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10.

Stellingen

The microtubular cytoskeleton plays an imporiant role during the induction of
microspore embryogenesis, but only as a tool, not as a trigger.
(This thesis)

Prerequisites for the continuation of the cell cycle are preserved in the vegetative cell
of angiosperm pollen.
(This thesis)

Heat shock proteins of the 70kDa class are involved in the progress of the S-phase of
the cell cycle.
{This thesis)

Non-radioactive, cytological methods have not only the advantage to avoid the handling
with radioactive chemicals, they are also most useful by being fast and giving a precise
subcellular signal.

(This thesis)

Induction of microspore and polien embryogenesis is a process of two steps: The
dedifferentiation of microspore or pollen development and subsequent embryo specific
differentiation.

(This thesis)

It is easier to find possibilities to investigate a biological problem with one of the dozen
model organisms than to transfer the results obtained to organisms which are important
for mankind.

.Growth of science is growth of ideas of the scientists.“ (Ernst Mayr: The Growth of
the Biological Thought. 1984)

The creation of part time positions for scientists also in Germany and its strict
realisation would not be only very helipful for the employment market, but also very
beneficial for the family life.

A humane society is reflected by the attitude towards their children.

Opposite to other European countries, in the Netherlands exist some special traffic
rules for bicyclists at crossings of streets of the same rank. The early information to
foreigners about this would improve the security in the traffic.

Stellingen van Gerd Hause behorende bij het proefschrift getiteld
»Induction of embryogenesis in isolated microspores and pollen of Brassica napus L.“
te verdedigen op dinsdag 19 november 1996 te Wageningen.
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STELLINGEN

The induction of symmetrical divisions is an essential, but not a sufficient prerequisite
to get the formation of embryos from isolated microspores and polien.
{This thesis)

Configorational changes in the microfilamental cytoskeleton which occur during
symmetrical divisions in cultured microspores and pollen are only a reflection of
alterations caused by induction.

(This thesis)

The direction of the longitudinal axis of embryos derived from microspores and pollen
is determined by the site of the rupture of the original pollen wall that still covers the
proembryo.
{This thesis)

Embryogenic cultures can be started with microspores from late Gi to G2 phase by
completing the current cell cycle, whereas in pollen the vegetative celf, being in G1,
always has to re-enter the cell cycle before embryogenesis can occur.

(This thesis)

Investigations of complex tissues by biochemical and molecular-biological methods
need to be completed by cytological and histological techniques.
(This thesis)

Among the methods used for biological research, cytological and morphological
techniques allay aesthetic desires, too.

Capital investments given for research, but used for the construction of new buildings
and not used for the creation of research jobs or the supply with laboratory materiais,
become rather a subsidy of the building trade than of the research itself.

Alles was der Mensch treibt, kultiviert ihn.
1. W. von Goethe

Only having own children one can see the goodness of the own parents,
Proverb from Japan.

10. By the help of a computer most things go faster, but need more time.

Stellingen van Bettina Hause behorende bij het proefschrif getiteld
HInduction of embryogenesis in isolated microspores and polten of Brassica napus L.*
te verdedigen op dinsdag 19 november 1996 te Wageningen
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Chapter 1. General introduction

GENERAL INTRODUCTION

1. Embryogenesis as a complex differentiation event

Embryogenesis is an initial phase of the life cycle of higher plants. Tt is preceded by a
sequence of events summarized as plant sexual reproduction. For sexual reproduction higher
plants have developed specialized parts, the flowers, in which male and female gametes are
produced by gametophytes. Gametes are haploid cells and are able to fuse and form diploid
zygotes, the first cell of the new generation, the sporophyte. Gametes are cells formed by the
processes of sporogenesis and gametogenesis. Two types of gametes are developed, large
female gametes, the egg cells, and small male gametes, the sperm cells.

The reduction of the diploid chromosome set to a haploid one takes place during meiosis.
Microspore mother cells form the microspores, and megaspore mother cells give rise to
megaspores. The unicellular micro- and megaspores mature during the process of
sporogenesis. Both types of spores divide mitotically forming the gametophytes. The
microgametophyte (the pollen grain) formed by the microspore, consists of a vegetative cell
and a generative cell, which will form the two sperm cells. The megagametophyte (embryo
sac) generally consists of 7 cells, the female gamete (the egg cell), two synergids, a central
cell and three antipodal cells.

