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This paper reports the results of the first dynamic labeling experiment with regenerating spines of sea
urchins Paracentrotus lividus using the stable isotope 26Mg and NanoSIMS high-resolution isotopic imag-
ing, which provide a direct information about the growth process. Growing spines were labeled twice (for
72 and 24 h, respectively) by increasing the abundance of 26Mg in seawater. The incorporation of 26Mg
into the growing spines was subsequently imaged with the NanoSIMS ion microprobe. Stereom trabec-
ulae initially grow as conical micro-spines, which form within less than 1 day. These micro-spines fuse
together by lateral outgrowths and form a thin, open meshwork (inner stereom), which is subsequently
reinforced by addition of layered thickening deposits (outer stereom). The (longitudinal) growth rate of
the inner stereom is ca. 125 lm/day. A single (ca. 1 lm) thickening layer in the stereom trabeculae is
deposited during 24 h. The thickening process is contemporaneous with the formation micro-spines
and involves both longitudinal trabeculae and transverse bridges to a similar degree. Furthermore, the
skeleton-forming cells remain active in the previously formed open stereom for at least 10 days, and
do not migrate upwards until the end of the thickening process. The experimental capability presented
here provides a new way to obtain detailed information about the skeleton formation of a multitude
of marine, calcite producing organisms.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Echinoderms form a unique skeleton composed of numerous
plates (ossicles) that are secreted within syncytial membranes
through a biologically controlled intracellular biomineralization
process (e.g., Okazaki, 1960; Märkel, 1986). Each ossicle consists
of a tridimensional meshwork made of magnesium calcite trabec-
ulae (stereom) and of about 0.1% (w/w) organic components (the
so-called intrastereomic organic matrix; ‘‘IOM’’; see Weiner,
1985). Both mineral and organic materials are structured within
individual stereom trabeculae in a form of alternate concentric lay-
ers (e.g., Dubois, 1991; Ameye et al., 1998). It has been argued that
the basic mechanisms of biomineralization are identical within the
entire phylum Echinodermata, as suggested by very similar struc-
tures, properties, morphogenesis and molecules involved in the
skeletogenesis (Dubois and Chen, 1989).

Previous work on the stereom structure has documented
six stereom types: rectilinear, laminar, galleried, labyrinthic,
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microperforate and fascicular, as well as four stereom layers: reti-
form, simple perforate, irregular perforate and imperforate (Smith,
1980). According to Dubois and Jangoux (1990) morphogenesis of
all stereom types is basically the same. Most of available data on ste-
reom growth come from regenerating spines of echinoids and aster-
oids (see e.g., Heatfield, 1971; Mischor, 1975; Dubois and Jangoux,
1990). According to these data, spine regeneration appears to be
very similar to the original spine growth. Regeneration starts with
a wound-healing phase during which the epidermis is reconstituted
around the broken surface of the spine. Formation of new skeleton
usually begins 3 days after breakage, below the healed epidermis,
in the form of small conical projections (the so-called micro-spines)
on the fractured surface of trabeculae. According to Politi et al.
(2004), the very first deposits are made of amorphous calcium car-
bonate particles that seem to aggregate and subsequently crystal-
lize into macroscopic single crystals of calcite (Yang et al., 2011).
Initially, these micro-spines grow parallel to the longitudinal axis
of the spine (which is also the c-crystallographic axis of calcite). Lat-
eral branches are formed at regular intervals to connect neighboring
micro-spines into a thin tri-dimensional fenestrated meshwork (the
so-called open stereom). This thin meshwork subsequently thickens
by secondary deposition of mineral on previously formed meshes
(Heatfield, 1971; Mischor, 1975; Dubois and Ameye, 2001).

http://dx.doi.org/10.1016/j.jsb.2011.07.008
mailto:pgorzelak@twarda.pan.pl
mailto:stolacy@twarda.pan.pl
mailto:phdubois@ulb.ac.be
mailto:Kopp.christophe@hotmail.fr
mailto:meibom@mnhn.fr
http://dx.doi.org/10.1016/j.jsb.2011.07.008
http://www.sciencedirect.com/science/journal/10478477
http://www.elsevier.com/locate/yjsbi


