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Abstract—Deschampsia antarctica E. Desv. is one of the two flowering plants that, along with Colobanthus
quitensis (Kunth) Bartl., was able to settle the ice-free areas of Antarctica. In order to identify the possible
adaptations of the D. antarctica reproductive system to adverse environmental conditions, comparative cytoembryological analysis of plants of this species growing on the Antarctic Peninsula with plants of the closely
related species D. beringensis Hult. from the Kamchatka Peninsula was conducted. It was found that both species are characterized by sexual mode of reproduction, equal size of pollen grains (25.5 ± 2.2 and 26.2 ± 1.9 μm,
respectively), same features of the embryo sac structure, and emryo- and endospermogenesis. Interspecies
differences have been found in mature embryo sac size (326.8 ± 12.8 and 161.7 ± 10.4 μm), pollen sterility
percentage (86.1 ± 8.9 and 35.3 ± 9.2%), and quantity of pollen in the anthers (140 ± 15.3 and 1578 ± 88.6).
Possible causes and significance of these differences are discussed. No unique adaptations of seed reproduction system that are inherent exclusively to D. antarctica were found. The D. antarctica reproduction strategy
is based on the combination of autogamy (and its extreme form cleistogamy) with production of excess pollen
quantity for its mode of pollination.
Keywords: Deschampsia antarctica, Deschampsia beringensis, pollen, embryo sac, mode of reproduction, pollen-ovule-ratio, autogamy, allogamy
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INTRODUCTION
Deschampsia P. Beauv. is the perennial grass genus
that belongs to the Poaceae family, which is widely
spread throughout the world. Despite absence of agriculturally important crops in this genus, it stably
attracts the attention of scientists working in different
areas of biology. This interest is due to the presence of
Deschampsia antarctica E. Desv. among the representatives of this genus. This species possesses unique
adaptive abilities. It can survive and propagate in
extreme climatic conditions of Antarctica (Alberdi
and Corcuera, 1991; Lewis Smith, 2003). This species
may be used as a model object to study mechanisms of
adaptation to negative environmental factors, as well
as the original material for creating cultures resistant
to low temperature and drought by methods of traditional breeding and transgenic technologies.
One of the important parts of the adaptive potential
of plants is the efficacy of the reproductive system. It
is believed that successful seed reproduction of
D. antarctica in Antarctica is facilitated by its transfer
to cleistogamy (Parodi, 1949; Skottsberg, 1954; Moore,
1970; Gielwanowska, 2005; Gielwanowska et al.,

2005, 2011; Kravets, 2008; Szczuka et al., 2008;
Domaciuk et al., 2013). Representatives of different
genera and species of Angiosperms often resort to selfpollination in closed flowers in adverse environmental
conditions. Culley and Klooster (2007) showed that
cleistogamy takes place in 693 species of 228 genera
and 50 families. Approximately 5% of all species were
shown to contain cleistogamic forms (321 species and
82 genera) (Campbell et al., 1983). In fact, cleistogamy is one of the universal reactions of the reproductive system to negative environmental conditions
(Demyanova, 2009). However, in Antarctica, plants
dwell on the very brink of physiological survivability.
They grow on substrates poor of mineral and organic
matter, under the conditions of low precipitation level.
They also need to resist low temperature and intensive
ultraviolet radiation. The question is whether the
cleistogamy alone can provide successful reproduction
under such conditions or if there are other adaptations
of reproductive system to adverse environmental conditions that are unique for D. antarctica. So far, there
is no definite answer to this question. In spite of many
studies, distribution of two species of vascular plants in
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Table 1. Quantitative parameters of plant generative structures of D. аntarctica and D. beringensis
Quantitative parameter
Pollen sterility, %
The amount of pollen in anthers
Pollen-ovule ratio (Р/О)
Size, μm
anthers
pollen grains
immature (formed) egg cells
mature egg cells
immature (formed) embryo sacs
mature embryo sacs

D. antarctica

D. beringensis

86.1 ± 8.9*
140 ± 15.3*
420 ± 45.9*

35.3 ± 9.2
1578 ± 88.6
4734 ± 265.8

540.4 ± 16.7*
25.5 ± 2.2
32.3 ± 7.9
52.8 ± 6.9
179.6 ± 16.8*
326.8 ± 12.8*

2340.6 ± 20.7
26.2 ± 1.9
28.6 ± 4.2
39.8 ± 6.7
144.7 ± 8.3
161.7 ± 10.4

* Interspecies differences are confident at р ≤ 0.01.