After pollination the mature pollen grain germinates at the stigma of the pistil and forms a
pollen tube transporting the two sperm cells. The pollen tube grows through the style into the
ovary of the pistil, penetrates the megagametophyte in the ovule, and discharges the sperms
in one of the synergids. One sperm cell fuses with the egg cell forming the zygote, the other
one fuses with the central cell forming the endosperm (for review see Van Went and
Willemse 1984). After this process of "double fertilization” (Strasburger 1884) the arising
zygote is the onset of the plant embryo.

Embryogenesis is the process by which the unicellular zygote develops into an organism
which develops a stem, roots, and leaves. The aims of embryogenesis are (i) to establish
meristems and the plant body pattern, (ii) to differentiate the primary plant tissue types, (iii)
to generate specialized storage organs essential for seed germination and (iv) to enable the
new plant to remain dormant until conditions are favourable for postembryogenic development
(Goldberg et al. 1994). It starts with the unegual division of the zygote giving a large basal
and a small apical cell, The asymmetry of this division is caused by the polar distribution of
the zygote cytoplasm (Schaffner 1906). This first division predicts already the apical-basal-
axis of the arising embryo (Johansen 1950, Jirgens 1995). The basal cell differentiates to the
suspensor, which might function in anchoring and positioning the embryo, and in the uptake
and transport of mutrients needed for embryogenesis (Natesh and Rau 1984). The apical cell
is the origin of the embryo proper. In dicotyledons a number of defined cell divisions of the
apical cell lead to the formation of a globular embryo proper. Further on, directed divisions
in periclinal as well as in anticlinal planes lead to the first visible cell differentiation. This is
the appearance of the protoderm, and later the formation of the procambium strands and the
ground meristem in the globular stage. Just after the globular stage, cotyledons are formed,
the hypocotyl region begins to elongate, and the root meristem becomes differentiated. The
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result in dicotyledons is the formation of a heart-shaped embryo which develops via the
torpedo-stage to the mature embryo.

2, Experimental systems for in vifro embryogenesis

Intensive investigations of embryogenesis started with the development of light microscopy
and later on using electron microscopical techniques. Meanwhile, for numerous plant species
detailed cytological observations exist regarding sporogenesis, gametogenesis, pollination,
pollen tube growth, fertilization and embryo development (for review see Johri ef al. 1992,
Cresti et al. 1992). Embryogenesis proceeds within the former female gametophyte, which
is covered by several layers of sporophytic tissue of the ovule necessary for the protection
and nutrition of the developing embryo. Those tissues are barriers for the observations of the
process of embryo formation as well as for the direct manipulation of the embryo and they
influence embryogenesis. Several experimental systems were developed to overcome this
problem.

Zygotic embryo culture
For the culture and rescue of zygotic embryos, already existing young embryos are dissected

from the ovule and cultivated in vitro (for review see Monnier 1995). This technique is useful
to investigate embryogenesis and gives the possibility to change the embryo development and
metabolism by the variation of nutrition, environmental conditions, and phytohormones {Liu
et al. 1993a, b). Using this system it is, however, impossible to analyse the very early events,
for instance the formation of the globular embryo because of the small percentage of very
early embryos which survive in vitro.

Fusion of isolated gametes
Separated from their surrounding maternal tissue isolated gametes can fuse and form embryos

in vitro (Kranz and Lorz 1993). In Zea mays it is possible to follow the morphological and
biochemical changes that occur at the transition from the egg cell to the zygote and during
zygote development after the fusion of the gametes (Kranz et al. 1995). Studies on initial
signalling events have become feasible, for instance the study of the involvement of calcium
in these processes (Tirlapur et al. 1995). However, this system needs a lot of experience, is
very time consuming and not applicable for large scale research necessary for molecular and
biochemical analyses. Till now successful and reproducible in vitro fertilization is only
described for Zea mays.