120 P. Gorzelak et al. / Journal of Structural Biology 176 (2011) 119–126
Such interpretations of the dynamics of stereom growth were
based on comparisons of different spines removed from the echi-
noid body at different time-intervals. A more direct way to observe
spine formation would be to dynamically label the spine during
growth and subsequently observe the label incorporated into the
formed structures at the nano/micrometer scale. Although differ-
ent types of chemical markers (e.g., calcein) have been used to
study skeleton formation of various organisms, including echino-
derms, care has to be taken that such markers do not stress the
organism and perturb the biomineralization processes under study
(see Section 4). Furthermore, the spatial resolution provided by
these markers is rather poor.

Recently, Houlbréque et al. (2009) presented a new method of
labeling of scleractinian coral aragonite with elevated abundances
of the stable isotope 86Sr, which is a natural component of seawa-
ter. Subsequently, it has been documented that such labeling pro-
cedures do not stress the organism in any measurable way (Brahmi
et al., 2010 submitted to JSB). Houlbréque et al. (2009) used the
NanoSIMS ion microprobe to image the incorporation of the 86Sr
label with high spatial resolution. Because the concentration of
Mg in calcite usually is higher than the concentration of Sr (Mena-
dakis et al., 2007), it is advantageous to label with 26Mg in calcitic
structures, such as the skeleton of echinoids. In this paper we com-
bine such 26Mg labeling of the magnesium calcite skeleton of echi-
noids with NanoSIMS imaging of the resulting structures. The
results reveal interesting aspects of the skeletal growth of echino-
derms and the method is a broadly applicable tool to study the
dynamics of biomineralization processes of a wide range of cal-
cite-producing organisms.
Fig.1. (A) Two specimens of sea urchins Paracentrotus lividus in beakers with fully
expanded podia during labeling with 26Mg enriched artificial seawater. (B) Aboral
and (C) lateral views of dissected specimens with enlargement (D) of the test
fragment with regenerated fragments of spines (arrows).
2. Materials and methods

The 26Mg experiments were conducted in the Laboratory of
Marine Biology in Brussels (Faculté des Sciences, Université Libre
de Bruxelles, Belgium) using young sea urchins Paracentrotus livi-
dus (Lamarck), 32–35 mm in ambital diameter (Fig. 1A–C) obtained
from the aquaculture facility in Luc-sur-Mer (English Channel, Nor-
mandy, France). The specimens were transported to Brussels and
maintained for 2 weeks in an aerated, closed circuit aquarium, con-
taining about 1000 l of natural seawater (Wimereux, Pas-de-Calais,
France) under controlled and constant temperature (about 17 �C),
salinity (32 psu), and pH conditions (about 8.0), similar to the con-
ditions in the aquaculture facility. The experiment involved the fol-
lowing steps (see also Fig. 4): (1) Spine fracturing; (2) 3 days (72 h)
recovery; (3) 1 day (24 h) simulated labeling experiment; (4)
3 days (72 h) 26Mg labeling; (5) 3 days (72 h) recovery; (6) 1 day
(24 h) 26Mg labeling; (7) 3 days (72 h) recovery after which the
experiment ended and the animals were sacrificed. The experi-
mental steps are explained in more detail below.

Two specimens were prepared 4 days before the beginning of
the labeling experiment by cutting distal portions of a few long pri-
mary spines, thereby starting the process of spine regeneration
(Fig. 1D). Three days after cutting the spines, a ‘simulated’ labeling
experiment was conducted to examine potential signs of stress. In
this ‘simulated’ experiment, the sea urchins were incubated sepa-
rately for 1 day in two 500 ml beakers containing 1 liter of artificial
seawater obtained by mixing Milli Q water (Millipore) with Wie-
gandt sea-salt and a solution containing 288 mg dissolved MgO
of normal isotopic composition.

