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Calcium carbonate polymorphism is one of the most challen-
ging problems in biomineralization. Calcium carbonate ex-
ists in three crystalline forms: calcite, aragonite and vaterite.
Otoliths of teleost fishes are made of vaterite and aragonite,
located in different sacs and never mixed together. This pa-
per presents a biochemical characterization of the intracrys-
talline macromolecules associated to the vateritic and ara-
gonitic phases of otoliths. Experimental evidences from cal-

cium carbonate overgrowth on the surface of otoliths and in
vitro crystallization on the chitin-silk fibroin assembly or-
ganic matrix suggest that the intracrystalline macromolec-
ules associated to  the otolith  influence  the
aragonite—vaterite polymorphism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The term otolith refers to the ear bone of teleost fishes.
These carbonatic structures are a part of the stato-acustical
organ of advanced fishes that corresponds to the inner ear
(labyrinth) and is responsible for the ability to hear and the
equilibrium sense. The labyrinth includes three connected
semicircular canals and three otolithic organs consisting of
the sacculus, utricle and lagena,!' =3 each of which contains
an otolith called sagitta, asteriscus and lapillus respectively.
The asteriscus and lapillus are usually millimetre sized, but
the sagitta can range from millimetre to centimetre size.[!]
As sagittae are the largest otolith, they have been widely
utilized in teleost growth rate and age assessment studies.!!

Crystals of otoliths, once deposited, are metabolically in-
ert, except under extreme stress. Thus, the otolith can po-
tentially retain the variation in crystalline structure due to
variation in the organic matrix or in the crystallization en-
vironment.[!!

Biomineralization of otoliths differs from that of ver-
tebrate bone, molluscan shell and coral skeleton since the
otolith epithelium is not in direct contact with the region
of calcification. As a result, the calcification is heavily de-
pendent upon the composition of the endolymphatic fluid
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surrounding the otolith.*~¢ However, the mineral crystal-
line units are associated with an organic matrix. Approxi-
mately half of the otolith matrix macromolecules are water
insolublel”! and, presumably, make up the structural frame-
work for subsequent calcification. The soluble proteins are
characterized by a high abundance of acidic amino acids,
and are termed “otolin”.[¥1 The most recently elucidated
otolith water-soluble protein is characterized by a high con-
tent of acidic amino acids and can control the calcium car-
bonate morphology and polymorphism.!

Different polymorphs of calcium carbonate are linked to
the different otolith organs. While aragonite is normal in
sagittaec and lapillus, most asteriscus are made of vater-
ite.'%1] Vaterite is also the principal polymorph in many
abnormal otoliths.l'?! There is no accepted explanation for
the formation of vateritic otoliths together with aragonitic
ones.I'31 Vaterite precipitates in supersaturated solutions
that are far from equilibrium;!'¥! alternatively, matrix pro-
teins may mediate vaterite formation, similarly as described
for calcite and aragonite in mollusc shells.!']

We present here a characterization of the intracrystalline
acidic macromolecules associated to aragonitic and vateritic
otoliths. The influence of such macromolecules on calcium
carbonate polymorphism in fish otoliths is also analyzed
and discussed.

Results

General Description

Figure 1 (a, b) gives a view of the otoliths lapillus and
asteriscus of Chondrostoma nasus nasus. In the family of
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Ciprinidi, sagitta is the smallest otolith, while lapillus and
asteriscus can reach the size of millimetres. Their mor-
phology has been well described.[!3]
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Figure 1. Scanning electron microscopy images of the anti-sulcal
surface of otoliths lapillus (a) and asteriscus (b) from Chondros-
toma nasus nasus; (c) FTIR spectra of asteriscus (i) and lapillus (ii)
show the characteristic absorption peaks of vaterite and aragonite
respectively!!®]

Lapillus and asteriscus were used as sources of aragonitic
and vateritic associated intracrystalline macromolecules,
respectively (see ¢ in Figure 1). The textural organization in
lapillus and asteriscus (Figure 2) has locally radial oriented
crystalline units that change in size as a function of the
polymorph. Those of aragonite appear as a long prism with
an average thickness of about 5 um (see a in Figure 2).
Interestingly, this is the thickness of the crystalline units
in the nacre of the shells.l’! Vaterite crystalline units in the
asteriscus appear as small needles locally oriented (see b in
Figure 2). Each crystalline unit, of either aragonite or vater-
ite, is embedded completely in an organic matrix (Figure 2,
¢ and d). This organic matrix is partially water insoluble
and its structure is observable after decalcification in the
presence of fixatives. It makes a continuous network that
can bridge all the crystalline units (Figure 2, e and f). In
the pictures the fixed organic matrix appears to be full of
holes and small fragments; we cannot exclude that this is
an artifact of the drying process, as has been shown for
others organic matrices.[!°]

