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Abstract

 

The morphology and composition of the three otoliths of the Antarctic ice-fish 

 

Chionodraco hamatus

 

 were studied
by scanning electron microscopy and X-ray diffraction. The composition of the sagitta, lapillus and asteriscus
protein matrices was also analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis, western blots
and confocal laser scanning microscopy to reveal the presence of and to localize the calcium-binding proteins
calmodulin, calbindin and S-100. Morphological results indicated that the otoliths in this ice-fish were similar to
those of 

 

Trematomus bernacchii

 

, a red-blooded Antarctic species [B. Avallone et al. (2003) 

 

J. Submicrosc. Cytol. Pathol.

 

35

 

, 69–76], but rather different from those of other teleosts. These two Antarctic species possessed a completely
vateritic asteriscus, whereas their sagitta and lapillus were made mostly of aragonite. Parallel analysis of protein
patterns in 

 

C. hamatus

 

 and 

 

T. bernacchii

 

 revealed that the sagitta significantly differed from the lapillus and
asteriscus in both species. The sagitta did not contain the S-100 protein and showed calmodulin and calbindin
located in discontinuous or incremental zones, respectively. These results demonstrate that the otoliths of 

 

C. hamatus

 

and 

 

T. bernacchii

 

 share more resemblances than differences and support the idea of a common origin of these species.
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Introduction

 

Otoconia are crystalline structures localized in the vesti-
bular macular organs. In bony fishes, they are the mechanical
components of the sound transduction system, responsible
for hearing (Parker, 1908; Schuijf, 1981; Fay, 1984) and vesti-
bular function. In these vertebrates they have a complex
organization consisting of an organic matrix on which
inorganic calcium carbonate is deposited (Henle, 1873), with
the consequent formation of complex architectures that are
used for systematic purposes. With regard to this, the gross
and fine morphology of otoliths has been described in many
species (Lewis & Nemanic, 1972; Morales-Nin, 1985; Lombarte
et al. 1991; Gauldie, 1993) including the red-blooded Antarctic
species 

 

Trematomus bernacchii

 

 (Avallone et al. 2003).
In this species the fine morphology and crystalline morph

of the saccular (sagitta), utricular (lapillus) and lagena

(asteriscus) otoliths have been described, revealing that
the sensory faces are finely decorated and show different
sculpturing. The same study demonstrated that the sagitta
and lapillus are aragonitic, whereas the asteriscus is vateritic
(Avallone et al. 2003).

In the present work we describe the morphology and
composition of the three otoliths of 

 

Chionodraco hamatus

 

,
a haemoglobin-free Channichthyid. The morphological
analysis was carried out by scanning electron microscopy,
whereas the crystalline morph was determined by X-ray
diffraction. Our observations were compared with those
previously described for the sagitta, lapillus and asteriscus
of 

 

T. bernacchii

 

 (Avallone et al. 2003).
Comparison between the two species was also extended

to the biochemical level by analysis of the protein pattern
of the water-soluble matrix present in the otoliths by gel
electrophoresis. Although the precise composition of the
organic phase of otoconia is unknown, it clearly consists
of proteins and carbohydrates (Wislocki & Ladman, 1955;
Bèlanger, 1960; Marmo et al. 1964; Ross et al. 1985; Gil-
Loyzaga et al. 1985). The organic matrix is probably involved
in regulating crystal seeding and growth by initiating
and/or controlling the subsequent rates of carbonate
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deposition (Piscopo et al. 2003). Effectively, the protein
type would determine the type of crystal polymorph formed
(Lowenstam & Weiner, 1989). This hypothesis was confirmed
by Pote and Ross (1986, 1991), who have shown that each
mineral polymorph of otoconia contains proteins unique
to that polymorph.

