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Abstract Larval shell formation was investigated in the
European abalone Haliotis tuberculata. Stages of miner-
alization as well as enzymatic and endocrine biomarkers
were monitored throughout larval development, from
hatching to post-larval stages. Polarized light microscopy
and infrared spectroscopy analyses revealed the presence
of crystallized calcium carbonate arranged in aragonite
polymorphs from the late trochophore stage. A correlation
between the main steps of shell formation and enzymatic
activities of alkaline phosphatase and carbonic anhydrase
was seen. The variations of these biologic activities were
related to the onset of mineralization, the rapid shell
growth, and the switch from larval to juvenile shell fol-
lowing metamorphosis. Furthermore, a strong increase in
the level of calcitonin gene-related molecules was mea-
sured in post-larvae, suggesting that endocrine control
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takes place after metamorphosis. The changes measured for
the three biomineralization markers together with miner-
alogical analysis allowed us to correlate physiologic
mechanisms with early steps of abalone shell formation.

Introduction

The molluskan shell is an organo-mineral bioceramic
structure exhibiting a large array of shapes and micro-
structures among members of this phylum. The combina-
tion of CaCOz—=crystallized in either calcite or aragonite
polymorphs—with an organic matrix enhances the
mechanical properties of the shell providing a highly rigid
protection to the soft tissues (Watabe 1988; Wilbur and
Saleuddin 1983). When observed in cross-section, the shell
shows a succession of three overlapping layers: an external
periostracum (organic), a prismatic layer (calcite/arago-
nite), and an internal nacreous layer (aragonite) each of
them being controlled by specific nucleating or inhibiting
proteins (Belcher et al. 1996; Falini et al. 1996; Lowenstam
and Weiner 1989; Marin and Luquet 2004). Although the
structure and formation of adult shell has been well doc-
umented (Dauphin et al. 1989; Mutvei et al. 1985), few
studies were set about the early shell formation (see
Kniprath 1981; for review). Furthermore, the biochemical
and molecular mechanisms underlying larval shell forma-
tion remain largely unknown (Jackson et al. 2007).

In Gastropods, the shell forms initially during embry-
onic development with the formation of the shell gland that
secretes the periostracum. Then, the shell gland everts to
give rise to the shell field, which will form the calcifying
mantle (Jablonski and Lutz 1980). The bordering epithelial
cells produce a fine organic layer from which the first larval
organic shell called the protoconch I originates. In the early
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pre-torsional veliger stage, the larval mantle starts to drive
CaCQOj; precipitation through the synthesis and secretion of
organic components (Crofts 1937; Jackson et al. 2007,
Kniprath 1981; Marin et al. 2007; Page 1997). In larval
abalone, it has been shown that mineralization occurs at
this stage and that the mineral phase initially deposited is
mostly composed of aragonite (Jardillier et al. 2008).
Protoconch I enlarges to become protoconch II that
achieves its growth just after the 180° torsion. At meta-
morphosis, protoconch II gives support to the future juve-
nile shell formation and is then fully integrated in the adult
shell.

Shell biomineralization involves the uptake of mineral
ions from the environment and their precipitation into
CaCOj; controlled by an organic matrix secreted by spe-
cialized cells of the outer mantle epithelium. The extra-
pallial area, located between the mantle and the inner shell,
is the preferential site for biomineralization as this is where
organic components interact with bicarbonate and calcium
ions to form crystallized CaCO;5 (Lin and Meyers 2005;
Watabe 1988; Wilbur and Saleuddin 1983). The calcifying
matrix, which accounts for 0.1 to 5% of the shell, is a
mixture of proteins, glycoproteins, lipids, chitin, and acidic
polysaccharides that drives crystal nucleation, selects the
CaCOj; polymorph, and controls the growth and spatial
arrangement of minerals (Falini et al. 1996; Levi-Kalisman
et al. 2001). Among this organic complex network con-
trolling the mineralization process, some enzymes are
involved in matrix component maturation and in acceler-
ating ion precipitation (Weiss and Marin 2008).