Acidic Macromolecules Associated to Aragonite and
Vaterite

Cation exchange resin was used to extract the acidic in-
tracrystalline macromolecules from the otoliths.'’l SDS-
PAGE, amino acid analysis and FTIR spectroscopy were
used to characterize the soluble macromolecules extracted
from lapillus and asteriscus.
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Figure 2. Scanning electron microscopy images of the textural or-
ganization of crystalline units in asteriscus (a) and (c) and lapillus
(b) and (d); in (e) and (f) the insoluble organic matrix after fixation
associated to asteriscus and lapillus respectively is shown

Figure 3 compares the major otoliths proteins of the two
calcium carbonate polymorphs, aragonite and vaterite. In
lines numbered 1 the molecular weight markers are re-
ported, while lines 2—4 show the running gels of the soluble
macromolecular assembly extracted from asteriscus (2), and
lapillus (3, 4) at different concentrations. In the macromole-
cular gel lines some material was retained close to the top
and a main band at about 67000 was observed. Other weak
bands at higher molecular weight are present. However,
there are differences between the macromolecules associ-
ated to aragonite (lines 3 and 4) and those associated to
vaterite (line 2). Those associated to aragonite show a se-
cond main band at about 30000 while those of vaterite show
a strong at about 40000. Many other minor bands are pre-
sent in both the aragonitic- and vateritic-soluble macromo-
lecular assemblies. Table 1 gives the amino acid compo-
sition of the proteic part of the soluble macromolecular as-
sembly associated with aragonite (lapillus) and vaterite (as-
teriscus) in the otoliths. The total amino acid composition
is quite similar; the main difference is a higher content of
Glx in the macromolecules associated to vaterite. Figure 4
reports the FTIR spectra of intracrystalline soluble macro-
molecules associated to lapillus (aragonitic) and asteriscus
(vateritic).

A protein amide I absorption band at 1654 cm™! and a
large absorption band at around 1100 cm™! dominate the
infrared spectrum of the ensemble of macromolecules from
asteriscus (Figure 4).1'8]
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Figure 3. SDS-PAGE of acidic macromolecules extracted from
Chondrostoma nasus nasus aragonitic (line 3, 4) or vateritic (50 ng,
line 2) otoliths; concentrations of aragonitic acidic macromolecules
of 10 and 50 ng were used in lines 3 and 4 respectively; in line 1,
hmw markers are reported

Table 1. Amino acid composition of the proteic parts associated
with the soluble macromolecules extracted from the otoliths as-
teriscus and lapillus; the last row gives the proteic concentration in
the mineral phase

Otoliths
Asteriscus Lapillus

Asx 19.34 19.24
Thr 7.84 8.50
Ser 12.92 11.69
Glx 14.29 10.06
Pro 6.13 5.55
Gly 9.18 10.06
Ala 8.82 7.85
Cys 0.19 0.00
Val 4.95 4.84
Met 1.34 1.30
Ile 1.72 2.11
Leu 3.77 3.99
Tyr 0.80 1.13
Phe 1.73 1.87
Lys 4.04 4.56
His 1.87 2.65
Arg 1.08 1.25
ppm 427 474

The IR spectrum of the lapillus macromolecules shows
bands at 1100 and 1255 cm™!, protein amide I absorption
at 1653 cm™!, and relatively strong carboxylate absorption
bands at around 1575 and 1417 cm ™1,

In vitro Crystal Growth

SEM images of the mineral phases obtained from the
overgrowth experiments are shown in Figure 5. Large
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Figure 4. FTIR spectra of ground samples (tens of micrograms) in
KBr pellets of acidic macromolecules extracted from Chondrostoma
nasus nasus vateritic (a) or aragonitic (b) otoliths; arrows indicate
the main absorption bands associated with the proteic and glycos-
idic regions of the acidic macromolecules

rhombohedral crystals, along with many small needle-like
ones, form on the surface of lapillus (Figure 5, b). The latter
crystals almost completely cover the surface, with a few big
rhombohedral crystals grown among them (Figure 5, d).
Comparison with known morphologies of calcium carbon-
ate polymorphs indicates that the rhombohedral ones are
calcite while the needle-like ones are aragonitel’! (Figure 5,
e).