It has been suggested that calcium-binding proteins
may modulate calcium-associated events by regulating
intracellular levels of calcium (Yamashita et al. 1995). It is
not surprising therefore that calmodulin (CaM) has been
identified in the cochlea of gerbil (Nakazawa, 2001) and
guinea pig (Furness et al. 2002), and that calbindin-D28-K
(CaB) has been found in the primate (Usami et al. 1995)
and chick (Hiel et al. 2002) inner ear, in the dog cochlea
(Coppens et al. 2000) and in the otoconia of the musk
shrew (Karita et al. 1999). In the lizard 

 

Podarcis sicula

 

,
CaB is present on the outer surface, in the central core
(Balsamo et al. 2000) and in the organic matrix of otoconia
(Piscopo et al. 2003, 2004). CaM, CaB, S-100 and parvalbumin
are all parts of the uncalcified organic mass that holds
otoconia together in the brook lamprey 

 

Lampetra planeri

 

(Avallone et al. 2005). In this study we investigated the
presence of CaB, CaM and S-100 in the otolith extracts
obtained from 

 

C. hamatus

 

 by immunoblotting and also,
for comparison, from 

 

T. bernacchii

 

. The localization of CaB
and CaM in the three different otoconia was determined
in both species by confocal laser scanning microscopy.

 

Materials and methods

 

Animals

 

Five adult female 

 

C. hamatus

 

 specimens (ranging between 40
and 44 cm) and six adult female 

 

T. bernacchii

 

 specimens (between
18 and 31 cm) were caught in Terra Nova Bay close to the Italian
Station in Antarctica (74

 

°

 

41

 

′

 

 42

 

′′

 

 S, 164

 

°

 

07

 

′

 

 23

 

′′

 

 E). Otoliths were
removed from animals anaesthetized with tricaine methanesul-
fonate (MS-222, 200 

 

μ

 

M) and the gelatinous layer of the otolithic
membrane was carefully peeled from the sensory epithelium.
They were quick frozen and stored dry at –80 

 

°

 

C until arrival at the
laboratories in Italy. Otoliths removed from different fish were
randomly allotted for scanning electron microscopy (three samples
from 

 

C. hamatus

 

), confocal laser scanning microscopy (three samples
from 

 

C. hamatus

 

; three samples from 

 

T. bernacchii

 

), X-ray diffrac-
tion (two samples from 

 

C. hamatus

 

) or biochemical analyses (two
samples from 

 

C. hamatus

 

; three samples from 

 

T. bernacchii

 

).

 

Scanning electron microscopy

 

Otoliths were rinsed for 24 h in 1% sodium dodecyl sulphate to
remove contaminants from the sensory epithelium. A group of spec-
imens was mildly etched in 0.1 

 

M

 

 EDTA for 20 h to expose the crystal
surface (Avallone et al. 2003). All specimens were then dehydrated
in a graded sequence of ethanol and ethanol/Freon mixture to
100% Freon and critical-point dried. Samples were then attached
to their stubs and coated with carbon and gold for 30 s at a distance
of 15 cm from the source at 40 kV and 2–3 mA. Observations were
carried out with a Cambridge Stereoscan 250 MK II microscope.

 

X-ray diffraction

 

The mineralogical composition of unfixed otoliths was determined
by means of X-ray powder diffraction patterns using an automated
diffractometer (MZVI, Seifert) (CuK

 

α

 

 radiation 1.5418 Å, 40 kV and
30 mA; 2

 

θ

 

 range 22 and 52

 

°

 

; 0.5

 

°

 

 2

 

θ

 

 min

 

−

 

1

 

 speed). The program
(Rayflex, GE Inspection Technologies) was used to evaluate the
profiles and the results were compared with International Centre
for Diffraction Data (ICDD) database.

 

Protein extraction and analysis

 

Single otoliths were crushed with a pestle in 0.9% NaCl and then
centrifuged for 5 min at 11,200 g in a centrifuge (model 5415D,
Eppendorf) at 4 

 

°

 

C. Otoconia were resuspended in 500 

 

μ

 

L of 2%
sodium dodecyl sulphate, 0.1 

 

M

 

 sodium acetate, pH 7.4, 1.5 

 

μ

 

g mL

 

−

 

1

 

leupeptin, 1 

 

μ

 

g mL

 

−

 

1

 

 pepstatin, 1 m

 

M

 

 EDTA and 1 m

 

M

 

 phenylmethyl-
sulphonyl fluoride, sonicated for 2 min at 180 W and centrifuged
for 5 min at 11,200 g at 4 

 

°

 

C. This extraction step was repeated
three times and the three resulting supernatants were pooled.
Both the supernatants and final pellets were incubated for 2 h at
4 

 

°

 

C in 5% EDTA, dialysed against 10 m

 

M

 

 MgCl

 

2

 

 in the presence of
protease inhibitors (see above) and thoroughly rinsed in double-
distilled water. The dialysate obtained was lyophilized.

