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Abstract: The development of megasporocytes and the functional megaspore formation
in Deschampsia antarctica were analyzed with the use of microscopic methods. A single
archesporial cell was formed directly under the epidermis in the micropylar region of
the ovule without producing a parietal cell. In successive stages of development, the
meiocyte was transformed into a megaspore tetrad after meiosis. Most megaspores were
arranged in a linear fashion, but some tetrads were T-shaped. Only one of the 60 analyzed
ovules contained a cell in the direct proximity of the megasporocyte, which could be
an aposporous initial. Most of the evaluated D. antarctica ovules featured monosporic
embryo sacs of the Polygonum type. Approximately 30% of ovules contained numerous
megaspores that were enlarged. The megaspores were located at chalazal and micropylar
poles, and some ovules featured two megaspores — terminal and medial — in the chalazal
region, or even three megaspores at the chalazal pole. In those cases, the micropylar
megaspore was significantly smaller than the remaining megaspores, and it did not
have the characteristic features of functional megaspores. Meiocytes and megaspores
of D. antarctica contained polysaccharides that were detectable by PAS-reaction and
aniline blue staining. Starch granules and cell walls of megasporocytes, megaspores
and nucellar cells were PAS-positive. Fluorescent callose deposits were identified in the
micropylar end of the megasporocytes. During meiosis and after its completion, thick
callose deposits were also visible in the periclinal walls and in a small amount in the
anticlinal walls of megaspores forming linear and T-shaped tetrads. Callose deposits
fluorescence was not observed in the walls of the nucellar cells.
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Introduction

West Antarctic, a polar region with an extreme environment, is the habitat of
only three flowering plants species (Magnoliophytina) which represent only two
families of this most diverse group of vascular plants. Two of them, Colobanthus
quitensis (Kunth) Bartl. (Caryophyllaceae) and Deschampsia antarctica Desv.
(Poaceae), are native to Antarctica. The third species, Poa annua L., was intro-
duced to Antarctica by scientists and tourists visiting the continent (Olech 1996;
Hall and Saarinen 2009; Olech and Chwedorzewska 2011). This representative
of the grass family continues to be studied extensively due to its anthropogenic
origin (Chwedorzewska et al. 2014; Gietwanowska and Kellmann-Sopyta 2015;
Kellmann-Sopyta et al. 2015; Kellmann-Sopyta and Gietwanowska 2015). Unlike
P. annua which was introduced to the Antarctic only decades ago, D. antarc-
tica has been present on that continent for around 10 000 years (Lewis-Smith
et al. 1994). Deschampsia antarctica has developed various adaptive strategies
and mechanisms to survive in Antarctica’s hostile climate (Barcikowski et al.
2001; Gietwanowska et al. 2005; Gielwanowska and Szczuka 2005; Parnikoza
et al. 2011; Gietwanowska et al. 2015). Its survival was conditioned by spe-
cific anatomical and ultrastructural characteristics (Gietwanowska et al. 2015;
Gietwanowska and Kellmann-Sopyta 2015), in particular high morphological
plasticity of organs and organelles, and the ability to modify physiological pro-
cesses, including the production and accumulation of large amounts of soluble
sugars, mainly sucrose, but also 1-kestose, in vegetative tissues (Pastorczyk
et al. 2014) and diaspores (Kellmann-Sopyta et al. 2015). Grasses of the genus
Deschampsia colonizing other regions contain significantly lower amounts of
soluble carbohydrates (Bystrzejewska 2001; Kellmann-Sopyta et al. 2015).

One of the key factors determining the reproductive success of flowering
plants in the Antarctic is the adaptation of reproductive organs and processes
taking place in them for formation diasporas capable to germination under dif-
ferent temperature conditions and in long period of time (Kellmann-Sopyta and
Gietwanowska 2015).

Deschampsia antarctica is diploid with a 2n = 26 (Moore 1967; Bennett
et al. 1982; Cardone et al. 2009). It uses different life strategies and differ-
ent systems of reproduction (Corner 1971; Greene and Holtom 1971; Edwards
1974), produces the cleistogamic flowers with self-pollination (autogamy) and
chasmogamic flowers to enable cross-pollination (allogamy) (Skottsberg 1954;
Moore 1970), although the number of pollen grains produced in comparison
with other grasses is very small (Gietwanowska et al. 2005). Cleistogamy in this
species is closely related to the stress factors, such as a low temperature and
high humidity, as is common in Poaceae in the Arctic (Levkovsky et al. 1981).