On the asteriscus surface, however, the overgrowth of cal-
cium carbonate produced different results. The calcite crys-
tals are no longer well separated and grow in clusters on
small regions of the asteriscus surface (Figure 5, a). To-
gether with the typical {104} rhombohedral faces, the crys-
tals show specific additional faces (Figure 5, ¢) that are
more pronounced in the centre of the otoliths than on the
edge. These additional faces are almost parallel to the cal-
cite ¢ axis. In some surface regions, aggregates of plate-like
crystals were seen (Figure 5, e) that show a similar mor-
phology to that of synthetic vaterite.’!

Crystallization experiments of calcium carbonate were
also carried out on a silk-fibroin/f chitin assembly in which
the soluble macromolecules extracted from lapillus and as-
teriscus were adsorbed (Table 2). In all crystallization
experiments, a mixture of calcite and vaterite was obtained.
Calcite was observed on the substrate surface as small
single crystals, with a rhombohedral appearance, while vat-
erite crystallized as crystalline aggregated spherulites (Fig-
ure 6, a and b). The mineral phase was identified by an
FTIR technique (Figure 6, c).l'8]

In the controls system, where no acidic macromolecules
were adsorbed, calcite, as the main phase, and vaterite were
formed. The pH at the end of the crystallization experiment
was 7.8 and the average number of crystals (calcite plus
vaterite) was about 9.6 per cm>. In the presence of adsorbed
acidic macromolecules extracted from lapillus, both calcite
and vaterite were observed. However, with respect to the
control, a higher density of crystallization was observed
(about 26.6 crystal per cm?), even if the average size, the
polymorphic distribution and the final pH of the crystalli-
zation media were almost the same. A different scenario
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Figure 5. Scanning electron microscopy images of calcium carbon-
ate crystal overgrown on the surface of otoliths asteriscus (a, ¢, €)
and lapillus (b, d, f). (a) and (b); general overview of the calcium
carbonate overgrown on the otoliths surface; (c) and (d) show cal-
cite crystals; note the different morphology; calcite crystal over-
grown on the asteriscus surface shows an additional face (marked
by an arrow and indexed {Ak0}) with respect to those overgrown
on lapillus surface, which show only the typical {104} rhombo-
hedral faces; (e) vaterite plate-like crystals overgrown on asteriscus
surfaces; (f) aragonite needle-like crystals overgrown on the lapil-
lus surface

Table 2. Calcium carbonate polymorphs obtained on the silk fi-
broin B-chitin assembly in the presence of soluble acidic macromol-
ecules extracted from aragonitic (lapillus) or vateritic (asteriscus)
otoliths

Mineral phasel®! Control®  Lapillus  Asteriscus
C+V C+V C+V
Longest crystal axisl [mm]  0.05 0.05 0.05
0.08 0.08 0.23
Crystals density¥ [n/cm?] 9.6 26.6 26.6
Final pHI 7.8 7.8 8.2

[al No additives added to the silk fibroin B-chitin assembly in the
control experiment. [P Main calcium carbonate polymorph in bold.
[l Average longest axis of the calcite crystals (first row) and average
diameter of the spherulite of vaterite (second row). [ Crystal den-
sity measured by counting crystalline units under an optical micro-
scope. [l Final pH of the aqueous media in which the crystallization
process took place.

occurred in the presence of acidic macromolecules extracted
from asteriscus. The spherulites of vaterite appeared bigger
than those formed on the control, and the final pH of the
crystallization media increased with respect to the control,
from 7.8 to 8.2.
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Figure 6. Optical micrographs in cross polar of calcium carbonate
aggregates grown in the B-chitin/silk fibroin assembly with or with
out acidic macromolecules extracted from Chondrostoma nasus
nasus aragonitic or vateritic otoliths; (a) calcite crystals and a few
vaterite spherulites formed in the presence of aragonite associated
acidic macromolecules; (b) vaterite spherulites and a few calcite
crystals formed in the presence of vaterite associated acidic macro-
molecules; magnification 40X; (¢) FTIR spectrum of the mineral
phases associated to the B-chitin/silk fibroin assembly, showing ab-
sorption peaks characteristic of vaterite (*) and calcite (#)[!%]

