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Ultrastructure of pericarp development
in Gracilaria verrucosa (Hudson)
Papenfuss (Gracilariaceae, Gracilariales, Rhodophyta)
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The ultrastructure of pericarp development in Gracilaria verrucosa (Huds.) Papenfuss is de-
scribed. Anticlinal and successive periclinal divisions of the outer cortical cells result in the for-
mation of a thick multilayer pericarp. Primary pit connections occur between pericarp cells.
Mucilage is formed within cytoplasmic concentric membranes, giving thus rise to mucilage sacs.
In addition, mucilage sacs seem to arise through local dilations of the nuclear envelope. Mu-
cilage sacs considerably increase in volume resulting in the formation of one or two huge mu-
cilage sacs, which occupy the major part of the cell interior and finally discharge their contents.
Thus, inner pericarp cells actually function as secretory cells exhibiting a degenerate appear-
ance after the release of the content of mucilage sacs.
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Abbreviations used in figures: CM = concentric membranes, dNE = dilating nuclear enve-

lope, FS = floridean starch, LB = lipid body, M = mitochondrion, Mb = microbody, MS =
mucilage sac, Mu = mucilage, N = nucleus, Nu = nucleolus, P = plastid, PC = pit connection

INTRODUCTION

In the cystocarp of the Florideophyceae, a sterile
covering around the carposporophyte is called the
pericarp. This envelope of tissue consists of cells,
which are of gametophytic origin. Although numer-
ous ultrastructural studies have been carried out on
the developing cystocarps and post-fertilization de-
velopment has almost thoroughly been examined
(for references see Pueschel, 1990; Delivopoulos,
2003a, c) no attention has been paid to date to the
structure and function of this surrounding wall lay-
er of the gonimoblast. All ultrastructural reports on
pericarp cells have been incidental in papers de-
scribing carposporogenesis and carposporophyte de-
velopment (Kugrens & West, 1973; Tsekos, 1983;
Tsekos & Schnepf, 1983; Delivopoulos & Tsekos,
1983; Delivopoulos, 2003a, c).

Gracilaria is a commercially valuable agarophyte
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(Levring et al., 1969; Kim, 1970). Because of the
presence of about 100 species distributed through-
out temperate and tropical waters (Michanek, 1971),
it is regarded as one of the more valuable red algae.
A pericarp is developed over the gonimoblast fila-
ments, with an ostiole through which the car-
pospores are released. A complete ultrastructural
study of the pericarp development in the species
Gracilaria verrucosa (Huds.) Papenfuss is presented
in this paper in hopes of providing useful informa-
tion for the elucidation of the functional significance
of this important structure.

MATERIALS AND METHODS

Thalli of Gracilaria verrucosa (Huds.) Papenfuss
with cystocarps of various sizes were collected at
Megalon Emvolon (Gulf of Thessaloniki). They
were immediately fixed for 5 h in a 3% formaldehyde
3% glutaraldehyde mixture in 0.1 M phosphate
buffer containing 0.25 M sucrose (pH 7.0). The
fixed thalli were successively rinsed in decreasing
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concentrations of sucrose and buffer and they were
finally rinsed in 0.1 M phosphate buffer. The mate-
rial was post-fixed for 5 h in 0.1 M phosphate
buffered 1% osmium tetroxide and then dehydrated
in a graded series of methyl cellosolve, ethanol and
prophylene oxide. Samples were impregnated for 2
days with a graded series of mixtures of propylene
oxide and Spurr’s resin and finally embedded in
Spurr’s resin.

Ultrathin sections were cut on a Reichert OmU,
ultramicrotome, stained with uranyl acetate and lead
citrate and examined with a Jeol 100-B electron mi-
croscope.

RESULTS

The outer cortical cells of the gametophytic tissue
are initially isodiametrical. Pericarp cells are usual-
ly multinucleate. An anticlinal division of each cor-

tical cell (Fig. 1) results in the formation of two elon-
gated daughter cells (Fig. 2). Subsequently, succes-
sive periclinal divisions lead up to the formation of
a thick multilayer pericarp (see Figs 3B and 3D of
Delivopoulos & Tsekos, 1983). The resultant cells
are interconnected with primary pit connections
(Fig. 3). The movement of a nucleus through the
linkup of two neighbouring cells is depicted in Fig. 3.
This occurs during the process of a secondary pit
connection formation.

One of the first events denoting pericarp cell dif-
ferentiation is the formation of mucilage sacs (Figs.
5, 6). Concentric membrane bodies occur in various
sites of the cytoplasm (Figs 5, 6). During mucilage
formation, a dilation between the membranes of the
bodies was observed (Figs 5, 6).