MgO is a highly refractory oxide and highly insoluble in seawater.
In order to bring MgO into solution a strong acid is needed, which
naturally results in a very low pH of the solution. The pH had to be
brought up to the natural value around pH 8 before the MgO solution
can be added to the seawater. This was achieved in the following
way. First, about 7.4 ml of 6.25% HCl was added drop by drop to
288 mg of MgO. The resulting solution was equilibrated for about
1 h to insure complete dissolution of the oxide. Second, about
300 mg NaHCO3 was slowly added in order to bring up the pH of
the solution to the natural level. This MgO solution was then added
to 1 liter of artificial seawater under mixing for about 2 h. The pH of
this final solution was monitored to insure that large departures
from the natural pH did not occur (see Appendix A). The sea urchins
were transferred to this solution after its equilibration.

During this simulated test, the sea urchin podia actively moved
and there were no signs that the animals were stressed. Note that
specimens of echinoids (Eucidaris tribuloides (Lamarck)) have previ-
ously been grown in artificial seawater with increased Mg2+/Ca2+

ratio (i.e. 6.7), without producing signs of anomalous metabolic
effects or general stress (Ries, 2004).

Having observed that the sea urchins did not show signs of stress
during handling and labeling procedures, the two specimens were
incubated in artificial seawater labeled with 26Mg2+ by dissolving
288 mg/l 26MgO powder (commercially available from the Oak
Ridge National Laboratory, USA) in a manner similar to that
described above. This addition of 26Mg to the artificial sea-water
was calculated to produce an increase in the 26Mg concentration
by a factor of 2.5 and corresponded to an increase in the total
Mg2+concentration of only 16.5%; i.e. the calculated Mg2+/Ca2+ ratio
was only slightly increased from about 5.2 to about 6, and the pH of
the water was not affected (c.f. Table 1). This addition of 26Mg is
unlikely to perturb the organism and have detrimental effects on
the biomineralization processes.

During labeling events, each sea urchin was incubated in 500 ml
beakers, equipped with aquarium air pump and covered by foil
(Fig. 1A). In the first labeling event, both specimens were incubated



Table 1
Conditions in beakers during experiment. Temperature, salinity and pH of the 26Mg-labeled artificial seawater were kept similar to the natural habitat of the sea urchins.
SD = standard deviation.

Date Hour Beaker 1 Beaker 2

pH Temperature (�C) Salinity (psu) pH Temperature (�C) Salinity (psu)

First 3-day labeling
2010-06-22 6:00 PM 8.27 17.5 31.8 8.22 17.5 31.8
2010-06-23 9:00 AM 7.98 17.4 32.1 7.96 17.5 31.9

2:00 PM 7.93 17.5 32.2 7.88 17.4 31.8
6:00 PM 7.78 17.4 32.1 7.78 17.3 32

2010-06-24 9:00 AM 8.1 17.2 32.2 8.12 17.6 32.1
2:00 PM 7.95 17.5 32.2 7.97 17.7 32.1
6:00 PM 7.93 17.4 32.3 7.91 17.3 32.2

2010-06-25 9:00 AM 8.16 17.6 32.4 8.15 17.6 32.1
2:00 PM 7.93 17.2 32.4 7.87 17.3 32.3
6:00 PM 7.84 17.3 32.5 7.83 17.3 32.3

Second 1-day labeling
2010-06-28 6:00 PM 7.74 17.5 32.3 7.7 17.3 32.2
2010-06-29 9:00 AM 8.12 17.5 32.3 8.18 17.3 32

2:00 PM 8.01 17.3 32.3 7.89 17.3 32.1
6:00 PM 8.03 17.6 32.5 7.93 17.6 32.3

SD 0.147 0.131 0.183 0.156 0.149 0.170
Range 7.74–8.27 17.2–17.6 31.8–32.5 7.7–8.22 17.3–17.7 31.8–32.3
Mean 7.98 17.42 32.26 7.96 17.43 32.09
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for a total of 72 h. During the experiment, temperature, salinity and
pH were measured three times per day using a WTW Multi 340i
multi-meter equipped with a conductivity cell, pH electrode and
integrated temperature sensor (Table 1). The tendency towards a
salinity increase of artificial seawater due to evaporation was
counteracted by the gradual addition of Milli Q water (Millipore).
The weak tendency for a drop in the pH was compensated by small
additions of NaHCO3.