Alkaline phosphatase (AP) is a ubiquitous enzyme
involved in biomineralization in vertebrates. In mammals,
the tissue-non-specific alkaline phosphatase (TNAP) is
expressed in bones and is used as a marker for osteoblast
maturation (Almeida et al. 2000). In mollusks, AP activity
has been reported in the mantle epithelium and in the larval
shell field (Bevelander and Benzer 1948; Bielefeld and
Becker 1991; Marxen et al. 2003; Timmermans 1969). AP
has been localized in both internal and external mantle
epithelium and in hemolymphatic lacunae of the abalone
Haliotis tuberculata (Bielefeld and Becker 1991; Blasco
et al. 1993). Significant AP activity variations during adult
shell growth were related to the biomineralization process
(Blasco et al. 1993; Duvail and Fouchereau-Peron 2001).
These results strongly suggest a role of AP in the regulation
of molluskan shell mineralization. However, the precise
role of the enzyme in shell calcification still needs to be
clarified.

Another important enzyme implicated in both the res-
piration and biomineralization processes is carbonic
anhydrase (CA), which catalyzes the reversible hydration
of carbon dioxide to form bicarbonate ions HCO;™.
Carbonic anhydrase was identified in the mantle and gills

@ Springer

of many mollusks and has long been linked with shell
formation (Freeman and Wilbur 1948). The direct role of
CA in the rapid growth of molluskan shell was first dem-
onstrated in the oyster Crassostrea gigas (Wilbur and
Jodrey 1956) and confirmed in a fresh-water snail by
specific inhibition experiments (Freeman 1960). In marine
bivalves, CA activity is found to be correlated with the
main steps of larval shell development and the onset of
biomineralization (Medakovic 2000). Enzymatic variations
were also measured during the abalone growth with an
increased activity observed in gills (Duvail and Fouche-
reau-Peron 2001). The most obvious role suggested for CA
is the acceleration of bicarbonates ions formation for
CaCOj; precipitation.

The temporal and spatial variations observed in the
calcifying activity over molluskan development and the
drastic switch in the mineralizing program observed at
metamorphosis suggest an endocrine control of shell for-
mation (Joosse 1988). Calcitonin gene-related peptides
(CGRP), derived from the alternative splicing of a common
primary calcitonin transcript (Amara et al. 1982), are
known to control calcium metabolism (Tippins et al. 1984)
and stimulate osteoblast proliferation in vertebrates (Vig-
nery and McCarthy 1996). In marine mollusks, CGRP-like
molecules have been found in mantle and gills (Duvail
et al. 1997), but their role in the biomineralization process
still needs to be clarified. In the oyster Pinctada margari-
tifera, a hypocalcemic role of CGRP-like molecules has
been demonstrated (Rousseau et al. 2003). In vitro, it is
shown that human CGRP increases CA activity in abalone
hemocytes and mantle cells (Auzoux-Bordenave et al.
2007) and also stimulates CA activity in Pinctada mar-
garitifera gill membranes via a CT/CGRP common
receptor (Cudennec et al. 2006). Thus, CGRP-like mole-
cules may likely control the biomineralization process
through the activation of CA activity and a hypocalcemic
effect.

The present study was undertaken to further under-
stand the biochemical control of early shell formation and
to link the mineralization sequence with biologic pro-
cesses during the shell morphogenesis. Combined polar-
ized light microscopy, specific calcium staining, and
FTIR spectroscopy were used to follow early steps for-
mation and to determine the onset of mineralization in
Haliotis tuberculata larvae. The presence and activity of
three biomineralization markers were investigated in the
same developmental stages of the abalone. Both the
activities of carbonic anhydrase and alkaline phosphatase
enzymes and the levels of CGRP-like molecules were
measured from early trochophore to post-larval stages.
The results allow the relation of the variations of bio-
chemical markers with the main steps of early abalone
shell mineralization.
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Materials and methods
Animals

H. tuberculata (Linnaeus) larvae and post-larvae (about
60,000 per stage) were obtained from controlled fertiliza-
tions held at the French hatchery France-Haliotis (S. Huch-
ette, Plouguerneau, France) in July 2008 at a water
temperature of 19°C £ 0.5°C. The timing of larval devel-
opment with the main steps of shell morphogenesis is shown
in Fig. 1. Fertilization occurs in sea water and originates a
spherical egg. About 16 h post-fertilization, a trochophore
larva hatches from the egg membrane with a characteristic
spinning-top shape. The first larval shell, the protoconch 1, is
detected 19 h post-fertilization on the post-lateral side. In the
pre-torsional veliger stage (25 hpf), larva acquires a velum.
The foot and the mantle begin to differentiate as the larval
shell, the protoconch II, enlarges to surround the body. The
larva undergoes a 180° torsion so that the mantle cavity and
gills are twisted into the shell, opposite the foot. In the post-
torsional veliger stage (51 hpf), the larva can withdraw
inside the shell. Just before metamorphosis (94 hpf), the eyes
are formed and the mantle covers the entire dorsal part of the
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Fig. 1 Life cycle of the abalone Haliotis tuberculata at
19°C £ 0.5°C. Larval stages were observed by phase contrast
microscopy and obtained from controlled fertilizations held at the
hatchery France-Haliotis. Fertilization originates a spherical egg. It
undergoes successive divisions to form 4, 8, and 16 cell embryo.
About 16 h post-fertilization, a trochophore larva hatches from the
egg membrane with a prototroch ciliary band (arrows). The first larval
shell, the protoconch I, is detected 19 h post-fertilization in the post-
lateral side. The pre-torsional veliger stage (25 hpf) acquires a velum