Previous studies (Gietwanowska et al. 2005; Wédkiewicz et al. 2013) dem-
onstrated that D. antarctica plants produce both pollen and seeds during each
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growing season in the Antarctic, but their quantity and quality are determined
by weather conditions. Deschampsia antarctica seeds produced in West Antarctic
are nearly 100% viable, and they germinate over a temperature range, from 5°C
(Frenot and Gloaguen 1994) to 12-30°C (Gietwanowska et al. 2005; Kellmann-
Sopyta and Gietwanowska 2015).

It is well known that apomictic mode of reproduction is frequent within
the Poaceae family (Asker and Jerling 1992). In grasses, apomixis (asexual
seed formation) involves mostly apospory, parthenogenesis and pseudogamy
(Carneiro et al. 2006).

In the Poaceae apomixis has been most extensively researched in Poa pra-
tensis (Carneiro et al. 2006; Niemann et al. 2012). In this species, an enlarged
somatic cell of the nucellus (aposporous initial) gives rise by three mitotic
divisions to the unreduced female gametophyte. P. pratensis is psedogamous
apomict, in which embryos develop before pollination, which is nevertheless
necessary for the fertilization of the central cell and the endosperm develop-
ment as well as the formation of viable seeds (Carneiro et al. 2006; Niemann
et al. 2012). According to Niemann et al. (2012), apospory plays a key role in
the reproduction of P. pratensis, whereas the effectiveness of seed production
by diploid parthenogenesis varies across genotypes and is largely hereditary
(Mazzucato et al. 1996; Barcaccia et al. 1997; Niemann et al. 2012).

In the ovules of D. antarctica plants growing in the maritime Antarctic cli-
mate, PAS-positive polysaccharides were observed in meiocyte walls throughout
megasporogenesis and in postmeiotic cells. Similar observations were made dur-
ing megasporogenesis in nearly all analyzed spermatophytes (Rodkiewicz 1970;
Bouman 1984; Unal et al. 2013). Starch globules in megasporocyte cytoplasm and
in nucellar cells of D. antarctica reacted weakly with periodic acid and Schiff
base (PAS). In both young meiocytes and throughout meiosis, small proplastids
containing starch granules were scattered evenly in megasporocyte cytoplasm,
and unlike in Orchidaceae, they were not clustered at either pole of the elon-
gated meiocyte (Bednara et al. 1977). Large and intensely PAS-positive starch
granules in D. antarctica ovules are visible under an electron microscope only at
the stage of a mature embryo sac (Gietwanowska and Kellmann-Sopyta 2015).

In the aniline blue reaction, fluorescent callose deposits were identified in
megasporocyte micropylar region in D. antarctica. The callose deposit had the
form of a thick, arching disc, and it was observed until the end of megasporo-
genesis. Several callose deposition patterns in megasporocyte walls were described
in various angiosperm species, including Gasteria verrucosa (Rodkiewicz 1970),
which develops both homopolar and heteropolar megasporocytes, and where
callose is visible in the wall of meiotic cells already at the beginning of pro-
phase and forms a relatively thick, continuous layer during zygotene. Towards
the end of meiotic prophase, callose is degraded at the chalazal or micropylar
pole where the active megaspore will be located after meiosis. One of the four
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active megaspores is selected based on the specific pattern of callose deposition
(Rodkiewicz 1970; Rodkiewicz and Bednara 1976; Wilemse and Van Went 1984).

In previous studies on generative structures and processes in D. antarctica,
we were able to describe certain stages in the development of pollen mother
cells, ovules and diaspores (Gietwanowska et al. 2005; Gielwanowska and
Kellmann-Sopyta 2015; Kellmann-Sopyta and Gietwanowska 2015). However,
there is no data on differentiation of megaspore mother cells, megasporogen-
esis, on the synthesis callose during megasporogenesis in D. antarctica and the
embryo sac development in this species. In this study attempts were made to
describe cytochemical and histochemical changes during the differentiation of
the megasporocyte and functional (active) megaspores linked with the devel-
opment of the female gametophyte in D. antarctica, as well as features which
could indicate an apomixis in this species.

