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~ummary. An orthorhombic structure a-chitin, probably

.the form of a chitin-protein complex, was identified in
o« matrix of the shell of Anodonra cyvgnea by X-ray
~fraction. Aragonite crystals of pseudohexagonal sym-
wiry were also found by a Lauegram on the nacreous
wver of the shell. The orthorhombic structure of these
«o compounds together with the identical reticular
-uemg dyy corroborate, in Anodonia cygnea, the in-
wrect chitin-aragonite relationships already suggested
sr molluscan shelis.

Observations with SEM n the mner surface of the
w2l showed CaCO, crystals with irregular geometrical
upes in spring and summer and regular geometrical
Gupes i autumn and winter, The more elaborate aspect
:ppearing in winter corresponds to an accurate hex-
wonal shape. This suggests that the observed variability
may depend on the balance between calcium and hy-
frogen ions in the extrapallial fluid,

hey werds: Chitin —~ Aragonite — Caleification - Crystal-
me shape — Anodonta cygnea

Imroduction

hiomineralization of the organic matrix of the motluscan
Jiell has been the subject of many reviews. Wilbur, the
orimary proponent of the epitaxy theory, suggested that
ihe matrix had an important regulatory role in shell
ormation (Witbur 1976, 1984; Witbur and Simkiss
1979}, The crystal growth, mediated by an underlying
siructural matrix, is a basic mode of skeletal formation
adopted by many different organisms (Lowenstam 1981).
According to Degens (1976), Weiner (1979), and Weiner

hbreviutions: OMFE outer mantle epithebium; SEM scanning clec-
O MICTOSCOPY
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and Traub {1981) the calcophilic matrix is composed of
two structural units: a carrier-inseluble protein {chitino-
proteic complex) of pleated sheets to which another acid-
ic soluble unit, called mineralizing matrix with a strong
affinity for calcium ions, was bound.

Studies by Beedham (1954) and Machado et al.
(1988a) revealed the presence of chitin in the organic
matrix of the shell of A. cygnea. Other works by Commbra
et al. (1988) and Machado et al. (1988b, 1988c, 1989,
1990a, 1990b) showed a strong chitin-calcification rela-
tionship and an interesting ion transport mechanism
through the outer mantle epithelium (OME) which may
greatly affect the calcification process.

This work emphasizes some chitin-aragonite relation-
ships in the nacreous layer of 4. cygnea. The study of the
evolution of a crystalline shape by a correlation with the
very recently published data {Coimbra et al, 1988 ; Mach-
ado et ai. 1988a, 1988b, 1988c, 1989, 19%0a, 1990b} is also
described in order to understand the calcification mech-
anism.

Materials and methods

Freshwater clams [ Anodonta cygnea} were collected from the La-
goon of Mira in Northern Portugal and kept in tanks at room
temperature.

X-ray diffraction studies of superimposed pellicies (organic ma-
trix) removed from the inner shell surface of several animals were
carried out with a Debye-Scherrer powder camera of 11.4 cm diam-
eter using the Straumanis arrangement. A Philips power supply PW
F130/00, operated at 40 kV and 20 mA (monochromatic Rad. Cuks
by Ni filter) was also used. Two incideni-beam directions were
applied for 10-12 h: one parallel and another perpendicular to the
sample surface. Rolled pellicles were also used in order to obtain
& spectrum by sample rotating. The aragonite identification was
obtained by calculation of the reticular distances from the X-ray
difiraction patterns and checking them with the Powder Diffraction
[Dara File. The chitin identification was obtained by calculation of
the reticutar distances from the X-ray diffraction patterns and
checking them with calculated data from parameters of the chito-
biose (orthorhombic unit cell; a,=4.76 A; by=1028A;
co= 1885 A) according to Carlstrom (1957) and Rudall (1963)
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Figs. 1 and 2. X-ray diffraction spectrum, with a Debye-Scherrer
powder camera, of soft chitinous pellicles removed {rom the inner
shell surface of 4. cygrea. The incident beam is, respectively, per-
pendicular (1) and parallel (2) to the pellicies. The reticular spacing
and their indices are shown in A and B Table 1. Chitin band 7 arrow)

Fig. 3. X-ray diffraction spectrum, with a Debye-Scherrer powder
camera, of soft chitinous pellicles removed from the nner shell
surface of 4. cygnea. The pellicles were submitted to a rotation
movement. In this spectrum the chitinobiose unit reflection (10.3 A)
is evident. Chitin band rarrow)

Fig. 4. X-ray diffraction spectrum of nacreous layer of the shell, with
the flat-camera technique, shows a pseudohexagonal structure in
A. cygnea. The spots result from the reflections of specific crys-
tallographic planes of aragonite monocrystals, The reticular spacing
from reflection planes are shown in Table 3