. 16hpf: Trochophore larvae 4g ¢
* | Formation of shell gland
16 cells

proteconch Il

;e

Post-larva: @ dpf

larva. After 4 to 5 days of pelagic life, the larva looses the
velum, begins to settle down and starts metamorphosis to
become a benthic post-larva. After metamorphosis, the
6-7 day-old post-larva exhibits the transition between
protoconch and newly deposited juvenile shell. Fresh, live
larvae at different developmental stages were filtered on a
40-um sieve. Then, larvae were immediately fixed for
microscopic observations and FTIR, or frozen in liquid
nitrogen for enzymatic analyses and radioimmunoassay.

For adult tissue analyses, five 7-cm-length abalone from
the hatchery were used. Animals were grown in open sea
and fed with handpicked fresh seaweed. They were col-
lected in March and dissected at the hatchery. Mantle and
gills were immediately frozen in liquid nitrogen for further
enzymatic analyses.

Histology

About 3,000 larvae from different developmental stages
were fixed at room temperature for 2 h with 3% parafor-
maldehyde diluted in phosphate-buffered saline (PBS:
137 mM NaCl, 3 mM KCl, 10 mM Na,HPO,, 2 mM
KH,PO,). After fixation, the larvae were rinsed 3 times in
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and the larval shell, the protoconch II, enlarges to surround the body.
The larva then undergoes a 180° torsion. In the post-torsional veliger
stage (51 hpf), the larva can withdraw inside the shell which is closed
by the operculum. Just before metamorphosis (94 hpf), the mantle
covers the entire dorsal part of the larva. After metamorphosis, the
6-7 day-old post-larva exhibits a sharply defined transition between
protoconch and newly deposited juvenile shell, the latter showing the
typical ornamentations of the adult shell. hpf: hours post-fertilization,
vm: visceral mass, dpf: days post-fertilization
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a 0.01 M PBS (pH 7.4) and stored in 70% ethanol at 4°C
until dehydration. A double inclusion in agar—agar and
paraffin (Paraplast®, Sigma—Aldrich) was made to embed
about ten larvae per stage. Embedded samples were cut in
5-6-pum sections with an American Optical microtome
(Spencer 820 type). After removing paraffin and rehydra-
tation, the slides were stained with 2% alizarin red for
2 min to localize calcium deposits (Martoja and Martoja
1967). The slides were mounted with a hydrophobic
medium (Eukitt®, Sigma—Aldrich) and observed with
an Olympus binocular microscope BXS51 (Olympus,
Hamburg, Germany).

Light polarized microscopy

About ten larvae per stage were whole-mounted between
glass slide and cover-slip in a drop of glycerol/PBS.
Preparations were observed by phase contrast microscopy
and light polarized microscopy with an Olympus binocular
microscope. All polarized images were acquired at
maximum light source with a high-definition color camera
(DS-Ril, Nikon).

Fourier transform infrared spectroscopy (FTIR)

Larvae were fixed in 50% ethanol/PBS at the hatchery and
dehydrated by successive ethanol baths. Ethanol was then
evaporated in a drying oven at 50°C over 5 h. Larvae were
weighed and about 0.2 mg was pressed in 300 mg of
potassium bromide (KBr). The powdered samples were
pressed in KBr pellets according to the method already
described (Frohlich and Gendron-Badou 2002; Pichard and
Frohlich 1986). Pellets were examined using a Fourier
Transform Infrared (FTIR) spectrometer (Briiker-Vector
22) over a range from 2,000 to 400 cm ™', The analysis was
performed at 2 cm™' resolution and accumulation of 32
scans. A background spectrum was measured for pure KBr.

