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This study deals with the formation of calcium carbonate crystals in the green alga

Halimeda incrassata at the ultrastructural level.

Crystal formation occurs within tube-

like organic envelopes in the intercellular space. These envelopes are derived from the
organic matrix adjacent to the cell wall of the coznocytic filament and exhibit a double

walled structure.
size and shape of the crystals.

The envelopes act as sites of crystal initiation and also regulate the
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It has been reported that a feature
common to all calcareous algae is the
presence of gelatinous or mucilaginous
(organic) substances associated with cell
walls (LEWIN 1962). It was further sug-
gested that this substance may be involved
in the deposition of crystalline material
(KoBayasHI 1971). Recent studies (WILBUR
et al. 1969 ; BOROWITZKA et al. 1977, 1974)
dealing with the problem of calcification in
Halimeda, a typical calcareous alga, have
failed to confirm the presence of an organic
matrix in the intercellular space, the site of
crystal formation.

The discrepancy in regard to these ob-
servations prompted us to re-examine
Halimeda at the electron microscope level
in order to ascertain whether an organic
matrix is present, and if so, what role it
plays in crystal initiation and growth. The
present report describes the results of this
study.

Halimeda 1incrassata was collected in

Harrington Sound, Bermuda, during the
month of July. Immediately after removal
from the water, the apical and second
segment of the thallus was removed, cut
into small pieces and fixed as follows: (1)
in veronal buffered (pH 7.4) glutaraldehyde
(59%) sol. for one hour, then washed in
buffer and post fixed in cacodylate buffered
0£0, 1% for 45 min. (Fixation times were
of relatively short duration to avoid dis-
solution of aragonite crystals.) The ma-
terials were routinely dehydrated and
embedded in Araldite 502. Sections were
cut with a glass and diamond knife and
stained with lead citrate (2% in 1/10N
NaOH) or 2% solution of uranyl acetate
followed by lead citrate. Thick sections
were also prepared and stained with tolui-
dine blue in 402 alcohol.

The basic structure of Halimeda is the
coenocytic filament. The filaments of the
outer surface of the thallus are in contact
with one another and form a boundary
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Fig. 1. Transverse section of filament, (F), showing numerous spherical bodies (Sb), and meta-
chromatic coat (Mc), adjacent to filament wall. %800 Figs. 2-6. Transmission electron micro-
graphs of portions of the filament wall showing development of crystals. Fig. 2. Cr, crystal;
E, associated organic envelope; Fw, filament wall; O, network of organic substance (matrix).
Fixed in veronal buffered 1%, OsO, for 30 min., unstained. x43,000 Figs. 3-4. Sections illustrated
in these figures were fixed in veronal buffered 1% OsO, for 30 min., stained with uranyl acetate and
lead citrate and demineralized during the staining process. Fig. 3. Tube-like envelope (E), pro-
jecting from filament wall. Small crystals (C), present in some envelopes. x60,000 Fig. 4.
Tubes (envelopes) more highly developed showing crystals growing within tubes. x60,000 Fig. 5.
Thick section showing randomly arranged large mineralized crystals. x20,000 Fig. 6. Selected
area of intercellular space showing thin inner and thick outer wall of envelopes surrounding
growing crystals (arrows). Uranyl acetate-lead citrate stain. x 140,000
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against the sea water. Between the fila-
ments there are extensive spaces in which
aragonite crystals are deposited as the
thallus matures. The filaments are bounded
by a filament wall and contain in addition
to several cytological components such as
mitochondria and chloroplasts, large spheri-
cal bodies that stain metachromatically with
toluidine blue (WILBUR et al. 1969). These
bodies also occur in the intercellular space.

Adjacent to the filament wall is a zone
of organic matrix that stains metachromat-
ically (Fig. 1). This matrix also occurs as
scattered patches throughout the inter-
cellular space. Originally, the matrix ap-
pears somewhat fibrilar. Subsequently, this
material undergoes a reorganization (poly-
merization ?) to form randomly arranged
tube-like envelopes. After this occurs,
crystals appear within the envelopes (Fig.
2). Initially, the envelopes are most numer-
ous in the region adjacent to the filament
wall. Continued development results in the
differentiation of additional envelopes
throughout the intercellular space. One, or
more, crystals are initiated within the
envelopes (Fig. 3, 4); they continue to grow
until envelopes are completely filled, giving
rise to straight needle-like crystals charac-
teristic of the mature state (Fig. 5). At a
relatively high magnification, the crystal
envelope (Fig. 6) is shown to be double
layered, consisting of a thin inner and
thick outer wall.

We have demonstrated the presence of
an organic substance in the intercellular
space in Halimeda which is in agreement
with the observations concerning other
calcareous algae (LEWIN 1962). Our inves-
tigations disagree, however, with those in
which an organic matrix was not observed
(WILBUR et al 1969; BOROWITZKA et al.
1974, 1977).

Matrix have been defined (EASTOE 1968,
KoBAYASHI 1971) as a substance that is (1)
in existence before crystal initiation occurs,
(2) is the medium in which crystals develop,
and (3) subsequently encloses the crystals
spacially. The intercellular organic material
observed in Halimeda conforms to the above

criteria and accordingly, justifies the use of
the term matrix. Further, the high degree
of organization is in agreement with the
previous contention in regard to the charac-
ter and role of the matrix in algae.

The presence of envelope-like structures
has been described in association with
crystals or crystal formation in higher
plants (ARNOTT 1966), Earthworms (NAKA-
HARA and BEVELANDER 1969) and Molluscs
(BEVELANDER and NAKAHARA 1969 ; ERBEN
and WATABE 1974).

This study has demonstrated that the
matrix is involved in the following in
regard to crystal formation: (1) the matrix
gives rise to envelopes, (2) the envelopes
act as specific sites in which crystal initi-
ation occurs, (3) they also regulate the
growth (size) and shape of the crystals.

The matrix derived envelopes are highly
organized randomly arranged structures.
Since the crystals are enclosed within
envelopes, the arrangement of the crystals
coincides and is dependant on the arrange-
ment of the envelopes.

It is apparent that an organic matrix is
present in the intercellular space, and
further, it is intimately associated and
plays a decisive role in the initiation,
growth, shape and arrangement of the
aragonite crystals in H. incrassata.
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