Alkalinity values, measured by a potentiometric titration with
HCl 0.1 M using a Titrino 718 STAT Metrohm (Switzerland), and
calculated using the Gran function (Gran, 1952), fell in the range
4.2–3.9 mmol/kg at the beginning and 3.9–3.8 mmol/kg at the
end of the experiment for both beakers. After the incubation, sea
urchins were returned to normal conditions in the aerated, closed
circuit aquarium, containing about 1000 l of natural seawater with
natural isotopic abundances of Mg2+.

After 3 days, a 1-day labeling procedure was carried out using
the same 26Mg-enriched seawater, which had been filtered (GSWP
Millipore filters with 0.22 lm pore size) and kept refrigerated be-
tween the two labeling events. As was also the case during the first
labeling event, throughout the second labeling experiment, the
two sea urchins actively moved and produced new skeleton, sug-
gesting that they did not suffer stress. After the last labeling event,
specimens were returned to normal aquarium conditions for
3 days before the experiment was terminated.

At the end, sea urchins were dissected and the inner organs
were separated from the body wall. The skeletons were then rinsed
using Milli Q water and dried at 50 �C for 48 h. The associated soft
tissues were removed by soaking in 5% sodium hypochlorite for
24 h at room temperature. Regenerated spines were mounted in
epoxy, polished down to a 0.25 mm finish with diamond suspen-
sions, gold-coated and imaged with the NanoSIMS ion microprobe
at the Muséum National d’Histoire Naturelle in Paris.

NanoSIMS analyses were carried out with a primary beam of
negatively charged oxygen focused to a spot-size of �200 nm on
the surface of the sample. The secondary ions 44Ca+ and 26Mg+ were
detected in multi-collector mode with electron multipliers at a
mass resolving power of �5000, which allows all potentially prob-
lematic mass-interferences to be resolved (Meibom et al., 2004,
2008). Images of 256 by 256 pixels were obtained by rastering
the primary beam across a pre-sputtered surface with a pixel
dwelling time of 10 ms. Following NanoSIMS imaging, the remain-
ing gold coating was removed and the samples lightly etched in
Mutvei’s solution following described procedures (Schöne et al.,
2005). Similar effects were also obtained by ca. 20 s etching in
0.1% formic acid solution, following Stolarski (2003). This brought
out the ultra-structural details of the skeleton. The samples were
then recoated with gold and observed in a Phillips XL30 scanning
electron microscope (SEM).
3. Results

The spines of P. lividus are similar to those of other sea urchins.
They consist externally of a proximal basal portion (a base), a
milled ring and a distal, tapering shaft (Fig. 2A). The base, which
is articulated on a tubercle of the test in a ball-and socket joint,
is composed of meshwork stereom, whereas the shaft is made of
radially arranged septa of compact imperforate stereom that are
joined by transverse bridges. The center of the spine is filled with
classical meshwork stereom.

The data obtained by labeling experiment are summarized in
Figs. 2–4. The two labeling events are clearly visible in the
26Mg+/44Ca+ NanoSIMS maps and provide detailed information
about growth dynamics of regenerating spine and about morpho-
genesis of stereom meshwork and individual stereom trabecula
(Fig. 5).
3.1. Dynamics of growth of regenerating spine

Judging from Fig. 2, the growth of regenerating spine was prob-
ably initiated about 3 or 4 days after fracture because labeled
stereom is visible close to the fractured surface (Fig. 2). After the on-
set of spine regeneration, the growth rate rapidly became relatively
constant (Fig. 4). During the first labeling event, about 465 lm of
new spine were formed (Figs. 2B,C and 4), equivalent to a mean lon-
gitudinal growth rate about 155 lm/day. The growth rate did not
change significantly thereafter. During the 3 days between two
labeling events the total longitudinal growth was about 380 lm,
which corresponds to a mean growth rate about 127 lm/day;
Fig. 4). In the second (1-day) labeling event, about 110 lm of new
spine grew (Figs. 2D and 4). After the second labeling event, in
the 3 days before the experiment was terminated, about 375 lm
of new spine were formed (Figs. 2C and 4), equivalent to a mean



