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CHAPTER 1
INTRODUCTION

INTRODUCTION
Pollen and pollen tubes
Pollen are not really cells at all. Rather pollen and its tube represent a
gametophyte that has evolved from being large, freeliving, and multicellular
to a two- or three-celled organism. The angiosperm pollen is a highly
specialized structure designed to deliver the male gametes to the female
gametophyte in the ovary. Pollen is produced within the pollen sacs of an
anther (see Fig. 1). Each pollen mother cell divides meiotically and produces
a tetrad of four haploid microspores, the future pollen grains. Within each
microspore nuclear division (karyokinesis) followed by cell division (cytokinesis) produces a large vegetative cell containing the tube nucleus and a
smaller generative cell containing the generative nucleus. The septum that is
formed during this division continues to grow until finally the generative cell
becomes detached from the original microspore wall. The generative cell of
a pollen grain thus exists as a cell within a cell. It is bound by a complex
structure that includes its own plasma membrane, the plasma membrane of
the vegetative cell, and intervening wall material between these two membranes (Cresti et al. 1987). At the time of shedding each pollen grain may
be bicellular or tricellular depending on the division of the generative cell
into two sperm cells.
Pollen grains can be cultured in vitro on simple, well-defined media, thereby
permitting a fully controlled chemical environment. Pollen tubes grow in a
highly polar fashion with growth restricted to a small and clearly defined
apical region. As alterations in growth conditions produce distinctive
morphological changes in the growing pollen tube, pollen tubes provide a
highly convenient system for experimental study on cellular growth processes.

The cytoplasm
Pollen tubes exhibit a vigorous cytoplasmic streaming that usually appears as
a central stream directed towards the tip with return streams along the
cortex, the so-called reverse fountain-like streaming (Iwanami 1952, 1956).
This flow does not extend into the tip itself. When viewed by light microsco-
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py, the tip region usually appears to have a clear cytoplasm, which is
indicative of the absence of large organelles (Pierson et al. 1990).
Ultrastructural observations presented by Rosen and coworkers (1964) and
Sassen (1964) showed that the tip region is the accumulation site of secretory
vesicles. In addition to the secretory vesicles, other organelles were also
claimed to be distributed non-uniformly along the tube length. Mitochondria
and Golgi bodies seemed to be more abundant towards the tip while organelles like microbodies and plastids were found predominantly in the distal part
of the tube.
The term zonation in the connotation introduced by Cresti and coworkers
(1977) initially referred to a functional distribution of the organelles. The
four zones described by this group, which extended back from the tip in in
vitro-grown Lycopersicon tubes were: (1) an apical or growth zone with
secretory vesicles, (2) a subapical zone rich in organelles, (3) the nuclear
zone containing both vegetative nucleus and generative cell, and (4) the
vacuolization and callose plug formation zone. This general description is
applicable to most if not all angiosperm pollen tubes. In some more detailed
studies the number of zones increased as different organelles were delegated
to a zone of their own (Uwate and Lin 1980, Reiss and Herth 1979)

Pollen tube growth
Rosen and coworkers (1964) and Sassen (1964) established that the membrane and wall material needed for tube growth is provided for by the fusion of
the secretory vesicles with the plasma membrane in the tip. Larson (1965)
showed that the vesicles are produced by the Golgi bodies present in the
tube, and VanDerWoude and coworkers (1971) determined the carbohydrate
content of these secretory vesicles (see also Helsper et al. 1977).
One would expect the processes of vesicle production, vesicle fusion, and
tube extension to be closely linked in order to achieve normal pollen tube
growth. Studies on this subject have shown, however, that tip growth and
vesicle fusion are separate processes (Reiss and Herth 1979, Steer and Steer
1989, Herth et al. 1990).
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Effect of calcium
Pollen requires calcium for germination (Brewbaker and Kwak 1963, Morré
and VanDerWoude 1974, Picton and Steer 1983). As in animal cells the
presence of calcium ions is essential for vesicle fusion with the plasma
membrane (Steinhardt and Alderton 1982, Whitaker and Aitchison 1985,
Whitaker 1987). The rate of vesicle fusion depends on the cytoplasmic
calcium concentration. At sub-optimal levels, the fusion rate declines (Moiré
and VanDerWoude 1974, Picton and Steer 1983), while at supra-optimal
levels the fusion rate seems to increase (Picton and Steer 1983).
Based on calcium incorporation experiments, Jaffe and coworkers (1975)
were able to identify the tip region as the site of calcium uptake into the
cytoplasm. Other studies using protoninduced X-ray emissions and fluorescence probes like chlorotetra-cycline and indo-1 (Reiss et al. 1985, Nobiling
and Reiss 1987, Rathore et al. 1991) confirmed these results and demonstrated the existence of a tip-to-base calcium gradient in pollen tubes. A loss of
this internal gradient leads to a disturbance in organelle organization and the
ability to sustain normal growth in vitro (Reiss and Herth 1979). This is not
due to lethal effects since both cell wall deposition and cytoplasmic streaming may continue (Herth 1978, Reiss and Herth 1979).

Exocytosis
Tip extension requires the deposition of new membrane and wall material
which is supplied by the secretory vesicles. It is difficult to estimate the rate
of vesicle fusion at the tube apex as it can only be deduced from static
micrographs. The number of secretory vesicles involved can be calculated
either from the increase in a cell surface parameter (volume of secretion,
plasma membrane area), the so-called indirect method, or it can be calculated by estimating the rate of vesicle production itself, the so-called direct
method (Picton and Steer 1981, Steer 1985). This latter method involves the
blocking of vesicle transport to the cell surface by cytochalasins and then
counting the number of additional vesicles accumulated in the cytoplasm.
Both methods have their drawbacks. The indirect method suffers from the
unproven assumption that a unit of membrane area or vesicle volume
delivered to the cell surface will give rise to a corresponding unit increase in

11

the measured parameter. The direct method is based on the equally unproven
assumption that the drugs used do not affect tube viability and vesicle
production.
Using the indirect method VanDerWoude and Morré (1968) and Morré and
VanDerWoude (1974) estimated that 1-2,000 vesicles fuse each minute in the
tube tip of Lilium. Picton and Steer (1981, 1983, 1985) using the direct
method, calculated vesicle production rate to be 3-5,000 min"1 in Tradescantia pollen.
Endocytosis
The membrane flow to the surface of the pollen tube is well in excess of the
immediate requirements for growth (Steer 1988, Steer and Steer 1989). As
the plasma membrane is always tightly appressed to the cell wall, the pollen
tube must possess mechanisms by which to remove this excess of membrane
material. The key question is whether or not endocytosis can account for this
return flow.
While detailed information exists on secretion and membrane recycling in
animal and yeast cells (Hopkins 1986, Farquhar 1985, Steinman et al 1983),
secretion and endocytosis in plant cells have received less attention (for the
present state of affairs concerning this subject see Hawes et al. 1991). The
recycling of membrane components from the cell surface by means of coated
pits/coated vesicles has been well documented in a variety of animal cell
systems (Pearse and Bretscher 1981). Despite the fact that coated pits/coated
vesicles in plant cells have also been shown to be capable of endocytosis
(Joachim and Robinson 1984, Tanchak et al. 1984, 1988, Hübner et al.
1985, Fowke et al. 1989), their importance in plasma membrane recycling is
difficult to assess because of the absence of information on the rates of the
uptake processes.
Part of the plasma membrane material may also be removed by direct
enzymatic membrane degradation or by lipid transfer proteins (Arondel and
Kader 1990).
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The cytoskeleton
The cytoskeleton of eukaryotic cells is composed of filamentous proteins
(i.e., microtubules, actin filaments and intermediate filaments) and associated proteins that together form a three-dimensional network within the cell
that is involved in a large number of functions, including the spatial organization of the cytoplasm, cytoplasmic streaming, exo- and endocytosis, the
formation of the cell wall, cell division and cell growth, and so on (for
review see Alberts et al. 1989, Bershadsky and Vasiliev 1988).
Information on the cytoskeleton in plant cells, though still scarce when
compared to that available on animal cells, is rapidly increasing (Staiger and
Schliwa 1987, Derksen et al. 1990, Derksen and Emons 1990).
Microtubules and actin filaments, the best studied cytoskeletal elements, are
abundantly present in the pollen tube (Derksen and Traas 1984, Derksen et
al. 1985, Perdue and Parthasarathy 1985, Pierson et al. 1986). Both form
arrays with a net axial orientation, that often lie near to the plasma membrane but do not extend into the very tip itself. Immunofluorescence studies
show a diffuse labelling in the apical region, which may indicate the presence of unpolymerized tubulin and G-actin (Derksen et al. 1984, Pierson et al.
1986, Heslop-Harrison and Heslop-Harrison 1988). These results were
confirmed in freeze-substitution experiments by Lancelle and coworkers
(1987). Filamentous actin was found in thick bundles throughout the pollen
tube, while in the tip region it occurred singly or in bundles of only a few
filaments. The absence of microtubules from the extreme tip was also
observed by these authors.
The aberrant organization of the actin filaments in the tip region may be
caused by the influx of calcium at this site (Kohno and Shimmen 1988).
Picton and Steer (1983), Steer and Steer (1989) and Steer (1990) have
postulated that pollen tube growth is controlled by a local destabilization of
the actin cytoskeleton in the apex, which would enable the tip to yield to
turgor pressure and expand.
The significance of protoplasts
Plant protoplasts can be described as naked plant cells. They constitute the
only proper single cell system obtainable with higher plants. This makes

13

them valuable and interesting as experimental material for physiological,
biochemical, and genetical studies (see Fowke and Constabel 1985). Protoplasts facilitate the study of the plasma membrane and the processes located
there like wall formation (Nagata and Takebe 1970, Burgess et al. 1978,
Burgess 1983) and exo- and endocytosis (Tanchak et al. 1984, 1988).
Protoplast isolation and culture have become well-established techniques for
studying many plant species and are extensively used in plant breeding
programs. Protoplasts made from pollen are of extra importance since they
possess only one set of alleles at each locus, thus making them ideal tools
for the induction and detection of mutations. Moreover, the fact that a
population of pollen tube subprotoplasts contains both karyoplasts (with a
vegetative nucleus and/or generative cell) and cytoplasts (without a nucleus
and/or cell) enables the role of the nucleus and generative cell to be determined in a variety of cellular processes including regeneration and growth.