Discussion

Otoliths of the teleost fish Chondrostoma nasus nasus are
deposits of calcium carbonate formed of aragonite and vat-
erite. Intracrystalline acid macromolecules associated at
these two mineral phases have been studied. They are an
assembly of proteins and glycoproteins with a wide range
of molecular weights. A main band at about 67 000 seems
to be common to both mineralized tissues. Differences are
present in minor bands. A band at about 30 000 seems to
be characteristic of lapillus macromolecules while one at
about 40 000 is observed only in asteriscus macromolecules.
This latter band has been reported previously.['’l The amino
acid composition shows no strong, significant differences
between the proteic regions of the acidic macromolecules
extracted from aragonitic and vateritic otoliths. However,
vateritic ones have a higher Glx content. High GIx contents
have also been observed in acidic macromolecules associ-
ated to amorphous calcium carbonate.?%! If we consider
that amorphous calcium carbonate has the highest solu-
bility among calcium carbonates, and that vaterite is the
most soluble calcium carbonate crystalline phase, we could
speculate that a high GIx content may be associated with
highly soluble calcium carbonate mineral phases.

FTIR spectra of the two families of acidic macromol-
ecules show different absorptions in the region typical of
carbohydrates (around 1000 cm™!), suggesting a different
degree of glycosilation. These differences may be correlated
with the SDS-PAGE bands.
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The control of acidic macromolecules over the mineral
deposition was tested using two crystallization systems.
Overgrowth experiments are a powerful tool to evaluate the
effect of acidic macromolecules on mineral deposition since
they are in a conformation that in many aspects is the clos-
est to the native one. Two different families of mineral grew
on the surface of the aragonitic lapillus. Calcite crystals
grew with a regular rhombohedral habit, suggesting that no
macromolecules interacted with them. These crystals do not
show a preferential direction of growth, although this is not
easy to state since the lapillus surface is quite rough. To-
gether with the calcite crystals, many much smaller plate-
like crystals of aragonite were observed (ca. 1 um versus
more than 20 um for calcite). These crystals almost com-
pletely covered the surface and gathered in clusters with no
preferential orientation.

A different scenario appears on the asteriscus surface
after the overgrowth experiments. The calcite crystals show
a new crystalline face with respect to the regular rhombo-
hedral calcite. This new face, almost parallel to the calcite
c axis, has been observed previously by Albeck et al.>!l It
was associated to a specific interaction of one (or more)
soluble macromolecule(s) on a specific crystalline plane,
stabilizing it and producing its appearance. This new face
on the calcite crystals is more evident in the central part of
the asteriscus than on the edges. This may be explained in
terms of a higher concentration of the released macromol-
ecules in the surrounding media of those regions.

On the surface of asteriscus, in regions distant from the
calcitic one, vaterite was also observed. This polymorphic
spatial specification could be associated to a different etch-
ing and hence to a different release of acidic macromol-
ecules.

These observations indirectly confirm the SDS-PAGE
and FTIR observations. The two families of acidic macro-
molecules associated to the aragonitic and vateritic otoliths
are composed of different macromolecules, and they can
interact with growing calcium carbonate in different ways.

Aragonite forms on the surface of aragonitic biomater-
ial®? but, to our knowledge, this is the first example of
the overgrowth of vaterite on a vateritic biomineral, under
conditions where calcite precipitation is favored.

The ability of the acidic macromolecules to influence cal-
cium carbonate polymorphism has also been tested using
an artificial assembly made of silk fibroin and B-chitin. The
silk-fibroin/B chitin assembly is not strictly relevant in oto-
lith biomineralization, since neither B-chitin nor silk fi-
broin-like proteins has been shown to be present in the oto-
lith insoluble matrix. However, this artificial assembly has
been used successfully to verify the nucleating properties
of acidic macromolecules extracted from mollusc shells. In
search of an analogy between these two mineralized tissues,
we used it to run crystallization experiments. Calcite and
vaterite were observed in all crystallization experiments, ir-
respective of the presence of the acidic macromolecules.
However, some interesting features arise from the crystalli-
zation results (Table 2). The substrate in which acidic
macromolecules extracted from the lapillus were adsorbed