Somatic embryogenesis
Embryos can be formed in in vitro cultures starting from single somatic cells (review De Jong

et al. 1993, Emons 1994). In general, plant cells are totipotent, i.e. already differentiated
diploid cells are able to re-enter the ceil cycle and start a process of regeneration. That can
occur spontaneously (Taylor 1967) but in general a well balanced treatment with plant
hormones in special culture media is necessary to induce cell divisions and embryogenesis.
Direct somatic embryogenesis starts from single cells of e.g. immature zygotic embryos
(Trifolium repens - Maheswaran and Williams 1985, Linum usitatissimum - Pretova and
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Williams 1986). Cultured cells epigenetically far from the embryogenic state are used for
indirect somatic embryogenesis. For some species it is shown that the induction of an unequal
division plane during the first mitosis of regenerating protoplasts can lead directly to the
formation of an embryo (Medicago sativa - Dijak and Simmonds 1988, Nicotiana
plumbaginifolia - Tewes, personal communication). The majority of plant species, however,
forms at first embryogenic calli or proembryogenic cell masses (PEMs) in which daughter
cells remaining attached to each other are produced (Daucus carota - Reinert 1958, Steward
et al, 1958). Certain cells of those calli or PEMs can be stimulated to form embryos. During
the first stages those embryos develop comparable to the zygotic embryo proper (globular
stage - heart shaped stage - torpedo shaped stage) including the synthesis of storage products,
but later on they form directly plantlets without entering the stage of embryo dormancy which
is common for zygotic embryogenesis in vivo. .

For a number of plant species protocols exist to initiate somatic embryogenesis with high
efficiency. Somatic embryogenesis is already widely nsed to transform plants, to multiply
special cultivars and rare plants or to produce secondary metabolites (Simmondsia chirensis -
Lee and Thomas 1985, Digitalis lanata - Kuberski et al. 1984).

Androgenesis
Microspores or immature pollen can be induced to leave the path of further gametophytic

development and to enter sporophytic development (androgenesis). The induction can take
place within a dissected anther on a solid medinm (anther-culture) or in isolated microspores
and pollen put in a liquid culture medium (microspore or poilen culture). The induction of
androgenesis is realized by special pretreatments such as (i) cold shock, (ii) high temperature,
(iii) cultivation in starvation medium, (iv) centrifugation, (v) ethanol treatment, (vi)
irradiation with y-rays or Xx-rays, and (vii) by reduced atmospheric pressure. Androgenesis
has been successfully induced in about 200 species belonging to more than 50 genera and 25
families of dicots and monocots (for review see Sangwan and Sangwan-Norreel 1990, Ferrie
et al. 1995). The origin of the embryo is a single haploid cell. That means the arising embryo
is haploid or it diploidizes spontaneously by exogenous factors. In those cases the arising
plants are homozygous. Such haploid as well as dihaploid embryos produced in large numbers
are of great value for plant breeders. Because of the possibility to transform microspores or
pollen to form transgenic material (Jihne ef al. 1994), microspore and pollen culture is a very
interesting tool for basic research as well as for plant biotechnology.

3. Microspore and pollen embryogenesis in Brassica napus

The most basic of all problems in anther and microspore culiure is the proper understanding
of the induction of androgenesis. To investigate this process a system easily to handle has to
be used. Among the large amount of androgenic systems, the cultivation of Brassica napus
microspores and pollen is a kind of model system. Embryos can be obtained at high
frequencies using relatively simple culture conditions (Lichter 1982). The ability of the
isolated microspores and pollen to form embryos is influenced by various factors such as
plant growth conditions, genotype variations, culture conditions, and induction temperature,

10
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and was optimized recently (Chuong and Beversdorf 1985, Keller ef al. 1987, Charne and
Beversdorf 1988, Chuong ef al. 1988a, b, Gland er al. 1988, Huang et al. 1990, Ferrie et
al. 1995). To obtain high yields of embryos late microspores and young bicetlular pollen
from the cultivar "Topas”™ have to be cultured in a modified Lichter-medium (NLN, Lichter
1982) for at least 8 hours at 32°C followed by cultivation at 25°C (Pechan and Keller 1988).
The importance of the proper developmental stages of microspores and pollen is described
in detail by Telmer et al. (1992). Some cytological aspects of microspores and pollen at the
induction phase were investigated by Fan et al. (1988) and Zaki and Dickinson (1990, 1991},