Fig.2. (A) Lateral view of investigated spine of P. lividus with regenerated fragment of apical part. (C) Lateral view (Scanning Electron Microscope) of a polished and Au-coated
section of spine combined with NanoSIMS images showing two labeling events (dotted arrows show position of NanoSIMS images enlarged in B, D). Etching and SEM
observations were performed after the NanoSIMS imaging. (B) NanoSIMS image of the 26Mg/44Ca distribution in labeled skeleton during first (3-day) labeling event. (D)
NanoSIMS image of the 26Mg/44Ca distribution in labeled skeleton during second 1-day labeling event. Blue regions indicate growth in normal (i.e. unlabeled) artificial
seawater with normal 26Mg/44Ca ratio. Red–yellow regions indicate enhanced 26Mg/44Ca ratio due to the 26Mg labeling. (E, F) Enlargements of the stereom showing 1-day
thickening process (‘‘th’’ and arrows) during the second labeling event on the previously formed skeleton. ‘‘R’’ marks resin-filled pores.

Fig.3. (A) Fragment of NanoSIMS image of the 26Mg/44Ca distribution in labeled skeleton during second (1-day) labeling event superimposed on SEM micrograph of the
slightly etched surface of the skeleton (B,C) exhibiting the concentric banding structure (arrows). Etching and SEM were performed after the NanoSIMS imaging. Blue regions
indicate growth in normal (i.e. unlabeled) artificial seawater with normal 26Mg/44Ca ratio. Red–yellow regions indicate enhanced 26Mg/44Ca ratio due to the 26Mg labeling. ‘‘R’’
marks resin-filled pores which are at the forefront due to etching (B, C). (For interpretation of the references in color in this figure legend, the reader is referred to the web
version of this article.)
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longitudinal growth rate of about 125 lm/day, respectively. Thus,
the longitudinal growth-rate was relatively constant for the dura-
tion of the experiment. The absence of a growth-rate difference dur-
ing and between labeling events indicates that the animal was not
in any way stressed by the 26Mg-labeling procedures (Fig. 4).

3.2. Morphogenesis of stereom meshwork and individual stereom
trabecula

As illustrated in Figs. 2B,D and 3A,B the new skeleton first grows
as minute, conical micro-spines that are oriented parallel to the
longitudinal axis of the spine. These micro-spines are elongated
(up to about 60 lm) and rather thin (about 3–4.5 lm in diameter
near their base) and they have pointed or rounded tips. Individual
micro-spine grows apically spaced by about 20–30 lm. Lateral
growth takes place allowing adjacent micro-spines to join by
forming a horizontal ‘bridge’ (Fig. 2D). This process is very fast
and seems to occur several times per day (during the 3 days exper-
iment we observed about 11 such bridges, suggesting a rate of
about 3–4 per day) (Fig. 2B,D). The result is a three-dimensional
fenestrated meshwork, with several meshes visible from the base
to the top composed of thin (about 3–5 lm in diameter) trabecu-
lae; this is the structure referred to as the open stereom. While
new trabeculae form, the older trabeculae already connected in a
thin meshwork, thicken simultaneously and very slowly with an
approximate rate about 1 lm/day (Fig. 2B–F). This thickening pro-
cess includes both micro-spines and bridges (e.g., Fig. 2B–F). After
14 days, the thickening trabeculae at the base of the fractured sur-
face are about twice as thick as the initial micro-spines.