Samples were analysed by sodium dodecyl sulphate–polyacrylamide
gel electrophoresis to determine their protein content. Polyacry-
lamide gels (12.5%) were run in Tris-glycine buffer (Laemmli,
1970) and stained with silver nitrate (Merril et al. 1984).

 

Immunoblotting

 

Immediately after electrophoresis, gels were blotted onto nitro-
cellulose paper (0.45 

 

μ

 

m pore; Amersham, Milan, Italy) for 2 h at
100 V at 4 

 

°

 

C in a blotting chamber filled with transfer buffer (20%
methanol, 0.025 m

 

M

 

 Tris-base, 0.129 

 

M

 

 glycine, pH 8.5). Blotted
membranes were washed in 3% low-fat powdered milk in 0.1 

 

M

 

phosphate-buffered saline (PBS), pH 7.2, for 60 min at 37 

 

°

 

C to reduce
non-specific binding. They were then incubated with monoclonal
anti-CaB (clone CB-955, 1:2500, Sigma, St Louis, MO, USA), monoclonal
anti-CaM (clone 6D4, 1:1000, Sigma) or monoclonal anti-S-100 (clone
SH-B1, 1:1000, Sigma) in PBS for 2 h at 37 

 

°

 

C. After three washes with
PBS, blots were incubated with the secondary antibody, a horseradish
peroxidase-conjugated rabbit anti-mouse IgG (1:1000, Sigma), for
1 h at 37 

 

°

 

C. After repeated washes with PBS, blots were placed in
10 mL of methanol containing 3 mg mL

 

−

 

1

 

 4-chloro-1-naphthol and
10 

 

μ

 

L of 30% (v/v) H

 

2

 

O

 

2

 

. Membranes were kept under constant motion
until bands appeared and were then washed with double-distilled
water. Samples treated with pre-immune sera, used as negative
controls, were always completely unstained (data not shown).

 

Confocal laser scanning microscopy

 

Otoliths fixed in absolute methanol at 4 

 

°

 

C for 2 h were treated
with 0.25% Triton-X100 and 0.1% Tween20 in 0.1 

 

M

 

 PBS (pH 7.4)
for 1 h. After several rinses in PBS, they were incubated overnight
at 4 

 

°

 

C with rabbit anti-CaB (KD-15, 1:500, Sigma) and mouse
monoclonal anti-CaM (clone 6D4, 1:1000, Sigma). After rinsing in
PBS (6 

 

×

 

 10 min), the otoliths were incubated with 0.1 

 

M

 

 PBS (pH
7.4) containing sheep anti-rabbit IgG conjugated with fluorescein
isothiocyanate (FITC) (1:10) and sheep anti-mouse IgG conjugated with
rhodamine (1:10) in a moist dark chamber for 2 h at room temperature
(20 

 

°

 

C). After several rinses in PBS, the otoliths were mounted on
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slides with diazabicyclo-octane (Sigma). Samples treated only with
pre-immune sera were used as negative controls.

Observations were carried out under a confocal microscope (TCSNT,
Leica) with laser argon/krypton 7.5 mW multilines. Focal series of hor-
izontal planes of sections were simultaneously monitored for FITC using
the 488- and 568-nm laser line, an FITC band-pass 530/30, and a long-
pass filter 590 for tetramethyl rhodamine isothiocyanate (TRITC). The
microscope was equipped with an acousto-optical tunable filter (AOTF)
to minimize cross-talk during simultaneous detection of FITC/TRITC labels.

 

Results

 

Scanning electron microscopy of the sagitta 
in 

 

C. hamatus

 

At low magnification the saccular otolith, the sagitta, was
seen as a large structure (4.2 

 

×

 

 3.8 mm) that was laterally
compressed and elongated in the anterior/posterior axis.
Seen from the side, it showed a grossly triangular profile
with the anterior region appearing more developed and
forming a rostrum. The contour lacked spines or evident
protrusions (Fig. 1A).

The non-sensorial face was smooth and not decorated
(images not shown), whereas the sensorial face was
characterized by the presence of a sulcus acusticus clearly
dividing the dorsal and ventral regions. The sulcus presented
two large and elongated collicula separated by an obvious
collum. The dorsal portion of the otolith showed ridges
radiating from the collum and the ventral region was flat
and homogeneous (Fig. 1A).

