contrary, Cameron & Hinegardner
(1978) and Chia & Burke (1978) reported that the whole larval rods are shed.
Contrary to what occurs in echinoplutei, all larval rods of ophioplutei are
resorbed during metamorphosis except the posterolateral rods of some spe-
cies which are cast away (Mortensen 1931, Hendler 1975, Mladenov 1985).
Moreover, the embryo of some viviparous species have provisional spicules
which are resorbed early during their development (Hendler 1975).

5.1.2 Resorption of postmetamorphic ossicles

The described resorption processes of postmetamorphic ossicles may be
classified into four categories, namely, negative growth, ossicle remodelling,
spicule change, and autotomy-related resorption (Table 6).

Negative growth. Negative growth consists of a decrease of the echinoid test
diameter which occurs under natural conditions (Ebert 1967, 1968, Régis
1979). As the test is made of abutting ossicles and as test growth shows only
minor deviations from isometry (Mirkel 1975, 1981), shrinking of the
individuals strongly suggests calcite resorption.

Ossicle remodelling. Resorption processes affecting the corona and the
perignathic girdle of growing echinoids were discussed and clarified by
Markel (1975, 1976a, 1981). Such processes occur only where remodelling
of the skeleton is necessary for further growth.

The specificity and intensity of resorption processes affecting the perigna-
thic girdle differ for cidaroids and non-cidaroids (see Table 6). During
cidaroid growth, the unpaired interambulacral primordials are totally res-
orbed and the subsequent pair of basicoronal interambulacral plates are partly
resorbed at their peristomial edge (Markel 1981). Moreover, at the border of
the peristome, the ambulacral plates detach from the corona. They transform
into ambulacral scales embedded in the peristomial membrane, the aporife-
rous part and tubercles of scales being progressively resorbed (Markel 1981).
In non-cidaroids, no plates detach from the corona. The interambulacral
primordials — viz. the plates that form the ridges of the perignathic girdle —
resorb only partly. Resorption occurs only inside the bow of the apophyses, at
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Table 6. Resorption processes in postmetamorphic ossicles.

Processes Affected ossicles References
A. Negative growth (regular echi- whole test Ebert 1967, 1968,
noids) Régis 1979
B. Ossicle remodelling (regular perignathic girdle
echinoids) interambulacral primordials Mirkel 1981
(cidaroids)
basicoronal interambulacral Mirkel 1981
plates (cidaroids)
ambulacral scales (cida- Mirkel 1981
roids)
bow of the apophyses (inner Markel 1975,
face) (non-cidaroids) 19764, 1981
ridge (front face) (non- Mirkel 1975,
cidaroids) 19764, 1981
gill notches (non-cidaroids) Mirkel 1975,
1976a, 1981
corona of the test
walls of the ambulacral Smith 1980a,
pores Mirkel 1981
tubercles Jensen 1972, Smith
1980a

Aristotle’s lantern

epiphyses (back side of the ~ Mirkel 1976b, 1979
articular surfaces)

rotulae (back side of the arti- Markel 1976b, 1979
cular surfaces)

C. Spicule change (holothuroids)
change of the type of calcareous tables with two columns Féral 1980
spicules (Neopentadactyla

mixta)
loss of spicules in mature indi-  spicules of the anal projec-  Hozawa 1928
viduals (Caudina chilensis) tions
substitution of calcareous spi- species specific calcareous  Clark 1907, Donnay
cules by iron-rich phos- spicules 1975, Lowen-
phatic granules (molpadiids) stam & Rossman
1975
D. Autotomy-related resorption
stalk resorption after autotomy  stalk rod Holland & Holland
of the head in globiferous 1975
pedicellariae (regular echi-
noids)
arm autotomy (comatulid cri- brachial ossicles Holland &
noid) Grimmer 1981
serial replacement of ambital ambital primary spines Cutress 1965
spines by oral spines (cidaroid
echinoids)
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Table 6 (cont.).

Processes Affected ossicles References
shedding of damaged spine shaft primary spines Prouhbo 1887,
(cidaroid echinoids) Mirkel & Roser
1983b
shedding of the infected areaof  coronal plates Hobaus et al. 1981,
the test in the bald-sea-urchin Maes & Jangoux
disease (regular echinoids) 1984

the front face of the ridge and at the distal wall of the gill notches (Markel
1975, 19764, 1981).