Materials and methods

Flower buds of Deschampsia antarctica were collected at different develop-
mental stages from plants grown near the H. Arctowski Polish Antarctic Station
and immediately fixed in Carnoy’a fixative (ethanol, acetic acid; 3:1). Fixed
flower buds were dehydrated in a graded ethanol series (10% to 96%) for
15 min at each concentration and washed in absolute ethanol three times for
15 min each. The plant material was then impregnated with solutions of absolute
ethanol and acetone (3:1, 1:1, 1:3; 30 min each) and embedded in paraffin at
58°C. For light microscopy, paraffin samples were cut into 7 wm-thick sections
with a rotary microtome and stained with a 1% aqueous solution of safranin O
and a 0.5% ethanol solution of light green. The sections were stained with PAS
(Schiff’s reagent, periodic acid) according to Pearse (1985) to localize insoluble
polysaccharides.

The specimens were stained with a 0.05% aqueous solution of aniline
blue and examined under a fluorescence microscope (UV 330-360 nm) to
detect callose (Clark 1981). Samples were examined using Nikon Optiphot II
optical microscope and images were acquired with a Nikon Coolpix 4500
digital camera.

The isolated ovules of D. antarctica were fixed in a mixture of 3.5% glu-
taraldehyde and 3.5% paraformaldehyde in 0.1 M phosphate buffer (PBS) with
pH 7.2. The specimens were rinsed in 0.1 M PBS and additionally fixed in 4%
aqueous solution of osmium tetroxide for 24 h at room temperature. They were
rinsed in distilled water, dehydrated with a graded ethanol series and saturated
in 1:3, 1:1 and 3:1 mixtures of LR White resin and acetone for 3 h each. The
prepared specimens were embedded in LR White resin, cut in the Reichert
Ultracut S microtome into semi-thin sections of 1.5 um and stained with a 0.5%
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solution of toluidine blue in 0.5% borax. Observations were performed under
the Optiphot-2 microscope. Images were acquired with the Nikon Coolpix 4500
camera.

Results

In the natural habitat of West Antarctic, Deschampsia antarctica produces
leafy shoots, measuring several centimeters in length, that form dense patch-
es (Fig. la). Panicle inflorescences comprise spikelets with several florets
(Fig. la—c). A single flower features a style composed of two carpels with
a plumose, bipartite stigma (Fig. le) and three stamens. Four and, rarely, three
microsporangia are differentiated in the thecae (Fig. 1c, d). The ovary of D. ant-
arctica contains a single anatropous, tenuinucellate ovule (Fig. le, f) with two
integuments. An elongated megasporocyte with a large nucleus and nucleolus
is differentiated at the micropylar end of the ovule (Fig. 2a). On the chalazal
side it is enveloped by dividing nucellar thin-walled cells. During early meiotic
prophase, the meiocyte was adjacent to individual subepidermal nucellar cells
which divided transversely to form three or four cells and, subsequently, seg-
ments of several cells. Three or four rows of nucellar cells arranged in a fan-
like pattern were observed in successive stages of development (Fig. 2b—g). The
archesporial cell in the ovule of D. antarctica was differentiated in the apical part
of the nucellus of the anatropous ovule. The archesporial cell did not produce
a parietal cell, therefore the megasporocyte and megaspores produced by meiotic
division were adjacent to the epidermis at the micropylar end (Fig. 2e, g, j).

Cell organelles in developing D. antarctica megasporocytes were not clus-
tered at either pole of an elongated cell. Small organelles, including proplas-
tids with starch granules, were evenly distributed throughout the cytoplasm of
meiotic cells.

A cell much larger than the remaining nucellar cells was observed at the
base of the megasporocyte, and it was most probably an aposporous initial
(Fig. 2a), which suggests that apomixis occurs in D. antarctica.