Extraction procedure for enzymatic activity assay

Adult tissues and whole larval samples (about 50,000 larvae
per stage) were immediately frozen in liquid nitrogen at the
hatchery and stored at —80°C until use. Samples were
maintained in ice over all the extraction procedure. They
were weighed and homogenized in 6 volumes of 125 mM
PBS (pH 7.4) using an Ultra Turrax grinder. After centrifu-
gation at 1,000 g for 5 min at 4°C, supernatants were filtered
through a 200-pm sieve and stored at —80°C until use.

Alkaline phosphatase activity

Alkaline phosphatase activity was measured according to
the colorimetric method from Bourgoin et al. 1996. Each
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extract (adult tissues or whole larval samples) was diluted
in alkaline buffer (Sigma—Aldrich) to obtain a total protein
concentration of 300 pg/ml and 100 pl of each dilution
were deposited on a 96-well plate. A volume of 100 pl of
p-NitroPhenol Phosphate (Sigma—Aldrich) was added to
each well. The plate was incubated for 1 h at 37°C, and the
reaction was stopped with the addition of 50 pul of 3 M
NaOH. Absorbances were measured at 405 nm with a
BioRad microplate reader. A standard curve was made with
p-NitroPhenol (Sigma—Aldrich) at concentrations ranging
from 3.9 to 62.5 nmol/ml.

Carbonic anhydrase activity

Total carbonic anhydrase activity was measured using the ApH
method (Vitale et al. 1999). The reaction medium was com-
posed of mannitol (225 mM), sucrose (75 mM) and Tris—
phosphate (10 mM), the pH being adjusted to 7.4 with ortho-
phosphoric acid (20 mM). For each measurement, 7.5 ml of
the reaction medium and 1 ml of CO, saturated ice-cold dis-
tilled water were mixed with 500 pl of larval or tissue extracts
(equivalent to 300 pg of total proteins). The pH decrease was
recorded within 100 s with a pH meter (HI 931401, Hanna
Instruments) connected to a computer. The linear regression
was adjusted to pH data versus time. The slopes represent the
catalyzed reaction rate (b.). The non-catalyzed reaction rate
(bne) was estimated from the pH drop of the control, without
larval or tissue extract. The specific carbonic anhydrase activity
was calculated with the following formula (b./b,.—1)/mg of
proteins. Carbonic anhydrase activity was also measured in the
presence of 30 uM acetazolamide (diluted in DMSO), a
specific inhibitor of the enzyme.

CGRP radioimmunoassay

Larval and tissue extracts were homogenized in 10 vol-
umes of 0.1 N acetic acid using an UltraTurrax homoge-
nizer. Samples were boiled for 10 min. After centrifugation
(1,800 g, 20 min), the supernatant was filtered, freeze-
dried, and stored at —20°C until assayed. The radioim-
munoassay was performed according to the method already
described (Fouchereau-Peron 1993). An antihuman CGRP
antibody (gift from Dr. A. Julienne U349 INSERM, Paris,
France) at a final dilution of 1/175 000, was incubated with
serial dilutions of standard hormone (type I human CGRP
from Bachem (Merseyside, UK) or larval extracts, over-
night at 30°C. Then, the '*’I-hCGRP (Perkin-Elmer,
2,000 Ci/mmole) was added and the samples were incu-
bated at 4°C for 21 h. The separation of bound and free
hormones was made by a charcoal-dextran precipitation.
Results are expressed as the percentage of maximal binding
(Bo), where B, represents the binding of labeled peptide in
the absence of unlabeled hormone. Linearization of the
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standard curves was carried out by plotting In[(B/Bg)/1—
(B/Bg)] (logit) as a function of In of hormone concentra-
tion. Each larval extract was serially diluted. The dose—
response curves were statistically compared to the standard
curve in order to estimate their parallelism.

Protein concentration

Total protein concentration in larval and tissue extracts
were quantified using the bicinchoninic acid protein assay
(BCA, Interchim) under the conditions described by the
manufacturer. Bovine Serum Albumin (BSA, Sigma—
Aldrich) was used as a standard at concentrations ranging
from 10 to 100 pg/ml.

Statistical analyses

Statistical analyses were performed with the software
Statgraphics (Statpoint Technologies, Warrenton, Virginia,
USA). All data are shown as means =+ s.e.m. Differences
between groups were assessed by the Student’s ¢ test, and a
probability of P < 0.05 was considered to be statistically
significant.

Results
Larval shell mineralization

Polarized light microscopy and alizarin red staining were
assayed on several stages from hatching to metamorphosis,
to monitor shell formation and mineralization over the
larval development of the abalone H. tuberculata (Fig. 2).

