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Introduction

Embryogenesis is an important and complex period 
during the early stages of flowering plants development. 
The embryo of many species is differentiated into two parts: 
embryo-suspensor and embryo-proper. Suspensor is a 
terminally differentiated, short-lasted organ that keeps the 
embryo inside the embryo sac [1]. Numerous studies upon 
cytochemistry [2,3], ultrastructure [4], and synthetic activity 
[5,6] confirm that suspensor is involved in the absorption, 
synthesis, and movement of nutrients from surrounding 
tissues into the embryo, thereby enabling a proper course 
of the embryo differentiation [7,8]. In addition, the role of 
suspensor in transport of nutrients to the embryo is also con-
firmed by ultrastructure of the organ, especially development 
of walls typical for so-called transfer cells that are specialized 
in short-distance, active movement of substances by plasma-
lemma [9,10]. Presence of walls of the transfer character was 
described, among others, for suspensor in Phaseolus [4], or 
Alisma [2]. A few literature data on the cytoskeleton during 
formation, development, and differentiation of polyploid 

cells of embryo-suspensor have been reported [11]. During 
the karyological differentiation, polyploidization occurs in 
suspensor cells [12]. Endoreduplication is the most common 
polyploidization mechanism within the suspensor, which 
consists in cyclically repeating DNA synthesis – with no 
mitosis – which leads to multiplied ploidy level in suspensor 
cells [13]. At many plant species, endoreduplication leads 
to the high ploidy level during suspensor differentiation, 
e.g. 8192C in Phaseolus coccineus [14], 4096n in Phaseolus 
hysterinus and 2048C in Tropaeolum majus [15], and 1024n 
in Alisma plantago-aquatica [16]. It seems that polyploidiza-
tion is widespread in seed plants and is especially prevalent 
in tissues of a secretory and trophic character [12]. On the 
other hand, up-to-date observations of actin and tubulin 
cytoskeleton organization during differentiation of highly 
polyploid suspensor cells, are limited to a few species such as 
Gagea lutea [17,18], Sedum acre [11], or Phaseolus coccineus 
[19]. In our previous preliminary studies in Alisma plantago-
aquatica extremely abundant cytoskeleton in suspensor 
cells was recorded. The A. plantago-aquatica suspensor, in 
particular its basal cell, appears to be a convenient object to 
study the changes in the organization of cytoskeleton during 
differentiation of endopolyploid cells.

The aim of this study was to analyze changes in the orga-
nization of actin and tubulin skeleton during the suspensor 
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basal cell differentiation in Alisma plantago-aquatica in 
comparison with the development of embryo-proper using 
immunofluorescence and rhodamine-phalloidin assay.

Material and methods

Plant materials
Plants of Alisma plantago-aquatica were obtained from 

natural habitats of Lipce near Gdańsk in northern Poland. 
Flowers in various developmental stages were collected in 
summer months (July and August).

Fluorescence assay of F-Actin
The ovules were isolated from ovaries and incubated 

for 15–60 min in 400-µM m-maleimidobenzoic acid N-
hydroxysucinimide ester [20,21] in piperazine buffer con-
taining 5% dimethyl sulfoxide (DMSO) to permeate the cells 
[22]. After that the ovules were fixed in 4% formaldehyde 
freshly prepared from paraformaldehyde in piperazine 
buffer containing 5% DMSO for 4 h at room temperature. 
The ovules were washed in piperazine buffer and stained 
with 0.33 µM rhodamine-phalloidin in piperazine buffer 
containing 5% DMSO for 1.5 h. Next, after several washes 
in piperazine buffer, the suspensor and embryo proper 
were isolated manually from ovules under a stereoscopic 
microscope and placed on a microscope slide.

