Ultrastructural study of the embryonic and larval shell of Anodonia cygnea
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An ultrastructural study of the embryonic and larval shell of Anodonta cvgnea was carried out by light, polatization, and
scanning electron microscopy, and X-ray diffraction analysis. A thin outer layer (cuticle), composed of S-keratin fibrils
organized in parallel rows and enveloped by chitin material, was observed. The hooks, spines, and teeth are constituted by
cuticular formations only. A caleareous inner layer presenting convergent prismatic monocrystals mainly of aragonite, which
form prismatic structures arcund the pores and inside of irregular polygonal border lines, was alse shown. Two cleatly
differentiated calcareous valves were already observed on very young embryos. The valvalar pores fotally covered by the
cuticle may be involved in the metabolic cell exchange by penetrating cytoplasmatic extensions of the mantle cells. The irregu-
lar polygonal configuration observed on the internal surface of young decalcified cuticles supports the hypothesis of a role
for the matrix as a regulator of shell formation, inducing the prismatic organization of the calcareous layer. Shell minerahiza-
tion from the border lines to the center of each polygonal area may occur.
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La microstructure de la coquilte de 'embryon et de la larve d'Anodonta cygnea a é1¢ étudiée au microscope photonique,
au microscope polarisant, au microscope électronique a balayage ainsi gue par analyse de diffraction aux rayons-X. La couche
externe est mince {cuticule) et se compose de fibrilles de 3-kératine en rangs paralieles entourées d’une substance chitineuse.
Les crochets, les épines et les dents sont de nature essentieliement cuticulaire. Une couche interne calcaite contenant des
menocristaux prismatiques convergents, surtout de I'aragonite, forme des structures prismatiques autour des pores ot 2
I'intérieur de lignes de bordure irrégulitres polygonales. Deux valvules caicaires bien différencices sont d€ja présentes chez
les embryons trés jeunes. Les pores des valvules sont complétement recouverts de cuticule et il se peut qu’ils assurent les
échanges métaboliques cellulaires en pénétrant dans les prolongements cytoplasmiques des ceilules du manteau. La contigura-
tion polygonique irréguliére 3 la surface interne de jeunes cuticules décalcifiées appuie "hypothése selon laquelle la matrice
joue un role régulateur dans la formation de ia coquille en déclenchant Iorganisation prismatique de la couche calcaire. 11
est possible qu’il y ait minéralisation de la coquille a partir des lignes de bordure vers le centre de chaque région polygonale.

Introduction

Embryonic shells of molluscs are usually composed of two
layers, one cuticular and one calcareous (Dawydoff 1928;
Grassé ef al. 1970; Fretter and Pilkington 1971; Spiess 1972;
Haas et al. 1979; Kniprath 1981; Eyster 1986). The clemental
composition and ultrastructural characteristics of shells prior
to metamorphosis are little known (Eyster 1986). Neverthe-
less, some authors pointed out that the inner calcareous layer
of bivalve larval shells is a crystalline-like formation, present-
ing many pores which extend perpendicularly through it but do
not penetrate the cuticle (Giusti er al. 1975; Calloway and
Turner 1978). The timing of initial mantle attachment to the
shell may be relevant to the formation of these pores.

A comparative study was undertaken by Dinamani (1976) in
bivalve species but very little was added to our knowledge of
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the structural and elemental composition of the shell layers.
Giusti er al. (1975) and Durfort {1984) suggest that the exter-
nal surface of the cuticular layer is covered with a great num-
ber of small villus-like processes organized in rows.

The main purpose of the present work is to study some
ultrastructural aspects of the embryonic and larval shells of
Anodonta cygnea.

Materials and methods

Adult gravid amimals of Anodonta cygnea were collected, with
some water and sediments from Mira lagoon in the north of Portugzal,
and kept in aerated and dechlorinated water at room temperature for
a few days.