At higher magnification the dorsal region appeared smooth
and was decorated by superficial depressions with no apparent
correlation with the inner growth marks. Depressions were
about 50 

 

μ

 

m apart and delimited by flat ridges (Fig. 1B).
Primary and secondary depressions could be recognized, the
former uniquely departing from the collum and reaching
the dorsal margin of the otolith. The secondary depressions,
by contrast, were shorter, more irregular and superficial.

The collum was prominent and decorated by eight to 10
round depressions situated close to the edge (Fig. 1C).
These depressions differed in size and depth but were
equidistant to the rim and close to the deep depression
limiting the collum from the radial area.

  

   

Fig. 1 Scanning electron micrographs of the 
sagitta in C. hamatus. (A) Whole otolith seen 
from the sensorial face. The anterior and 
posterior collicula (ac and pc) are visible 
together with the decorated collum (*). The 
dorsal (d) region shows radial ridges and the 
region ventral (v) to the sulcus acusticus is 
smooth and not decorated. (B) Detail of the 
dorsal region showing primary (arrow) and 
smaller secondary (arrowhead) depressions. 
Notice also the flat aspect of the ridge (*). 
(C) Collum decorated by a series of round 
depressions of various sizes and depths 
(arrows). r, radial ridges. (D) Collum (arrow) 
and anterior colliculum (*). Notice the 
elliptical shape, shallow depth and presence 
of an irregular, decorated bottom. R, ridges. 
(E) Detail of the anterior colliculum. The 
decorated bottom (*) is clearly evident. 
(F) Detail of the decoration. Notice that it is 
composed of a layer of grossly granular units 
(arrow) emerging from a smooth floor (*). 
(G) Detail of the granular units. They clearly 
differ in size, are separated by deep 
depressions (arrow) and often merge to form 
larger structures.
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The two collicula were mild depressions that were ellip-
tical in shape and located immediately beside the collum
(Fig. 1D). Both were regularly outlined and contained a
decorated and irregular bottom (Fig. 1E). Higher mag-
nification revealed a 10 

 

μ

 

m thick layer of 3–5 

 

μ

 

m units,
separated by depressions (Fig. 1F and G). This layer did not
reach the edges of the collicula, where a finely homo-
geneous, non-decorated floor was evident (Fig. 1F).

 

Scanning electron microscopy of the lapillus 
in 

 

C. hamatus

 

In this species, the utricular otolith, the lapillus, had a
conical shape with a diameter at the base of about 1.3 mm
(Fig. 2A). The conical, non-sensorial face was decorated by
the presence of small (

 

<

 

 1 

 

μ

 

m) and homogeneous granular
units (data not shown). The sensorial face was flat, charac-
terized by the presence of a shallow central depression
and decorated, close to the edge, by a horseshoe-shaped
band (Fig. 2A and B) composed of large units (Fig. 2C).

These were regularly placed but variable in shape and size,
showing a smooth profile and separated by sharp discon-
tinuities (Fig. 2B and C).

These units and the area close to the band showed a
surface characterized by the presence of bundles of tiny
filamentous structures approximately 1.5 

 

μ

 

m thick and 15 

 

μ

 

m
long. They were orientated in parallel and were formed by
small, regularly arranged granular crystals (Fig. 2D). In the
remaining portion of the lapillus the growth increments,
consisting of incremental and discontinuous zones, were
clearly recognisable (Fig. 2E and F). At higher magnification,
the incremental zones showed a spiny appearance (Fig. 2F).

 

Scanning electron microscopy of the asteriscus 
in 

 

C. hamatus

 

The asteriscus, present in the lagena, was a small and flat
otolith (average 1.3 

 

×

 

 0.9 mm). Seen from the sensorial
face it was kidney shaped with an emerging crescent that
grossly divided the structure into three parts (Fig. 3A).