Immunolocalization of microfilaments and microtubules
To localize of microfilaments, ovules were fixed as de-

scribed above and then treated according to the procedure 
[23]. For the localization of microtubules, ovules were fixed 
in 4% formaldehyde (freshly prepared from paraformalde-
hyde) and 0.25% glutaraldehyde in piperazine buffer for 
4 h at room temperature. Then the ovules were prepared 
using the procedure described previously [24]. Next, after 
several washes in piperazine buffer, they were dehydrated 
in an ethanol series, each containing 10 mM dithiothreitol 
[25] to minimize background of the cytoplasm. Then, the 
plant material was embedded with Steedman’s wax [26]. The 
5 µm thick sections were made and placed on microscope 
slides coated with Mayer’s egg albumen. The sections were 
dried overnight, dewaxed in ethanol, re-hydrated in an 
ethanol-PBS series and rinsed in PBS. Tissue samples were 
pre-incubated in PBS containing 0.1% bovine serum albu-
min for 45 min at room temperature. For the localization 
of microfilaments and microtubules slides were incubated 
overnight at 4°C with mouse anti-actin monoclonal antibody 
(clone C4, ICN; diluted 1:1000) and mouse anti-β-tubulin 
monoclonal antibody (Amersham N357, diluted 1:200), 
accordingly. Then, the preparations were rinsed in PBS and 
incubated for 4 h in a secondary Alexa 488-conjugated anti-
mouse (Molecular Probes; diluted 1:800) antibody. Sections 
were rinsed in PBS, nuclei stained by 4',6'-diamidino-2-phe-
nylindole dihydrochloride (DAPI; 1 µg/ml, Sigma). Next 
slides were treated with 0.01% toluidine blue to diminish the 
autofluorescence of cell walls and mounted in an antifading 
solution (Citifluor, Agar). In control experiments, conducted 
in a similar manner the primary antibody was omitted, 
no actin and tubulin staining was detected. Fluorescence 

was observed with a Nikon Eclipse E 800 epifluorescence 
microscope equipped with a CCD cooled camera.

Results

In Alisma plantago-aquatica, the first zygote division is 
transverse, larger basal cell and smaller apical cell is formed, 
that divides mitotically and initiates the embryo and chalazal 
suspensor. The basal cell does not divide further; instead it 
rapidly grows in size and functions as a suspensor basal cell. 
Nucleus of the basal cell undergoes endoreduplication and 
then it becomes polytene and reaches its maximum ploidy 
level 1024n. Changes in the configuration of actin and tu-
bulin cytoskeleton were observed during differentiation of 
the suspensor basal cell in A. plantago-aquatica as compared 
to the developmental stages of the embryo.

The early stage of the suspensor basal cell 
development (from 2- to ~10-celled embryos)
The two-celled embryo is differentiated into the large 

basal cell and a smaller apical cell. The basal cell occu-
pies the micropylar end of the embryo sac. Oval, enlarged 
nucleus occupies a central place in the basal cell. A single, 
significantly expanded nucleolus is visible in the nucleus 
(Fig. 1a,b). At this stage of development, the actin skeleton 
has been examined both using antibodies (Fig. 1a) and 
rhodamine-phalloidin (Fig. 1b), and achieved results were 
comparable. The actin material revealed due to immuno-
fluorescence technique is present in cytoplasm of the basal 
cell as a network of fine microfilaments (Fig. 1a). Bundles of 
microfilaments get denser at the micropylar end of the basal 
cell (Fig. 1b). In the apical cell, actin is visible as a few faint 
dots (Fig. 1a,b). After staining with rhodamine-phalloidin, 
bundles of microfilaments form a dense network filling the 
cytoplasm of the basal cell (Fig. 1c,d). Numerous of F-actin 
filaments are arranged in circles (Fig. 1c), while others are 
focused to form intensely fluorescent areas (Fig. 1d). Later 
in this stage of development, the suspensor basal cell sig-
nificantly increases in size and the nucleus is also enlarged 
(Fig. 1e,f). The tubulin skeleton occurs as an irregular net-
work of microtubules in the basal cell cytoplasm (Fig. 1e,f). 
Microtubules intensely fluoresce and take the form of cortical 
network in embryo-proper cells (Fig. 1e). Around embryo 
sac cavity a strong fluorescence of cutin is visible (Fig. 1e).