At the hatching stage (16 hpf), the spinning-top shaped
larva revealed no birefringence under polarized light
(Fig. 2a). Birefringence was observed from the late trocho-
phore stage (19 hpf). The signal was a faint brightness in the
post-lateral part of the larva (Fig. 2¢) which corresponded to
the position of the first larval shell observed during devel-
opment (Fig. 1, 19 hpf). Under identical observation con-
ditions, veliger stages displayed a more intense birefringence
(Fig. 2e, g) as the shell enlarged to surround the body. After
larval torsion, shell birefringence increased and extended to
the whole shell surface (Fig. 2i, k).

Alizarin red staining was used to detect calcium deposits
in the growing shell. A red coloration was first detected in
the shell area of the late trochophore stage at 19 hpf
(Fig. 2d). In the following stages, alizarin staining was
always restricted to the protoconch area with an increasing
intensity as shell grew (Fig. 2d, f, h, j and 1).

To ensure that birefringence observed from 19-h-old
trochophore was due to a crystal lattice, the same stages
were analyzed by infrared spectroscopy. IR spectra are

presented in Fig. 3. At the hatching stage (16 hpf), bands
observed at 879, 1,048, and 1,454 cm ™! were attributed to
calcium carbonate vibrations. The absence of any band at
712 em ™! indicated that CaCO5 was not crystallized into a
distinct polymorph and may likely correspond to amor-
phous calcium carbonate (ACC). From 19 hpf trochophore
stage, larval spectra exhibited characteristic aragonite
bands with the doublet at 700-712 cm ™" associated with
carbonate vibrations at 856, 1,082 and 1,470 cm™ ! As
larvae were analyzed in toto, the others bands observed on
spectra, particularly after 1,500 cm™' are likely to be
related to organic matter.

Alkaline phosphatase activity

The activity of AP was assayed in the mantle of 7-cm-
length abalone sampled in March, at the beginning of the
annual shell growth period. In the mantle, the mean activity
was 443 U/mg proteins (Fig. 4).

AP activity was measured along larval development in
3 sample series collected in 2006, 2007, and 2008. As the
same trend was observed for the three series, only results
from the 2008 sampling are presented in Fig. 4. Signifi-
cant variations were observed during larval development.
At hatching stage (16 hpf), the activity was 520 U/mg
proteins. A significant decrease was observed between 16
and 28 hpf with a minimum at 330 U/mg proteins. At 45
and 69 hpf, two significant increases were observed with
an activity of about 610 U/mg proteins. Between these
two peaks, the activity was maintained close to that
observed at the hatching stage (16 hpf). Just before
metamorphosis, the AP activity peaked at 1,730 U/mg of
proteins (93 hpf) and then dropped to 710 U/mg of pro-
teins (96 hpf). After metamorphosis, a slight increase was
observed again in 7-day-old post-larvae up to 835 U/mg
proteins.

Carbonic anhydrase activity

The specificity of the pH decrease method was tested by
measuring human carbonic anhydrase II (hCA) activity
with and without 30 uM acetazolamide, a specific inhibitor
of the enzyme. Adult abalone tissues and larvae were also
assayed with and without the specific inhibitor at the same
concentration (Fig. 5). The activity measured for 1 pg/ml
hCA was 1,690 = 520 U/mg proteins and a 100% inhibi-
tion of CA activity was observed in the presence of acet-
azolamide. In abalone tissues, the inhibition was
respectively about 88% for mantle, 92% for gills and 70%
for larvae thus evidencing the specificity of the method
used. CA activity measured in gills was 1.7 times higher
than in the mantle with 1,920 mU/mg proteins and
1,150 mU/mg proteins, respectively.

@ Springer



346

Mar Biol (2011) 158:341-353

Fig. 2 Larval stages in the
development of Haliotis
tuberculata showing
progressive shell mineralization.
Larvae were observed in toto by
polarized light microscopy (left
column). Histologic sections
were stained with alizarin red
and observed by phase contrast
microscopy (right column). a,
b newly hatched trochophore
larvae, 16 hpf; ¢, d trochophore
larvae, 19 hpf; e, f pre-torsional
veliger, 22 hpf; g, h pre-
torsional veliger, 25 hpf; i,

Jj post-torsional veliger, 51 hpf;
k, 1 late veliger stage, 69 hpf
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Carbonic anhydrase activity was measured throughout
larval development of the abalone (Fig. 6). In early larval
stages, an exponential increase was observed from 16 hpf
(453 £ 122 mU/mg proteins) to 28 hpf with 1160 +
30 mU/mg proteins (Fig. 6). Between 28 and 73 hpf, CA
activity remained at a high level, about 2.6 higher than that
measured at the hatching stage (16 hpf). Just before
metamorphosis, the activity dropped around 600 mU/mg
proteins and remained relatively stable in 6, 7, and 9-day-
old post-larvae. A slight decrease was observed at 10 days
post-fertilization.