Resorption processes of the corona of growing echinoids affect both the
walls of the ambulacral pores and the margin of the tubercles (Jensen 1972,
Smith 1980a, Markel 1981). Both primary and secondary tubercles show
resorption processes. Secondary tubercles grow at their leading margin and
resorb at their trailing margin, shifting outwards from the growing primary
tubercles (Smith 1980a). This leaves superficial trails of stereom different
from the general stereom of the plate. Resorption and redeposition processes
occurring during either the growth of primary tubercles or the shift of
ambulacral pores will be described below (see part 5.2).

In the growing Aristotle’s lantern, resorption maintains the isometry of
both the rotulae and epiphyses (Mérkel 1976b, 1979). Calcite is resorbed at
the back edge of the articular surfaces whereas new calcite is deposited at the
front edge. It is noteworthy that these articular surfaces are made of compact
calcite which behaves like a polycrystalline aggregate between crossed nicol
prisms, an observation demonstrating that microcrystals of articular surfaces
of both rotulae and epiphyses are not aligned as in the stereom (such calcite
was called ‘polycrystalline calcite’ as the authors believed — erroneously —
that the stereom was as a rule monocrystalline; see part 3.4).

Spicule change. In the holothuroid Neopentadactyla mixta conspicuous
differences occur in the shape of the spicules according to the age of the
individuals, viz. juveniles have only table-like spicules with two columns
while adults have only table-like spicules with four columns (Féral 1980).
According to Oestergren (1938, in Féral 1980), tables with four columns are
formed de novo without passing through a two-column stage. This implies
that tables with two columns should have been resorbed during individual
growth. Resorption could also be inferred in the molpadiid Caudina chilen-
sis. Juveniles of this species have anal projections crowded with well-
developed spicules whereas the anal projections of mature individuals are
almost destitute of them (Hozawa 1928). One should note that very few

161



Table 7. Formulae of whole phosphatic granules of molpadiid holothuroids.

Species Formulae References
Molpadia ooliti- Fe, ¢; Cag 59 (OH), 19 PO, (H,0), 75 Donnay
ca 1975

Molpadiainter-  Fe, 55 Cag 53 Mgy 5o (OH), 53 PO, (H;0), g5 (CH,)g 55! Lowenstam

media & Rossman
1975

1. (CH,) represents the left over C and H.

studies deal with the spicular change during holothuroid growth (Féral 1980),
and that spicular change and resorption in this group could be far more usual
than believed.

Radical change in spiculation also occurs in molpadiid holothuroids. The
juvenile skeleton of these holothuroids is composed of different types of
calcite spicules. During the growth of individuals, the spicules are resorbed
while deposition of phosphatic granules rich in iron occurs in the extracellu-
lar space of the dermis (Clark 1907, Donnay 1975, Lowenstam & Rossman
1975). The types, proportions, and numbers of resorbed spicules is species
specific (Donnay 1975). However, in many species, the formation of calcite
spicules continues although being confined to the anterior and posterior body
areas (Clark 1907, Donnay 1975, Lowenstam & Rossman 1975). Partly
resorbed spicules were observed inside phosphatic granules indicating that at
least some of the early phosphatic granules develop around dissolving
spicules (Donnay 1975, Lowenstam & Rossman 1975). However, most of the
phosphatic granules of adult molpadiids are deposited in body areas where no
spicules occur. Nucleation and accretion of phosphatic granules in adult
individuals thus do not depend on the occurrence of calcite material
(Lowenstam & Rossman 1975, Stricker 1986). Stricker (1986) suggested that
the clusters of finely filamentous extracellular material observed on TEM
sections in the vicinity of developing granules may serve as nucleation sites.
According to him sclerocytes are not involved in the formation of phosphatic
granules. The granules consist of concentric layers made of two types of
spheroidal subunits (0.13-0.24 pm in diameter) made of amorphous
minerals. The first and most abundant type is rich in water, ferric ions and
phosphate while the second type consists of opaline hydrous silica
(Lowenstam & Rossman 1975). The chemical formulae reported for whole
phosphatic granules are given in Table 7. Extensive morphological and
physico-chemical data on granules as well as a structural model for the
iron-rich subunits are given by Lowenstam & Rossman (1975). The organic
content of the granules (about 0.13% w/w) has been analysed by Weiner ez al.
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(1983) and its significance discussed by Lowenstam & Weiner (1983). The
resorption mechanism of the calcareous spicules in molpadiids is still un-
known.

Autotomy-related resorption. Autotomy-related resorption is either directly
involved in the autotomy process (shedding of the spine shaft in cidaroids,
and shedding of the test area in diseased echinoids) or is an epiphenomenon
of the autotomy process (trabecular etching in crinoids, and stalk resorption
of globiferous pedicellariae of echinoids).