An active megaspore located closer to the chalazal pole underwent further
development, as suggested by the more convex shape of cell walls due to higher tur-
gor pressure of the protoplast and the presence of vacuoles in cytoplasm (Fig. 2d, e).
In the course of meiosis, the first heterotypic division produced a dyad of two
cells separated by a somewhat thicker wall (Fig. 2b). The chalazal cell in the
dyad usually had higher turgor pressure, as demonstrated by the characteristic
deformation of cell walls. Moreover, these cells have a similar size and similarly
organized protoplasts. In some ovules, the second meiotic phase was not synchro-
nous and meiosis was more advanced in the chalazal cell of dyad. A chalazal
cell during metaphase of the second meiotic division is shown in Fig. 2c. At the
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Fig. 1. Morphology of Antarctic hair grass Deschampsia antarctica. a. A small cluster of
D. antarctica plants growing between stones in the natural habitat. Note the well-developed
spikelets (arrows) between small, densely arranged leaves. b. The apical part of the inflorescence
contains florets wrapped in glumes and lemmas; scale 1000 pm. c. Flowers partially dissected
from the spikelet with two visible stamens with short filaments and anthers filled with pollen
grains are visible (arrows); scale 1000 um. d. Anthers filled with pollen grains; scale 100 pm.
e. Carpel with bipartite style and plumose stigma (S); a single-ovule (Ov) is enclosed in the
ovary, scale 250 pm. f. Ovary with a visible single, tenuinucellate ovule (Ov), scale 100 pm.

same time, the nucleus of a micropylar cell was entering the prophase of meiotic
division II. This asynchronous division led to the formation of a megaspore triad
(Fig. 2¢). Triad and tetrad megaspores were generally similar and differed only
in the composition of cell organelles. Plastids were located mostly at micropylar
and chalazal poles, and in several tetrads, single starch grains were positioned in
medial megaspores. Meiotic division of the megasporocytes led to the formation
of megaspore tetrads with various arrangements. Megaspores were arranged in
a linear (Fig. 2e) or T-shaped tetrad (Fig. 2f).
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Fig. 2. Megasporogenesis in Deschampsia antarctica. a, b, d, e and g. Longitudinal, semi-thin sections
stained with toluidine blue. C. Section stained with PAS-reaction. h—-k. Ovule squash preparations with
fluorescent callose stained with aniline blue. a. Micropylar part of an ovule showing a megasporocyte
(M) located directly under epidermis (E) of the nucellus (Nu). The nucellar cell adjacent to the chalazal
part of the megasporocyte divides mitotically (A), scale 25 pm. Mi and Ch — micropylar and chalazal
parts of the ovule, respectively. b and ¢. Dyads formed after the first asymmetric meiotic division. Both
dyad cells are surrounded with thick cell walls deeply stained with toluidine blue (b) and PAS (c).
Note the larger cell in b at the chalazal pole in the dyad and in ¢ in the micropylar pole, scale
25 um. d. A triad of megaspores formed after the first and incomplete second meiotic division with
two enlarged megaspores — chalazal and medial (arrows), scale 25 pm. €. A tetrad comprising four
linear megaspores of different size. Differently sized vacuoles are visible in the sparse cytoplasm.
Note the large nucleus with a large nucleolus in the larger medial megaspore (arrow), scale 25 pum.
f. A T-shaped tetrad of megaspores in an ovule stained with safranin and light green, scale 25 pum.
g. A tetrad of megaspores. Chalazal and medial megaspores are large and similar in size in contrast
to the much smaller micropylar megaspore. V — vacuole, scale 25 pm. h and i. The outline of ovules
with the megasporocyte during prophase of the first meiotic division. h. Fluorescent callose deposit
(K) in the micropylar fragment of early prophase megasporocyte cell wall. i. A megasporocyte during
a later prophase stage than that shown in h with a more extended callose deposit at the micropylar
pole, scale 25 pm. j. Fluorescent callose deposits in a megaspore tetrad. Note the larger callose deposit
in the micropylar pole and a narrower deposit in the anticlinal walls separating the megaspores, scale
25 um. K. A magnified tetrad of megaspores with a somewhat oblique position. Note the large callose
deposit in the external wall of the micropylar megaspore and the undulating layers of callose deposits
in the anticlinal wall, scale 25 um.
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In most ovules a monosporic embryo sac of the Polygonum type developed.
Despite the above, in nearly 30% of ovules, two megaspores located at chalazal
and micropylar poles underwent further development (Fig. 2¢). In some cases,
two megaspores at the chalazal end (terminal and medial) last long and look like
a functional megaspores, which was demonstrated by significant vacuolization
of protoplast cells in Fig. 2g.