4. Scope of the thesis

The aim of this thesis is the analysis of the process of embryo induction in microspore and
pollen cultures of Brassica napus L. cv. Topas. The thesis represents the detailed
investigations of cytological events happening in isolated and cultured microspores and pellen
of B. napus cv. Topas in the early period of embryo induction. Especially those cytological
events are investigated which are in strong relation to the stop of the gametophytic
development and the initiation of sporophytic divisions. Since the cytoskeleton plays an
important role in cell division and cell shaping, cytoskeletal configurations during microspore
and pollen development are investigated. The changes in configuration of the microtubular
cytoskeleton and the microfilamental cytoskeleton are presented in Chapter 2 for the in vivo
development. Cytoskeletal configurations and their impact on embryogenesis under inductive
and non inductive in vitro conditions are described in Chapter 3. Changes in the replication
pattern of the nuclear DNA are a sign of the cell cycle process and are investigated in
Chapter 4. Cell regeneration and the re-entry in the cell cycle might be related with changes
in protein phosphorylation. Therefore, the phosphorylation events occurring during the initial
phase of the microspore and pollen culture were compared with the irn vive phosphorylation
in Chapter 5. Microspore and pollen development were specifically turned into embryogenic
development by heat pulse treatment. As heat treatment generally causes the formation of heat
shock proteins (HSPs). We investigated in Chapter 6 whether HSPs were formed, where they
were localized, and to what extent they were related to the changing developmental pathway
of the cultured microspores and pollen. In Chapter 7 we investigated gene expression in
microspores and pollen and present results of in situ hybridization methods for this system.
Chapter 8 presents an overview of the further development of the microspore derived
embryos. Here the expression of polarity within the developing microspore derived embryo
is compared to zygotic embryogenesis.

Although all the chapters of the thesis are established by close co-operation of both authors,
the initiation and finalization of the Chapters 3, 4, and 8 are done by Bettina Hause and of
the Chapters 2, 5, 6 and 7 are done by Gerd Hause.
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Chapter 2. Cytoskeleton during pollen development

SUMMARY

The structures of the microtubuiar and microfilamental cytoskeletons were investigated during
the development of microspores and pollen grains of Brassica napus L. cv. Topas.
Microfilaments were observed directly with rhodamine-phalloidin and microtubules with FITC
by indirect immunofluorescent staining and transmission electron microscopy. We observed
microtubules in all developmental stages and noted several changes in the configuration of the
microtubular cytoskeleton during microspore development, microspore mitosis, and polien
development. A preprophase band before microspere mitosis was not observed. The arrest of
the microspore nucleus in an eccentric position is likely caused by microtubules as is the shape
of the phragmoplast at microspore mitosis. Despite the application of various staining methods,
i.e., labelling of fixed and unfixed fresh and cryosectioned microspores and pollen with
rhodamine-phalloidin, microfilaments could not be observed in all developmental stages.
Prominent microfilamental arrays were observed during cytokinesis of microspore mitosis and
during the free generative cell stage. They mark the stages with different configurations.

Keywords: Brassica napus, immunolabelling, cytoskeleton, microspore and pollen

development ;
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INTRODUCTION

Pollen formation in the locules of anthers is preceded by several steps: (i) the formation of
diploid sporogenous tissue through several series of mitotic divisions; (if) the formation of
hapioid microspores through two meiotic divisions; and (i) the formation of the
microgametophytes containing sperms through two mitotic divisions. The developmental
processes in vivo mostly proceed simultanecusly within one anther. Development can be
influenced in vitro by changing culture conditions resulting in the production of androgenic
embryos (Nitsch and Nitsch 1969; Narayanaswamy and Chandy 1971; Wagner and Hess 1974;
Thomas and Wenzel 1975). Many authors focus on in vitre development of the microspores
of Brassica napus because this species is amenable to studies of artificial embryo induction
in microspore cultures (Thomas and Wenzel 1975; Lichter 1982; Chuong and Beversdorf
1985; Keller et al. 1988; Pechan and Keller 1988, 1989; Chamne and Beversdorf 1988; Pechan
et al. 1991). It was found that the suitable stages for the initiation of artificial embryo
induction are around the microspore mitosis (Pechan and Keller 1988). It is conceivable that
such change from the normal microspore and microgametophyte development to androgenic
embryogenesis coincides with alterations in the configuration of microtubules (MT) and
microfilaments (MF) because cytokinesis proceeds differently (Zaki and Dickinson 1990,
1991). Introductory to the studies on artificial embryo induction, we report here the in vivo
development of microspores and pollen with special attention to the MT and MF
configurations.

MATERIALS AND METHODS

Plant material
Plants of Brassica napus 1., cv. Topas were grown under green-house conditions at 18-23 °C,
In a sequence from 2 to 7 mm, buds were harvested from the terminal raceme.