Stalk resorption in globiferous (poisonous) pedicellariac has been
described incidentally. After injecting their venom — e.g. into a potential
predator — globiferous pedicellariae autotomize. In some species only the
pedicellarial head autotomizes whereas the stalk remains fixed on the test and
totally regresses before a new pedicellaria regenerates (Holland & Holland
1975). During the regression phase, the supporting rod of the stalk must
obviously be resorbed too.

Arm autotomy in crinoids occurs at the level of particular brachial articula-
tions, such as, e.g. the so-called syzygies (for review, see Emson & Wilkie
1980). Holland & Grimmer (1981) showed that some trabeculae of the
brachial ossicles involved in syzygies were partly dissolved during the
autotomy process. Etching affected the two outermost ranks of trabeculae of
the articulation surface. Holland & Grimmer (1981) suggested that the
neurosecretory granules involved in autotomy would include strong acid
and/or chelating agents that would cause both the destabilization of the
articular collagenic fibers and the etching of the trabeculae. The authors
supposed that trabecular etching is of little significance in the autotomy
process.

Cidaroid echinoids have two kinds of primary spines, namely, the ambital
primary spines (which occur on most of the test plates) and the oral primary
spines (which only occur on the interambulacral plates near the oral edge of
the corona) (Cutress 1965). Cutress observed that the ambital primary spines
of Eucidaris tribuloides located closest to the peristome fractured in a
definite sequence through the proximal part of their collar. She reported that
oral primary spines developed by regeneration from the fractured ambital
spines. As the ambital spines break in a definite sequence, fracture cannot be
attributed to accidental factors. This suggests that an autotomy-like process
involving skeletal resorption occurs (Cutress 1965). Such endogenously
caused breakage was reminiscent of Prouho’s (1887) observations that a
damaged spine of Cidaris cidaris has to cast off its distal part before
regerierating. The breakage was due to a skeleton-resorbing ‘membrane’ —
i.e. the so-called Prouho’s membrane — that runs transversally through the
collar of the spine. Ultrastructural investigations by Markel & Réser (1983b)
onexperimentally damaged spines of E. tribuloides showed that the Prouho’s
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membrane is made of syncytial phagocytes which actively resorb the trabe-
culae. Miarkel & Roser reported that soon after the spine was damaged, the
phagocytes located in the spine shaft close to the collar migrate towards the
distal part of the collar (i.e. at the level of the future membrane). During their
migration, they absorb all other stromatic cells by phagocytosis. When
reaching the distal part of the collar, the phagocytes extend in an horizontal
network and merge into a syncytium forming the Prouho’s membrane. The
syncytium attaches distally to the trabeculae by means of junction-like
structures characterized by numerous microtubules. Typical organelles of the
syncytium are, namely, numerous SER-cisternae and phagosomes, coated
vesicles associated with Golgi complexes, and numerous mitochondria.
Resorption of the trabeculae starts at the level of the junction-like structures
and results in the bulging of the latter into the trabeculae. Clear pinocytic
vesicles (250 nm in diameter) appear within the bulges shortly after etching
begins. A thin lamella (150 nm thick) arises from each bulge and carries on
etching through the trabeculae, causing a 200 nm wide cleft. Thereafter, the
lamellae thicken and clear vesicles as well as mitochondria enter them.
Finally, the syncytium forms a continuous layer through the collar causing the
shedding of the distal part of the spine. The stump is quickly covered by the
epidermis and regeneration begins. Although the dissolving agent is un-
known, Mirkel & Roser (1983b) suggested that microtubules of the junction-
like structures could play a role in its secretion and that the associated clear
vesicles could take up the dissolved material. The shedding of the distal part
of damaged cidaroid spines is the only resorption mechanism that has been
described at the cellular level in postmetamorphic echinoderms.

The bald-sea-urchin disease often causes the shedding of the upper skeletal
portion of the test plates which supports the lesion (see Maes & Jangoux 1984
for review). The process of skeleton elimination in the bald-sea-urchin
disease could be similar to that involved in the shedding of damaged spines in
cidaroids as a portion of the skeleton is isolated by a cellular layer made of
phagocytes and red spherulous cells before being eliminated. The trabeculae
are then dissolved along this layer and over a narrow slit causing the shedding
of the upper skeletal layer (Hobaus ez al. 1981, Maes pers. comm.).