Quantification of CGRP-like molecules

The effect of different concentrations of larval extract on the
binding of '**I-CGRP to its antibody was tested by RIA and
compared to the effect obtained with increasing dilutions of
human CGRP (Fig. 7). Larval extracts inhibited the maximal
binding of '*’I-CGRP to its antibody as a function of protein
concentration. 50% of inhibition was observed with 442 pg
of larval extract protein. As no significant difference was
observed between regression lines—slopes were —0.9416
and —0.786 for hCGRP and larval extract, respectively—
CGRP-like molecules were quantified in larval extracts
using hCGRP as a standard reference.

The presence of immunoreactive CGRP-like (ir-CGRP)
molecules was assessed in different developmental stages
of H. tuberculata (Fig. 8). The level of CGRP-like mole-
cules remained relatively stable during larval development,
around 250 pg/mg proteins, until metamorphosis that takes
place between 120 and 168 hpf. A slight increase was
observed in post-torsional veliger stages, from 72 to
120 hpf, with about 350 pg of ir-CGRP/mg of proteins.
After metamorphosis, from 7 days post-fertilization, the
level of CGRP-like molecules was about threefold higher
than in pre-metamorphic stages.

Discussion

This work has determined for the first time a succession of
enzymatic activation/inhibition and variations of CGRP-
like molecules, which are correlated to the main stages of
abalone shell morphogenesis. The main results are sum-
marized in Fig. 9, which correlate physiologic mechanisms
to larval shell formation.

Mineralization of larval shell was investigated by cal-
cium staining, polarized microscopy, and infrared spec-
troscopy. The alizarin staining of histologic sections
reveals the presence of calcium deposits in the post-lateral
area of the larvae corresponding to the protoconch I
(19 hpf). The intensity of coloration increases throughout
the larval development revealing an accumulation of

calcium carbonate in the shell. Cross-polarization obser-
vations show an increase of birefringence from early
trochophore (19 hpf) to late veliger (69 hpf), confirming
that larval shell contains more and more crystallized
CaCOg;, as previously observed in the growing abalone
shell (Jardillier et al. 2008). These results are in accordance
with the observations of a calcified protoconch at an
equivalent trochophore stage in Haliotis asinina (Jackson
et al. 2007). In addition, infrared analysis confirms that
early protoconch is mostly composed of ACC (amorphous
calcium carbonate) that is transformed after few hours into
crystalline aragonite. In a previous study, the first signal of
aragonite deposition in abalone protoconch occurred
around 30 hpf (Jardillier et al. 2008). This time-lag in shell
mineralization could be explained by a difference in sea-
water temperature between the two sampling periods
(respectively 17°C in 2005 and 19 & 0.5°C in 2008). As
temperature is known to affect the timing of development
in invertebrates (Bevelander 1988), the 2°C temperature
increase in the 2008 series results in an accelerated
development, therefore inducing a precocious shell for-
mation. Furthermore, in the present study, the time-spaced
sampling is adjusted to 3 h in order to cover more precisely
the early stages of shell morphogenesis (compared to the 8-
h-spaced sampling in our previous study). Our microscopic
and mineralogic analyses confirm that abalone shell min-
eralization occurs at an early larval stage with crystallized
calcium carbonate arranged in aragonite polymorphs.

To understand further the physiologic mechanisms
involved in early shell formation, the activities of two
biomineralizing enzymes, carbonic anhydrase and alkaline
phosphatase, were measured from the early trochophore to
post-larval abalones and compared to that in adult mantle.
The mean AP activity measured in the first 3 days of larval
development is similar to the one found in adult mantle
during active shell growth (Duvail and Fouchereau-Peron
2001). AP activity is detected from an early trochophore
stage (16 hpf) which corresponds to the shell field and
periostracum formation (Fig. 9). This observation is con-
sistent with AP activity found in the shell field of the
freshwater gastropod Biomphalaria glabrata at an embry-
onic stage (Marxen et al. 2003). Furthermore, our results
show that the maximum AP activity is reached just before
metamorphosis, when larvae undergo drastic anatomic and
physiologic changes to become benthic post-larvae. Thus,
maximum AP activities can be found before protoconch
and juvenile shell mineralization. These results confirm a
role of AP in the initiation of mineralization but not in
mineralization itself, as previously observed in vertebrates
(Genge et al. 1988). Moreover, it has been suggested that
AP could help in matrix protein maturation by acting like a
phosphoprotein phosphatase (Lau et al. 1985; Marxen et al.
2003; Tsujii 1976). Thus, we can hypothesize a maturation

