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Abstract

The annulus of Tetraplodon angustatus B. S. G. has been studied with transmission
electron microscopy and of Tayloria tenuis (With.) Schimp. with scanning electron mi-
croscopy. Both species have an annulus which serves as a dehiscence mechanism of the
capsule. Dehiscence takes place through cell wall separation at the middle lamella. The
annulus remains attached to the operculum. Longitudinal section of the capsule of T.
angustatus shows an annulus consisting of three cells in two layers (outer with two cells,
inner with one cell). Ultrastructural peculiarities of the annulus cells are: 1) alternating
electron-dense and more electron-translucent areas in the cell walls, representing a system
of radial canals in the cell wall; 2) dense cytoplasm lacking vacuoles and occupying only
a part of cell volume; 3) extraplasmic space and cell wall canals filled with a substance
that appears to be mucilage; 4) outer parts of outer cell walls especially electron-dense and
stratified. The annulus cells are considered to produce mucilage and hydrolytic enzymes in
the course of their development.

Ðåçþìå

Ñòðîåíèå êîëå÷êà èçó÷àëè ó äâóõ âèäîâ ñïëàõíîâûõ – Tayloria tenuis (ñ ïîìîùüþ
ñêàíèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè) è Tetraplodon angustatus (ñ ïîìîùüþ
òðàíñìèññèîííîé ýëåêòðîííîé ìèêðîñêîïèè). Âñêðûâàíèå êîðîáî÷êè ïðîèñõîäèò ïóòåì
ðàñõîæäåíèÿ ñìåæíûõ îáîëî÷åê êëåòîê êîëå÷êà è êðàÿ óðíî÷êè â îáëàñòè ñðåäèííîé
ïëàñòèíêè. Êîëå÷êî îñòàåòñÿ íà êðûøå÷êå. Íà ïðîäîëüíîì ðàçðåçå êîðîáî÷êè T. angustatus
êîëå÷êî ñîñòîèò èç òðåõ êëåòîê (â íàðóæíîì ñëîå äâå êëåòêè, âî âíóòðåííåì - îäíà).
Óëüòðàñòðóêòóðíûìè îñîáåííîñòÿìè êëåòîê êîëå÷êà ÿâëÿþòñÿ: 1) ÷åðåäîâàíèå â èõ
îáîëî÷êàõ ýëåêòðîííî-ïëîòíûõ ó÷àñòêîâ ñ áîëåå ýëåêòðîííî-ïðîçðà÷íûìè, îáðàçóþùèìè
ñèñòåìó ðàäèàëüíûõ êàíàëüöåâ îáîëî÷êè; 2) ãóñòàÿ öèòîïëàçìà áåç âàêóîëåé, çàíèìàþùàÿ
ëèøü ÷àñòü îáúåìà êëåòêè; 3) çàïîëíåííîñòü ýêñòðàïëàçìàòè÷åñêîãî ïðîñòðàíñòâà è êàíàëüöåâ
îáîëî÷êè ñëèçüþ; 4) îáðàçóþùèå ïîâåðõíîñòü êîðîáî÷êè ó÷àñòêè ñòåíîê êëåòîê êîëå÷êà
èìåþò îñîáî âûñîêóþ ýëåêòðîííóþ ïëîòíîñòü è ñëîèñòóþ ñòðóêòóðó. Âåðîÿòíî, â õîäå ñâîåãî
ðàçâèòèÿ êëåòêè êîëå÷êà ïðîèçâîäÿò ñëèçü, íàêàïëèâàþùóþñÿ â ýêñòðàïëàçìàòè÷åñêîì
ïðîñòðàíñòâå, è ãèäðîëèòè÷åñêèå ôåðìåíòû, âûçûâàþùèå â êîíöå ðàçâèòèÿ êëåòîê
èçáèðàòåëüíûé ãèäðîëèç èõ îáîëî÷åê. Ñëèçü àáñîðáèðóåò âîäó èç öèòîïëàçìû êëåòîê êîëå÷êà,
à òàêæå è èç ñîñåäíèõ êëåòîê, ÷òî ïðèâîäèò ê îäíîâðåìåííîìó óâåëè÷åíèþ îáúåìà êëåòîê
êîëå÷êà è óìåíüøåíèþ îáúåìà ñîñåäíèõ êëåòîê è, êàê ñëåäñòâèå, ê âñêðûâàíèþ êîðîáî÷êè.

INTRODUCTION

Most mosses of subclass Bryidae are stego-
carpous (operculate), i.e. their capsules are
opened by removal of an operculum. The oper-
culum separates from the urn by means of an
annulus, formed of one to several concentric
rows of hygroscopic exothecial cells at the oper-
culum-urn boundary.