The mature stage of the suspensor basal cell development 
(from a dozen to several dozen-celled embryos)
At this development stage, the suspensor basal cell further 

grows in size, and its micropylar end is characteristically 
“elongated”. The nucleus is enormous and moves toward 
the chalazal end of the basal cell (Fig. 2a). Actin filaments 
localized in the suspensor basal cell are mainly arranged 
along the micropylar-chalazal axis of the cell. Actin skel-
eton forms a dense network of microfilaments (Fig. 2a,b). 
At this stage of development, actin filaments are visible 
in large quantities at the micropylar end of a cell, where 
actin material forms denser arrangements. Actin material 
is also present in the vicinity of nuclear envelope, where 
it is visible as intensely fluorescent regions (Fig. 2a). The 
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Fig. 1 The initial stage of the suspensor development of Alisma plantago-aquatica. a,b Images of immunofluorescence assay of microfila-
ments. a Two-celled embryo, visible basal cell and apical cell. b Microfilament network (arrows head) visible in the basal cell; enlarged 
nucleus and densities of actin filaments at the micropylar end of the cell. Few clusters of actin material in apical cell. c,d Images of F-actin 
visualized by rhodamine-phalloidin. c F-actin filaments form a dense network in the suspensor basal cell; numerous actin filaments are 
circularly arranged (arrow head). d Some microfilaments focus and form intensively fluorescent areas in the basal cell cytoplasm (arrows 
head). e,f Images of immunofluorescence assay of microtubules. e Five-celled embryo. Fine microtubule network visible in the basal 
cell cytoplasm and intensively fluorescent tubulin skeleton in embryo cells. A strong fluorescence of cutin around sac cavity is present 
(arrows). f Microtubule network (arrows head) in suspensor basal cell; changed basal cell shape and enlarging nucleus. AC – apical cell; 
BC – basal cell; N – nucleus.
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actin skeleton in embryo cells takes the form that is typical 
for normal somatic cells; the cortical, near-wall networks 
dominate (Fig. 2a,b). Elements of tubulin skeleton are the 
most abundantly arranged at the micropylar, transfer wall of 
the suspensor basal cell. Densities of tubulin material are also 
present near the huge, polytene basal cell nucleus (Fig. 2c). 
In older suspensor basal cells, microtubules are parallel to 
the long axis of the cell in the direct vicinity of a contact 
surface, yet arranged in different directions in the distal 
part of the wall ingrowths (Fig. 2d,e). Strongly fluorescent 
microtubules are present at the nucleus (Fig. 2c,e). At this 
development stage, concentrations of tubulin material can be 
seen at the chalazal end of a cell (Fig. 2d). Tubulin skeleton 
in embryo-proper cells takes the configurations typical for 
intensively mitotically dividing cells (Fig. 2c). Close to the 
embryo-proper a strong fluorescence of tubulin densities 
are visible in endosperm (Fig. 2c).

The senescence stage of the suspensor basal cell (>100-celled embryos)
In the early stage of suspensor basal cell senescence, actin 

filaments are disorganized. Short, fragmented, and irregu-
larly scattered microfilaments are present in the cytoplasm 
of the suspensor basal cell (Fig. 3a). There are a number of 
degraded F-actin filaments, which are concentrated at the 
micropylar end of a cell (Fig. 3b). Abundant, well-developed 
actin skeleton is visible in the cells of embryo (Fig. 3a,b). 
Microtubules are also disorganized and fragmented; disrup-
tion of parallel orientation of microtubules in the micropylar 
part of the suspensor basal cell can be found. Network of 
microtubules filling the basal cell cytoplasm is loosened 
(Fig. 3c). An increased cytoplasmic vacuolization is also 
observed in the suspensor basal cell (Fig. 3a,c).