@ Springer



348 Mar Biol (2011) 158:341-353

96h

1786.85 —

73h

55h

1164.30 —

45h

1786.81 ——
585.78 ——
51268 ——

1164.69 —

25h

22h

17238

147009 —
144756 ——

2k

i
60143 —
563,87

131338 ——
123848
690.37

19h

147009 —
#5209——
—- 4048 —

|
TR Y
! | | g 2 53 38
= & - s 85 B EE& €%

2 g gps B2

16h

mnay—
H18—

Transmittance [%]
3540 45 50 55 60 65
L

1837.7—
1454986——
10—
8_/_
-
1090.37—
1048.6—

128747
11624t—

g B8

2000 1800 1600 1400 1200 1000 800 600

Wavenumber cm-1

@ Springer



Mar Biol (2011) 158:341-353

349

Fig. 3 FTIR spectra of larval shell from 16, 19, 22, 25, 45, 55, 73,
and 96 h post-fertilization (hpf) stages. Haliotis tuberculata larval
samples were ground and mixed with KBr. The mixture was pressed
into a 7-mm-diameter pellet under vacuum and analyzed at 2 cm™'
resolution with a Fourier Transform Infrared (FTIR) spectrometer
(Briiker-Vector 22). Peaks at 879, 1,048, and 1,454 cm~!in 16 hpf
stage indicate CaCO; vibrations. From 19 hpf, the appearance of the
doublet at 700-712 cm™' reveal the CaCOj crystallization into
aragonite

of organic matrix proteins by AP in the shell field and
during secretome switch before juvenile shell formation.
Carbonic anhydrase activity, the main enzyme known
to be involved in mollusk shell biomineralization, was
also measured in larval and adult abalone. The mean CA
activity in larvae is about 75% of activity measured in
mantle of 7-cm-length abalone. During the first day of
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Fig. 4 Alkaline phosphatase . 1800
activity during larval 4
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same pool of about 15,000 é
larvae collected in 2008. The > 800 -
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larvae collected in 2007 and 'g 700 -
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in the larval extract. The letters, o 1
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Fig. 5 Carbonic anhydrase activity in adult abalone tissues and effect
of acetazolamide. Carbonic anhydrase activity was measured in
mantle and gills of 7-cm-length abalone dissected in March. Data
represent the mean &+ s.e.m. of 5 animals. The human carbonic
anhydrase II (hCA) activity was also measured at a concentration of
1 pg/ml as a positive control, and data represent the mean + s.e.m. of

4 values. The activity is expressed in Units per mg of total proteins for
hCA and in milliUnits per mg of total proteins for tissues. A specific
inhibitor, the acetazolamide (AZ, 30 um), was used to verify the
specificity of the method. The difference was significant with
P <0.01
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Fig. 6 Carbonic anhydrase 1600

activity during larval
development. Each point
represents the mean + s.e.m. of
four values. The experiment was
carried out 3 times on a same
pool of about 15,000 larvae

1400

1200

collected in 2008, and the same
trend was observed each time. A
similar trend was observed for
larvae collected in 2007 and
2006. CA activity measured in
mantle of a 7-cm-abalone is
reported in dotted line. Results
are expressed in milliUnits of
activity per mg of total proteins
in each larval extract. The
letters, when different, indicate
a significant difference between
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Fig. 7 Effect of standard human CGRP and larval extracts on the
binding of '**I-CGRP to the anti-human CGRP antibody. Immuno-
reactive CGRP-like molecules were quantified with a specific
radioimmunoassay using five dilutions from hCGRP and four
dilutions from larval extracts (31 hpf). The logit transformation
(In[(B/By)/1—(B/Bg)]) of the percentage of initial binding of 1251
CGRP (B/By x 100) was plotted as a function of Ln of protein/
peptide concentration. Correlation coefficient lines were r* = 0.9901
for human CGRP and +* = 0.9952 for larval extracts

larval development, corresponding to the formation of
protoconch I, the activity increases exponentially and
reaches its maximum around larval torsion. CA activity
remains at a high level until the achievement of proto-
conch Il and dramatically decreases before metamor-
phosis (Fig. 9). This succession of CA activation/
inhibition observed during abalone shell formation is