The structure of annulus is very variable in

mosses. In most species the annulus remains at-
tached to the operculum after the capsule de-
hiscence; in others either it remains attached
to the urn or it separates from both urn and
operculum (Dihm 1894; Goebel 1930; Maier
1967, 1973a, 1973b, 1973c; Mueller 1973). Some
taxonomists use the term annulus only for the
type that separates from both urn and opercu-
lum (cf. Buck, 1980). Others (cf. Vitt, 1981) con-
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Fig. 1. Tayloria tenuis
(With.) Schimp. Upper part
of capsule showing two ar-
eas of dehiscence (arrows); a
– annulus; op – operculum;
u – urn. SEM, 325×.

a

u

�����
�����

op

sider that all mosses with operculate capsules
have annulus, and in mosses without an annu-
lus (cleistocarpous) capsules dehisce by break-
age of individual exothecial cells.

Studying the annulus of Fissidens limbatus Sull.
by means of transmission electron microscopy
(TEM), Mueller (1973) observed that the annu-
lus cells are noticeably less vacuolate than other
epidermal cells of the capsule, their cytoplasm is
dense, and they have large areas which appear to
contain a mucilaginous substance. Maier (1973a)
found that in Plagiomnium cuspidatum (Hedw.)
T. Kop. the annulus cells, even after dehiscence of
the capsule, have functional chloroplasts with starch
grains, and that the outer wall of the annulus cell
is incrusted by a specific substance characterized
by a reddish-brown color and intensive and rapid
staining by metal ions.

Functioning of the annulus in some species
was assumed to be related to mucilaginous cell
content (Goebel 1930; Lorch 1931; Mueller
1973). Maier (1973c) reported that function-
ing of the annulus in Funaria hygrometrica
Hedw. and Plagiomnium cuspidatum is relat-
ed to an increase of its volume. Factors induc-
ing dehiscence of the capsule, in Maier‘s opin-
ion, are different in these two species. The ma-
ture capsule in Funaria hygrometrica consists
of dead cells (excluding the spores), and dehis-
cence occurs after a number of wet-dry cycles
of the capsule, resulting in breakage along cell
walls. In Plagiomnium cuspidatum, however, the
dehiscing capsule consists of living cells. Cell

wall dissolution in the annulus of this species,
in Maier‘s opinion, is a part of the process of
capsule ripening and  has an enzymatic charac-
ter (Maier 1973c).

Splachnaceae provide an example of mosses
with a non-separating annulus, often described
as absent or poorly developed (Brotherus 1924;
Lazarenko 1955; Bardunov 1969; Smirnova
1970). Recently light microscopic studies on
capsule development in Tetraplodon angusta-
tus B. S. G. and T. mnioides B. S. G. (Demidova,
Filin 1994) have shown an annulus consisting
of small, irregularly thick-walled cells. This
paper presents observations with TEM on the
annulus of T. angustatus  that allow more pre-
cise delimitation of its structure and function.
Some scanning electron microscopy (SEM)
observations on Tayloria tenuis (With.) Schimp.
also are included.

MATERIALS AND METHODS

Nearly mature (urn green to brownish, annu-
lus brown, operculum brownish) unopened cap-
sules of Tetraplodon angustatus and Tayloria
tenuis were collected on Kindo Peninsula (Kan-
dalaksha Bay, Beloye Sea shore at the North Po-
lar Circle latitude, North Karelia, Russia) in July
1993. Pieces of capsules of Tetraplodon angusta-
tus were fixed in 5% glutaraldehyde in sodium
phosphate buffer at pH 7.2 overnight, postfixed
in 2% osmium tetroxide in phosphate buffer over-
night, dehydrated in an acetone series and at the
grade of 70% acetone block stained in 2% ura-
nyl acetate solution in 70% alcohol overnight,
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embedded in epoxy resin, sectioned on LKB
Ultratome V, stained with uranyl acetate and
lead citrate, and viewed and photographed
with a JEOL 100B TEM at 80 kV.

Capsules of Tayloria tenuis were fixed in
acetic acid-alcohol (1:3), stored in 70% alcohol,
air dried; sputter-coated with platinum-palla-
dium, and viewed and photographed with the
Hitachi S-405A SEM at 15 kV.

For TEM studies one capsule at the begin-
ning of dehiscence and one nearly mature cap-
sule, but with operculum still tightly attached
to the urn, were used.

RESULTS AND DISCUSSION

Capsules of Tayloria tenuis and Tetrapl-
odon angustatus were found partially dehisced
(Fig. 1, 2), probably, as a result of dehydration.
In Tayloria dehiscence of the capsule takes place
by cell wall separation in several sites. Along
the border of operculum is seen a row of cells
that differ from adjacent epidermal cells (both
opercular and urnal) in having non-convex
surfaces (Fig. 1). These cells are considered to
be the annulus.

In Tetraplodon dehiscence occurs by cell wall
separation along the middle lamella, without
breakage of thick-walled cells; the adjacent
inner thin-walled cells, however, appear de-
stroyed (Fig. 2).