Fixation and immunoffuorescent staining of MTs

Anthers were excised, cut into three parts and fixed in 3% paraformaldehyde (PFA) in
microtubule stabilizing buffer (MSB) consisting of 0.1 M 1,4-piperazinediethanesulfonic acid
(PIPES), 1mM ethylene glycol bis (2-aminoethyl ether)-N,N,N’ N’-tetraacetic acid (EGTA),
1 mM MgCl, and 0.4% polyethyleneglycol (PEG) 6000 (pH 6.9) for 2 h at room temperature
(RT). Triton X-100 (0.05%) was added to the fixative. After fixation, samples were rinsed,
dehydrated, embedded in PEG, and sectioned according to Van Lammeren et al. (1983).
Sections were mounted on poly-L-lysine coated slides, treated with 0.1 M NH,Cl, and then
incubated with the polyclonal antibody R229 that was raised in rabbit against bovine tubulin
and purified according to the method of Shelanski et al. (1973) (see also Van Lammeren et
al. 1985). Sections were incubated with goat anti-rabbit IgG conjugated with FITC (Nordic,
Tilburg, The Netherlands) and covered with 20% Mowiol in Citifluor {Citifluor Ltd., London)
containing 0.01 yg/ml. 4,6-diamidino-2-phenylindole (DAPI) (Sigma Chemical Co., St.Louis,
Mo.).
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Staining of actin filaments in unsectioned microspores and pollen

Microspores and pollen were isolated at various developmental stages by gently pressing the
anthers in a buffer containing 100 mM PIPES, 10 mM EGTA, 0.05 % (v/v) Nonidet P-40, 5%
(v/v) dimethyl sulfoxide (DMSQO), and the osmoticum sucrose (see also Traas et al, 1987). The
sucrose concentration varied from 7.5% for early developmental stages to 15% (w/v) for later
stages. Microfilaments were stained by incubating microspores with 0.25 units/mL rhodamine-
phalloidin (Molecular Probes Inc., Eugene, Oreg.) in the isolation buffer for 20 h up to 3 days
at 4 °C in the dark.

Three procedures were tested. (i) Isolated microspores were stained without prefixation; (ii)
in some experiments Triton X-100 (0.1 - 0.2 % (v/v)) was added to the isolation buffer to
permeabilize cell membranes; microspores were then stained without prefixation; (i)
microspores were fixed in 3% PFA i MSB for 15 min at RT; they were washed twice (10
min each) in MSB and then stained. All three procedures were concluded by adding
0.02 ug/mL DAPI and cells were examined within Zh.

Staining of actin filaments in cryosectioned microspores and pollen

Flower buds without sepals and petals were fixed in 3% PTFA in MSB containing 0.1% Triton
X-100 for 1 h at RT and washed twice in MSB for 20 min. Buds were rapidly frozen in liguid
nitrogen, warmed up to -20 °C and cut into 6 ym sections with a Damon IEC/CTF
microtome-cryostat. Sections were stuck onto poly-L-lysine coated slides at -20 °C, warmed
up 1o RT, and incubated in .25 units/mL rhodamine-phalloidin and 0.02 gg/mIL DAPI in the
buffer described above for 2 h at 4 °C in the dark.

Fluorescence microscopy

Fluorescence of nuclei, MTs, and MFs was visualized with a Nikon Labophot epifluorescence
microscope with a mercury lamp (Hg 100 W) using the following filters: () for DAPL: EX
365/ DM 400/BA 420; (i) for FITC: EX 470-490 / DM 510 / BA 515 EF; and (i) for
rhodamine: EX 510-560 / DM 580 / BA 590. Black and white images were recorded on
Kodak TMY 135-film.

Electron microscopy

Anthers were dissected, cut into three parts and fixed in 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.0) for 2 h at RT. After rinsing with buffer, samples were postfixed
with 1 % (w/v) osmium tetroxide in buffer for 1.5 h, rinsed again and dehydrated in a graded
ethanol series. Uranyl acetate (1% (w/v)) was added to the 70% ethanol step and applied for
1 h. Ethanol was substituted by epoxy resin (Spurr 1969} and samples were polymerized at
70°C. Ultrathin sections, cut with glass knives on an LKB Bromma 2088 Ultrotome, were
poststained with uranyl acetate and lead citrate in an LKB Bromma 2168 Ultrostainer
Carlsberg System. Sections were observed with a JEOL JEM-1200 EXII electren microscope.
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RESULTS

Microtubule patterns

The development of male gametophytes was investigated from early microspore to mature
tricellular pollen stage. Representative images of the organization of the MT configurations
are given in Figs. 1a-12a and the concomitant structure of the nuclei stained with DAPT in the
same sections in Figs. 1b-12b. Control experiments in which the first antibody was omitted,
or pre-immune serum was applied, revealed no fluorescent labelling (data not shown).
Microspores just released from ietrads exhibited MTs surrounding the nuclei and running
throughout the cytoplasm (Figs. la and 1b). Hereafter microspores formed vacuoles and
enlarged. Initially nuclei remained in the centre (Fig. 2b). Prominent MT staining surrounded
the nuclei, and was also observed in the central and cortical cytoplasm (¥ig. 2a). Electron
microscopy revealed bundles of MTs containing 5-10 MTs each (data not shown).