Fig. 2 Scanning electron micrographs of the 
lapillus in C. hamatus. (A) Sensory face 
characterized by the presence of a central 
depression (*) and a horseshoe band 
decorating the margin (arrows). Notice the 
rounded contours. (B) Detail of the band. The 
units show different sizes (arrows) and are 
separated by sharp discontinuities. The units 
and the region close to the band (*) appear 
filamentous. (C) Higher magnification of B. 
All units show a smooth contour; those 
located closer to the margin appear smaller 
and more regularly orientated. Discontinuities 
(arrow) are evident as well as the filamentous 
organization (*) of the whole structure. 
(D) Detail of the filaments (arrows) showing 
their regular distribution in bundles. 
(E) Margin of the otolith opposite to the 
decorated band. The growth increments 
(arrows) are visible. (F) Detail of E showing the 
incremental zones (*) characterized by spiny 
habit and discontinuous zones (arrows).
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This emergence was delimited by particularly steep edges
decorated by 10–15 

 

μ

 

m long spines that protruded from
the contour (Fig. 3B). A longer and thicker spine was also
present along the inner contour of the crescent area
(Fig. 3C and D). Superiorly, this spine showed a smooth
surface, whereas the lower part was connected to the
crescent area by processes that gave it a filamentous
appearance (Fig. 3D and E). The surface of the whole
crescent area was decorated by large round smooth-
surfaced units (Fig. 3D and E). Other portions of the otolith
appeared smooth and scarcely decorated. At higher mag-
nification, and following a mild EDTA etching, the growth
marks appeared (Fig. 3F).

 

X-ray diffraction of the three otoliths of 

 

C. hamatus

 

All of the otoliths examined were composed of calcium
carbonate, represented by the three polymorphs, arago-

nite, vaterite and calcite. The composition of the asteriscus
was entirely of vaterite, whereas the lapillus and sagitta
were heterogeneous. The former was mostly composed of
aragonite with traces of calcite, as demonstrated by the
small but sharp peak corresponding to 3.03 Å in the X-ray
spectra (29.45

 

°

 

 2

 

θ

 

), and the latter was composed of a
mixture of aragonite and vaterite (Fig. 4). 

 

Protein patterns of the otolith matrix in 

 

C. hamatus

 

 
and 

 

T. bernacchii

 

Matrices of the three otoliths were examined in 

 

C. hamatus

 

and, for comparison, in 

 

T. bernacchii

 

. The results showed
that, in the two species, the asteriscus and lapillus had
highly comparable protein patterns that were completely
different from that observed in the sagitta. In particular,
the asteriscus and lapillus contained four main proteins at
100, 40, 28 and 14 kDa and additional, less evident, bands

Fig. 3 Scanning electron micrographs of the 
asteriscus in C. hamatus. (A) Otolith showing 
the kidney shape, protruding crescent band 
(*) and long spine (arrow). (B) High 
magnification of the small spines (*) 
decorating the edge of the crescent area. 
(C) Detail of A. Notice the long spine (arrow) 
and the protruding crescent area (*). 
(D) Detail of the spine revealing the smooth 
superior surface (arrow) and presence, in the 
lower part, of a series of filamentous 
structures (*). (E) Detail of the filamentous 
structures (*). (F) Ring marks (arrows) 
appearing close to the otolith contours 
following mild EDTA etching.
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at about 58, 54, 49, 47, 43 and 37 kDa (Fig. 5A). The sagitta,
in both C. hamatus and T. bernacchii, contained three
main bands of approximately 50, 28 and 14 kDa and less
evident bands at about 65, 62, 58, 45 and 38 kDa (Fig. 5A).

Immunoblotting

Immunoreactivity to CaB and CaM was present in C. hamatus
and T. bernacchii in the sagitta, lapillus and asteriscus
(Fig. 5B). In contrast, S-100 immunoreactivity was present
only in samples obtained from the asteriscus and lapillus
(Fig. 5C).

Confocal laser scanning microscopy

The CaM and CaB immunoreactivity was also present in the
sagitta, lapillus and asteriscus of both species examined
(Fig. 6). In the sagitta it was evident as an alternating
green/red staining. The incremental zones were stained
green by the anti-CaB antibody (Fig. 6A1, A3, B1 and B3),
whereas the discontinuous zones were stained red by
the anti-CaM antibody (Fig. 6A2, A3, B2 and B3). However,
in the lapillus (Fig. 6C1–C3 and D1–D3) and asteriscus
(Fig. 6E1–E3 and F1–F3) both CaM and CaB were present in
the incremental zone, whereas the discontinuous zones
lacked any immunoreactivity. The correspondence of the
incremental and discontinuous zones with labelling in the
sagitta and asteriscus is shown in Fig. 7A and B and C and
D, respectively.