J. Machadoe et al.: Chitin and calog .

Fig. 5. Observation (SEM) of a fractured section of the shell v
creous layer in 4. cygnea. Calcareous lamellae (CL). Interiamella:
space (arrows). { * 18000}

Fig. 6. Inner growth surface of A. cvgnes showing {(SEM) rhom-
bohedral crystals with some irregular and rough aspect in Mu:
£ % 15000)

Fig. 7. Inner growth surface of 4. cygnea showing (SEM} rhom-
bohedral crystals in June. The poorly-stained image of the crystils
is due to the presence of a layer of organic pellicle (< 15000)

Fig. 8. Inner growth surface of 4. cygrea showing (SEM) crystal
with irregular shapes in July and August. The poorly-stained image
of crystals is due to the presence of a layer of organic petick
(% 15000}
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ke 1, Reticular spacing and respective mdices of the i-chitin and
wonite of & soft mineralized peliicle. In A the incident beam s
sendicular (Fig. 1) and in B is parallel to the sample surface

415

Table 2. Determination of reticular distances from reflection planes
of the aragonite crystals in the nacreous layer, caleulated from
standard parameters of aragonite. The incident beam is perpen-

by dicular to the sample surface (Fig. 4)
dA hki Observation dA 4.14 2.5 218 148 1.13
\ bkl 1o 200 220 330
10.70 010 g-chitin® B
5.50 G13 a-chitin
4.60 101 t-chitin N using the equation sin 82 = Ah? +Bk2+CPR, where A = (4/28,)%;
4.30 1o aragonie + u-chitin B = (4/2bg)?; C = {4/2¢;)? and where 4 is a Cuka wavelength.
3.80 163 chitin The nacreous layer of the shell was also examined by X-ray
3.60 015 chitin diffraction. The flas-film technique {Lavegram) by transmission was
3.42 HH aragoniie used with a Philips PW 1030 power supply operated also at 40 kV
3.28 021 aragoniie and 20 mA (Rad. Cuks). The sample was irradiated for 7-8 h by
3.00 0032 aragonite a perpendicular white X-ray beam aflter crossing a collimator of
2.72 121, 012 aragomie 0.5 mm diameter. The sample—{ilm distance was about 40 mm.
2.50 200 aragomte Marphological studies were undertaken by observation of the
2.40 031 aragonite irner central surface of the shell nacreous layer with a JEOL
; 2.34 112;130; 022 aragonite JSM-35C scanning electron microscope (SEM) operated at 25 kV.
s 2.20 21 aragonite The shell fragments were mounted on SEM specimen stubs with
) 242 220 aragonite conductive silver paint and coated with gold. The observations were
1.98 221 aragonite made on sheil fragments of three clams at different periods of the
1.88 041; 202 aragonite calcification cycle,
. 1.82 132 aragonite
i 1.75 141; 113 aragonite
Nl 1.56 31 aragonite
N 1,51 232, 241 aragoniie Results
: 1.48 32 s aragonite
> 1.42 32 aragonite The X-ray diffraction data, from a Debye-Scherrer cam-
B 1.24 400 aragonite era by perpendicular and parallel incident beams to the
" surface of a soft mineralized cuticle-organic matrix (Figs.
: R 016 chitin® 1 and 2), arc presented in Tables 1A and IB,'rcspectively.
. 540 11 ochitin These tables show the parameters of the reticular planes
430 110 aragonite + a-chilin of two compounds and their indices. The interpretation
1 1.46 015 g-chitin of this radiogram allowed us to identify a-chitin and
: 3.38 Hi aragonite aragonite in the matrix of the shell. The X-ray diffraction
f 3.23 021 aragonite
7 2.86 002 aragonite
5 2.80 121 aragonile
4 2.74 012 aragonite ~
it 2.68 012 aragonite
i 2.55 200 aragonite
i2 2.48 200 aragonite
[ 1.43 200 aragonite -
i 2.3% 031 aragonite
i3 2.34 112 aragonite
Hh 2.28 130, 022 aragonite
i 2.09 21%; 220 aragonite et —1 | I
I8 1.96 221 aragonite |
19 1.58 041; 202 aragoniie |
2 176 B, 113 aragonite
2 174 231 aragonite
22 170 222 aragonite
23 1.39 312; 33 aragonite !
24 1.35 114 aragonite
25 1.23 400 aragonite
2 1.21 134; 243; 062  aragonite
27 118 153; 162; 260 aragonite i

* X-ray diffraction diagram of chitinous pellicles is very different
rom the diagram of purified chitin, The X-ray reflections are broad
and ili-defined, but within the Hmits of accuracy, we define the
indices of this “native chitin”

Diagram 1. This diagram cmphasizes the pseudohexagonal sym-
metry of the aragonite observed in the Lauegram of the nacreous
layer of the shell obtained by transmission on flat-film (Fig. 4). It
suggests a structural arrangement of the chitobiose {orthorhombic
unit cell) at different perpendicular planes to a hexagonal symmetry
axis which is paraliel to the incident X-ray beam; this fact scems
according to the orientation znd bexagonal morphology of the
crystalline components observed In the scanning microphoto-
graphs.