Outline of this thesis
The formation of subprotoplasts from growing tobacco pollen tubes was a
relatively new technique at the time work on this thesis was started. Pollen
tube subprotoplasts could be maintained in culture for some time and were
able to form outgrowths that resembled pollen tubes (Kroh and Knuiman
1988). These subprotoplasts were therefore considered to be useful model
systems for studying pollen germination and pollen tube growth.
Chapter 2 and 3 give a description of the spatial organization of actin
filaments and microtubules, respectively, in recovering and outgrowing
subprotoplasts. An overall picture of subprotoplast growth and the role of
the cytoskeleton is given in chapter 4 and compared with pollen germination.
Pollen germination and pollen tube growth have been intensively studied
during the past decades (Rosen 1968, Steer and Steer 1989). Nevertheless,
basic information on the polar organization of the cytoplasm is remarkably
scarce. The quantitative study on organelle distribution in pollen tubes
presented in chapter 5 is the first such investigation on pollen tubes. This
study combines fluorescence microscopy on living cells with electron
microscopy on freeze substituted material. The use of serial sections and
superior fixation techniques are also important improvements over previous
studies in this field. The same techniques enabled a thorough study on Golgi
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body dynamics and secretory vesicle formation in pollen tubes (chapter 6).
Chapter 7 describes the effects of the drug brefeldin A on pollen tube
growth and cytoplasmic organization. The central aim of this chapter was to
investigate the usefullness of brefeldin A in studying the mechanisms of tube
growth. As mentioned earlier, tube growth requires a well organized
cytoskeleton. The main elements of this, the actin filaments and microtubules, have been intensively studied (Derksen et al. 1990, Heath 1990). Much
less is known about the proteins attached to the filamentous parts of the
cytoskeleton. Chapter 8 reports on the presence and localization of microtubule-associated tau-like proteins in plant cells including pollen tube subprotoplasts.
The main results of this thesis are summarized in English in chapter 9 and in
Dutch in chapter 10.
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CHAPTER 2
ACTIN FILAMENTS IN REGENERATING
AND OUTGROWING SUBPROTOPLASTS
FROM TOBACCO POLLEN TUBES
A.L.M. Rutten and J. Derksen

Pianta (1990) 180: 471-479

ACTIN FILAMENTS IN REGENERATING
AND OUTGROWING SUBPROTOPLASTS
FROM TOBACCO POLLEN TUBES

Summary
The dynamics of actin filament organization in pollen tube subprotoplasts of Nicotiana tabacum L. cv. Samsun during regeneration and
outgrowth was examined using phalloidin probesin a non-fixation method. A
succession of actin arrays wasexamined during subprotoplast regeneration
that strongly resembled the actin dynamics described for developing microspores by Van Lammeren and coworkers (1989, Planta 178, 531-539)
and activated pollen by Tiwari and Polito (1988, Protoplasma 147, 5-15). At
the end of the succession the actin filaments often became extended between
two opposite polar foci. The ordering of the cortical actin filaments reflected
a polarity in the subprotoplasts which determined the plane of outgrowth.
The site of outgrowth was often marked by a ring of actin filaments. As
growth proceeded and tube-like structures were formed, the arrangement of
cortical actin filaments was found to be transverse to the elongation axis.
Since the patterns of actin distribution were identical in both caryoplasts and
cytoplasts, it was concluded that the pollen tube cytoplasm has the intrinsic
capacity of reorganizing actin filaments and imposing polarity on the spherical subprotoplasts.
Key words: Actin, Nicotiana, Pollen tube, Protoplast regeneration.
Introduction
Several plant cell types expand by means of tip growth, and it has become
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apparent that there may be a number of mechanisms involved in maintaining
the direction and diameter of outgrowths (Schnepf 1986, Steer and Steer
1989). The process of tip growth requires that materials for growth are
transported with some precision. Both microtubules and actin microfilaments
are thought to be involved in transport and guidance of cell wall materials
(Herth et al. 1972, Lloyd 1984, Schnepf 1986, Steer and Steer 1989).
The differences between pollen tubes and other plant cells include the lack of
vacuolization in the apex of the tube, and a distinct zonation of organelles
behind the tip (Cresti et al. 1977, Steer and Steer 1989). Studies in which
drugs were supplied to pollen tubes of various plant species have revealed
that elimination of microtubules with colchicine has some effect on pollen
tube growth and shape (Derksen and Traas 1984, Heslop-Harrison et al.
1988), but it does not arrest cytoplasmic streaming (Franke et al. 1972,
Heslop-Harrison et al 1988). On the other hand, treatment of pollen tubes
with cytochalasins, which are known to affect actin filament organization,
markedly inhibits cytoplasmic streaming and tube elongation (Franke et al.
1972, Picton and Steer 1981,Derksen and Traas 1984). It therefore seems
clear that actin filaments play an important role in pollen tube growth,
whereas the role of the microtubules in this process remains largely unknown.
The preparation of subprotoplasts from pollen tubes treated with cell wall
degrading enzymes has been reported previously by Power (1973) and
Parguey and coworkers (1982). Pollen tube subprotoplasts always include
both karyoplasts and cytoplasts. Since yields are usually low and most
subprotoplasts are anucleate, they were assumed to be unsuitable for culturing, and were therefore not studied further. Recently, however, Kroh and
Knuiman (1988) showed that after isolation these subprotoplasts form cell
walls and eventually extensive outgrowths are produced, which to some
extent resemble tip growth of pollen tubes. Moreover, they noticed that
neither cell wall formation nor outgrowth depended on the presence of a
generative cell or vegetative nucleus within the subprotoplast.
In protoplasts of somatic plant cells, cell wall deposition and cell shape
changes are often preceeded by a reorganization of the cytoskeleton (Galway
and Hardham 1988, Kobayashi et al. 1988, Hasezawa et al. 1989). The
objective of this study was to investigate the behaviour of the actin cytoskeleton in the pollen tube subprotoplasts during incubation in suspension and
subsequent outgrowth. Our results revealed a sequence in the spatial
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organization of actin filaments during the regeneration and outgrowth of
pollen tube subprotoplasts of Nicotiana tabacum , which is independent of
the presence of a vegetative nucleus and/or generative cell.

Material and methods
Plant material
Pollen from Nicotiana tabacum L. cv. Samsun (clone 5) was obtained from
plants grown under green house conditions. Pollen was collected and stored
at -20°C until used. For germination in-vitro pollen was suspended in a
medium consisting of 10% (w/v) sucrose, 0.01% (w/v) boric acid, and
5
5.10' M CaCl2, and incubated on a shaker for 90 min. at 28° C.
Preparation of subprotoplasts
Preparation and isolation of pollen tube subprotoplasts occurred essentially
as described by Kroh and Knuiman (1988). To obtain subprotoplasts, pollen
tubes were centrifuged at 600 rpm for 2 min. and the pellet resuspended in
W5 medium containing 154 ιτιΜ NaCl, 125 niM CaCl2, 5 mM KCl, and 5
mM glucose (Siderow et al. 1981) to which was added 2% (w/v) cellulase
(Onozuka R-IO, Serva,
Heidelberg) and 1% (w/v) macerozyme (R-10,
Serva, Heidelberg). Most pollen tubes released one or more subprotoplasts
during this incubation. After 1 h the cell suspension was centrifuged (600
rpm, 2 min.). The enzyme was removed and the pellet washed twice with
W5 medium. In order to allow the subprotoplasts to recover they were kept
in suspension with the pollen tubes in W5 medium in the dark at room
temperature (Kroh and Knuiman 1988).
Isolation of subprotoplasts
Subprotoplasts were isolated after 1, 6 and 16 h of recovery respectively.
The crude preparation consisting of subprotoplasts and debris was passed
through a 31.5 μπ\ nylon filter which retained pollen tubes and most of the
ungerminated pollen grains. The remaining mixture of subprotoplasts and
small debris was then centrifuged to precipitate subprotoplasts while debris
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continued to float. Subprotoplasts that had recovered for 16 h could also be
separated from the pollen tubes by centrifugation in a discontinuous sucrose
gradient (20/40/60% in W5 medium) centrifugation (600 rpm, 10 min.). As
most subprotoplasts remained in the 20% sucrose layer or at the interface of
the 20/40% sucrose, these fractions were collected and washed twice with
W5. For outgrowth the isolated subprotoplasts were suspended in W5
medium and either kept in the dark at room temperature or on a shaker at
28°C.
Fluorescence microscopy
Cell wall material was
detected with Calcofluor White ST (American
Cyanamid Co.). It was applied directly to subprotoplasts in suspension.
Actin filaments were stained with rhodamine-labeled phalloidin (a gift from
prof. T. Wieland, Heidelberg) or TRITC-labeled phalloidin (Sigma Chemi
cal Co., St. Louis, MO, USA). We used the extraction method described by
Hussey et al. (1987). A small sample of the cell suspension was mixed with
6
an approximately equal amount of extraction buffer containing 10~M labeled
phalloidin, 50 mM PIPES buffer, 10% (w/v) DMSO, 10 mM EGTA, 5
mM MgS0 4 , 0.4 M mannitol, and 0.05% (w/v) Tween or NP-40, pH 6.9.
To reduce fading during microscopical examination 5% (w/v) citifluor
(Scientific Ltd.) was added to the extraction buffer. Nuclei were stained with
the DNA-specific dye diamidino-phenyl-indol (DAPI, Sigma Chemical Co.)
at a con-centration of 10 μg/ml. Stained cells were mounted and examined
immediately in a Leitz Orthoplan Vario Orthomat combination equipped for
immunofluorescence. Micrographs were made on Agfapan ASA 400 profes
sional film and on Kodak T-max ASA 400 professional film.