“Embryo’" refers to all developmental stages occurring inside the
capsule wall (vitelline membrane} and ““larva’ refers to all develop-
mental stages outside the capsule wall.

For morphological studies embryos were observed in vivo by light
microscopy. Schwejeninoff’s technique (Ganter and Jolles 1969) was
used to detect the presence and location of the calcareous layer in the
very young embryonic shell. Semithin sections for Light MICroscopy.,
stained with methylene blue Azur IT, were used to investigate whether
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the presence of the mantle tissue lining the young embryonic or larval
shell occurs. A crystallographic study was carried out, with an
Ortoplan Leitz microscope, on embryonic and larval shells previ-
ously cleaned. The removai of sof parts, as well as organic tissue
from the shell and the vitelline membrane, was carried out by bac-
terial treatments with tap water for 3 (o 6 days in air contact. After
organic decomposition the shells were cleaned with distilled water
and air dried. For scanning electron microscopic (SEM) studies, the
precleaned and air-dried embryonic and larval shells were mounted
on SEM specimen stubs with conductive silver paint, coateqd with
gold, and observed with 2 JEOL JSM-350 scanning microscope oper-
ated at 25 kV. The identification of calciam deposition in embryonic
shells was also made by energy dispersive microanalysis (EDS).
Some embryonic and larval shells were decalcified with very dilute
HC1, thus remaving the inner calcareous layer to study the internal
surface of the cuticle and its protuberances, Over g period of 10
months, other larval shells were exposed to partial dissolution by
water, to emphasize the irregular polygonal areas in the calcareous
layers, since in normal conditions these areas are not very visible.

X-ray diffraction analysis of larval shells, previously cleaned by
bacterial decomposition, was carried out using a Debye-Sherrer
camera 11.4 em in diameter and a Philips power supplty PW 1130/00
operated at 40 kV and 20 ma (radiation CuK,).

Resulig

Two very small valves with an approximate length of
1350 wm having calcareous deposits and apparently without any
attachment to visceral mass were observed on very young
embryos by light microscopy (Fig. 1). Our observations indj-
cate that the mantle lines the later embryo shells only. The
early existence of calcareous material was shown by EDS and
also by Schwejeninoff’s reaction, which produced typical gyp-
sumt crystals on the areas of CaCO; deposition. Tt was also
shown by EDS that severa] protuberances present on the edge
of the larval shell (Fig. 2) do not contain CaC0y. The valves
of larval shell may reach 400 to 500 um in length.

Two differentiated layers, a thin outer cuticular layer and a

# thicker inner calcareous Jayer adhering to it, were shown by
SEM in the embryonic shell (Fig. 3). The calcareous layer
seems o be composed of prismatic, needle-like monocrystals
about 3 um long (Figs. 3, 5, 12¢). There are also many pores
which extend perpendicularly through the calcareous layer but
do not penetrate the cuticle (Figs. 3, 6). These pores, with an
approximate diameter of 1.0 am, are uniformly distributed in
the shell (Figs. 6, 8).

A black cross, derived from light beam extinction, and
birefringence zones are shown by polarization microscopy on
very young embryonic shell, being clearer on larvai shells
even when shell rotation occurs (Figs. dq, 4b). These observa-
tions were completed with X-ray diffraction analysis through
farval shells (Figs. 1la, 11b), identifying some reflections
such as 1.2, 1.7, 1.8, 1.9, 2.1, 2.3, 2.7, 3.4, and 4.23 A of

aragonite; 3.07 A of calcite; 4.4—5.4 and 10.5 A of chitip:
and 6.6 A of B-keratin,

By light and polarization microscopy (focusing in angd ot
the objective lens), it was possible to distinguish polygona
lines in the calcareous surface of the shells precieaned by bae.
terial decomposition. The pattern is shown in Figs. 124 ang
12D, Irregular polygonal line arrangement with nearly centry
pores was also observed by SEM (Fig. 6). These irregulay
polygonal lines are sites prone to fracture {Fig. 5). Polygony
border lines are similarly reproduced on the internal surfage
of very young embryonic cuticle subjected 1o decaleification,
with HCI (Fig. 7). It was proved by EDS analysis that these
border lines do not present CaCO; deposits after decaleis.
cation.