Cells at the lower border of operculum are the
most peculiar, as in Tayloria. Longitudinal sec-
tion of the capsule (Fig. 2) shows three cells at
operculum edge (arranged in 2 rows, the lower
row of two cells, upper of one cell) differ greatly
from epidermal and subepidermal cells of the urn
and the operculum. These cells are considered to
be the annulus. They have dense cytoplasm with-
out vacuoles, and visible extraplasmic space. Cy-
toplasm occupies only part of the cell volume and
is displaced toward the center of the cell.

Extraplasmic space in two cells of the annu-
lus (“ac” in Fig.2) is filled with a relatively
loose network of electron-dense fibrils embed-
ded in an electron-translucent matrix (Figs. 2,
3, 4). In the third cell (“acd” in Fig. 2) the
cytoplasm has a degenerate appearance and
extraplasmic space is electron-translucent. Cy-
toplasm of the two former cells contains chlo-
roplasts with starch grains and plastoglobuli,
mitochondria, elements of endoplasmic reticu-
lum, dictyosomes, ribosomes, and inclusions.

An important ultrastructural peculiarity of
the annulus cells is the alternation of electron-
dense and more electron-translucent areas in
their walls (Figs. 2, 3, 4). Nothing similar has
been seen either in the adjacent cells, or in cells
of the mouth region at an earlier stage of devel-
opment (in an undehisced capsule). A thin elec-
tron-translucent layer is often discernible at out-
er surface of annulus cell walls except those
facing outside (Figs. 3, 4). This outer layer (“ol”
in Figs. 2, 3, 4) is especially well-seen at the
upper wall of upper cell. It consists of fibrillar
material embedded in electron-translucent ma-
trix (Fig. 4).

The electron-translucent areas in cell walls
seem to form a system of radial canals. Content
of these canals is very similar to that of extra-
plasmic space; these canals, extraplasmic space
and the outer electron-translucent layer are in
communication (Figs. 2, 4).

Outer parts of outer walls of the annulus
cells are especially electron-dense and strati-
fied (“opw” in Fig. 3). These regions of cell
walls have a reddish-brown color visible under
a light microscope in unstained sections; this
results in a thin brown strip  on a ripening
capsule.

A substance occurring in the wall canals of
the annulus cells and in the extraplasmic space
of the studied species seems to be mucilage.
Mucilage appears on electron micrographs as
an electron-translucent matrix containing elec-
tron-dense fibrils and granuli (Vassiljev 1977).
In mucilage-producing cells of some species,
mucilage accumulates between the plasmalem-
ma and the cell wall (in extraplasmic space),
resulting in displacement of the cytoplasm to
the center of the cell. This process can be ac-
companied by hydrolytic changes in cell walls
(Vassiljev 1977).

A mechanism for the functioning of the an-
nulus can be hypothesized as follows. In the
course of development, annulus cells produce
hydrolytic enzymes, which in inactive form are
deposited in cell wall, and mucilage, which ac-
cumulates in the extraplasmic space. At the end
of development, activation of enzymes takes
place and, as a consequence, cell wall canals are
formed through selective hydrolysis of annulus
cell walls. Mucilage, a very hygroscopic sub-
stance, fills wall canals and extraplasmic space
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Fig. 2. Tetraplodon angustatus B. S.G. Longitudinal section through the annulus of partly dehisced capsule. Four
annulus cells (ac) is visible, one of which has degenerated cytoplasm (acd) and one is visible only by its small part
(pac). Intensely electron-dense granular deposits in cytoplasm (unlabelled arrows) are likely an artifact; da – dehis-
cence area; ec – epidermal cell; es – extraplasmic space;  ol – outer electron-translucent layer of annulus cell wall;
op – operculum; u – urn. The dash-line follows the outline of urn at the dehiscence area. TEM, 4300×.
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and absorbs water from the cytoplasm of an-
nulus cells and from adjacent cells. This make
the cytoplasm of annulus cells dense. As a re-
sult the volume of the annulus cells increases
and that of adjacent cells decreases simulta-
neously, thus tensions arise which lead to cap-
sule dehiscence.

Outer parts of outer walls of annulus cells

(especially electron-dense and stratified,
“opw” in Fig. 3) seem water-proof and may
prevent uptake of water by the annulus cells
from outside.

Cytochemical electron microscopic studies
on development of the annulus are needed to
understand more precisely the mechanism of
functioning of the annulus in the Splachnaceae.

es

es
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Fig. 3. Tetraplodon angustatus B. S. G. Annulus cell (ac) and adjacent epidermal cell (ec); es – extraplasmic space;
ol – outer electron-translucent layer of annulus cell wall; opw – outer part of outer wall of annulus cell. TEM, 13700×.

Fig. 4. Tetraplodon angustatus B. S. G. Common walls of epidermal (ec) and annulus cells (ac); es –
extraplasmic space; ol – outer electron-translucent layer of annulus cell wall; arrows point to canals of
annulus cell wall. TEM, 73000×.
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