Results
Subprotoplast preparation and outgrowth
Within seconds after the onset of enzyme incubation, spherical subproto
plasts emerged from the pollen tube tip (Fig. 1). On avarage 20-40% of
these subprotoplasts were karyoplasts. Due to the variation occurring within
populations of subprotoplasts it appeared necessary to study populations in
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Fig. 1. Subprotoplast emerging from the tip of a tobacco pollen tube incubated in cell-wall
degrading medium. x300; bar = 20 μηι
Fig. 2. Numerous vacuoles are present in recovering subprotoplasts 16 h after removal from
cell-wall-degrading medium. Cytoplasmic strands (arrowheads) radiate from a central body.
χ 1,000; bar = 10 μηι
Fig. 3a,b. Calcofluor White staining of a subprotoplast (b) containing a large vacuole (v) 10
min after isolation reveals that staining is absent from the site of the vacuole, (a): control
without Calcofluor White staining, χ 1,000; bar = 10 μηι
Fig. 4a-c. Outgrowth of subprotoplasts starting from the formation of a bud (a). As growth
proceeds the outgrowth becomes tubular (b,c) and the cytoplasm spreads into thin threads
(arrowheads). A ring of cytoplasmic threads is often present just beneath the apex of the
growing subprotoplast (arrow in c). x2,000 (a,b), χ 1,000 (с); bar = 5 μηι
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order to distinguish the trends in regeneration and outgrowth.
The time course of subprotoplast recovery is expressed starting from the
addition of the first enzyme free washing solution to the cell suspension.
Subprotoplasts showed active cytoplasmic streaming during recovery. Often
the cytoplasm seemed to move along well defined cortical pathways, often
displaying a pattern of co-aligned strands rotating round an imaginary cell
axis, or radiating from one or more spots in the cortex (Fig. 2).
Subprotoplasts remained Calcofluor White negative even after 16 h
recovery. Subprotoplasts isolated after 1, 6, or 16 h of recovery all became
Calcofluor White positive within 10 min., revealing the deposition of a
cell wall. At the same time vacuoles appeared which were usually concentrated in one particular region of the subprotoplasts. Cell wall deposition
did not occur uniformly over the surface of the subprotoplast. At the site
where vacuoles were present, clearly less cell wall material was deposited
(Fig.3a,b). At these sites outgrowth took place later on.
Outgrowth was examined on subprotoplasts which had recovered for 16 h in
suspension before isolation (see also Kroh and Knuiman 1988). Approximately 5% of the subprotoplasts started outgrowth by elongation but in most
cases outgrowth began with the emergence of a bud-like structure consisting of a large vacuole surrounded by a thin sheat of cytoplasm (Fig. 4a).
A ring of vigorously streaming cytoplasm marked the bases of these buds
and was also present just beneath the extreme tip of most actively growing
subprotoplasts during the further stages of outgrowth (Fig. 4c). Growth
proceeded either by elongation or repeated budding (Fig.4a, b). Large
vacuoles accounted for the enormous volume increase. The cytoplasmic
content either became fractionated or spread into thin threads (Fig. 4b,c).
Actin distribution in recovering subprotoplasts
Protoplast formation caused the disturbance of the originally net axially
F-actin arrays in the pollen tubes. Disorganized and fragmented actin
filaments were dispersed throughout the cytoplasm immediately after
enzyme treatment. Sometimes only granular patterns of fluorescence were
visible (Fig. 5).
The lack of synchronism among the recovering subprotoplasts led to a
mixture of cells at different stages of regeneration in any given preparation,
especially in the samples taken after 6 and 16 hours. Therefore, although the
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trends are clear, it is not certain whether all actin arrays in all recovering
subprotoplasts pass through exactly the same sequence of changes.
After 1 h of recovery the actin became organized into a complex network of
randomly oriented actin filaments spread throughout the cytoplasm (Fig.
6a). Sometimes a distinct population of cortical actin filaments was present
as well. These latter filaments consisted predominantly of parallel arrays that
were circumferentially aligned (Fig. 6b,c). In a few cases, the cortical
filaments were directed towards particular sites in the cell cortex (Fig. 6d).
After 6 h recovery, randomly orientated cytoplasmic filaments were visible
in every subprotoplast, but in comparison with subprotoplasts isolated after 1
h in suspension, their abundancy had slightly declined. A population of
ordered, cortical actin filaments was present in most subprotoplasts of this
preparation. The parallel arrays of filaments were evenly distributed in the
cortex, but sometimes bundles were formed (Fig. 7a), and occasionally the
filaments are clearly directed towards one or several distinct points (Fig.
7b). After prolonged recovery the number of cytoplasmic filaments decreased whereas the number of cortical filaments increased. Cortical actin
filaments in subprotoplasts after 16 h of recovery were organized into
various patterns including bundles (Fig. 8a,b). The most common type of
actin organization at this time were highly symmetric arrays of filaments
extending between two opposite cortical foci (Fig. 8c,d).
An average of 30% of all pollen tube subprotoplasts were karyoplasts. Although in 16 separate experiments more than 100 samples of regenerating
subprotoplasts were examined, there never was any relation between the
presence of a vegetative nucleus and/or generative cell and the distribution
and organization of actin microfilaments. In subprotoplasts containing a
generative cell this cell was always surrounded by actin filaments running
parallel to the generative cell axis (Fig. 9a,c). Since these filaments were
continuous with the cortical filaments (Fig. 9a,b), they cannot be considered
to represent a karyoplast specific network. An association between the
vegetative nucleus and actin filaments was never observed.
Actin distribution during outgrowth
At the onset of elongation a band of circular actin filaments appeared transverse to the axis of elongation (Fig. 10a). The individual foci sometimes
remained visible as two discrete points of actin accumulation aligned diagon-
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remained visible as two discrete points of actin accumulation aligned diagon
ally across the band of actin filaments. At a further stage, as the subprotoplasts became tubular, the actin foci disappeared (Fig. 10b). Transversal
actin filaments occupied almost the full length of the outgrowth (Fig. 10b).
The apices of growing subprotoplasts remained almost devoid of filamentous
actin; only a few filaments, diverging from the circular array, passed across
the rounded ends (Fig. 10a).
In bud-growing subprotoplasts the base of the bud was often marked by a
ring of cortical filaments (Fig. 11a). The actin foci gradually disappeared as
growth continued (see Fig. lla-c). Most of the length of the outgrowth was
occupied by circumferential actin filaments which were oriented perpendicu
larly to the axis of elongation (Fig.lie,d). Remarkably, only a few fila
ments were visible in the extreme tips of the growing subprotoplasts,
whereas just below the almost filament-free tip, a small zone in which the
actin were more concentrated than in other areas was frequently present
(Fig. llb.d).
In both types of outgrowths the cortical actin foci were indicators of the
growth direction, since the two foci lay always on an axis perpendicular to
the plane of outgrowth. Concomitant with subprotoplast growth, the cyto
plasm became spread into thin threads transversing the vacuole of the
outgrowth Fig. 4C). Actin distribution coincided with the distribution of the
cytoplasmic strands. In these cytoplasmic strands the actin mainly comprised
of very thin filaments (data not shown).
In a very small number of subprotoplasts we noticed that the cortical netFig. 5. Rhodamine-phalloidin staining soon after the formation ot subprotoplasts shows
granular actin labelling randomly distributed throughout the cytoplasm. x850; bar = 10 μπι
Fig. 6a-d. Rhodamine-phalloidin-stained subprotoplasts 1 h after removal from cell wall
degrading medium. Cytoplasmic networks of randomly oriented actin filaments (a) and
ordered cortical arrays (b-d) are present, cortical filaments may be aligned parallel to each
other(b,c) around an imagi nay cell axis (asterix ш c). Sometimes the cortical filaments are
directed towards certain regions (d). χ 1,500 (а,с), χ 1,000 (b,d); bar = 5 μιτι
Fig. 7a,b. Cortical actin filaments in subprotoplasts after 6 h of recovery often form bundles
(a). Occosionally the filaments are directed towards discrete spots (arrow in b) χ 1,000; bar
= 5 μπι
Fig. 8a-d. A mixture or actin distribution patterns is present after 16 h recovery. (a,b) show
three interconnected bundles ot actm filaments; (c,d) show filaments extending between two
opposite cortical foci (arrows), χ 1,200 (a,h), χ 1,000 (c,d); bar = 5 μπι
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work of actin filaments was disrupted by
either straight or Y-shaped (Fig. 12a,b).