Antarctica, D. antarctica and Colobantus quitensis
(Kunth) Bartl. still remains a mystery (Kyryachenko et
al., 2005; Parnikoza et al., 2011; Ozheredova et al.,
2015). Detailed physiological, biochemical and
molecular genetic studies so far failed to reveal specific
adaptive mechanisms that would have belonged
exceptionally to these species.
Study of the reproductive system adaptive evolution pathways and revealing of putative adaptive features of embryological structures may be facilitated by
comparative cytological and embryological analysis of
D. antarctica with closely related species adapted to the
environmental conditions, which contrast to those in
Antarctica. In the present study, we present the results
of cytoembryological analysis of D. antarctica, which
grow on Antarctic Peninsula, and closely related species D. beringensis Hult. from Kamchatka. The localities
of these populations are exceptionally different in humidification conditions. In Maritime Antarctica, vascular
plants suffer from lack of liquid water, because of low
temperature and lack of precipitation during the vegetative period. Annual precipitation level in this region is
350–500 mm mostly in the form of snow (World Wildlife
Fund, Draggan, 2009). Kamchatka, conversely, belongs
to a zone of abundant humidification; annual precipitation level is approximately 1300 mm.
MATERIALS AND METHODS
The object of the study were plants D. antarctica,
which were collected on Cape Peres of Antarctic Peninsula (Argentine Isles region of the Maritime Antarctica 65.404133° S 64.099867° W) during the 11th
Ukrainian Antarctic Expedition in 2006–2007, and
plants D. beringensis, which were collected in 2009 by
the expedition from Saratov State University in the
outskirts of Elizovo on the Kamchatka Peninsula
(53.1890900° N 158.3813500° E). Plants were fixed in
a mixture of ethyl alcohol and acetic acid (3 : 1) immediately after collection at the height of flowering. A
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modified method of plant tissue clearing was used in
order to study the female generative structures (Herr,
1971). In contrast to the original method, ovaries were
dehydrated with glycerol rather than acetone for 24–
48 h. Ovules were removed from desiccated tissues
with preparation needles and transferred into Herr’s
liquid (Yudakova et al., 2012b). Clarified ovules were
analyzed with a AxioStar Plus phase-contrast microscope (C. Zeiss, Germany). In total, structures of
approximately 300 ovaries of 15 plants of D. beringensis
and 80 ovaries of 10 plants of D. antarctica were studied.
The analysis of microgametophyte structure and
pollen fertility was carried out by the method of acetone-carmine staining (Alexander, 1969). Two preparations of pollen were prepared from each plant. Pollen grains with signs of plasmolysis, as well as totally
degenerative pollen grains, were defined as sterile and
unviable. The pollen sterility (PS) was estimated as the
ratio of amount of sterile pollen to the total number of
pollen grains analyzed, and expressed in percent
(Kupriyanov, 1989).
Morphometric analysis of generative structures
(pollen grains, embryo sacs, and egg cells) was carried
out with an AxioStar Plus microscope (C. Zeiss, Germany), using the Automatic Measurement module of
the AxioVision image visualization program (C. Zeiss,
Germany). The number of pollen grains per anther
was counted in two flowers of each plant.
The statistical analysis was carried out with the Statistica program.
RESULTS
Our study showed that pollen grains of D. antarctica and D. beringensis plants were characterized by
structure typical for cereals and had almost identical
size (25.5 ± 2.2 and 26.2 ± 1.9 μm, respectively) (Table 1,
Fig. 1a). However, the studied populations significantly differed from one another by anther size and
quality and quantity of pollen (Table 1). One anther of
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(a)
(b)

(c)

(d)

Fig. 1. Pollen grains of D. аntarctica: (a) mature pollen grains with normal structure; (b) pollen grains with signs of plasmolysis;
(c) degenerated pollen grains (vegetative cell cytoplasm is concentrated, the pollen grains cover is crumpled); (d) degenerated and
empty pollen grains. Scale: 10 μm.