Fig. 9, Inner growth surface of 4. cygnea showing (SEM) calcareous
deposits with irregular shapes in September, covered by a thick
organic pellicle indicated by a broken border line (OP}. The upper
region of this border line is tess stained due to the pellicle { ¥ 5000
Fig. 14 A magnification (SEM} of the inner growth surface corre-
sponding to the lower region of the border line {without pellicle),
showing calcareous deposits with irreguiar shapes in September.
Three distinet levels of calcification (1, 2, 3} are apparent { x 10000)
Fig. 11. Observation (SEM) of the inmer surface in October and
November showing rhombohedral crystals (RC) with very regular
shapes. Some thin fragments of organic pellicle are present in the
intererystal spaces (OP). Three distint levels of caleification (1, 2. 3
are apparent { x 13000)

diagram obtained by rotation movement of the sample
(Fig. 3}, clearly shows the reflection of the chitobiose unit
with the characteristic period 10.3 A. The data from
Fig. 3 is not tabulated since it corresponds to Tables
LA and 1B.

The X-ray diffraction spectrum of the nacreous layer
with a flat-camera shows aragonite crystals of a pseudo-
hexagonai structure (Fig. 4 and Diag. 1), Halos, in radial
directions, through the spots which defined the vertices
of the hexagonal forms were also observed. These spots
are due to the reflections of specific crystallographic
planes of aragonite monocrystals (single crystals). The

FoMachado et ab: Chitin and uijey.

Fig, 12. Observation (SEM) of the inner surface in December shuw
ing transitory crystals but with regular shapes (*} also presentin,
thin fragments of organic pellicle in the intercrystal spaces (O
(= 15006}

Fig. 13, Observation (SEM) of the shell inner face in winter {Fehre
ary) showing crystals with very elaborate regular shapes, Hexagons
crystal of aragonite {A) presenting lateral expansion are alignud
with their a-axes {a) parallel to each other. Small crystal can be secr
near the edge of the 801 face (*). Three distint levels of calcificution
(1, Z, 3) are apparent { x 10000)

reticular spacing of the reflection planes and their indicos
are shown in Table 2.

Morphological observations (SEM) at high magnifi-
cation, of nacreous layer of the shell, show two or three
calcification levels (Figs. 6-13). Sections of the same layer
show calcareous lamellae, each about 1pum thick.
separated by a very thin interlamellar spacing (Fig. 5
originated from organic pellicle. The organic matrix
pellicie coating the calcarecus layer reduces the image
quality (Figs. 7-9) and can clearly be seen as an in-
dividualized structure (Fig. 9) or as small fragments
{(Figs. it and 12).
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with regard to the morphology of the CaCO, crystals
~the central region of the sheli, a great variability is
warent when the inner surface is observed in different

v calcarecus deposition with a gradually irregular
.emetrical shape. Figures 11-13 show that crystalline
mponents with a regular geometrical shape are formed
:he winter {October—February), with a hexagonal hab-
heing the most elaborate shape (Fig. 13). The hex-
~onal erystals are elongated along the crystallographic
.wes and are orientated with their a-axes parallel to
«hother, Small crystals are seen on. or close to, the
iecs of the parent crystals on the 001 face (Fig. 13).

DYiscussion

the properties and proposed roles of organic matrices of
.leified structures in organisms have been a matter of
quny recent studies (Watabe 1965; Crenshaw 1982:
hrampitz et al. 1983; Mann 1983; Weiner et al. 1983;
Roer and Dillaman 1984; Wilbur 1984). The matrix may
«wLas an active surface to initiate crystal growth either
v epitaxy or ionotropy {Greenfield et al. 1984; Weiner
184 Wheeler and Sikes 1984; Wilbur 1984). In this way
‘he matrix regulates and controls nucleation, polymor-
shie selection, crystal orientation, ¢rystal growth, direc-
won andfor erystal growth inhibition {Lowenstam 1981
rreenfleld et al. 1984; Wheeler and Sikes 1984).