166 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

showed no differences to the control in terms of polymorph
distribution, crystal size and final chemical properties of the
surrounding media. Calcite was the main crystalline phase,
with few vaterite spherulites. The density of crystallization
on the surface increased, suggesting that these charged
macromolecules, once adsorbed on a substrate, favor the
nucleation and growth of calcium carbonate.*’] No evi-
dence for aragonite was obtained. This indicates that the
artificial assembly does not cover the requirement for the
acidic macromolecules’ polymorphic control, or that these
proteins are unable to control aragonite formation. In this
case, a pure physical control should be addressed. In the
presence of the acidic macromolecules extracted from the
asteriscus the final pH of the crystallization media in-
creased with respect to those of the control and lapillus
(Table 2) and larger spherulites of vaterite made up the
main phase on the matrix surface. This means that the sys-
tem reached equilibrium at a higher supersaturation than
did the control, justifying the formation of vaterite in the
matrix.?*! Vaterite is metastable in water solution and spon-
taneously transforms into calcite;!>’! the presence of large
vaterite spherulites suggests that the system acidic macro-
molecules from asteriscus—artificial assembly favors and
stabilizes vaterite formation.

Conclusion

Intracrystalline acidic macromolecules of otoliths influ-
ence calcium carbonate polymorphism. A preliminary
characterization of these acidic macromolecules has been
carried out, and their calcium carbonate nucleating proper-
ties have been tested using overgrowth and substrate-me-
diated approaches.

Experimental Section

Materials: Otoliths for this study were taken from the head of the
fish Chondrostoma nasus nasus collected from the Isonzo river
(Italy). After dissecting them from the fish ears, they were washed
with sodium hypochlorite for 1 h to remove any organic superficial
contaminant, then with Milli-Q water, and finally air-dried. No
distinction was made between sex and left or right ear otoliths.

Morphological Investigations: Scanning electron microscopy (SEM)
images were obtained by means of a Philips XL20 electron micro-
scope on samples glued on an aluminium stub and gold sputtered.
Prior to observations some otolith samples were mechanically
broken to observe the inner morphology or decalcified in the pres-
ence of fixative to observe the insoluble organic matrix.'!]

Protein Extraction: Proteins were extracted using the cation ex-
change resin procedure.*! Specifically, ground otoliths powder was
poured into dialysis tubes and suspended in water (20 mL per 1.5 g
of otolith). The sealed dialysis tube was then placed in a plastic
cylinder. About one quarter of the cylinder, outside the dialysis
tube, was filled with prewashed cation exchange resin and water
was added to fill the cylinder. The cylinder was then closed with a
stopper and rotated slowly and continuously in a propeller-like
mode at room temperature to keep the powder and the resin in
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suspension. The water outside the dialysis tube was changed twice
per day. Decalcification was complete in about three days, and the
absence of mineral was checked by IR spectroscopy. The content
of the dialysis tube was then dialyzed against water for two days.
The resulting soluble and insoluble material inside the dialysis tube
was subsequently separated by centrifugation. The final soluble
material was then concentrated by lyophilization.

Polyacrylamide Gel Electrophoresis of Proteins: Tris-tricine ready-
to-use Minigels of 15% polyacrylamide were employed. The gel ran
at 100 V for 1.5—2 h and was developed with Blue Coomassie.

FTIR Spectrometry: IR analyses were carried out on dried soluble
and insoluble matrices. Calcium carbonate formed in the
chitin—silk fibroin assembly was removed mechanically before
analysis. All spectra were recorded at 4 cm™! resolution with a 32
scan with a Perkin-Elmer Model 1600 Fourier Transform Infrared
Spectrometer (FTIR) from 4000 to 450 cm™'. Powder sample and
KBr were dried under a red lamp, careful mixed in a mortar, and
pelleted with a press. A background spectrum was measured for
pure KBr.

In vitro Crystal Growth: Two types of crystallization experiments
were performed. Calcium carbonate crystals were overgrown on
cleaned otoliths, or crystals were grown de novo in the presence of
the soluble total macromolecular assemblage extracted from lapil-
lus or asteriscus adsorbed on B-chitin and silk fibroin substrate.!'”]
The crystal growth procedure has been detailed previously.?%-27]
Briefly, synthetic calcium carbonate crystals were grown for four
days in a closed box, by slow diffusion of ammonium carbonate
vapor into plastic Petri dishes containing the otoliths, or the nucle-
ating substrate, overlaid by a 10 mm CacCl, solution. The obtained
calcium carbonate crystals were rinsed with Milli-Q water, observed
under optical microscope, and successively air-dried. For detailed
morphological analysis, the crystals were gold coated and observed
by SEM
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