As shown in Figs. 2 and 3, 26Mg labeled stereom is easily distin-
guished from the non-labeled skeleton regions. The concentric
structure of stereom trabeculae that is composed of minute-scale



Fig.4. Plot showing total longitudinal growth and mean longitudinal growth rates of investigated skeleton during regeneration of fractured spine of P. lividus.
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layers (Fig. 3B–C) does not correspond well with the specific 26Mg
distribution, as might have been expected from a thin secondary
thickening layer (Fig. 2B,D–F) that was formed within the second
1-day labeling event. At least in some regions, its thickness (0.5–
1.5 lm) is similar to the thickness of some of the nano-layers re-
vealed after etching the stereom surface (compare Figs. 1.5–7 in
Dubois and Jangoux, 1990; Figs. 3–6 in Dubois, 1991, see also Figs.
3C and 6).
Fig.5. Model of regenerating echinoid spine (A), composed of stereom meshwork (B). O
experiment (example taken from 1-day labeling, see Fig. 2D); thin, labeled thickening
forming cells are still active in the previously formed open stereom and do not migrate up
colour in this figure legend, the reader is referred to the web version of this article.).
4. Discussion

To date, antibiotic tetracycline and calcein have been used to
study different aspects of skeletal growth in sea urchins (for review
see Ebert, 2006). Both of these markers bind to Ca2+ and are incor-
porated into the carbonate skeletons during calcification, and can
be visualized under ultraviolet illumination, where tetracycline
fluoresces yellow and calcein fluoresces green. However, knowl-
range regions (C, D) show distribution of isotope label (26Mg) as observed in the
layer (bottom in C), is continuous with massive labeling indicating that skeleton-
wards until the end of the thickening process (For interpretation of the references to
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edge of how these chemicals can influence echinoderm physiology
is limited. For example, sea urchins injected with large volumes of
tetracycline often developed flaccid tube feet and were unable to
attach to substrate (Ebert, 2006). Calcein that is commonly used
a chemical marker, has a high affinity for Ca2+ and low affinity
for Mg2+ (Chiu and Haynes, 1977). Therefore, it may lead to
changes in cell functions and possibly perturb the biomineraliza-
tion process. For example, it has been shown that calcein does
interfere with the growth of marine mollusks (Thébault et al.,
2006). Clearly negative effects of calcein have been also observed
in fish, which had decreased survival-rate after addition of even
low concentrations of calcein (Brooks et al., 1994; Bumguardner
and King, 1996; Gelsleichter et al., 1997). In sea urchins, Russell
and Urbaniak (2004) reported a short-term effect (1 week) on
growth rate but no effect at longer term (10 weeks). Apart from
these chemicals, there are a few other stains (such as alizarin
red) that have been used to study skeletal formation of various
organisms, including echinoderms. It is generally accepted, how-
ever, that alizarin may also have a negative impact on physiology
of some marine organisms, such as corals (e.g., Dodge et al., 1984).

The examples above show that various chemicals may induce
stress on organisms and consequently disturb micro/nano-scale
Fig.6. SEM micrographs of stereom fragments representating of five extant classes of e
fractured surfaces parallel to the longitudinal axis of the stereom bars. (A, B) Echinoid P. li
Asteroid Asterias rubens (North Atlantic Ocean, Gulf of Maine); inferomarginal spine. (D)
calcareous ring. (E) Crinoid Neocrinus decorus (North Atlantic Ocean, Grand Bahama Island
Island, Hawaii); arm spine.
growth of the skeleton. Furthermore, their resolution is limited
to the optical microscope level. An advantage of using the stable
isotope 26Mg as a marker is that it is a natural component of sea-
water that is present in the calcite skeleton in a concentration high
enough that it can be easily imaged using NanoSIMS ion micro-
probe with a sub-micrometer scale lateral resolution.