The most striking ultrastructural feature during
pericarp development is the nuclear envelope activ-
ity. Initially, there is a slight enlargement of the per-

FIGS 1-2. Gracilaria verrucosa: electron
photomicrographs. Scale bars = 1 um.

F1G. 1. An anticlinally dividing (arrows)
pericarp cell.

F1G. 2. Two daughter cells after an anti-
clinal division of a pericarp cell.
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FIGS 3-5. Gracilaria verrucosa: electron
photomicrographs. Scale bars = 1 pm
except for Fig. 5 = 0,5 pm.

F1G. 3. Secondary pit connection forma-
tion at the time of fusion (arrows) of the
small cell with the neighbouring one. A
nucleus is passing through the linkup
between these cells.

FiG. 4. Beginning of the perinuclear
space dilation.

Fi1G. 5. Gradual increase of the perinu-
clear space dilation. Note the nucleo-
plasm protrusions (arrows).

FIGS 6-8. Gracilaria verrucosa: electron
photomicrographs. Scale bars = 1 um.

FIG. 6. Concentric membranes in the cy-
toplasm of a pericarp cell. Mucilage is
formed within expanding areas of the
membranes.

F1G. 7. Annulate lamellae between two
mitochondria.

FiG. 8. Close spatial relationship be-
tween mitochondria and microbodies.
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FIG 9. Gracilaria verrucosa: electron
photomicrographs. Scale bar = 1 um.

Fi1G. 9. A large mucilage sac and a
large lipid body. Plastids are peripher-
ally distributed.

FIGS 10-11. Gracilaria verrucosa: elec-
tron photomicrographs. Scale bars = 1
um.

F1G. 10. Huge mucilage sacs occupying
the major portion of a pericarp cell. A
lipid body is also present.

F1G. 11. An inner pericarp cell showing
discharging mucilage sacs (arrow).
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FIGS 12-13. Gracilaria verrucosa: elec-
tron photomicrographs. Scale bars = 1
pm.

F1G. 12. Two pericarp cells and a de-
generating inner pericarp cell.

FIG. 13. A pericarp cell with many large
mucilage sacs. A series of three degen-
erating inner pericarp cells after the re-
lease of the content of mucilage sacs.

inuclear space (Fig. 4). The gap between the two nu-
clear membranes gradually increases ranging up to
the point of full dilation in some areas (Fig. 5). Pro-
trusions of the nucleoplasm into the dilating perin-
uclear space are frequently observed (Fig. 5). The
material in the perinuclear space is identical in ap-
pearance to the mucilage in the nearby occurring
mucilage sacs (Fig. 5).

Cytoplasmic annulate lamellae localized between
mitochondria were also observed (Fig. 7). Micro-
bodies are frequently present in the cytoplasm of
pericarp cells. An interesting feature is the close spa-
tial relationship between mitochondria and micro-
bodies (Fig. 8). Plastids are typical red algal chloro-
plasts possessing peripheral and internal unstacked
thylakoids (Fig. 9). In the cytoplasm of differentiat-
ing, internal pericarp cells large osmiophilic bodies
also occur (Figs 9, 10). During pericarp cell devel-

opment, mucilage sacs continue to increase consid-
erably in volume (Fig. 9). This enlargement results in
the formation of one or two huge mucilage sacs oc-
cupying the major portion of the cell interior. This is
the case of the inner pericarp cells lining the cysto-
carpic cavity (Fig. 11). The membranes of the en-
larged mucilage sacs eventually fuse with the plasma
membrane discharging their contents to the outside
(Fig. 11). Therefore, these cells actually function as
secretory cells exhibiting a degenerate appearance
afterwards (Figs 12, 13). The entire carposporo-
phyte becomes surrounded by a thick cover of mu-
cilage produced by the inner pericarp cells. These
cells are not limited by a distinct wall layer, except
for the mucilage. Each cell contains a nucleus, few
chloroplasts and occasionally some starch granules
(Figs 12, 13).
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DISCUSSION

Early after fertilization, the cortical cells near the
procarp divide repeatedly and eventually form a
thick protective cortical layer named pericarp. This
enlarges and ensheathes the gradually swelling cys-
tocarpic cavity and the developing carposporophyte.
Pericarp cells are the least investigated structures of
the cystocarp. This report is the first ultrastructural
study of the pericarp development. In this work, as
well as in the previous ones (Kugrens & West, 1973;
Tsekos & Schnepf, 1983; Delivopoulos & Tsekos,
1983; Delivopoulos, 2003a, b) it has been demon-
strated that pericarps besides being the protective
barrier of the developing carposporophyte also func-
tion as mucilage suppliers for the cystocarpic cavity.