D. beringensis contained 1578 ± 88.6 pollen grains on
average. The grains varied from 25 to 45%. Anthers of
D. antarctica were almost four times shorter than
those of D. beringensis and contained only 140 ±
15.3 pollen grains. Pollen was highly sterile (75–95%)
(Figs. 1b–1d).
Moreover, the studied species differed from each
other by energy expenditures for pollination. These
expenditures are indicated by the ratio of quantity of
pollen grains to the quantity of ovules in a flower
(pollen-ovule ratio—Р/О). The more open the system,
the more energy it requires for pollination. Energy
expenditures increase as follows: cleistogamous plants
(Р/О 4.7–27.7) → obligatory autogamous plants

(Р/О 27.8–168.5) → facultative autogamous plants
(Р/О 796.6–5859.2) → obligatory allogamous plants
(Р/О > 5859.2) (Cruden, 1977).
The Р/О ratio of D. beringensis was 4734 ± 265.8,
which allowed us to define it as facultative allogamous
species. The Р/О ratio of D. antarctica lay within the
diapason typical for facultative autogamous plants
(Р/О = 420 ± 45.9). The development of megagametophytes in the studied plants of D. antarctica and
D. beringensis was performed in accord to Polygonumtype. Seven-cell and eight-nuclear mature embryo
sacs contained a big egg cell, two synergids, a central
cell with two polar nuclei, which do not fuse before
fertilization, and an antipodal complex, which con-
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Fig. 2. Ovules: (a) mature embryo sac of D. beringensis (ec—egg cell; pn—polar nuclei; ant—antipodes); (b) formed embryo sac
of D. аntarctica; (c) mature embryo sac of D. аntarctica; (d) mature embryo sac with atypical location of polar nuclei (D. аntarctica); (e, f) ovaries isolated from the same inflorescence (D. аntarctica); (e) degenerated ovary with remains of ovule (ovl); (f) proembryo (pr) and cellular endosperm (end). Scale: 10 µm.

sisted of 3–5 big mononuclear and multinucleolus
cells (Figs. 2a, 2b). Both species were characterized by
almost identical sizes of egg cells but differed in the
length of embryo sacs endwise the micropylar-chalazal axis (Table 1). The embryo sacs of D. antarctica
were bigger than those of D. beringensis and differences between them increased alongside with maturation of megagametophytes (Table 1; Figs. 2b, 2c).
During maturation, size of embryo sacs in D. аntarctica increased by more than 80% with respect to the
original size due to the change in the size of central
cell. It grew in the micropylar-chalazal direction, and
most of its volume was occupied by a large vacuole.
Antipodes saved contact with the ovule’s conducting
RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY

bundle and eventually appeared in the middle part of
the embryo sac (Figs. 2c, 2d).
In D. antarctica, 6.1% of mature ovules lacked
embryo sacs, and approximately 50% of mature
megagametophytes demonstrated untypical localization of polar nuclei (Table 2). They were located behind
antipodes rather than near the egg cell (Fig. 2d). Translocation of polar nuclei into the chazal region of the
embryo sac was observed in cereals at considerable
delays of pollination (Shakina and Yudakova, 2007).
Taking into account the extremely low quality of pollen in D. antarctica, the delay of pollination and even
its total failure appears quite possible. Approximately
half of ovaries fixed at later stages of development conVol. 47
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Table 2. Structure of ovules and seeds of the studied plants
Number of ovules
Species
total
D. antarctica
D. beringensis