All microspores at late unicellular stage had formed a large vacuole (Figs. 3a and 3b). Nuclei
were found near the cell wall. Where they bordered the large vacuole they were somewhat
indented (Fig. 3b, arrow). Microtubules were evident in the cytoplasm (Fig. 3a) but not in
thick bundles, as observed in the previous stage. Single MTs, connected to the nucleus and the
plasma membrane, were observed in the thin layer of cytoplasm between the nucleus and the
cell wall (Fig. 13, arrows). Preprophase bands were not observed before mitosis.

At prophase (Fig. 4b) the nuclei were surrounded by numerous MTs arranged in a dense
network (Fig. 4a). Up to the end of cytokinesis, MTs were only present in spindles and
phragmoplasts (Figs. 5-8). Figure 5a shows the mitotic spindle during metaphase. Most
fluorescent MTs ran from the unstained chromosomes towards the poles. Some MTs penetrated
the equatorial plate running from one pole to the other. From metaphase to telophase (Fig. 6)
the MTs running from kinetochore to pole shortened and disappeared at the onset of
cytokinesis. The MTs running form pole to pole persisted in the centre of the spindle until the
end of telophase (Fig. 6a). At this time a phragmoplast was formed between the generative and
the vegetative nuclei (Figs. 7a and 7b). Electron micrographes show phragmoplast MTs
connected with the nuclear membrane and running close to the vesicles of the cell plate (Fig.
14). After cell wall synthesis in the central region, the phragmoplast expanded towards the
periphery of the cell (Fig. 8). At the final stage of cell wall formation, when the cell plate was
attached to the parental wall, numerous MTs were observed in the phragmoplast located near
the pollen wall (Fig. 15). In the generative cell we observed MTs running from the nuclear
membrane towards the phragmoplast (Fig. 15). Finally the generative cell completely separated
from the vegetative cell but remained attached to the parental wall (Fig. 9). The cytoplasm of
the vegetative cell contained a random network of MTs (Fig. 9a). During this stage most MTs
were found near the common wall between the generative and vegetative cells (Fig. 9a).
Electron microscopy revealed that the MTs in the generative cell were predominantly ordered
parallel to that common wall, whereas in the vegetative cell they were mainly attached to the
cell membrane and radiated into the cytoplasm (Fig. 16).

During the progress of microgametogenesis the generative cell rounded up, separated from the
parental wall and migrated to the centre of the pollen, there occupying a position near the
vegetative nucleus (Fig. 10b). At this stage the pollen grain contained MTs in both cells. Most
MTs in the cytoplasm of the vegetative celt were found near the plasma membrane that

19



Chapter 2. Cytoskeleton during pollen development

20



Chapter 2. Cytoskeleton during pollen development

borders the pollen wall. In the thin layer of cytoplasm of the generative cell all MTs were
arranged in bundles (Figs. 10a and 17).

At prophase and metaphase of pollen mitosis, MTs were only observed in the generative cell
(for prophase see Fig, 11). The mature tricellular pollen grain exhibited MTs in the cytoplasm
of the sperm cells (Fig. 12; electron microscopical data not shown). The cytoplasm of the
vegetative cell exhibited diffuse fluorescence.

FIGS. 1 - 12. Survey of changes in microtubules (MTs) and nuclei observed in sectioned microspores and pollen

of Brassica napus.

Figs. 1a-12a show MTs visualized immunocytochemically with FITC.

Figs. 1b-12b show the identical sections illuminated for the DAPI-stained nuclei.

Bar = 10 ym for all figures.

Fig. 1.  Stage of free young microspore. (a) MTs arranged in a crisscross pattern, especially around the
mucleus (n). (b) Microspores with DAPI-stained nuclei (n}.