This new method provided insights into various aspects of echi-
noderm biomineralization process. The 26Mg-labeling experiment
shows that a mean longitudinal growth rate for P. lividus was about
130 lm/day (Fig. 4). This growth rate is comparable to those ob-
served in Strongylocentrotus purpuratus (Stimpson) (160 lm/day)
and Arbacia punctulata (Lamarck) (260 lm/day) (for details see
Heatfield, 1971). Although our observations are generally consis-
tent with previous reports on the early stages of the stereom
growth (Heatfield, 1971; Mischor, 1975), they also provide new
and much more detailed information on stereom formation. So
far, the precise timing of micro-spine formation has not been
known. This study shows that individual micro-spines can grow
very fast, within less than 1 day. The fusion of adjoining micro-
spines through lateral process can also be accomplished on time
scales much shorter that 1 day and in fact happened 3–4 times
per day under the conditions studied here (Fig. 2B).
chinoderms. Concentric lamination revealed by slight acidic etching on polished or
vidus (Normandy, France); spine, inner (A) and outer (B) zone of the stereom bar. (C)
Holothuroid Psolus phantapus (North Sea, precise location unknown); radial piece of
); columnal. (F) Ophiuroid Ophiocoma insularia (central Pacific Ocean, Paia Bay, Maui
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Calculations of the growth rate of trabeculae were made consid-
ering that 26Mg is deposited during the labeling periods (3 days
and 1 day). Although it cannot be completely ruled out that some
26Mg is stored in the soft tissues for some time (see Lewis et al.,
1990 for such delayed incorporation of 45Ca) the following obser-
vations suggest that transfer of 26Mg to the skeleton is very fast:
(i) the 26Mg enrichment is a sharp feature and there is no residual
or delayed labeling skeleton after the end of a labeling event, (ii)
labeled skeleton is present very close to the fractured surface,
(iii) there are no growth-rate differences during and between
labeling events (with normal Mg/Ca ratio).

Thickening of the trabeculae occurs simultaneously with forma-
tion of new open meshwork of thin micro-spines connected by
bridges. While new trabeculae grow, older trabeculae thicken
simultaneously but very slowly (with an approximate rate about
1 lm/day). This implies that the skeleton-forming cells are still ac-
tive in the previously formed open stereom and do not migrate up-
wards until the end of the thickening process. Intriguingly, TEM
histological studies of the regenerating sea urchin spines (S. purpu-
ratus) suggested that active sclerocytes (skeleton secreting cells)
were present only at the tips and adjacent proximal portions of
the longitudinally oriented microspines and not in deeper parts
of the stereom (Heatfield and Travis, 1975). Our conclusions pro-
vide thus a stimulus for modern ultrastructural studies that would
allow visualization of rapid cellular processes.

Our experiment also provides insights into timing of nano/mi-
cro-scale growth increments of the trabecular bar, the smallest
structural element of the stereom. Trabecular bars, when selec-
tively etched, reveal concentric banding structure, interpreted as
alternation of mineral and organic-enriched layers (Dubois and
Jangoux, 1990: Figs. 1.5–7; Dubois, 1991: Figs. 3–6, see also Figs.
3 and 6). The time span required for formation of such layers,
which are usually less than 1 lm thick, has not hitherto been esti-
mated. Although individual micro-bands were not clearly recog-
nized within continuously 26Mg-labeled skeleton (c.f. 1-day and
3-day labeling events in Figs. 2 and 3A,B), a thin secondary thicken-
ing layer, continuous with the 1-day 26Mg-labeled micro-spines
has a thickness similar to the layers revealed after etching the sur-
face (Fig. 2D,E). This indicates that the timescale of formation of a
single thickening layer on the trabeculae is on the order of 1 day.

From the results discussed above a highly dynamic growth pro-
cess becomes apparent in which different parts of the skeleton are
formed contemporaneously, but at very different rates. The longi-
tudinal growth-rate of the inner part of trabecula is about
125 lm/day (extension rate of entire spine), which is equivalent
to ca. 5 lm per hour (or 1 lm per 12 min). Individual layers in
the thickening deposits form on times scale of about 1 lm per
day. During our experiment it was not possible to visualize individ-
ual inner and outer stereom layers that are formed simultaneously
(but at different growth rate) and for this purpose further, shorter
(minutes to hours) labeling experiments are planned. Planned
experiments will also address the issue of relationship between
mineral phases during inner vs. outer stereom growth, as the
amorphous calcium carbonate (ACC) was detected in microspines
(inner stereom) of P. lividus sea urchin (Politi et al., 2004).