sharp-edged clefts, which were

Discussion
Some major differences in morphology and growth characteristics become
apparent when the growth of pollen tube subprotoplasts is compared with
the growth of pollen tubes. While in the pollen tubes the cytoplasm accumu
lates in the tip region with vacuoles extending into the tubular part behind
it, in subprotoplasts the situation is almost reversed. Here, the main bulk of
the cytoplasm is located at some distance behind the extreme tip which is
largely composed of a vacuole (see Fig. 4c). An even more striking contrast
between pollen tubes and their subprotoplasts is the difference in calcium
1
tolerance. Whereas optimum levels for pollen tubes are about ΙΟ" M (see
Steer and Steer 1989 for review) , pollen tube subprotoplasts are relatively
indifferent to calcium levels and even form outgrowths in a medium contai
ning 125 mM calcium. The fact that subprotoplasts maintain growth at
calcium levels far above those that will completely inhibit pollen tube growth
may be an indication of failure to take up calcium, due to the disappearance
Fig. 9a-c. Rhodamine-phalloidin (a,b) and DAPI-mduced (c) fluorescence images reveal the
spatial proximity of a bundle of cytoplasmic actin filaments (b) to the spindle-shaped
generative nucleus (gn). Note that the cytoplasmic filaments are continuous with the cortical
filaments (arrows in b). χ 1,200; bar = 5 μπι
Fig. 10-11. Ordering of cortical filaments during outgrowth. Fig. 10. Subprotoplast
elongation starts with the formation ot a band of transverse actin filaments (a). The cortical
foci are visible as two points of converging actin filaments aligned diagonally across the
actin band (arrows in a). Only a tew filaments are visble in the apices. The actin foci
disappear during further elongation (b). χ 1,000 (a), χ 1,200 (b); bar = 5 μτη. Fig. 11.
When subprotoplasts starts by bud formation, a ring of actin filaments is present at the base
of the bud (arrows in a). Budding takes place in a plane perpendicular to the axis of the two
actin foci (a,b). Transverse actin filaments occupy almost the full length of the outgrowth,
except for the apices (b,d) beneath which the filaments are more concentrated than in other
areas (arrows). The actin foci gradually disappear during outgrowth, χ 1,000 (a,b), x800
(c,d); bar = 5 /im
Fig. 12a,b. Subprotoplasts 2 h after isolation, (a): The cortical lattice ot actin filaments is
disrupted by a sharp-edged groove, (b). Two Y-shaped areas devoid of actin filaments can
be discerned in the loose actin network ot an outgrowing subprotoplast, χ 1,000 (a), x800
(b); bar = 5 μιπ
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of calcium channels for example, and/or a lack in wall material whose
rigidity prevents growth at high calcium concentrations (Schnepf 1986, Steer
and Steer 1989).
Distribution of actin filaments in recovering subprotoplasts
The actin filaments in freshly prepared
subprotoplasts were severely
disorganized (Fig. 5). But after replacement of the wall degrading medium,
an ordered actin skeleton rapidly appeared, consisting of a cytoplasmic
network of randomly orientated filaments, and a cortical network of parallel-aligned actin filaments, forming a peripheral cage (see Fig. 13).
As reorganization of actin filaments occurred in both karyoplasts and cytoplasts, the complex ordering of the actin filaments obviously arises by self
organization, and does not depend on the presence of a nucleus. Cytoskeletal self organization in absence of a nucleus has been reported for cytoplasmic fragments of teleost melanophores by McNiven and coworkers (1984),
for mouse fibroblast by Gel fand et al. (1985), and for cytoplasts from
Haemanthus by Bajer and Mole-Bajer (1986). However, despite these
observations little is known about the mechanisms of cytoskeletal self
organization.
The sequence of organization reveals the dynamic character of the actin
skeleton, which bears resemblence to the actin organization in certain stages
of pollen development. Circumferential actin arrays evenly distributed over
the cell cortex have also been observed in microspores of Gasteria (Van
Lammeren et al. 1989), and in activated pollen of Pyrus (Tiwari and Polito
1988). Actin filaments concentrated into one or sometimes three bundles
(Figs. 7a, 8a, 8b) bear resemblence to the bundles seen by Tiwari and
Polito (1988), and filaments converging into one or several spots in the
cortical cytoplasm (Figs. 7b, 8c, 8d), have also been noticed in pollen grains
of Gasteria (Van lammeren et al. 1989), and Liìium (Pierson, personal
Communications). Thus, the sequence in actin organization seen in subprotoplasts, seems to reflect the endogenous developmental program of the pollen.
The actin organizations reflected the various streaming patterns of the
cortical cytoplasm, indicating a role in plasma movement (Staiger and
Schliwa 1987).
The location of the actin filaments in the cortical cytoplasm of the subprotoplasts suggests a relation with the plasma membrane. Until now, biochemical
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Fig. 13. Schematic diagram of the changes in the distribution of cortical actin during the
recovery and outgrowth of pollen tube suhprotoplasts. At the beginning of recovery (T = 0)
subprotoplasts reveal a severely disordered actin cytoskeleton. Within 1 h, actin filaments
become organized into circumferentially aligned arrays. After prolonged recovery (T = 16
h) the filaments either converge into foci (a), or form bundles (b). Subprotoplasts grow
either by buding (a), or by elongation (b), in both cases actin filaments are ordered
perpendicular to the growth axis.
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information on plasma membrane-cytoskeleton interactions in plant cells is
scarce. However, since also spectrin and ankyrin appear to be present in
plant cells (Wang and Yan 1988), it is very likely that an interaction between actin and the cell membrane, similar to that already demonstrated in
animal cells (see Niggli and Burger 1988 for review), also exists in plant
cells.
The membrane associated cytoskeleton is involved in a wide range of
functions in the cell, ranging from endo/exocytosis to the movements of
organelles, the positioning of the nucleus, and maintaining cell shape
(Schnepf 1986, Staiger and Schliwa 1987, Bershadsky and Vasiliev 1988).
An association of actin filaments and nuclei has been demonstrated in
various plant cell types (Derksen et al. 1986, Staiger and Schliwa 1987,
Traas et al. 1987), including pollen (Tiwari and Polito 1988). The latter
reported a close interaction between actin filaments and vegetative nuclei,
but not with the generative cell in pollen of Pyrus. In pollen of Gasteria
(Van Lammeren et al. 1989), and pollen tubes of Lilium (Pierson pers.
commun.) actin filaments were observed interacting with both the vegetative
nucleus and generative cell. The actin filaments associated with the generative cell in subprotoplasts were continuous with the cortical actin arrays of
the pollen tube subprotoplasts. This indicates that the plasma-lemma of the
vegetative cell, which encloses the generative cell, probably contains actin
binding sites, maybe myosin as recently shown by Tang et al. (1988). We
never observed an interaction between actin filaments and the vegetative
nucleus.
Actin distribution during subprotoplast outgrowth
Outgrowth always occured in a direction perpendicular to the axis of the two
opposite actin foci. The first clear sign of subprotoplast outgrowth was the
formation of a distinct actin ring marking the base of the bud. This characteristic actin configuration clearly differs from that in germinating pollen
where actin filaments converge to the germination site itself (Heslop-Harrison et al. 1986, Tiwari and Polito 1988, Pierson, personal communication).
To our knowledge the presence of actin rings marking sites of outgrowth has
not been described before in plant cells. However, in the cell cycle of the
yeasts Saccharomyces and Candida rings of actin dots were found to cluster
about the bases of buds and at the future sites of budding (Kilmartin and
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Adams 1984, Anderson and Soll 1986). The actin filaments in pollen tubes
are organized into bundles that run parallel to the axis of elongation (Perdue
and Parthasarathy 1985) and form a network of fine bundles or single
filaments in the extreme tip (Pierson et al. 1986, Lancelle et al. 1987). The
filaments in the growing pollen tube subprotoplasts, however, have an
orientation perpendicular to the direction of growth, and are almost absent in
the apex. Comparing the differences in growth characteristics and actin organization between pollen tubes and pollen tube subprotoplasts, it seems that
the preparation of subprotoplasts has affected the growth regulating mechanisms.
Intriguing are also the observations of pollen tube subprotoplasts containing
a cortical array of actin filaments disrupted by straight or Y-shaped, sharp-edged clefts. If this actin distribution reflects the pattern of cell wall deposition, then these clefts could be the sites of colpae-like gaps. We therefore
would expect this actin distribution to be present in developing microspores,
but to our knowledge such actin organizations have not yet been found in
developing microspores (Sheldon and Hawes 1988, Van Lammeren et al.
1989).
In conclusion: from the differences in growth characteristics and actin
organization between supprotoplasts and pollen tubes, it is obvious that the
preparation of subprotoplasts has affected the growth regulating system. The
organization of the actin filaments reflects a polarity in the subprotoplasts
which determines the plane of outgrowth. The presence of a generative cell
and/or vegetative nucleus has no influence on the distribution of the actin
filaments, nor on the mode of subprotoplast outgrowth. The cytoplasm of
pollen tube subprotoplasts has the intrinsic capacity of reorganizing the actin
skeleton into a succession of cortical arrays, resembling the patterns of actin
distribution normally seen in developing microspores and activated pollen.
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CHAPTER 3
MICROTUBULES IN POLLEN TUBE
SUBPROTOPLASTS
A.L.M. Rutten and J. Derksen
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MICROTUBULES IN POLLEN TUBE SUBPROTOPLASTS

Summary
Microtubules in Nicotiana tabacum pollen tube subprotoplasts reassembled in
wave-like to concentric cortical arrays. Cross-links between microtubules
were either 15 or 80 nm in length. Cortical actin filaments showed different
distributions; no colocalization like that in pollen tubes was observed.
Degradation of actin filaments by cytochalasin D had no influence on
microtubule organization. Degradation of microtubules and/or actin filaments
did not affect outgrowth of the subprotoplasts. Organization of the microtubules occurred independent of the presence of the generative cell and/or the
vegetative nucleus. No relation of actin filament and microtubule organization with organelle distribution could be detected.
Key words: Actin filaments - Microtubules - Nicotiana tabacum Pollen tube - Protoplast

Introduction
Pollen tubes, like all tip-growing cells, show a distinct organization of the
cytoplasm (Steer and Steer 1989). Organization of the cytoplasm and maintenance of tip growth are thought to depend on the cytoskeleton, i.e. actin
filaments (AFs) and microtubules (MTs) (Steer 1990, Derksen and Emons
1990). Both cytoskeletal elements have a predominantly axial orientation in
the pollen tube, and often they even co-localize (Derksen et al. 1990,
Lancelle et al. 1987). Actin accumulates in the growing tip, and is probably
involved in the control of growth (Steer and Steer 1989, Steer 1990).
Microtubules may also be present in the pollen tube tip (Derksen et al. 1985,
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Derksen unpublished results).
When treated with cell wall degrading enzymes, pollen tubes will release
subprotoplasts (SPPs), which remain vital for relatively long periods (at least
36 h). Most SPPs are anucleate cytoplasts, but some contain the vegetative
nucleus and/or the generative cell of the pollen tube (Kroh and Knuiman
1988, Rutten and Derksen 1990). Subprotoplasts develop highly organized
patterns of mainly cortical actin filaments, similar to those seen during
pollen development (Tiwari and Polito 1988). Their occurrence is indepen
dent of the presence of a nucleus (Rutten and Derksen 1990).
Pollen tube SPPs may form tube-like outgrowths which differ from the
pollen tubes in that they grow with the vacuole at the budding, proximal
side, leaving the plasma at the non-growing, distal side. The outgrowths
always occur transverse to the orientation of the AFs, and not in the directi
on of the filaments. In the present paper the organization of the AFs is
compared to that of the MTs. Their possible role in the organization of the
cytoplasm and the control of growth was studied by means of colchicine and
cytochalasin treatments.