Fig. 2. Midmicrospore stage. (a} Thick bundles of MTs throughout the cytoplasm. Small vacuoles are formed
(arrows). (b) The nucleus occupies the central position in the cell. Arrows point to the vacuoles.

Fig. 3. Late microspore stage. (a) Cells are enlarged and contain a large vacuole (v). MTs are around the
nucleus (n) and in the cytoplasm. (b) Nucleus that is near the wall is indented (arrow) by the large
vacuole (v).

Fig. 4. Microspore in prophase. (a) MTs form a dense network around the nucleus (n). (b) Chromosomes
(arrows) become visible in the nucleus.

Fig. 5. Microspore in metaphase. (a} MTs form a mitotic spindle with pole to pole MTs and chromosome
to poie MTs. (b) The position of chromosomes coincides with the nonstained area in (a).

Fig. 6. Microspore in telophase. (a) The mitotic spindle clearly shows pole to pole MTs. (b) Separation of
chromosomes is evident.

Fig. 7. Early stage of cytokinesis after microspore mitosis. (a) Numerous parallelly arranged MTs form the
phragmoplast. Note the flat phragmoplast at this stage. (b) DAPI staining reveals karyokinesis, which
has just finished because nuclei are still flattened (arrows).

Fig. 8. Late stage of cytokinesis after microspore mitosis. (a) The phragmoplast extends centrifugally after
wall synthesis between daughter nuclei and becomes hemispherical. Note the absence of MTs in the
area of the newly formed cell wall (arrow; g, generative cell). (b) Only the generative nucleus is in
the plane of the section.

Fig. 9. Young bicellular stage. (a) Dense and specific staining along the common wall does not represent
fluorescence of the wall itself but shows the presence of numerous MTs (see also Fig. 16, arrowheads
and arrow). A random pattern of MTs is found in the vegetative cell (g, generative cell). (b) Only
the generative nucleus is in the plane of the section.

Fig.10. Bicellular pollen with a free generative ccll. (a) Vegetative cytoplasm exhibits arrays of MTs radiating
from the plasma membrane (arrow). The generative cell (g) becomes lens shaped and its cytoplasm
is densely stained by fluorescent MTs. (b) Note the difference in staining of the generative nucleus
{small arrow) and vegetative nucleus (large arrow) and position of the generative cell near the
vegetative nucleus.

Fig.11. Prophase of pollen mitosis. {(a} MTs were only abserved in the cytoplasm of the generative cell
{arrow). (b) DAPI staining shows condensed chromosomes in generative cell. The vegetative nucleus
is not in the plane of the section.

Fig.12. Mature pollen grain. (a) MTs (arrows) are only observed in sperm ceils that attach to each other. (b}
Sperm nuclei are well stained; the vegetative nucleus is not in the plane of the section.
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Microfilament patterns

The distribution of MFs in microspores and pollen was analyzed from the early microspore
to the mature tricellular pollen stage. Figures 18-25 show representative images of MF
configurations, visualized by rhodamine-phalloidin, and the concomitant nuclei as visualized
by DAPI staining. The visualization of MFs by electron microscopy proved unsuccessful with
the methods applied. Also, microfilaments could not be visualized light microscopically in
released microspores (Fig. 18) despite the application of various ‘staining methods. Only
diffuse fluorescence was detected in the cytoplasm during microspore mitosis.

At the onset of cytokinesis MFs appeared in the phragmoplast between the two daughter
nuclei (Figs. 19a and 19b). MFs expanded to the periphery of the cell as did the phragmoplast
described before (Fig. 20a). At the end of cytokinesis, when the generative cell was
completely separated from the vegetative cell and from the parental pollen wall, the
generative cell was surrounded by or contained relatively thick bundles of MFs (Fig. 21).
Simultaneously, MFs appeared in a small zone of the cortical cytoplasm of the vegetative cell
and in a distinct orientation, i.e., hoop-like arrangements perpendicular to the imaginary axis
between the two nuclei of the bicelluiar microgametophyte (Figs. 22 and 23). This banding
pattern was at first limited to the equatorial plane (Fig. 23), but it progressively spread over
most of the surface of the developing pollen grain at the end of the bicellular stage (Fig. 24).
The overall orientation, however, was maintained. During pollen mitosis MFs were not
detected.

The tricellular, mature pollen grain showed fluorescence in the cytoplasm of the vegetative
cell particularly around the nucleus (Fig. 25a and 25b).

FIGS. 13-17. Transmission electron micrographs of microspores and pollen of Brassica napus.