82
300

Number of mature embryo sacs

Number of seeds

without
embryo sac, %

total

normal
structure, %

with polar nuclei
located in the
chalazal region, %

total

6.1
0.0

35
158

48.6
100

51.4
0.0

75
65

tained remains of degenerated ovules (Table 2; Fig. 2e).
Other ovaries demonstrated embryo- and endospermogenesis typical for sexual forms (Fig. 2f).
The D. beringensis plants did not contain embryo
sacs with signs of fertilization delay (Table 2). Postsyngamic processes passed without any abnormalities.
DISCUSSION
In Antarctica, deficiency of water, frosts, and
severe winds during the flowering period comprise significant obstacles for the key stages of sexual plant
reproduction (pollination and fertilization). Hypothetically, there may be at least two strategies for adaptation of seed reproduction system to such conditions:
(1) exclusion of the most vulnerable stages (pollination and fertilization) from the developmental cycle
and transfer to apomixis; (2) preservation of amphimixis at the cost of development of adaptations, protecting embryological structures and/or processes
against adverse conditions, in order to provide reliable
and stable sexual reproduction.
Previously studied populations of D. antarctica
demonstrated the sexual reproduction based on cleistogamy (Parodi, 1949; Skottsberg, 1954; Moore, 1970;
Gielwanowska, 2005; Gielwanowska et al., 2005,
2011; Kravets, 2008; Szczuka et al., 2008; Domaciuk
et al., 2013). However, different populations of the
same species may be characterized by different mode
of seed reproduction. This is mainly due to the ploidy
of plants. Reproduction of diploid form is usually sexual, whereas polyploid plants may switch to apomixis
(Nogler, 1984; Asker and Jerling, 1992). Taking into
account the adverse for sexual reproduction environmental conditions of Antarctic populations of D. antarctica and aneuploidy (Cardone et al., 2009) and
mixoploidy (Parnikoza et al., 2006, 2013) demonstrated for some of them, we paid special attention to
the analysis of embryological stages and features of
generative structures, which directly or indirectly
might point to apomixis. Nevertheless, plants of the
studied population of D. antarctica did not demonstrate any cytoembryological tendencies for apomixis.
This allows us to suggest that the strategy of adaptive
evolution of this species was built upon the increase in
resistance and reliability of the sexual reproduction
parameters. As a result of such evolution, specific
embryological features, which make D. аntarctica dif-