Discussion

It is well known that during embryogenesis in the early 
stages of embryo development, two parts can be distin-
guished in it: the embryo-proper and suspensor that is a 
fast-growing, short-living organ being degraded before 
the development of a mature seed [27]. Suspensors are 
widespread among angiosperms and they stand out with 
diverse embryological morphology from other structures. 
Their presence, however, is not a universal feature, as there 
are species with embryos devoid of suspensor (Lycopsis, 
Viola), suspensors can be formed from a single cell (Phaius 
tankervilliae), several cells (Arabidopsis, Capsella), or a 
few hundred cells (Phaseolus) [7,28]. Our previous studies 
indicate that the suspensor in Alisma plantago-aquatica is 
composed of an enormous suspensor basal cell containing 
polytene nucleus and several cells of chalazal suspensor 
[2,16]. In many flowering plants, suspensor cell differen-
tiation is accompanied by endoreduplication. It seems that 
endopolyploid cells are particularly important for tissues 
and organs that actively function for only a short period of 
development [29]. Endoreduplication leads to an increased 
size of the nucleus and multiplication of the genomic DNA 
quantity, which can significantly affect the increase in 
RNA transcription and thus accelerate the metabolism of 
a cell. Probably, endopolyploid cells are better adapted to 

uptake the nutrients from surrounding tissues [13,30,31]. 
It is known that cytoplasmic skeleton in plant cells plays an 
important role during growth and differentiation. So far, the 
organization of cytoskeletal components has been studied 
mainly during megasporogenesis and megagametogenesis 
[32–37]. On the other hand, little information relates to 
the cytoskeleton during differentiation of highly polyploid 
cells of embryonic suspensor. In this study, we present 
fluorescence and immunofluorescence detection of actin 
and tubulin skeleton in endopolyploid suspensor basal cell 
in Alisma plantago-aquatica L. At the initial stage of the 
suspensor development in A. plantago-aquatica, microtu-
bular skeleton forms a delicate network in the cytoplasm 
of the basal cell, while numerous clusters of actin material 
are found on the micropylar end of the cell. The presence 
of such images of actin and tubulin material has been 
previously reported during the early stages of suspensor 
differentiation in Phaius tankervilliae [38], Gagea lutea [18], 
Sedum acre [11], in syncytium in Utricularia [39], or in the 
endosperm haustorium in Rhinanthus serotinus [40]. In the 
next, mature, development stage of suspensor in Alisma, 
actin and tubulin skeleton rebuilds and forms a dense and 
intricate network of microfilaments and microtubules in 
the cytoplasm of the basal cell. In our opinion, probably 
the changes in cytoskeleton organization are associated 
with the change in shape and enlargement of the basal cell. 
This has been earlier observed in magnifying suspensor 
in Phaius tankervilliae [38] or in the growing suspensor 
basal cell in Sedum acre [11]. In A. plantago-aquatica, the 
micropylar end of the basal cell, that grows deep into the 
embryonic tissue, is also characteristically elongated. At the 
same time, the microfilaments and microtubules density 
significantly increases at the micropylar end. Probably, the 
functional importance of cytoskeletal elements density at 
the micropylar end of the basal cell is related to the transfer 
nature of the wall. Previous cytochemical and ultrastructural 
studies revealed the presence of numerous wall ingrowths 
characteristic for the transfer cells. The presence of transfer 
walls suggests the possibility of an intensive exchange of 
nutrients, which occurs between the inner integument 
and suspensor basal cell, and then their transfer to the 
developing embryo [2]. Microtubules and microfilaments 
densities and accompanying numerous mitochondria were 
also observed in the vicinity of the wall ingrowths in the 
endosperm in Vicia faba, Zea mays, Triticum aestivum [41], 
the endosperm-placenta-syncytium in Utricularia [39,42], 
in endosperm haustorium in Rhinanthus serotinus [40], or 
in suspensor in Sedum acre [11] and Gagea lutea [18]. It is 
widely recognized that the presence of transfer walls signifi-
cantly increases the plasmalemma surface area ensuring more 
efficient uptake of macromolecules from embryonic tissues 
[9,10,43]. In addition, endopolyploidization occurring in the 
suspensor basal cell in Alisma may indicate the specialization 
and high metabolic activity of this cell. It is also possible that 
both microfilaments and microtubules, besides intracellular 
transport [44,45], may be also involved in the transfer of 
intranuclear products to the cytoplasm [46–48]. It seems to 
be likely, since density of microtubules was observed close 
to the endopolyploid nucleus of the basal cell in A. plantago-
aquatica. Presence of microtubules concentrations in the 
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Fig. 2 The mature stage of the suspensor basal cell development of Alisma plantago-aquatica. a Image of immunofluorescence assay 
of microfilaments. Abundant network of microfilaments in the basal cell. Large amount of actin material occurs at the micropylar end 
of the cell; enormous polytene nucleus. The microfilament network visible in cells of embryo-proper. b Image of F-actin visualized by 
rhodamine-phalloidin. F-actin filaments form a dense network in the suspensor basal cell and cells of embryo-proper. c–e Images of 
immunofluorescence assay of microtubules. c Numerous microtubules visible in the basal cell cytoplasm, especially at the micropylar 
end. Intensively glowing microtubule clusters near nucleus (arrow). Intensively fluorescent tubulin skeleton visible in embryo-proper 
cells. Arrows point to the strong fluorescence of tubulin material present close to the embryo proper. d Bundles of microfilaments form 
an intricate network at the micropylar end of the basal cell, the tubulin densities are also visible at the chalazal end of the cell (arrows 
head). e Fragment of the basal cell, the microtubule network visible at the micropylar end. Microtubule concentrations visible near the 
nucleus (arrow head). BC – basal cell; E – embryo ; N – nucleus.
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vicinity of nuclear envelope was also reported in the chalazal 
endosperm haustorium and endosperm-placenta syncytia in 
Utricularia [42], the endosperm haustorium [40], as well as 
in polyploid cells of the suspensor [11,18]. It should not be 
excluded that microtubules may be involved in the position-
ing of the huge endopolyploid basal cell nucleus in Alisma. 
It is very reasonable, because nucleus is centrally located 
in the young basal cell, while in the old basal cell; nucleus 
changes its position and moves closer to the chalazal end 
of a cell. Similar observations were also reported during the 
differentiation of highly polyploid cell of endosperm haus-
torium in Rhinanthus serotinus [40]. In the aging suspensor 
basal cells in Alisma some disturbances in microfilaments 