Materials and methods
Preparation of subprotoplasts
Preparation and isolation of pollen tube SPPs occurred as described earlier
(Rutten and Derksen, 1990). Pollen of Nicotiana tabacum cv. Samsun was
germinated in a medium containing 10% (w/v) sucrose, 0.01% (w/v) boric
acid, and 5.10"5M CaCl2. After 90 min incubation on a shaker at 28°C the
pollen tubes were centrifuged and resuspended in a cell wall degrading
medium composed of 1% (w/v) macerozyme (R-10, Serva, Heidelberg,
FRG) and 2% (w/v) cellulase (Onozuka R-10, Serva) in W5 medium
consisting of 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, and 5 mM
glucose. Enzyme incubation was stopped after 1 h by centrifugation (600
rpm, 2 min) of the cell suspension. The resulting pellet was washed twice
with W5 medium, and then kept overnight in the dark at room temperature
in W5 medium in order to allow the SPPs to recover. The substitution of the
enzyme solution by W5 medium was taken as the start of the recovery
period. After recovery, SPPs were isolated by filtering through a 31.5 μΐη
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nylon filter. The filtrate containing the SPPs was centrifugea (600 rpm, 2
min) to precipitate the SPPs. Isolated SPPs were resuspended in fresh W5
medium and incubated at 28 °C on a shaker at 80 rpm.
Fixation and preparation for immunofluorescence
Pollen tubes were fixed and labeled as described by Derksen and Traas
(1984). For immunofluorescence, pollen tube SPPs were used after 0, 1,6,
and 16 h of recovery and lh after isolation. The SPPs were fixed for 1 h
in 3% paraformaldehyde in MT-stabilizing buffer containing 50 mM piperazine-N,N'-bis [2-ethane-sulfonic acid] (PIPES) buffer, 10 mM ethylene
glycol bis (2-amino ethylether)-N,N,N',N'-tetraacetic acid (EGTA), and 5
mM MgS04, pH 6.8. Fixed cells were attached to poly-L-lysine coated glass
cover slips. The first antibody added was a monoclonal anti-tubulin (MAS
077, Sera Lab Ltd., Crawley Down, UK); the second a fluorescein isothiocyanate (FITC) labeled anti-rat IgG from rabbit (Nordic B.V., Tilburg, the
Netherlands). SPPs which had recovered for 16 h were also stained for AF,
using tetramethyl rhodamine В isothiocyanate (TRITC) labeled phalloidin
(Sigma Chemical Company, St. Louis, USA) using the method described by
Traas et al. (1987). Nuclei were stained with the DNA-specific dye 4',6-diamidino-2-phenylindole (DAPI, Serva). Cell wall material was detected with
Calcofluor White ST (American Cyanamid Co, Wayne, New Jersey, USA.)
in a final concentration of 0.01% (w/v). Preparations were embedded in
citifluor (Agar Scientific Ltd., Cambridge, U.K.) and examined in a Leitz
Vario Orthomat Combination ( Leitz , Wetzlar, FRG) equipped for immuno
fluorescence or in a Bio Rad MRC-500 confocal scanning laser microscope
(Bio Rad, Microscience Div., Watford, England). Micrographs were made
on Agfapan ASA 100 and Agfapan ASA 400 professional film.
Fixation and preparation for electron microscopy
Subprotoplasts 1 h after isolation were fixed for 1 h in 0.5% (w/v) glutaraldehyde in 50 mM PIPES, 10 mM EGTA, 5 mM MgS04, pH 6.8, and rinsed
in PIPES buffer. For dry cleaving, SPPs were rinsed in bidest and attached
to poly-L-lysine coated grids. The attached cells were postfixed in 0.5%
(w/v) Os04 for 30 min, stained in 1% (w/v) aqueous uranyl-acetate for 30
min, dehydrated in an ethanol series and critical point dried. Cells were
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cleft by gently scraping the grids over filtering paper. For sectioning,
glutaraldehyde fixed cells were postfixed for 30 min in 0.5% (w/v) Os04,
dehydrated in an ethanol series and embedded in Spurr (Spun-, 1969).
Sections (70 nm) were made on a Sorval Mt 5000 ultramicrotome (Sorval
Inc., Norwalk, USA), collected on formvar coated grids, stained with
uranyl-acetate and lead citrate, and examined in a Jeol electron microscope
(Jeol Ltd., Tokyo, Japan) at 60 kV.

Results
Subprotoplast preparation and outgrowth
SPPs quickly emerged from pollen tube tips incubated in enzyme medium.
The emerging SPPs were spherical and contained no vacuoles. On average,
30% of all SPPs were karyoplasts, con-taining a vegetative nucleus and/or a
generative cell. During recovery the SPPs did not regenerate a cell wall and
remained spherical, although vacuoles gradually appeared (results not
shown). Within 10 min after isolation, however, small C.W. positive spots
appeared on the surface of the SPPs, indicating the presence of cell wall
material (results not shown). Within 1 h after isolation all SPPs were
enclosed by a cell wall. Outgrowth of SPPs, caused by an increasing volume
of the vacuoles and resulting in tube-like structures (see Kroh and Knuiman
1988), did not occur until after the regeneration of this cell wall.
Actin organization
The AFs in the SPPs were as described previously (Rutten and Derksen
1990); they were arranged in bundles, mostly showing a polar organization
with opposite cortical foci (Fig. 1).
MT organization
The MT organization in pollen tubes was as described earlier (Pierson et al.
1986). SPPs stained for MTs directly after their release from the pollen tube
tip showed severely disordered MTs. Some SPPs contained short fragments
of MTs dispersed throughout the cytoplasm, but often only patches of
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fluorescence were visible (Fig. 2a). The MT array of the generative cell,
however, remained unaffected (compare Fig. 2b and 2c).
After 1 h of recovery, most SPPs contained long cortical undulating MTs
(Figs 3a), which were occasionally limited to a single area of the cortex.
Non-cortical MTs were rarely observed at this stage. After 6 h of recovery,
long undulating and more or less concentrically arranged cortical MTs were
present (Fig. 3b). The cortical MTs were frequently restricted to a relative
ly small part of the cortical cytoplasm. Both light microscopical and electron
microscopical investigations failed to reveal cytoplasmic structures, including
AF, corresponding with this MT configuration. Non-cortical MTs remai
ned scarce and, if present at all, they showed no distinct pattern.
Following the 6h period of recovery, no further gross changes in MT
patterns were observed (Fig. 3c). However, after 16 h of recovery the
cortical MT arrays were usually confined to a single relatively small domain
of the cortical cytoplasm. In vacuolized SPPs this domain coincided with
the site where the bulk of the cytoplasmic content was concentrated (Fig.
3d). The MT pattern was identical in both karyoplasts and cytoplasts.
Non-cortical MTs were regularly present, but a well defined organization
was lacking.
The MT organization observed in dry cleave preparations was identical to
That seen in L.M. preparations, showing undulating and concentric arrays
Fig. 1. AFs in a 16 h recovered subprotoplast; AFs are mainly cortical and connect with
opposite cortical foci (arrow), χ 1,200, bar = 5 μ\τ\.
Fig. 2a-C. MTs in freshly released subprotoplasts; Patches or fluorescence are visible
dispersed throughout the cytoplasm (a); the MT skeleton of the generative cell (gc) seems
unaffected by the isolation procedures: (h) generative cell within a pollen tube; (c)
generative cell within a SPP. χ 1,200 (a), x2,000 (b,c); bar = 5 /¿m.
Fig. 3a-d. Microtubule reassembly, (a) 1 h after recovery: MT reassembly has started at the
plasmalemma, the cortical MTs are undulating, (b) Cortical MTs in a SPP after 6 h
recovery begin to cluster in a relatively small area of the cortex, (c) MTs in a 16 h
recovered SPP are organized into extensive concentric arrays, (d) in a heavily vacuolized
SPP the cortical MTs colocalize with the site where the cytoplasm is concentrated, χ 1,500
(a-c), χ 1,200 (d); bar = 5 μνα.
Fig. 4a-c. Dry cleave preparations of 16 h recovered subproto-plasts. The organization of
the undulating cortical MTs in (a) resembles the MT organizations observed in light
microscopical preparations (e.g. Fig. 3c). At higher magnifications the presence of two MT
crosslinks, of different sizes, becomes apparent. Crosslinks in (b, arrows) link MTs over a
distance of ca. 15-20 nm; the crosslinks in (c, arrows) connect MTs over a distance of
nearly 80 nm. x9,000 (а), хбО.ООО (b ,c); bar = 1 μιη (a), 0.1 /tm (b, c).
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that seen in L.M. preparations, showing undulating and concentric arrays
(Fig. 4a). The EM observations indicated that the single strands seen in
immunofluorescence microscopy did represent single MTs. On avarage,
however, almost 50% of total MT-length appeared to be cross-linked. The
dry cleaved preparations showed the presence of two different sizes of
cross-bridges (Fig. 4b-c): short cross-bridges of 15.2 nm (S.D. 2.3, η =76),
and long linkages of 78.7 nm (S.D. 3.4 , n=296). Every dry cleaved prep
studied contained both types of linkages; the long cross-bridges being more
common than the short cross-bridges (80% versus 20% respectively).
MT organization in outgrowing SPPs
Spherical aggregations of non-cortical MTs appeared in about 20% of all
SPPs 1 h after isolation (Figs. 5a-h). Their diameter varied between 3 μπι
and 5 μπι. Individual MT strands connected the spherical networks to the
cortical MT array (Fig. 6). The spherical aggregations were only present in
karyoplasts containing the vegetative nucleus. However, we never observed
any MT nucleating sites at the nuclear surface. No conspicious structure,
like the nucleus or the AFs, corresponded with the localization of this
cytoplasmic MT network (Fig. 7a-b). There was no relationship between the
site of outgrowth and the location of the cortical MT network.
Effect of drug treatments
Both cytochalasin В and D caused the breakdown of the actin cytoskeleton
within 30 min (Fig. 8a), while the organization of the MTs remained
unaffected (Fig 8b). Colchicine treatment resulted in severe disorganization
of the MTs (Fig. 8c) but had no effect on the actin cytoskeleton (Fig. 8d).
Subprotoplast outgrowth, however, was not affected by either of the drugs
used, alone or in combination.