Figures 9 and 10 show flexible cuticles, removed from |y
val shells, without pores but with specialized formations such
as hooks, spines, and teeth on the edge. Figures 3, 8, and 12,
show that this cuticle forms depressions over the pores of the
calcareous layer.

Discussion

Glochidia were first extensively studied by Lillie (1895) and
later by Lefevre and Curtis (1510a, 19105, 1912). The ulira-
structural aspects of mollusean shells are not yet very well
known (Eyster 1986) and are the subject of some controversy,

The present study has demonstrated that the embryonic and
larval shells are formed by a thin ouger organic layer (cuticle)
and a thicker inner calcareous layer with many pores not
penetrating the cuticle. The presence of calcareous structures
in very young embryonic stages suggests that in 4. cygneq
shell mineralization may begin shortly after the first organic
shell material is secreted. This resembles the timing of initial
shell mineralization of some gastropod species described by
Eyster (1986). Any comparison with bivalve species is
limited, since, according to Eyster {1986), the number of
studies on the subject is insufficient. Nevertheless, LaBarbera
(1974) pointed out that calcification begins before the organic
component of the shell i completed in Tridacna squamosa,
The timing of initial shell mineralization in A, cvgnea will be
determined by cytochemical methods and the results will be

reported in another paper (F. Castilho and J. Machado, in
preparation).

Inner layer

The extinction black cross and birefringence zones shown
by polarization microscopy on young shells, even when shell
rotation occurs, Suggest that the calcarecus layer is a crystal-
line structure with convergent crystais. X-ray diffraction anal-
ysis indicates that CaC0; deposition forms calcite, probably
vaterite, but mainly aragonite crystals. The typical occurrence

Fi6. 1. Light micrascopy of very young embrye mounted in vivo, Gastrula (Gl), calcified valves (small arrows), cuticle (#+}, vitelline mem-
brane (Vm). Bar, 100 pam. FIG. 2. Ventral extremity of the larval shell by scanning electron microscopy (SEM). Cuticular hook (%), cuticular

spines {arrows). Bar

» 10 pm. Fi. 3. Fractured edge of the embryonic valve observed by SEM. Cuticular layer (Cl), prismatic calcareous layer

(), pore (Po), cuticular hiche {arrows). Bar, 1.0 um. Fis. 4. Observation of the internal surface of larval shell by polarization light microscopy
with crossed Nicol filters. A black cross derived from the light beam extinction is clearly visible and presents parallelism with polarization
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i - Sclerotized B-keratin fibrils (), cuticular teeth
» 1.0 um. Fig. 11. () X-ray diffraction analysis of a larval shelf with rotation; (b X-ray diffraction analysis without rotation.
1.8, 1.9, 21,23, 27, 3.4, and 4.23 A); calcite, C (3.07 A); chitin band, Ch (4.4—-5.4 and 10.5 A); protein-like

i as with pores (#) in young valves:
{CaCO,) towards the cente i i
(*), pores (Po).
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of aragonite in 4. cygnea is in accordance with observations
of Eyster and Morse (1984), indicating that most early shell
muterial is aragonitic in premetamorphic mofluscan sheils;
for exampie Crassostrea virginica (Stenzel 1964), lyanassa
absoleta veliger (Ivester 1972), and Aeolidia papillosa (Eyster
1982). According to Stenzel (1964), aragonite crystals have
the possible advantage of both greater structural strength and
s lesser tendency to cleave. Thus, the present observations
suggest that the calcareous layer in embryonic shell of 4, ¢cyg-
new is mainly formed of prismatic, needle-like monocrystals of
aragoaite in a convergent position.