Chitin has recently been suggested as an important
pectfic component of the molluscan organic matrix
SMann 1988). According to Poulicek et al. (1986), chitin
Joes not seem to be directly related to the calcification
process but is indirectly related to CaCO, metabolism,
acording to physiological and evolutionary evidence.
{his relationship is clearly supported by recent data
+Machado et al. 1990a) which showed that an inhibition
+f chitin secretion causes disintegration of the calcareous
Lavers,

The present results confirm the presence of chitin from
e occurrence of several reflections, in addition to the
weilection band 4.1-4.9 A (100} already identified by
Muchado et al, (1988a), Thus, the 10.2 A period (010)
due to the chitobiose unit and the reticular spacing reflec-
dins {0105 0135 015; 135) correspond to the characteris-
e spectrum ol x-chitin (orthorhombic), These results
wete obtained from the parameters indicated by Carl-
strom (1957) and Ruddal (1963). The chitin reflection
abserved on our X-ray difractograms also has features
stggesting that chitin must be associated with another
vompound, represented by a very large and a small deli-
mited reflection. This compound could be protein, as
fvund in other molluse shells. and in insect and crus-
taicean cuticles (Rudall 1963 ; Roer and Dillaman 1984
Poulicek et al. 1986).

Observations of the inner shell face with SEM clearly
“how crystals of hexagonal habit presenting a-axes ori-
sited parailel to each other and growing simultaneously
90 two or three distinet levels, Lauegrams of the nacre-
ous layer show that these are aragonite crystals with
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reflections of 4.14 A (110), 2.50 A (200), 2.10 A (220},
and 140 A (330). There is also evidence of a pseudo-
hexagonal monocrystalline structure resulting from an
occasional association of aragonite crystals, Hales are
also observed as a radial grouping of spots on the vertices
of the hexagons from the central region. This results from
components of the white radiation, preseni on the in-
cident beam, which are reflected by deformed crystals
{(asterism).

The indirect chitin-aragonite refationship pointed out
by Poulicek ct al. (1986) is confirmed here by the ortho-
rhombic structure of a-chitin and aragonite with paraliel
polymorphisms and an equal reticular spacing of the
planes {110). The lameliar texture of these two com-
pounds, which causes a Htile growth in the direction of
iesser cohesion forces (001 ; Fraenkel and Rudall 1940,
1947}, is also an indicator of this relationship. Pseudo-
hexagonal symmetry was not demonstrated [or chitin
with present data. However, the spiral rotation relative
to the chitin fibers, suggested by Roer and Dillaman
(1984) and Mutvei (1974), means that a pseudeohexagonal
symmetry could be induced in the aragonite,

Although CaCO; crystallization on aragonite may be
regulated by intrinsic properties of the organic matrix,
the CaCO, crystal external habit is probably influenced
by exogenous factors (Mutve] 196%; Wada 1970; Black-
well et al. 1977). Some exogenous factors recently iden-
tified (Coimbra et al. 1988; Machado et al. 1989, 1990b)
may be important when speculating about the origins of
the observed variability of crystalline forms, and also
suggest a possible control mechanism. According to
these authors the apical barrier of the outer mantle epi-
thelium (OME} excretes HY towards the shell side re-
gulating the pH of the exirapalliai fluid, this excretion
being greater during the October-December period.
Thus, from October onwards the extrapallial fluid has an
increased hydrogenion concentration which gradually
induces an undersaturation of CaCO,. However, a de-
crease in the calcium gradient through the OME in this
period (Machado et al. 1988b) causes a reduction of
caletum mebilization towards the extrapallial fiuid.
These two factors resuit in a very slow CaCQ, deposition
in the inner layer of the shell which makes the appearance
of geometrical shape more and more regular and com-
plex. Itis in the winter that the more elaborate hexagonal
habit is formed. Although the rate of hydrogen ion re-
lease is reduced in winter (Coimbra et al, 1988), the slow
deposition is caused by a low caleium mobilization
(Machado et al. 1988b) and low temperature, In contrast,

‘more and more irregular geometrical shapes occur from

spring onwards due to a gradual increase in the calcium
gradient through the OME (Machado et al. 1988b), low
hydrogen ion release {Coimbra et al. 1988), and high
temperature inducing a fast deposition. This cyclic
change of calcification rate agrees with observations by
Poulicek et al. (1986) and Zandee ¢t al. (1980) and paral-
lels the seasonal fluctuations of energetic substrate in
OME proposed by Machado et al. (1988¢). Thus, accord-
ing to Coimbra et al. (1988) the variability of crystalline
shapes probably results mainly from a balance between
calcium mobilization (subsquently HCO7 ) and hvdrogen
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ion secreiion threugh the OME towards the extrapallial
fluid, inducing either slow crystallization (regular shapes)
or fast crystaliization (irregular shapes).
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