Fluorescent callose deposits in D. antarctica ovules were identified in the
micropylar end of the megasporocytes wall and their fluorescence increased
during meiosis. Callose fluorescence was initially weak (Fig. 2h). Successive
sections revealed changes in the shape of callose deposits which became thicker
and more disc-shaped (Fig. 2i). After both meiotic divisions, callose deposits were
observed on the anticlinal walls of the linear and the T-shaped tetrad (Fig. 2j, k).

In the analyzed D. antarctica ovules, the competition between megaspores
was not limited to the examples shown in Fig. 2. Both the terminal chalazal
megaspore and the medial chalazal megaspore can become functional megaspores
(Fig. 3b, c¢). In the nucellus presented in Figure 3a, both terminal and medial
chalazal megaspores are enlarged. The three megaspores on the chalazal side
contain similarly sized and more deeply stained protoplasts, which indicates that
all three megaspores located at the chalazal pole can act as functional mega-
spores that undergo further development (Fig. 3e). The micropylar megaspore
was rather smaller, without the starch granules, and suggests that it was less
active and probably did not undergo further development.

Discussion

In plants of the family Poaceae, a single-celled archesporium is differen-
tiated from a subepidermal cell in the apical part of the nucellus (Chandra
1963). Unlike in Colobanthus quitensis, the second flowering plant native to the
Antarctic, the tenuinucellate ovule of Deschampsia antarctica is characterized
by an absence of a parietal cell during the development of archesporial cells
(Gietwanowska et al. 2011).

Tetrad megaspores in this species were generally similar and differed only
in the composition of cell organelles. Plastids were located mostly at micropylar
and chalazal poles. Starch granules accumulating in chalazal and micropylar
regions of a megasporocyte were described in orchids, but in successive stages
of development, when megasporocytes divided asymmetrically, those grains were
found mainly in the active megaspore of the chalazal pole and in degenerating
megaspores (Bednara et al. 1977).

Dyad cells and the resulting tetrads of D. antarctica megaspores share a PAS-
positive external wall. The wall envelops a developing meiocyte, and after its
division into megaspores, it becomes the external wall of postmeiotic cells. The
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Fig. 3. Different patterns of megaspore differentiation. Longitudinal sections of Deschampsia
antarctica ovules stained with PAS-reaction. a—C. A megaspore tetrads. a. Megaspore tetrad with the
almost identical megaspores of similar size separated by thick anticlinal walls; only the micropylar
megaspore is somewhat larger. b. Two of the three megaspores in the micropylar region and in the
center are larger than the chalazal megaspore. C. A tetrad with enlarged micropylar and chalazal
megaspores; the medial megaspore (arrow) is much smaller than both terminal megaspores. a. scale
10 pm, b and c. scale 25 um. d and e. Tetrads of linear megaspores inside the ovule nucellus.
d. A tetrad with a visibly enlarged micropylar megaspore. €. A tetrad of megaspores with three
(one chalazal and two medial) enlarged megaspores and a smaller micropylar megaspore. The
medial megaspore adjacent to the inactive micropylar megaspore is larger than the remaining
megaspores, scale 25 pum.

wall’s structural continuity is preserved, but it undergoes biochemical changes
that differentiate it from the walls of somatic cells inside the ovule. Similarly
to all investigated angiosperms (Rodkiewicz 1970; Unal et al. 2013), female
meiotic cells in D. antarctica synthesize callose during prophase and deposit
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it on the primary wall, which is not observed in the development of the male
meiotic cells in this species (Gietwanowska et al. 2005).

In plant tissues, callose is generally deposited in the primary wall. Callose
is produced after every mitotic division, and it is accumulated in small amounts
in primary walls during somatic-type cytokinesis of meristem cells in various
plants (Waterkeyn 1971; Longly and Waterkeyn 1977). Fluorescence character-
istic of callose is detected in plant cells also in response to various stressors,
such as pathogenous causing tissue damage (Shimoura and Dijkstra 1975). In
sporocytes of flowering plants, callose is frequently observed in microsporocyte
and megasporocyte walls where clear differences are noted in callose distribution
patterns. In angiosperms, the presence of callose, its accumulation patterns and
disappearance during megasporogenesis is clearly linked with cell polarization
and the location of active megaspores in a tetrad (Bouman 1984).