Discussion
The observations in the present study yielded the same results with respect to
SPP formation, outgrowth and AF organization as previously reported.
Like the AFs, the Mts arose at the plasma membrane. This apparently
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occurred by self-assembly, since this process was independent of the presen
ce of a nucleus and the nucleating sitesthat might be present on the nuclear
envelope (Wick and Duniec 1983, Clayton et al. 1985).
No correlation was found between MTs and organelle distribution. However,
MTs were almost exclusively seen at the site of the SPP where the bulk of
the cytoplasm was also present. Therefore, the MTs may be involved in the
establishment of this cytoplasmic domain, in a way similar to that seen in
Acetabularia (Menzel 1986). Morphology and MT pattern of the generative
cell persisted during the entire procedure (Figs. 2b-c). As discussed previ
ously (Derksen et al 1990, Derksen and Emons 1990), this stable MT
configuration may protect the generative cell against shearing forces in the
streaming cytoplasm of the pollen tube. The stability of the generative cells
in the SPPs may offer a means for large scale isolation.
The AF arrangements in the SPPs often resemble those in developing pollen
(Rutten and Derksen 1990). Furthermore, the polar arrangements in the
majority of the SPPs may be essentially the same as the axial arrangements
in pollen tubes (Pierson et al. 1986, Pierson 1990), since the SPPs lack a
wall that preserves the tube-form. In contrast to the patterns formed by the
AFs, the MT patterns did not show any resemblence to those in pollen tubes
(Derksen et al. 1985, Pierson et al. 1986). There was no correlation between
MT and AF filament distributions in the SPPs, and colocalization between
the two elements, such as occurs in pollen tubes (Derksen et al. 1990,
Lancelle et al. 1987) was never seen. Obviously, the complicated patterns of
Fig. 5a-h. Serial optical sections (0,5 /xm interval) by a CLSM of a SPP 1 h after isolation.
A spherical aggregation of cytoplasmic MTs (cym) lies immediately under the cortical MT
array (com), χ 1,500; bar = 5μπι.
Fig. 6. Individual MTs (arrows) connect the cytoplasmic MT aggregation with the cortical
network, χ 1,500, bar = 5μιτι
Fig. 7a-b. Thin section of a resin embedded SPP 1 h after isolation shows the presence of a
large vacuole and lipid droplets (a), however, no conspicious structure or organization of
arganelles is visible within the cytoplasm. Cortical MTs lie immediately under the plasma
membrane (b); note that the distance between two adjacent MTs is about 60 -80 nm. χ
2,000 (a), χ 40,000 (b), bars = 5 /¿m (a), 0.2 μπ\ (b).
Fig. 8a-d. Effect of drug treatment. After 1 h incubation with cytochalasin D the AFs are
disrupted (a), but the MT arrays are unaffected (b). Treatment with colchicine causes the
Jegradation of the MT cytoskeleton (c), but has no influence on the organization of the AFs
[d). x700 (a,c), xl,500 (b,d); bar = 10 /tm (a,c), 5Mm (b,d) .
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AFs arise independent of the microtubule patterns. The organization of the
MTs, however, could depend on ordered AFs, since depolarization of AFs
in pollen tubes results in wave-like patterns of MTs (Derksen and Traas
1984) which resemble those in SPPs. This indicates the presence of an
AF-MT interaction. No colocalization between AFs and MTs occurs in
SPPs, and degradation of one of the cytoskeletal elements in SPPs does not
affect the organization of the other element. Thus the factor mediating the
interaction between AFs and MTs may have been lost or modified in the
SPPs, perhaps as a result of phosphorylation of the cross-linking protein, as
was shown for MAP-2 (Nishida 1982, Yamauchi and Fujisawa 1988).
The two different cross-bridges found in the SPPs may represent phosphorylated (long) and dephosphorylated (short) forms of a tau-like protein (Hagestedtetal. 1989).
Subprotoplast outgrowth never occurred at the site of the AF foci (Rutten
and Derksen 1990). However, as both colchicine and cytochalasins, alone or
in combination, did not affect outgrowth, the only effect of the cytoskeleton
may be the exclusion of outgrowth at the site of the AF foci. The irregularities in SPP outgrowth are probably due to the absence of a rigid wall that in
pollen grains forces outgrowth to occur at the site of the AF foci (Tiwari
and Polito 1988, Steer 1990).
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CHAPTER 4
WALL REGENERATION AND OUTGROWTH
OF POLLEN TUBE SUBPROTOPLASTS
A.L.M. Rutten, M. Kroh and B. Knuiman

Acta Bot. Need. (Ì991) 40: 211-216

WALL REGENERATION AND GROWTH OF
POLLEN TUBE SUBPROTOPLASTS

Summary
Pollen tube subprotoplasts of Nicotiana tabacum L. regenerate a new cell
wall with a random texture and a relatively high content of ß 1-3 glucan
(callose). The subprotoplasts become vacuolized during culture, and both
plasma and wall deposition are limited to a single site of the subprotoplast.
After 8 h of culturing wall formation becomes restricted to a very small area
and a fiber-like structure evolves. Fiber formation seems to result from a
spontaneous clustering of multiple wall-synthesizing sites. These sites
probably give rise to the different strands seen in the fiber. Wall deposition
and fiber formation takes place independent of the presence of a nucleus or
microtubules and actin filaments. The typical outgrowth of pollen tube
subprotoplasts seem to result from an inability to direct turgor pressure.
Key words: Fiber formation, subprotoplasts, wall formation.

Introduction
Subprotoplasts (SPPs) from in vitro grown pollen tubes remain viable for
relatively long periods. They can regenerate a cell wall and may elongate
by a series of repeated bud-like extrusions, thus forming a variety of long
tube-like structures (Kroh and Knuiman 1988, Zhou 1989). The SPPs
quickly re-establish a microtubular and actin skeleton (Rutten and Dersen
1990, Rutten and Derksen 1992). Outgrowths occur on both karyoplasts and
cytoplasts and are independent of the presence of microtubules (MT) and/or
actin filaments (AF). After prolonged incubation (8 h or more) part of the
SPPs start to produce long extracellular fiber-like wall structures similar to
those observed in cultures of Nicotiana tabacum leaf epidermal protoplasts
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(Fannin and Shaw 1983). The present paper reports on the development and
ultrastructure of the wall and fibers of the SPPs. A model of SPP outgrowth
is presented.

Materials and methods
Pollen of Nicotiana tabacum L. cv Samsun was collected from undehisced
anthers just before flowering. Aliquots of 20 mg were incubated for 90 min
in 5 ml sucrose-borate medium (Kroh and Knuiman 1982) to initiate tube
growth. Pollen tube SPPs were prepared and isolated as described earlier
(Rutten and Derksen 1990). To allow the SPPs to recover from the prepara
tion shock, the time lapse between preparation and isolation was kept at 16
h. After isolation, the SPPs were resuspended in the high calcium W5
medium (CaCl2 125 mM, NaCl 154 mM, KCl 5 mM, glucose 5 mM;
Siderov et al. 1981) and incubated on a shaker (80 rpm) at 28 °C to stimula
te SPP outgrowth. Growing SPPs were studied using bright field or differen
tial interference contrast (D1C) microscopy.
Drug treatments
Cytochalsin D was purchased from Sigma (St. Louis, Mo., USA). A stock
solution of 50 mM was prepared in dimethylsolfoxide (DMSO) and stored at
-20°C. The drug was added either directly after SPP preparation or after SPP
isolation at a final concentration of 10"6, 10"\ or lO^M in suspension.
Colchicine (Sigma) was added either directly after SPP preparation or after
isolation at a final concentration of 10"3M (stock: 5.10'M in DMSO).
Fluorescence microscopy
The deposition of cellulosic wall material was monitored with calcofluor
white (CW) (American Cyanamid Co., Wayne, N.J., USA) at a final
concentration of 0.01%. Callose was detected with decolorized aniline blue
(Merck, Darmstadt, FRG). Actin filaments were stained with tetramethylrhodamine В isothiocyanate (TRITC)-labeled phalloidin (Sigma) using the
extraction method described by Traas and coworkers (1987) (see also Rutten
and Derksen 1990). For visualization of the microtubules, SPPs were fixed
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and processed as described by Rutten and Derksen (1992). Fixed SPPs
were attached to poly-L-lysine coated glass coverslips and incubated with a
monoclonal anti-tubulin (MAS 077b, Sera Lab Ltd., Crawley Down, UK)
for 60 min at 37°C. The second antibody added was a fluorescein isothiocyanate (FITC)-labeled anti-rat IgG from rabbit (Nordic B.V., Tilburg, the
Netherlands). Nuclei were stained with the DNA-specific dye 4',6-diamidino-2-phenylindole (DAPI, Serva). The Preparations were embedded in
citifluor (Agar Scientific Ltd., Cambridge, UK) and examined in a Leitz
Vario Orthomat Combination ( Leitz , Wetzlar, FRG) equipped for immu
nofluorescence. Birefringence of the cell wall was studied in a Leitz HM Pol
polarization microscope. Both untreated cell walls and walls from which the
matrix material had been extracted were used. Extraction was with hydro
gen peroxide/glacial acetic acid, H202/HAc, (1:1, v/v) for 4 h at 90°C.
Micrographs were made on Agfapan ASA 100 and ASA 400 professional
film.
Electron microscopy
For transmission electron microscopy (ТЕМ) SPPs were fixed in 3% (w/v)
glutaraldehyde in 50 mM piperazine-N,N'-bis [2-ethane-sulfonic acid]
(PIPES) buffer pH 6.8 for 1 h, postfixed for 1 h in 1% (w/v) aqueous Os04,
and stained in 0.5% aqueous uranyl acetate for 1 h. The specimens were
dehydrated in an ethanol series and embedded in epon. Ultrathin sections (70
tim) were made on a Sorvall MT 5000 microtome (Sorvall Inc., Norwalk,
USA). The sections were stained with Reynold's lead citrate (8 min). To
study the wall texture, H202/HAc extracted cell walls were placed on
formvar coated grids and shadowed with platinum at a 45° angle. The
specimens were examined in a Jeol 100 CX II electron microscope (Jeoi
Ltd., Tokyo, Japan).