normal
empty, %
structure, %
45.3
96.9

54.7
3.1

ferent from other closely related species, could have
been formed. The comparative analysis of D. аntarctica and D. beringensis showed their almost total identity in size and morphology of pollen grains, embryo
sacs structure, and embryo- and endospermogenesis
features. The only differences observed related to the
size of mature megagametophytes and quality of pollen and its quantity in anthers (Table 1).
It appears that the increase in the size of embryo
sacs mirrors functional modifications, which lead to
intensive accumulation of water in the central cell vacuole. This may be the adaptive process, because accumulation of water in the mature embryo sac increases
the chances of successful development of embryo and
endosperm under the conditions of moisture deficiency in soil. D. beringensis, which grow in highly
humid areas, does not need to accumulate the abundance of water. Their formed and mature embryo sacs
were insignificantly different in size.
The limiting factor for plants in Antarctica is low
temperature in the period of vegetation rather than
lack of humidity. Negative temperature causes the
danger of transforming of intracellular water into ice.
The majority of frost-resistant plants solve this problem via the decrease of amount of water in their cells
(Trunova, 2007). Central cells of embryo sacs of some
Arctic cereals are characterized by small sizes and
dense cytoplasm (Kutlunina and Sarapultsev, 2003).
Conversely, mature embryo sacs of D. аntarctica accumulate quite a large amount of water. Viability of these
cells under low temperature regime may be sustained
by the presence of protein, which inhibits ice crystal
growing. It was shown that IRIPs (recrystallisation
inhibition proteins) gene of D. аntarctica, which
encodes this protein, is activated at 5°C air temperature (John et al., 2009). Moreover, it was found that
vacuoles of vegetative organs of D. аntarctica contain
high level of soluble carbohydrates, such as sucrose
and raffinose, which are believed to work as cryoprotectors (Zuniga et al., 1996; Piotrowicz-Cieslak et al.,
2005). Moreover, the level of sucrose in D. аntarctica
is twice as high as in D. beringensis (Zuniga-Feest
et al., 2003). To answer the question of whether accumulation of antifreezes occurs directly in megagametophytes, further studies are doubtlessly required.
Low temperature regime in the period of flowering
might have become one of the factors that caused low
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quality of pollen in D. аntarctica in comparison with
Kamchatka populations of D. beringensis. High level of
pollen sterility was formerly observed in the D. antarctica plants growing on Galindez (80.9%) and King
George (95.6%) islands (Yudakova et al., 2012a).
Degeneration of pollen in response to cold stress is
typical not only for heat-loving plants, but also for
cold-tolerant plants (Hedhly et al., 2008). Low temperature during the flowering infracts the development of anther tapetum (Oliver et al., 2005) and processes of microspore- and microgametophytogenesis
(Sataka and Hayase, 1970). It is believed that sensitivity of pollen to outer influences may lead to the
increase in general level of plant adaptation to extreme
environmental conditions (Lyakh, 1995; Hedhly et al.,
2008). Populations are usually genetically heterogenic
with respect to resistance to adverse factors. Degeneration of pollen grains may be due to gametophyte or
cellular breeding, which results in natural selection of
genotypes most adapted to environmental conditions
(Mulcahy et al., 1996; Delph et al., 1997). The selection at the gametophyte level in response to low temperature stress was clearly shown in experiments with
cultural and wild species of tomato (Lycopersicon esculentum Mill. and L. hirsutum Humb. and Bonpl.)
(Zamir et al., 1981; Zamir, 1982). It was observed that,
in plants pollinated with a mixture of pollen obtained
from different forms characterized by different resistance to temperature, the parental impact into the
progeny depended on the temperature that prevailed
during the reproductive process. Latter, the efficiency
of microgametophyte selection was shown during creation of cultivars, that are resistant to high and low
temperature, salinization, herbicides, Fusarium wilt,
etc. (Kravchenko et al., 1988; Ottaviano et al., 1990;
Lyakh and Soroka, 1993, 2014; Kilchevsky and Khotyleva, 2012).
Low quality of pollen in D. аntarctica was associated with quite high fertility of embryo sacs. Only 6.1%
of mature ovules were sterile, though, on average,
approximately 85% of pollen grains in anthers were
degenerated. Different level of damage of generative
structures points to higher sensitivity of male generative organs to outer influences in comparison with
female ones. This is not a unique feature of D. аntarctica. Studies of temperature stress in several agricultural species confirmed that one of the most sensitive
stages of reproduction is the stage of pollen development (Zinn et al., 2010). Stronger tolerance of female
generative structures to cold stress in comparison with
male ones was shown in Oryza sativa and Zea mays
(Hayase et al., 1969; Dupuis and Dumas, 1990).
Different sensitivity of male and female generative
structures to stress factors may be explained by
V.A. Geodakyan’s theory (1991, 2011), according to
which male and female genders fulfill different functions in evolution. More tolerant to external factors
female gender transfers to the progeny full diversity of
RUSSIAN JOURNAL OF DEVELOPMENTAL BIOLOGY
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population genotypes, whereas more sensitive, and,
thus, undergoing stricter selection male gender transfers only those genotypes that mostly correspond to
certain environmental conditions. This, on the one
hand, allows the population to keep its genetic heterogeneity and capability for further evolution in different