5.2 Skeletal dynamics

Resorption in echinoderms is not only designed for clearing away stereom
which has become unsuitable, but may also be followed by redeposition of
new material making the stereom a true dynamic system. Occurrence of
resorption/redeposition processes have been shown in at least three systems,
viz. (1) the shift of the ambulacral pores in echinoid plates, (2) the growth of
the echinoid primary tubercles, and (3) the growth of the Aristotle’s lantern.
During growth of the ambulacral plates, the pores shift outwards and
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follow the expanding plate margin. The trabeculae are resorbed at the front
wall of the pores whereas new stereom — which is different from the
surrounding one —is deposited at the back wall (Smith 1980a, Miarkel 1981).

The enlargement of the mamelon and platform of a primary tubercle is
preceded by resorption of the surrounding stereom of the boss whereas the
development of the areole requires the resorption of the surrounding thorns
together with the migration of secondary tubercles (Jensen 1972, Smith
1980a) (for tubercle terminology, see Smith 1980b).

Articular surfaces in Aristotle’s lantern are resorbed in the course of
growth (see part 5.1.2). In the epiphyses, the so-called articular ‘polycrystal-
line’ calcite is partly resorbed at its proximal edge before being covered by
newly grown stereom. Evidence of reworking is also available from the
hemipyramids. Ebert (1980) injected echinoids with tetracycline (a fluore-
scent dye which is incorporated into calcite during growth of the ossicles).
After one year, the hemipyramids had increased in size regardless of whether
the individuals were well-fed or not. However, tetracycline marks were only
seen in the hemipyramids of well-fed individuals. Ebert (1980) pointed out
that tetracycline has a very short life in sea water under tropical conditions.
He consequently presumed that tetracycline was incorporated only during the
first two days of the experiment in both groups of individuals as starvation
was not yet effective. He suggested that the calcite of the hemipyramids of
the starved echinoids were reworked during starvation causing the loss of the
tetracycline marks.

The stereom may thicken after its formation. For instance, during regene-
ration of broken echinoid spines, a fine meshwork is first deposited and is
afterwards thickened whereas the regeneration front is more advanced
(Heatfield 1971a, Mischor 1975). Similarly, Smith (1980a) reported that
when coronal plates grow rapidly an open stereom is deposited at both their
inner and outer surfaces. When plates grow slowly or cease to grow, the
trabeculae of the plate surfaces thicken, producing a dense, compact stereom
layer. Such delayed thickening processes are all the more surprising since
there are few slcerocytes either in the proximal part of the spine regenerates
or in fully developed ossicles (see part 2.2). This means either that mainte-
nance sclerocytes actually resume their activity and are able to ensure
extensive deposition of calcite, or that they multiply and form typical active
sclerocytes (see part 2.3).

The question now arises as to whether or not there is a permanent
reworking of the calcite in the echinoderm stereom as it occurs in the
Haversian bone of vertebrates. Nichols & Currey (1968) suggested that
maintenance sclerocytes repair the flaws which arise in the trabeculae by
erosion and redeposition of calcite (see part 2.2.3). This is, however, only
hypothetical as most TEM studies have shown no evidence of active skele-
toclastic cells in fully developed ossicles (see Table 1 for references). Stricker
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(1985) found a permanent tum-over of holothuroid skeletal calcite unlikely
as he did not find tetracycline marks in the fully developed ossicles of
injected individuals. However, tetracycline labelling is not as sensitive as
radio-tracers. As previously discussed, resorption/redeposition processes
occur, namely (1) at places where the skeleton becomes unsuitable and/or
needs remodelling (larval spicules, echinoid corona and Aristotle’s lantern),
(2) when skeletal elements are modified (holothuroid spicules), and (3) when
part of a skeletal element is autotomized (cidaroid spines, test plates in
bald-sea-urchin disease). Echinoderms, apparently, do not have a continuous
turnover of their skeletal material although mechanisms of resorption and
redeposition exist and function in places. Confirmation of this will need (1)
morphological evidence on the occurrence and origin of skeletoclastic cells
and (2) the demonstration of the static nature of echinoderm skeleton by
radio-tracer experiments.

6 CONCLUSION

The skeletal system is one of the distinguishing features of the phylum
Echinodermata. However, the process of calcification is one of the least
understood of any of the animal phyla. The actual composition and the role of
the organic matrix has only recently been investigated, ion transport has been
studied almost only in echinoid larvae, and demonstration of skeletal dynam-
ics is principally based on indirect clues. Regulatory processes are totally
unknown. Only the morphology of the skeleton-forming cell is well charac-
terized. In view of the quantitative and qualitative importance of the skeleton
in the phylum and the special place of echinoderms among the invertebrates,
the study of the calcifying mechanisms will be a major contribution to the
understanding of the phylum biology and to comparative biology.
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