Results
Isolation and growth of SPPs
Freshly prepared pollen tube SPPs were spherical without visible vacuoles.
Using CW staining we could not detect wall regeneration during SPP
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recovery. A new cell wall was formed within lh after isolation. The wall
material first appeared as small spots spread over the entire surface of the
SPP (Fig. la-b). Gradually a large vacuole appeared. The cytoplasm then
became concentrated at one site of the SPP, with the vacuole occupying the
remaining space. Hardly any cytoplasm was present between the vacuole and
the plasma membrane. The wall was very thick near the cytoplasm but very
thin or absent at the site of the vacuole (Fig. l e d ) . As the volume of the
vacuole increased further the cell wall was torn open and a bud-like protrusi
on was formed at the site of the vacuole (Fig. le,f).
The SPP growth consisted of a repeated series of small buddings and usually
resulted in tube-like structures (Fig. 2a). In about 20% of the growing SPPs
the plasma membrane detached from the cell wall and moved forward until
eventually a spherical SPP was located on top of an empty tube-like wall
(Fig. 2b). The process of plasma membrane withdrawal followed by deposi
tion of a new wall was repeated several times and sometimes piles of 20 or
more disc-shaped walls were formed (Fig. 2c. The walls reacted with AB
revealing the presence of callose. Cell walls extracted with H 2 0 2 /HAc
revealed a network of apparently randomly oriented cellulose microfibrils
(Fig. 3). After prolonged incubation (8 h or more) wall formation occurred
mainly in the center of the surface under which the cytoplasm was concen
trated. Ultimately, wall formation was completely limited to this site and
long fibers were formed (Fig. 4a-b). These fibers were up to 800 μ m long
and 1-8 μπ\ wide, but their diameter generally ranged between 3 and 4 μπι.
Fig. la-f. Wall deposition of pollen tube SPPs. Calcofluor white staining of a spherical SPP
without visible vacuoles shows cell wall deposition to occur randomly over the cell surface
(a,b). Wall material in a vacuolated SPP is present at the site of the cytoplasm but almost
absent at the site of the vacuole (c,d). At the onset of outgrowth the cell wall seems to be
ruptured by the expanding vacuole (e,f)· a,c,e without, b,d,f with calcofluor white, χ 1,000;
bar = 10 μτη
Fig. 2a-c. Growth of pollen tube SPPs. (a) 2 h of incubation: plasma strands extend towards
the site of outgrowth but never enter the extreme tip (arrowhead), (b) 8 h of incubation the
plasmamembrane (pm) has detached from the cell wall (cw) note that the cytoplasm is
concentrated at a single area, (c) 8 h of incubation: wall formation continues after the SPP
has left the tube-like cell wall. Repeated withdrawals of the plasmamembrane have resulted
in a pile of closely packed cup-shaped walls; f = former SPP. хбОО (a), x700 (b,c); bar =
bar = 10 μπι
Fig. 3. Regenerated cell wall extracted with Η,Ο,/HAc and shadowed with platinum shows a
network of cellulose microfibrils with a random orientation, χ 21,000; bar = 5 /im
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Fig. 4a-d. Fibre production by pollen tube SPPs after 16 h of incubation, (a) wall
deposition is restricted to a single small area on the plasmamembrane (pm) resulting in the
production of a long fiber;(b) DIC image shows the strands (arrows) that make up this fiber.
(c,d) both fiber and cell wall are stained with aniline blue; note that the SPP itself is no
longer present (asterisk), (c) without, (d) with Aniline Blue; x700 (a), χ 1,500 (h), x500
(c,d); bar = 20 μιτι (a,c,d), 2 ціп (b).
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They stained with AB indicating the presence of callose (Fig. 4c-d). Under
DIC the fibers seemed to be built up of several strands (Fig. 4b). A fibrillar
component became visible after extraction with H 2 0 2 /HAc, with a helical or
longitudinal orientation (Fig. 5). Cellulose microfibrils were not observed.
Birefringence was absent in both extracted and non-extracted cells, indicating
that the observed longitudinally oriented fibrils are not of a crystalline
nature.
The fibers were composed of several (up to three) electron-dense strands
(Fig. 6a-b). These strands consisted of a central core with distinct spots of
cell wall material grouped in a concentrical or helical organization (Fig. 6b).
Fiber formation seemed to be affected by mechanical forces. Their formation
without the prior regeneration of a cell wall was observed in non-shaking
cultures (Fig. 7a). As in the 8 h old shaking cultures, the fre-quency of fiber
formation in the non-shaking cultures was about 8%. When shaking was
started 2 h after isolation, fiber production stopped and a cell wall was
regenerated. Only after prolonged incubation on a shaker (4 h or more) did
the fibers re-appear (Fig. 7b). In contrast, the formation of fibers in cultures
incubated for 8 h or more on a shaker was an irreversible process. The
connection between the fibers and the plasma membrane could not be studied
due to its inherent fragility; all of our treatments resulted in the detachment
of the fibers from the SPPs.
The formation of outgrowths, wall, and fibers occurred independently of the
presence of a nucleus and/or generative cell. Varying the calcium concentra
tion from 1 mM up to 125 mM did not affect growth and wall formation of
the SPPs.
Fig. 5. The fiber extracted with H : 0,/HAc shows the presence ot fibrillar material with a
longitudmal/net-hehcal orientation (arrow); microfibrils seem to be absent. x20.000; bar =
0.5 μτη.
Fig. 6a-b. Electron micrograph of a transected fiber, (a) The fiber (arrowhead) is composed
oí several strands. Transected walls ot closely packed cup-shaped wall structures surround
the fiber, (b) The individual strands are built up ot a central core with distinct particles ot
wall material deposited in a spiral or concentrical organization. x2000 (a), xl2,000 (b); bar
= 10μπι(α), l.O^m (b).
Fig. 7a-b. Pollen tube SPPs incubated without shaking, (a) 2 h ofincubation: fiber producti
on without the prior regeneration of a normal cell wall; (b) 2 h ot incubation without
shaking followed by a 6 h incubation on a shaker. Initial fibre production (f,) was followed
by the deposition of a normal cell wall (cw) ultimately, fiber production (f2) was initiated, χ
1,500 (a, b); bar = 10 μτη.
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Effect of drug treatments on cytoskeletal organization
Isolated SPPs contain a well organized cortical network of AF (Fig. 8a, see
5
Rutten and Derksen 1990). Exposure of isolated SPP to ί α or lO^M
cytochalasin D caused a breakdown of the cortical AF network within 30
min (Fig. 8a,b). The drug was somewhat less effective at a concentration of
lO^M. When it was added directly after SPP preparation, the formation of a
6
corticalnetwork was inhibited. After 16 h incubation with 10" M drug most
of the fluoresence seemed to reside in the cytoplasm although some short
cortical filaments may be present (Fig. 8b). Cortical fluorescence was
virtually absence when 10"s or lO^M cytochalasin D was used. The high
concentrations of the drug caused a specific accumulation of actin on the
surface of the vegetative nucleus. A dose-dependent effect was visible: 10"5M
cytochalasin D only caused the formation of bright spots at the surface of
the nucleus (Fig. 8c,d), while thick bundle-like aggregations were formed
in the presence of lO^M of the drug (Fig. 8e,f). In this last case the
cytoplasm seemed to be completely devoid of any fluorescence. The orga
nization of the MT cytoskeleton remained unaffected by cytochalasin D (not
shown).
Colchicine added either directly after SPP preparation or after SPP isolation
severely disturbed the organization of the MT cytoskeleton while having no
effect on the AF network (Fig. 9a,b).
Both drugs apparently did not affect the viability of the SPPs or wall
deposition. The outgrowths produced in the presence of these drugs were
indistinguishable from those produced by untreated cells. However, the
cytoplasm in cytochalasin-treated SPPs consisted of only cortical plaques,
which were distributed throughout the SPP except for the tip; cytoplasmic
strands were completely absent (Fig. 10).

Discussion
Wall formation in pollen tube SPPs
The walls of regenerating SPPs seem to bear certain similarities to the walls
of pollen tubes (Kroh and Knuiman 1982), since they contain a large amount
of callose, as indicated by the strong aniline blue staining, and randomly
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Fig. 8a-f. Actin filaments in cytochalasin D treated SPPs. (a) control SPP showing a well
6
organized cortical network of AF. Treatment with 10 M cytochalasin D causes the
breakdown of this network but individual filaments persist (b). TRITC-phalloidin (c) and
S
DAPI (d) staining of a SPP incubated with 10' M cytochalasin D shows a bright actin spot
on the surface of the vegetative nucleus. A similar duouble-labeling of a SPP treated with
4
10' M cytochalasin D reveals a strongly enhanced accumulation of AF on the vegetative
nucleus (e,f)· vn = vegetative nucleus, gc = generative cell. xl,500; bar = 10 μιτι.
3
Fig. 9a-b. Microtubules in control SPP (a) and in a SPP exposed to 10' M colchicine (b).
χ 1,500; bar = 10 μηι.
5
Fig. 10. SPP growing in the presence of 10" M cytochalasin D. The cytoplasm is present as
cortical plaques, cytoplasmic strands are absent, χ 1,500; bar = 10 μιη.
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organized cellulose microfibrils (see also Kroh and Knuiman 1988). However, as similar walls are also found in other types of protoplasts (Willison
1985, Willison and Klein 1982, Hough et al. 1985), it is impossible to
determine whether any specific property of the pollen tube wall is preserved in the SPP. Outgrowths similar to those found in SPPs have been
observed in a number of protoplast types (for discussion see Kroh and
Knuiman 1988). The formation of long fibers has also been shown to occur
in other protoplasts types (Fannin and Shaw 1983, Hahne et al. 1983), but
not for pollen tube SPPs. Although the fibers do not show the presence of
cellulose microfibrils or birefringence, cellulose may still be present,
occurring either in a non-cristalline form , as shown for microspore protoplasts from Lilium (Miki-Hirosige et al. 1988), or as microfibrils, in which
case their birefringence might be obscured by a non-extractable material.
As the non-extractable material strongly stains with uranyl acetate and lead
citrate it is probably not cellulose (Emons, 1988). In our hands, the only
substances, except cellulose, that could withstand H202/HAc extraction are
esterified fatty acids in the form of cutin or sporopollinin, but these substances are not known to form stable fiber-like structures.
Fannin and Shaw (1983) suggested that a high calcium con-centration in the
medium favors fiber formation. This is ob-viously not the case in the SPPs
studied here. In contrast to observations on Zea mays SPPs by Lörz et al.
(1981), in which cell wall formation was reported to be absent from cytoplasts, the absence of a nucleus had no influence on wall formation in pollen
tube SPPs. Also microtubules and actin filaments did not exert any apparent
control on wall or fiber formation in the SPPs.
The transition from wall deposition to fiber formation seems to result from a
clustering of definite sites where wall materials are deposited, each strand in
the fiber representing such a site. As indicated by the reversible fiber
formation in young resting SPPs, clustering may occur spontaneously but is
prevented by mechanical forces, i.e. shaking. The irreversibility that is
present in older SPPs may result from the redistribution of organelles in the
cytoplasm and/or of proteins in the plasma membrane of the SPPs. The
clustering of wall-depositing sites might also affect the cellulose synthesizing
complexes in the membrane, leading to the synthesis of ß 1-3 linked glucans,
i.e. callose, instead of ß 1-4 linked cellulose (Emons 1991). This might
explain the cessation in cellulose microfibril deposition after the start of fiber
formation. However, possible redistributions could not be traced as the site
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of fiber formation could not be identified by ТЕМ, due to the fragility of
the connection between the SPP and fiber.
Outgrowth of pollen grains versus outgrowth of pollen tube SPPs
The thick exine wall of the pollen grain allows outgrowth to occur only at
the site of the colpae. A dense network of AF is present near the colpae at
the time of germination (Tiwari and Polito 1988). Its function may be to
concentrate and stabilize the cytoplasm at these sites, which causes the
cytoplasm to be protruded when turgor pressure increases and the force-ge
nerating vacuole to be left behind. The AF organization in SPPs also show
focal accumulations resembling those in pollen grains (Rutten and Derksen
1990). As a thick exine layer is absent, the SPPs are unable to direct turgor
pressure to the sites of AF accumulation. A well-organ i zed actin cytoskeleton linked to the plasma membrane, may locally strengthen the membra
ne-cell wall complex. The weakest sites of this complex are to be found in a
plane perpendicular to the orientation of the AF. In an earlier paper (Rutten
and Derksen 1990) we have shown this to be the sites of SPP outgrowth.
The inability to direct turgor pressure may causethe uncontrolled protrusion
of the vacuole (see Fig. 11).