The presence of irregular polygonat lines on the internal sur-
face of this layer indicates that the monocrystals of aragonite
are arranged into polygonal areas, forming irregular prismatic
gructures at the three-dimensional level. These prismatic
ructures are very similar to the ones described by Taylor
eral. (1969} and Wise (1971) on adult animals of other spe-
cies, by Waller (1980} on Arca imbricata, and by Roer and
Dillaman (1984) on crustacean cuticles, The polygonal border
lines also reproduced on the internal surface of very young
cuticle leads us to think that the organic material may act as
an active surface to control the crystal organization by epitaxy,
sccording to Wilbur (1976, 1984) and Greenfield er al.
11984).

From the present observations it was also shown that the
pores are placed for the most polygonal areas in a nearly cen-
iral position. According to the structural reporis of calcified
citicles in crustaceans by Roer and Dillaman (1984), it is very
probabie that these pores were completely filled by cytoplas-
mic extensions which emanate from the apical membrane of
the mantle cetls and terminate at the cuticle. Thus, it seems
obvious that the appearance of the pores implicates a crystalli-
zation process from the polygonal border lines towards the
center of each polygonal area. This process may be stopped
subsequently by cytoplasmic extensions of mantle cells, which
altach to the shell at the last embryonic stages, according 1o
Wood (1974), Durfort (1984), and present observations. As to
the probable function of the valvular pores, judging by the
cytoplasmic extensions into the valves, we think that it is pos-
sible that metabolic exchange with the environment takes
place.

Outer layer

The outer organic layer {cuticle) is a flexible pellicle without
pores but with specialized formations such as hooks, spines,
and teeth on the shell edge. These cuticular protuberances do
not contain CaCQO; in normal shelis.

The micrographs show that the cuticle forms depressions
over the pores, limited only to the calcareous layer. Our obser-
vations are in accoidance with Giosti (1973), Giusti ef al.
(1975), and Calloway and Turner (1978), who described a
cuticle without pores, but with small niches in 4, cygnea,
A. cataracta, and Lampsilis radiata. However, Rand and
Wiles (1982) pointed out that these pores completely penetrate
the mantle and the valves in A. cataracta and A. implicata. It
is possible that Rand and Wiles (1982) observed an artifact as
a result of dissolution of the cuticle with some chemical com-
pound, since the cuticle is not visible in the respective
micrograph.

So far as the elemental composition of organic material is
concerned, the reticular distance of 6.6 A obtained by X-ray
diffraction analysis provides evidence for the presence of
3-keratin with a fibrous texture, according to Lehnninger
{1982), It also detected the existence of chitin material, since
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the chitin reflections of 4.7 and 10.3 A referred to by Rudall
{1963) correspond very approximately to the mean of the
reflection bands, 4.4~5.4 and 10.5 A, obtained in the present
study. According to Rudall (1963) these bands are not weil
defined when an association of chitin with a protein occurs.
Some preliminary cytochemical resufts emphasizing the
presence of keratin and chitin material were also obtained (F.
Castilho and J. Machado, in preparation). A chitinoid material
was also noted by Ghose (1962) on the embryonic sheil of
Achating fulica. but we do not believe that keratinoid material
has been reported.

According to Giusti er al. (1975) and Durfort (1984), the
external surface of the shell is covered with a great number of
small villus-like processes, We think that the presence of
microvilli on the shell surface is unfikely for at least four
reasons. First, even after exposing the larvae to a long bac-
terial decomposition to remove all organic material, these
fibrillar structures remain intact, suggesting sclerotized fibril-
lar structures. Secondly, since mantle formation occurs later
than shell formation, most probably the “microvilli” do not
penetrate the calcareous layer. Thirdly, these processes
resemble anastomosed fibrils which are not typical of micro-
villi. Finally, our results suggest the presence of $-keratin
with a fibrous texture enveloped by chitin material.

Thus, all these observations confirm that the villus-iike
processes may correspond to the S-keratin fibrils forming
visible parallel rows in an homogeneous chitin material.
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