directions. On the other hand, it allows adapting to the
present environmental conditions.
Successful fertilization and reproduction in the
condition of massive degeneration of pollen grains
may be reached only in the case that plants will produce an excessive amount of pollen with respect to the
number of ovules. However, development of a high
amount of pollen grains requires similarly high energy
expenditures from plants. On the contrary, for the
plants in Antarctica, the decrease in energetic costs for
pollination will be the most reasonable solution at
deficiency of moisture, organic and mineral substance
in the substrate. In other words, plants, on one hand,
need the excess of pollen but, on the other hand, they
need to save their plastic and energetic resources.
The D. antarctica plants, which grow under more
advantageous conditions in the more northern region
of the Maritime Antarctica on King George Island,
showed the formation of two, cleistogamic and chazmogamic, types of flowers (Gielwanowska et al., 2005,
2011). In open chazmogamic flowers, 40–52 pollen
grains were formed in each of four anther microsporangia, whereas closed cleistogamic flowers contained
20–30 pollen grains (Gielwanowska et al., 2005,
2011). These data demonstrate that pollen-ovule ratio
both in open and closed flowers is typical for facultative autogamous plants (P/O = 480–624 and 240–
360, respectively). Their Р/О ratio is higher than that
of obligatory autogamous plants (27.7–168.5)
(Cruden, 1977). A similar situation was observed in
the population of D. antarctica in our study, whose
Р/О was 420 ± 45.9.
It appears that D. antarctica solves the aforesaid
dilemma (pollen excess production and resources
economy) via combination of energy solving autogamy (and cleistogamy as its extreme form) with formation of pollen excessive for this mode of pollination. However, even overproduction of pollen does not
allow D. antarctica to fully realize their reproductive
potential in the conditions of Antarctica. We did not
observe seed setting in almost 50% of flowers analyzed. Day et al. (1999) showed that use of special filters, which increase air temperature by 1.3°C and
2.3°C around the D. antarctica plants, which grew on
the Atlantic Peninsula, resulted in increase in seed setting by 15% (Day et al., 1999). The authors believe that
increase in seed productivity is due to possible
improvement of pollen quality.
Under better conditions, the reserve of pollen may
not only help increase of seed production but also provide variability of mode of pollination. It is known that
many flowering plants are characterized by plasticity
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of pollination mechanisms (Pervukhina, 1970). Same
species may be pollinated in different manners
depending on environmental conditions in different
regions of their areal. If all pollen formed in the D. antarctica plants preserve its viability, its quantity will be
enough for cross-pollination. It was shown that
microgametophytes of D. antarctica and allogamous
species D. beringensis are of same size. This fact may
also be considered as an additional argument in favor
of preservation of potency to cross-pollination in
D. antarctica. This is the very mode of pollination that
ought to be expected in samples of this species from
Tierra del Fuego, in which we observed the development of a high flower-bearing stem typical for cereals,
whereas flower stalk are usually hidden in the curtin in
Antarctic forms.
Typical flower stalk was observed in a single plant
from Vosmerka Island in the region of Argentine Islands
in 2013–2014 (I.Y. Parnikoza, unpublished data).
The revealed embryological features of D. antarctica allowed us to conclude that stability and reliability
of sexual reproduction in this species is based on the
principles universal for all living systems: reservation
(redundancy) of structures and variability of processes
(Chirkova, 2002). Embryological traits are the most
stable ones, and least of all undergo evolutionary
modifications. This is, most probably, the main reason
for not only similarity of embryology of closely related
species D. antarctica and D. beringensis but also of the
fact that adaptation of seed reproduction system of
D. antarctica proceeds mainly through modification of
mode of pollination, which is a more labile trait.
During the settlement of new territories, plants of
the first stages of ecological succession undergo modification of the crossing system from obligatory autogamy to obligatory allogamy (Grant, 1984). Autogamous plants are characterized by limited recombination system, which is aimed at the reproduction of
genotypes already existing in the population and minimization the development of new recombinants
(Grant, 1984). From this point of view, autogamy is
more advantageous for D. antarctica than allogamy
under adverse environmental conditions, because it
preserves the adapted genotypes. If environmental
conditions change, facultative autogamy may support
the increase in genotypic variability of populations
because of recombinations.
In the second half of the 20th century, temperature
in Maritime Antarctica increased by approximately
2.6°C because of regional warming. This led to a considerable widening of D. antarctica areal in several
regions (Fowbert and Lewis Smith, 1994; Smith et al.,
1996; Gerighausen et al., 2003; Convey and Smith,
2006; Aleksandrov et al., 2012, 2013). However, an
upward trend in the number of populations and plants
in the studied region of Argentine Isles have not
recently been observed (Parnikoza et al., 2009). This
situation provides the necessity of further monitoring

studies. It is quite possible to expect further expansion
of this species in the Antarctic region on account of
preservation of the climate tendency to warming,
because the increase of temperature may facilitate
fuller realization of reproductive potency of plants and
increase their seed production.
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