The layered structure of skeleton similar to that in sea urchin
spine stereom is universal among representatives of all echino-
derm classes (Fig. 6). In that respect, the stereom formation seems
also to be analogous with layered structures of calcareous skeleton
of scleractinian corals (Stolarski, 2003; Brahmi et al., 2010) or cal-
careous sponge spicules (Kopp et al., 2011) suggesting some com-
mon regulatory mechanisms. In all such instances, different cell
types and/or cells of different metabolic/calcification activity are
invoked to explain differences in growth dynamics between the
skeletal regions. Nonetheless, only a limited number of studies (of-
ten indirectly) document such cellular/metabolic differences. In
scleractinian corals, Le Tissier (1991) described two morphologi-
cally distinct cellular domains of the basal ectoderm that overlies
different skeletal regions: (1) thin, with highly interdigitated lat-
eral cell borders and prominent intracellular spaces in places of ac-
tive skeletal deposition and (2) thick, without interdigitated lateral
cell borders in places of less active skeleton deposition. Further-
more, two types of proteins intimately associated with the mineral
phase of coral skeleton are involved in the deposition of structur-
ally different mineral components: Galaxins are involved in con-
trolling the fiber-like aragonite, and Amgalaxin-like molecules
are associated with granular calcification (Reyes-Bermudez et al.,
2009). Although functional links between different cell types (or/
and their metabolism), secreted proteins, and their effects on skel-
etal structure have not been established yet in corals, their exis-
tence can be envisaged based on current biomineralization
models (Addadi and Weiner, 1992; Wilt et al., 2003; Killian and
Wilt, 2008). In calcareous sponges, different growth dynamics of
spicule correspond to a spatial heterogeneity in cell type or activity
(apical cell forming a primary nucleation site and a thickener cell
spatially constraining lateral growth (Aizenberg et al., 1996; Ilan
et al., 1996). Ameye et al. (2001) have shown that within stereom
trabeculae of sea urchin P. lividus, organic matrix proteinaceous
components are localized within different sub-regions of the spine
skeleton: N-glycoproteins are associated with the inner core of ste-
reom bar, whereas O-glycoproteins localized in outer surface of
trabeculae, where skeletal growth is largely inhibited by compari-
son. Furthermore, Aizenberg et al. (1997) reported that the crystal
texture differs between the meshwork stereom and the compact
septa. Based on those examples, it can be suggested that echinoid
spine formation involves different cellular activities and different
types of organic components for the formation of different parts
of the stereom, such as the inner and outer (thickening layers) ste-
reom for which growth rates differ by more than a factor of 100.
5. Conclusions

The 26Mg-labeling experiment showed that this stable isotope
can successfully be used to precisely determine the site of carbon-
ate deposition. The morphogenesis of stereom meshwork was
found to be complex process of the initial, fast growth of thin open
meshwork and simultaneous, slow thickening process. This new
method of labeling with stable isotope 26Mg that is a natural skel-
etal component open up new possibilities for investigating skeletal
growth of other marine organisms that elaborate calcite skeletons.
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Appendix A

Preparation of solution with 26MgO at 288 mg/L (�173.4 mg/L
26Mg; an increase on the 26Mg concentration by a factor of �2.5).

(1) Add 7.4 ml 6.25% HCl to 288 mg 26MgO; let this volume
equilibrate for ca. 1 h.

(2) Add about 300 mg NaHCO3 very slowly (the amount of
added NaHCO3 depends on the primary pH of artificial sea-
water; if it is about 8 you need to add more NaHCO3).

(3) Add the volume (26MgO dissolved in HCl and buffered by
NaHCO3) to 1 liter artificial seawater; mix using the electro-
magnetic stirrer for about 2 h).

Remark: add slowly the volume of HCl (drop by drop) as well as
NaHCO3 in order to avoid an important effervescence reaction and
risk to loose some Mg.
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