Discussion

Morphological observations indicate that, although the
otoliths of C. hamatus closely resemble those of T. bernacchii
(Avallone et al. 2003), minor differences also exist. In both
species, the saccular otoliths, the sagittae, are compact with
regular contours but appear different from those described
in most other teleosts in which spines and/or marked

Fig. 4 Otolith composition in C. hamatus as 
determined by X-ray diffraction. Spectra 
demonstrate that the asteriscus is composed 
exclusively of vaterite (Va), the lapillus mostly 
of aragonite (Ar) with traces of calcite (Cc) 
and the sagitta of a mixture of aragonite and 
vaterite.

Fig. 5 Analysis of proteins present in otolith matrices. (A) Sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis. Molecular weight 
standards (M) and proteins extracted from the sagitta, asteriscus and 
lapillus of T. bernacchii (ber) and C. hamatus (ham), respectively. 
(B) Immunoblot assay for CaB and CaM on the same samples as shown 
in A plus CaM and CaB as positive controls. All samples contain both 
proteins. (C) Immunoblot assay for S-100 on the same samples as shown 
in A plus S-100 as positive control. The protein is present only in the 
asteriscus and lapillus.
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protrusions are usually evident (Lombarte & Castellon,
1991; Gauldie, 1993). In both C. hamatus and T. bernacchii
the sensory face has a smooth and anonymous ventral
region, whereas the dorsal region is characterized by
ridges. These are more superficial in C. hamatus than in
T. bernacchii (Avallone et al. 2003) and their surface is
much smoother. Differences are also evident at the level of
the collicula. These are flat in C. hamatus and decorated by
units not observed in T. bernacchii where they have steep
edges and a bottom showing thin depressions (Avallone
et al. 2003). The collum in C. hamatus shows deep and
round depressions but in T. bernacchii these are less
evident and less numerous.

Differences in morphology were also seen in the utricular
and lagena otoliths. In both species, the lapillus was deco-
rated by a band of large units that are typically botryoidal
in T. bernacchii but polygonal and irregular in C. hamatus.
In the asteriscus the presence of a small spine is reported
only in C. hamatus.

It is clear from the morphological results that the two
species examined are closely related. However, differences
are evident when the sagitta composition is considered. In
T. bernacchii, this otolith is made exclusively of aragonite,

whereas in C. hamatus it contains a significant vateritic
component. This morph is unstable (Brunson & Chaback,
1979) and rare in nature. A vateritic asteriscus is frequent
in several teleosts (Lowenstam & Weiner, 1989; Campana,
1999; Falini et al. 2005; Lenaz et al. 2006), whereas a vateritic
sagitta is characteristic of ancient species such as Ciclosto-
mata, Polypterus and sturgeons (Carlstrom, 1963). It is,
however, occasionally present as an abnormality (Gauldie,
1986; Ma et al. 2007) or in juvenile (Tomàs et al. 2004;
Sweeting et al. 2004) samples. Its constitutive presence in
adults of a modern Notothenioid cannot be related to
external factors such as stress or infections (Iguchi et al.,
2003). Rather, local changes in Sr, Na and K concentrations
(Gauldie, 1986, 1996; Tomàs & Geffen 2003; Ma et al. 2007)
or the occurrence of a genetic mutation provide a better
explanation. In the Chinook salmon, for example, it has
been demonstrated that vaterite replacement is under
single-locus genetic control and that this may be over-
ridden by temperatures above or below an optimum range
(Gauldie, 1986; Gauldie & Nelson, 1988). On this basis, we
could suggest that, in C. hamatus, vaterite replaced
aragonite in the sagitta while fish were adapting to pro-
gressively colder temperatures. However, it remains to be

  

  

 

  

Fig. 6 Localization of CaM (red) and CaB 
(green) immunoreactivity in otoliths by using 
confocal laser scanning microscopy. (A and B) 
Sagitta of C. hamatus and T. bernacchii, 
respectively. The incremental zones are 
stained green by the anti-CaB antibody 
(A1, A3, B1 and B3), whereas the 
discontinuous zones are stained red by the 
anti-CaM antibody (A2, A3, B2 and B3).
(C and D) Lapillus of C. hamatus and T. 
bernacchii, respectively. Both CaB (C1, C3, D1 
and D3) and CaM (C2, C3, D2 and D3) are 
present in the incremental zones, whereas the 
discontinuous zones lack immunoreactivity. 
(E and F) Asteriscus of C. hamatus and 
T. bernacchii, respectively. Both CaB (E1, E3, 
F1 and F3) and CaM (E2, E3, F2 and F3) are 
present in the incremental zones, whereas the 
discontinuous zones lack immunoreactivity.
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clarified why this replacement affects the whole asteriscus,
only part of the sagitta but not the lapillus.