@ Springer
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consistent with a previous study on bivalve shell forma-
tion that correlated CA activity variations with the main
steps of shell morphogenesis (Medakovic 2000). The
enhancement of CA activity during active growth of
abalone protoconch confirms the involvement of CA in
the rapid shell growth of mollusks (Freeman 1960; Me-
dakovic 2000; Wilbur and Jodrey 1956). The most
obvious role of this enzyme would be the enhancement of
bicarbonate ion formation when rapid CaCOj; precipita-
tion is required. Furthermore, a matrix protein, called
nacrein, was identified in the nacreous layer of Pinctada
fucata and Turbo marmoratus (Miyamoto et al. 1996;
Miyamoto et al. 2003). This protein, characterized by two
carbonic anhydrase domains, is known to act in aragonite
crystal formation (Miyamoto et al. 1996). Since the first
mineral phase deposited in larval abalone shell is ara-
gonite, CA activity may partly come from a nacrein-like
protein. Experiments are underway to identify a nacrein-
like protein in abalone.

The succession of enzymatic activation and inhibition
events throughout the larval development of H. tuberculata
strongly suggests a physiologic control of calcification. The
presence and the role of CGRP in mollusks were previ-
ously investigated to understand the regulation of calcium
metabolism during shell growth (Auzoux-Bordenave et al.
2007; Duvail and Fouchereau-Peron 2001; Duvail et al.
1997; 1999; Rousseau et al. 2003). The variations of
CGRP-like molecules in biomineralizing tissues as well as
in circulating hemolymph may well correspond to an
endocrine/paracrine system controlling the biomineraliza-
tion process in adult mollusks. In the present study, the
level of CGRP-related molecules varied along the devel-
opment cycle of the abalone (Fig. 9). At larval stages, the
level is close to that found in the adult mantle at the end of
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Fig. 8 Larval and post-larval 1400 -
CGRP-like immunoreactivity as
a function of developmental
stage. CGRP-like molecules
(ir-CGRP) in larvae were
quantified using a human CGRP
radioimmunoassay, in each
experimental group. Each point
represents the mean =+ s.e.m. of
three values. Results are
expressed as pg immunoreactive
related molecules per mg of
total proteins in each larval
extract. Each assay was
performed in triplicate. The
asterisks indicate a significant
difference between larval and
post-larval stages (P < 0.01)
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Fig. 9 Schematic drawing showing variations of enzymatic activities
and CGRP-like molecules level related to the shell formation events.
Alkaline phosphatase activity is higher when the shell field and then
the periostracum set up and before the transition of protoconch-to-
juvenile shell. CA activity exponentially increases during active

shell growth (Duvail and Fouchereau-Peron 2001). In
seven-day-old post-larvae, at the transition between larval
and juvenile shell, the level of CGRP-like molecule peaks,
reaching 3 times the mean level assessed before meta-
morphosis. The concentration of CGRP-like molecules in
post-larvae is comparable to that found in abalone mantle
during active shell growth (Duvail and Fouchereau-Peron
2001). Thus, the highest concentrations of immunoreactive
CGRP molecules are found between post-larval and juve-
nile stages, a period corresponding to the optimal shell

MANTLE COVERS DORSAL AREA

growth of the protoconch, from hatching to torsion event and remains
high until the achievement of protoconch. After the set up of nervous
system during metamorphosis, CGRP-like molecules strongly
increase in post-larvae

growth (Basuyaux 1997). These findings clearly suggest
the post-metamorphic establishment of an endocrine con-
trol of the calcium metabolism. Indeed, the nervous system
sets up gradually during metamorphosis with the progres-
sive establishment of nervous connections (Crofts 1937).
This could correspond to the onset of CGRP-like molecules
secretion in post-larvae. Further Radio-receptor assays and
43Ca incorporation experiments are needed to define the
target organs of this neuropeptide in abalone and confirm
its hypocalcemic role.
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This work brings new insight into the enzymatic and
endocrine control of shell mineralization in the European
abalone Haliotis tuberculata. To clarify the molecular and
cellular mechanisms involved in shell mineralization, fur-
ther studies of the organic/mineral interface would be
essential. Current investigations on organic matrix mole-
cules combined with high-resolution analysis will
contribute significantly to the understanding of the bio-
mineralization sequence throughout the molluskan devel-
opment cycle.
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