ABBREVIATIONS: d, dictyosome; gn, generativenucleus; m, mitochondrion; n, nucleus; vn, vegetative nucleus.

Bar = 0.5 ym.

Fig.13. Late microspore stage {cf. Fig. 3). The nucleus located near the cell wall is connected with the cell
membrane via MTs (atrows).

Fig.14. Cytokinesis of microspore mitosis {cf. Fig. 7). Phragmoplast MTs (arrows) are located in both cells.
Note MTs connected with the generative nucleus running to vesicles of the cell plate (arrowheads).

Fig.15. Detail of bicellular pollen at end phase of cytokinesis with phragmoplast MTs in both cells (cf. Fig.
8). Note MT running from the generative nucleus to the phragmoplast (arrow).

Fig.16. Young biceflular pollen (cf. Fig. 9). Note MTs parallei to the wall in the generative cell (arrowheads)
and MTs radiating from the common wall into the cytoplasm of the vegetative cell (amrow).

Fig.17." Detail of a free generative cell surrounded by vegetative cytoplasm (cf. Fig, 10). Its thin layer of
cytoplasm contained bundles of MTs (arrows).
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DISCUSSION

The MT cytoskeleton during microspore development.

After the release of the microspores from the tetrad, most MTs were found surrounding the
nucleus. Some MTs radiated from that region into the cytoplasm. Such phenomenon is also
described by Dickinson and Sheldon (1984) for Lifium henryi during the tetrad stage.
According to the authors this configuration is responsible for the positioning of the nucleus
and the transport of materizls to the surface of the cell. Van Lammeren et al. (1985)
suggested a scaffolding function. In our illustrations of B. napus microspores the fine
distribution of MTs also points to such a stabilizing function, This configuration of MTs
disappears during further growth of the microspore. In the midmicrospore stage, when the
nucleus is still in a central position, some MT bundles still surround and may anchor the
nucleus but others run throughout the cytoplasm. MTs might be involved in the movement
of the nucleus to an eccentric position near the wall where the first karyokinesis will occur.
In the nonvacuolated microspores of orchids (genus Phalaenopsis}, Brown and Lemmon
(1991a) found a so-called generative pole microtubule system that marks the path of nuclear
migration prior to microspore mitosis. In B. rapus, however, ne such polar MT arrangement
was observed, but a large central vacuole developed (Figs. 3a and 3b). The shift in nuclear
position might therefore be induced by the developing vacuole: when the small vacuoles
shown in Fig. 2 fuse in a controlled fashion, they form at least one large laterally positioned
vacuole that influences the position of the nucleus (Figs. 3a and 3b). Electron and light
micrographs of late microspores strongly indicate that the nucleus is pressed aside and even
flattened or indented by pressure generated by that vacuole (Fig. 3b, arrow). Terasaka and
Niitsu (1990) showed in Tradescantia that movement of the microspore micleus was generated
first by the growing vacuole and second by the MT cytoskeleton. Although in B. napus we
did not observe a similar two-step mechanism of nuclear movement, both vacuoles and MTs
might yet be involved simultaneously in the process of nuclear migration. Once the nucleus
is forced to its peripheral position by the enlargement of the vacuole, MTs may maintain that
position (Fig. 13) because we found MTs connecting the nucleus with the plasma membrane
(Fig. 13; see also Van Lammeren et al. 1985). Thus the maintenance of the lateral position
of the nucleus and the resulting positions of the future spindle and phragmoplast are most
probably realized by MTs.

The MT cytoskeleton during microspore mitosis and pollen development.

Cell division in mitotic cells is often preceded by the formation of preprophase bands that
determine the position of the future cell plates (Wada et al. 1980; Gunning 1982; Palevitz
1986). In microspores of B. napus, however, we never observed such preprophase bands. The
absence of preprophase bands in microspore mitosis was also reported for Gasteria by Van
Lammeren et al. (1985), for Tradescantiac by Terasaka and Niitsu (1990), and for
Phalaenopsis by Brown and Lemmon (1991a). Apparently preprophase bands do not
determine the plane of division in these microspores as they do in other cell types.

During cytokinesis we observed MTs connecting the nuclei with phragmoplast vesicles (Fig.
14). Initially, when the phragmoplast between the two nuclei was a flat plate, MTs radiated
from both nuclei. Thereafter the phragmoplast appeared hemispherical (Fig. 8a). Since MTs
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