The close similarity between T. bernacchii and C. hamatus
otoliths is confirmed by our biochemical analyses. Matrices
of the sagitta, lapillus and asteriscus in C. hamatus have
the same protein patterns that are observed in the cor-
responding otoliths of T. bernacchii. An interesting aspect
emerging from these observations is that, in both species,
the protein pattern of the sagitta is completely different
from that of the asteriscus and lapillus. Three major bands
are present in the sagitta at 50, 28 and 14 kDa, whereas in
the asteriscus and lapillus four major bands are visible
(100, 40, 28 and 14 kDa). The utriculus and sacculus originate
from different regions of the primitive otic vesicle and it is
therefore not surprising that they produce otoliths with
different biochemical matrices. What is surprising is that
the lagena, an expansion of the sacculus, produces otoliths
with a protein matrix identical to that present in utricular
otoliths.

As the nature of the protein matrix and crystalline morph
deposited do not correspond, our data raise another ques-
tion. Although the asteriscus and lapillus have apparently
identical patterns, they are made by vaterite and arago-
nite, respectively (or aragonite/calcite in C. hamatus). This
evidence conflicts with the assumption that the proteins
present in the matrix control calcium carbonate deposition
(Lowenstam & Weiner, 1989; Pote & Ross, 1991). Further
investigations will be necessary to clarify this aspect, especially
considering reports that sugars (acid mucopolysaccharides,
neutral mucosubstances positive to the periodic acid Schiff
reaction), lipids and proteoglycans are also components of
the fish otolith (Borelli et al. 2001; Tohse et al. 2008) and that
these may also play a role in controlling the crystalline morph.

Our immunoblots indicate that all otoliths contain
significant amounts of CaB and CaM (the 28 and 14 kDa
bands, respectively), and that a significant amount of
S-100 is also present in the asteriscus and lapillus (the 100 kDa
band). These proteins are known to modulate the calcium
balance in intra- and extracellular fluids, including the endo-
lymph (Yamashita et al. 1995). In aragonitic otoliths, CaB
in particular could control ion solubilization/deposition as
reported in lizards (Piscopo et al. 2004), chicken (De Vincentiis
& Marmo, 1966) and adult (Ross et al. 1980) and fetal
(Veenhoff, 1969) mammals. The high concentration of calcium-
binding proteins in matrices suggests that, in these Antarctic
fish, all three otoliths are involved in calcium metabolism.
This specialization might have occurred as an adaptation
to the exceptionally stressing environmental conditions.

Laser confocal microscopy revealed that CaB is always
located in incremental zones, whereas CaM is located in
discontinuous zones in the sagitta and incremental zones
in the lapillus and asteriscus. The significance of this differ-
ence is unclear at present.

The nature of the other bands present in gels remains
completely unknown. The 54 kDa protein present in the
asteriscus and lapillus may correspond to the 54 kDa
protein found in the vateritic otoconia of the gar pike
(Pote & Ross, 1986, 1991). The band observed around 55 kDa
may correspond to otolith matrix protein-1 (OMP-1), one
of the major components of fish sagittae according to
Murayama et al. (2000). By contrast, the 150 kDa protein
identified by Degens et al. (1969) was not detected in
our otolith samples, thus clearly indicating that further
investigation will be necessary.

In conclusion, the data reported here indicate that the
protein composition of the otolith matrix remains unclear,

Fig. 7 Colocalization of CaM and CaB 
immunoreactivity with incremental (*) and 
discontinuous (arrow) zones in C. hamatus 
otoliths. (A and C) Scanning electron 
microscopy images of a mildly etched sagitta 
and lapillus, respectively. (B and D) Confocal 
laser scanning microscopy images of sagitta 
and lapillus as shown in Fig. 6A3 and C3.
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mostly due to the significant differences existing among
species. Recent publications (Tohse et al. 2008; Zhang
et al. 2008) provide new insights into the nature of the
biomineralization of fish otoliths by describing novel matrix
depositions, which may be relevant in clarifying this issue.
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