The formation of callose walls during meiotic division of megasporocytes
was first observed in orchids (Rodkiewicz and Goérska-Brylass 1968), and two
years later callose walls were identified during megasporogenesis in several
dozen species representing 14 angiosperm families (Rodkiewicz 1970).

During megasporogenesis, callose is temporarily present in the cell walls
of plants with a monosporic or bisporic embryo sac, but callose walls were not
detected during megasporogenesis in plants with a tetrasporic pattern (Rodkiewicz
1970). In plants with a monosporic embryo sac of the Polygonum type, includ-
ing D. antarctica (Gietwanowska et al. 2005), callose is always formed at the
beginning of the first meiotic prophase at the chalazal pole of the megasporocyte,
whereas in the first metaphase, the entire meiotic cell is enveloped by a callose
wall. In plants with this pattern of development, callose is deposited throughout
megasporogenesis until tetrad formation. As a result, every postmeiotic cell is
surrounded by callose. In the discussed pattern of development, which is noted
in approximately 75% of angiosperms, callose disappears from the walls of the
functional macrospore shortly after megasporogenesis, but it is often retained
in the walls of degenerated megaspores (Rodkiewicz 1970).

In D. antarctica, the first callose deposit appeared in the micropylar region
of the megasporocyte, and it did not spread to the remaining parts of the cell
wall. The deposit became thicker, it appears the shape of a convex disc, and it
was present until the end of reduction division. Successive callose layers were
formed during the development of anticlinal walls after the first and second
meiotic division. After megasporogenesis, all megaspores in D. antarctica were
separated by thick callose walls and a thick callose deposit on the micropylar
side. Fluorescence characteristic of callose was not detected in periclinal walls
of megaspores, which suggests that callose was not accumulated in those loca-
tions or that it was synthesized in very small quantities or that its deposition
was short-lived. Callose deposits that could effectively isolate meiotic cells
from nucellar cells were not formed (Bouman 1984; Bell 1996). Thick layers
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of callose in anticlinal walls could separate megaspores over a certain period
of time. In addition to the specific organization of protoplasts and distinct cell
shapes, this callose distribution pattern in the walls of D. antarctica megasporo-
cytes could indicate that megaspores and functional megaspores in the analyzed
species could be both homopolar and heteropolar. The callose wall plays an
important role in the development of the embryo sac by creating a molecular
filter which reduces cell wall permeability. The megasporocyte is thus tem-
porarily separated from the surrounding sporophyte tissues. The isolated cells
can undergo individual differentiation, including gene expression between the
sporophyte and gametophyte phases (Unal et al. 2013). In many angiosperms,
an active functional macrospore has a callose-free wall which supports free
substance flow (Bouman 1984). Inactive megaspores are enveloped by callose
walls for a long period of time until they undergo programmed cell death and
degeneration (Bell 1996). Numerous authors have observed that temporary cal-
lose isolation during sporophyte differentiation plays a key role in cells entering
a new, independent developmental pathway (Bouman 1984).

In selected angiosperm taxa, such as Taraxacum, structural differences were
not observed between ovarian tissues and ovules in plants involved in genera-
tive and apomictic reproduction (Ptachno ef al. 2015). In several species, close
correlations were reported between apomictic processes and cytochemical reac-
tions in the ovules of flowering plants (Koltunow 1993; Unal et al. 2013). In
mentioned taxa it was manifested mostly by the deposition of PAS-positive
insoluble polysaccharides. Those polysaccharides are accumulated in plastids.

In many species of flowering plants, cell organelles and starch granules
were more likely to cluster in the part of the cell which ultimately gives rise to
active tetrad megaspores (Bednara et al. 1977; Bouman 1984). In many species,
meiotic division is uneven, and it leads to the formation of a larger functional
macrospore and smaller inactive megaspores that are degenerated.

The results obtained in the present study show that the selection of active
megaspore in D. antarctica is made in accordance with the mechanism typical
for the species with megasporogenesis of the Polygonum type. The chalazal
megaspore is favored, but often lack of callose in the side walls of meiotic cells
sometimes facilitates the development of other megaspore that can compete with
chalazal megaspore and compete with each other.

In the analyzed D. antarctica ovules callose fluorescence was not observed
in nucellar cells in the vicinity of a developing megasporocyte which may mean
that they do not develop additional cells which can initiate the development.
Each of the sixty-examined ovules contained one megasporocyte and finally,
one embryo sac.
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