and microtubule organization and increased cell vacuoliza-
tion can be observed. These alterations are correlated with 
a progressive development of the embryo and endosperm. 
Probably, basal cell after fulfilling its functions with respect 
to the embryo begins to degrade; the literature data suggest 
that this process occurs by means of so-called programmed 
cell death [49–51]. In conclusion, the presence of abundant 
actin and tubulin cytoskeleton in endopolyploid suspensor 
basal cell in Alisma plantago-aquatica is probably associated 
with the positioning of the nucleus, movement of organelles, 
and transport of nutrients within the physiologically active 
cell, which appears to be essential for the proper develop-
ment of the embryo.

Fig. 3 The aging stage of suspensor development of Alisma plantago-aquatica. a Image of immunofluorescence assay of microfilaments. 
Short, fragmented, irregularly distributed microfilaments visible in the basal cell cytoplasm; pleated nucleus and numerous vacuoles. 
b Image of F-actin visualized by rhodamine-phalloidin. Numerous degraded F-actin filaments concentrating at the micropylar end 
of the basal cell. The microfilament network visible in embryo-proper cells. c Image of immunofluorescence assay of microtubules. 
Loosened microtubule network fulfilling the cellular cytoplasm visible in the basal cell; numerous vacuoles. BC – basal cell; E – embryo; 
N – nucleus; V – vacuoles.
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