An interesting feature of the Gracilaria pericarp
is the function of the inner cells as secretory cells
producing large quantities of mucilage. This has
previously been reported for Levringiella gardneri
(Setch.) Kylin (Kugrens & West, 1973), Gigartina
teedii (Roth) Lamour. (Tsekos & Schnepf, 1983),
Nienburgia andersoniana (J. Ag.) Kylin (Delivopou-
los, 2003a) and Gelidium robustum (Gardn.) Hollenb
& Abbott (Delivopoulos, 2003b). In the case of Lev-
ringiella, numerous dictyosome vesicles supply the
cystocarpic cavity with large quantities of mucilage,
while in Gigartina, Nienburgia and Gelidium mu-
cilage sacs have been considered responsible for the
production of mucilage. In Gracilaria, it is clearly ev-
ident that mucilage sacs are the main source of mu-
cilage for the cystocarpic cavity. Mucilage sacs orig-
inate from concentric membrane bodies, as meticu-
lously has been described in Faucheocolax (Deliv-
opoulos & Kugrens, 1984) and has been confirmed
in a number of red algal species (for references see
Pueschel, 1990).

However, Gracilaria is the first species where the
mucilage sacs of the pericarp cells originate from the
nuclear envelope. Accumulation of mucilage within
the nuclear envelope space has also been reported
for the gonimoblast generative cells of the same
species (Delivopoulos & Tsekos, 1985). It must be
pointed out that in both kinds of cells, there is a great
paucity of dictyosomes and endoplasmic reticulum.
Therefore, from the three components of the en-
domembrane system, only the nuclear envelope is
present. The dilated perinuclear space in certain ar-
eas of the nuclear envelope has also been reported
in differentiating spermatia of Bangia atropurpurea
(Roth) C. Ag. (Cole & Sheath, 1980), but no specif-

ic function has been ascribed to it. Formations sim-
ilar to those in Gracilaria have been observed in the
nuclei of carpospores of Polysiphonia novae-anglia
Taylor (Wetherbee & Wynne, 1973). However, these
“fibrillar bodies” have not been found within the per-
inuclear space, but within outpocketings of the nu-
cleoplasm and the nuclear envelope. In that case,
Wetherbee & Wynne (1973) have suggested that the
nucleus is actively involved in the synthesis of stor-
age materials. The data of the present study and of
a former one (Delivopoulos & Tsekos, 1985) in dif-
ferent types of cells and in a different species than
Polysiphonia reinforce this idea. Similarly to Gigarti-
na teedii (Tsekos & Schnepf, 1983) and Nienburgia
andersoniana (Delivopoulos, 2003a), the inner peri-
carp cells of Gracilaria degenerate after massive
production of mucilage. In Levringiella gardneri,
these cells have been considered as a special group
of secretory cells situated beneath the pericarp cells
(Kugrens & West, 1973). It has been suggested that
the tremendous amount of mucilage surrounding the
red algal carposporophytes has an adhesive and/or
antidesiccation function (Kugrens & West, 1973;
Kugrens & Arif, 1981). Alternatively, in non-ostio-
late cystocarps it has been proposed that mucilage
could function as a source of nutrients for the de-
veloping carposporophyte (Delivopoulos & Kugrens,
1984). Gracilaria has an ostiolate pericarp. Howev-
er, the presence of lipid bodies in the pericarp cells
of Gracilaria reinforces the possibility for these cells
to be playing a nutritive role, in addition to the ad-
hesive and antidesiccation functions.

Annulate lamellae were observed in pericarp
cells of Gracilaria verrucosa and they have also been
reported to develop during carposporogenesis
(Wetherbee & Wynne, 1973; Tripodi, 1974; Wether-
bee et al., 1974; Delivopoulos & Tsekos, 1986; Ku-
grens & Delivopoulos, 1986). In both pericarp cells
and carpospores of Gracilaria, annulate lamellae
were found in close relationship with mitochondria.
However, their role remains obscure. Plastids of
Gracilaria pericarp cells are typical red algal chloro-
plasts possessing a peripheral thylakoid and internal
unstacked thylakoids as well. Microbodies are
among the most poorly studied organelles of the red
algae. Many authors have reported microbodies in
red algal cells (for references see Pueschel, 1990).

In conclusion, inner pericarp cells of Gracilaria
actually function as secretory cells supplying the cys-
tocarpic cavity with large quantities of mucilage.
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