Fig. 11. Schematic representation of pollen growth (a,b) and pollen tube SPP growth (c,d).
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Role of the cytoskeleron
The cytoskeleton only plays a small, passive role, at the onset of outgrowth
(see above). This role seems to be completely non-essential as is shown by
the fact that the breakdown of the cytoskeleton by cytochalasin and colchicine did not affect outgrowth or shape of outgrowth.
Effects of cytochalasin D on AF organization
Cytochalasins are a group of fungal metabolites that bind to the barbed end
of AF, thus inhibiting the association and dissociation of subunits (Cooper
1987, Godette and Frieder 1986). The barbed ends of AF must be capped to
prevent a constant depolymerization (Kirschner 1980). Specific capping
proteins may determine the function and localization of the AF. Cytochalasin
D can competitively inhibit the binding of capping proteins to these barbed
ends. If AF are normally held in place by capping proteins, the cytochalasins
may release the filaments, allowing them to be contracted into foci (Schliwa
1982). Cytochalasins induce the formation of thick bundles of AF in pollen
and pollen tubes (Tiwari and Polito 1990, Lancelle and Hepler 1988). A
specific accumulation of AF on the surface of the vegetative nucleus (Fig.
8c,d) has not been seen before. The nuclear envelope may contain certain
actin attachment sites (Tiwari and Polito 1988, Pierson 1988) insensitive to
the action of cytochalasin.
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CHAPTER 5
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ORGANELLE DISTRIBUTION, EXOCYTOSIS
AND ENDOCYTOSIS IN TOBACCO POLLEN
TUBES

Summary
The distribution of organelles in pollen tubes of Nicotiana tabacum L. was
quantitatively studied on living pollen tubes by means of fluorescence
confocal laser scanning microscopy and on serial-sectioned, freeze-substituted material by electron microscopy. Secretory vesicles (SV) accumulate in
the tip region where a small cone-shaped area could be discerned that is
devoid of all organelles except SV. Tubular endoplasmic reticulum (TER)
surrounds this area. The determination of TER distribution in other parts of
the tube was hindered by its weak staining. Rough endoplasmic reticulum
(RER) does not appear until 5-10 /xm behind the tip and shows random
accumulations but no zonation. In contrast to long held views, mitochondria
are distributed at random throughout the cytoplasm.
Typical zonations were found only for Golgi bodies, SV and coated pits;
organelles directly involved in exo- and endocytosis. The zonation may serve
to optimalize the putative recycling of proteins and membrane material from
the plasma membrane for re-use in exocytotic processes. The pollen tube
wall is already thick at the extreme tip of the pollen tube. The initially
uniform wall layer gives rise to an opaque inner layer and a translucent
outer layer that appears distal from the tip. This indicates a high plasticityof
the wall in the tip region.
An attempt was made to quantify the processes of exo- and endocytosis.
Key words: organelle distribution, pollen tube, zonation
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Introduction
Pollen tubes exhibit a vigorous plasma streaming (Iwanami 1956), in which
the various organelles move in a highly individual way (Heslop Harrison and
Heslop Harrison 1987, Herth 1989, Pierson et al. 1990). Pollen tubes are
also highly polarized (Schnepf 1986 and refs. therein). Rosen and coworkers
(1964) and Sassen (1964) were the first to provide electron microscopical
evidence of the non-random distribution of organelles within the cytoplasm
of the pollen tube. Most prominent is the accumulation of secretory vesicles
(SV) at the very tip. These SV, derived from Golgi bodies, fuse with the
plasma membrane in the expanding apical region and deliver both the wall
and membrane material needed for growth. Pollen tube growth is therefore
essentially the same as in other tip-growing cells like fungal hyphae, root
hairs, rhizoids and some algae (Heath 1990). Other organelles were also
shown to be distributed unevenly in the pollen tube. For example, mitochondria and Golgi bodies seem more abundant in a broad zone behind the tip.
The results of later studies were in general agreement with the above
description of organelle distribution (Cresti et al. 1977, Reiss and Herth
1979, Uwate and Lin 1980, Cresti et al. 1985).
However, a comprehensive analysis of organelle organization in the pollen
tube is still missing due to the absence of quantitative data and the different
origins of the various observations. Moreover, with a few exceptions, the
investigations on pollen tube ultrastructure hitherto have all used conventionally aldehyde fixed material. As these fixations can have adverse effects on
ultrastructural preservation (Sentein 1975, Mersey and McCulley 1979) and
may cause redistributions of the organelles (Kaminskyj et al. 1992), doubts
on the precise distribution of organelles in pollen tubes remain.
In an attempt to clarify cytoplasmic organization in the pollen tube we have
used freeze substituted material of Nicotiana tabacum (L). This fixation
method yields a far better preservation of cytoplasmic structures than
conventional techniques (Howard and Aist 1979, Lancelle et al. 1987,
Tiwari and polito 1988, Noguchi 1990). A quantitative analysis of organelle
distributions was carried out on longitudinally serially sectioned tubes. The
distribution of mitochondria and Golgi bodies was also studied in living
pollen tubes by means of fluorescence microscopy, and the results were
compared with those obtained from freeze substituted material.
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Materials and methods
Plant material
Pollen of Nicotiana tabacum L. cv. Samsun was collected from plants
grown under greenhouse conditions, dried and stored at -20 °C until use.
Pollen was germinated in 10% sucrose and 0.01% boric acid at a concentra
tion of 4 mg/ml. Germination occurred on a shaker (100 rpm) in the dark at
28°C (Kroh and Knuiman 1982). Alternatively, pollen were sown on 3 mm
punches of sterilized Visking dialysis tubing (Serva, Heidelberg, FRG),
placed upon a 2% agar solution in medium and grown at 28°. The germinati
on phase lasted for about 1 h after which the tubes grew at a constant rate of
approximately 2 ^m/min. In the suspension cultures growth rate was
approximately 3 μπι/min.
Real-time observations
For real-time analysis both pollen grown on dialysis membranes and pollen
grown in suspension cultures were used. Samples were taken at various
times and examined immediately. Mitochondria were stained with 2.5 jig/ml
of the fluorescent vital dye 3,3'-dihexyloxacarbocyanin iodide (DiOC6(3),
Eastman, New York) according to Terasaki and coworkers (1984) and
Matzke and Matzke (1986). To prevent any eventual adverse effects of the
dye, the incubution time was limited to 10 min.
DiOC6(3)-stained preparations were studied in a Bio-Rad MRC-600 confocal
laser scanning microscope (CLSM, Bio-Rad, Cambridge, Mass., USA).
Scan speed was 4 sec/scan, with a high black level to eliminate all fluores
cence but that of the mitochondria. The resulting images were stored without
further processing. Photographs of the stored images were made after one
cycle of erosion to separate clustered mitochondria and further eliminate
background fluorescence. Selected images were photographed from high
resolution flat screen monitors (Lucius and Baer) using Agfa 100 ASA
professional film.
Freeze substitution
Only pollen tubes grown on dialysis membranes were used for freeze-substi-
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tution. After a 3 h cultivation, when the average pollen tube length was
about 200 μιη, the punches were removed from the agar with forceps and
plunged, within 5 seconds, into -170 °C propane using a custom built
freezing apparatus that highly resembled the one described by Lancelle et al.
(1986). The plunger in our apparatus consisted of a spring driven pair of
tweezers that is forced to release the specimens by two pawls once in the
propane. Specimens remained in the propane for 5-10 min., before being
transferred in liquid nitrogen into a CS auto Cryo Substitution Apparatus
(Reichert-Jung, Vienna, Austria). Freeze substitution was carried out at -90
°C in 2% OsCy0.1% uranyl acetate in acetone for 36 h. The specimens
were brought to room temperature at a warming up speed of 4°C per hour.
Alternatively, frozen specimens were transferred to precooled (-73°C) vials
filled with the substitution medium, which were subsequently placed in a
styropore box filled with dry ice (-73°C). By placing the box in a freezer
held at -30°C freezer the temperature of its contents remained at -73°C for
three days, at which time the specimens were gradually warmed up to room
temperature, rinsed several times with acetone and flat embedded in Spurr's
resin on cylon CT (Supelco Inc., Belleforte Pa, USA)- -coated slides. Tubes
showing no evidence of ice crystal formation were selected and mounted for
longitudinal sectioning. Serial sections (100 nm) were made on a Sorval MT
5000 microtome (Sorval Inc., Norwalk, USA) and collected on formvar and
coal coated single slot grids. After being stained with lead citrate for 3 min
the preparations were examined in a Jeol electron microscope (Jeol Ltd.,
Tokyo, Japan).
Data collection
For morphometric analysis prints at a final magnification of 20,000 times
life size were used. The zonal distribution of the organelles within the pollen
tubes was determined by placing the prints under a sheet that divided the
tube in transversal sections of 3 μιη or 5 μπι (life size) starting from the
extreme tip. The 3 μπ\ grid was used to study the distribution of SV, coated
vesicles (CV) and coated pits (CP), and the 5 μιτι grid for the distribution of
Golgi bodies, mitochondria and RER. Organelles spanning the boundary line
were assigned to the zone containing the largest portion of that particular
organelle. To reveal a possible radial organization of the organelles, the
cytoplasmic area of the pollen tube was centripetally divided into longitudi-
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nal sections of 1 μπ\. Numbers were counted per section starting at 5 μίτι
from the tip to 20 μτη. Measurements were carried out on two median
sections of three pollen tubes using a Kontron Mop Videoplan image
analyser (Zeiss, FRG). The diameters of the SV were measured only on
those vesicles showing a sharply delineated membrane, which indicates a
median section through the vesicle. A series of successive sections was used
to determine the number of CV and CP.
The distribution of mitochondria was similarly determined from DiOC6(3)
stained preparations. Four tubes from either liquid or agar grown pollen
were used. The values of three median optical sections from each tube were
averaged.
Kruskal-Wallis tests were carried out to determine whether the organelle
distributions observed were non-random. The statistic Η was calculated over
the different tubes from the rank numbers in each 3- or 5- μπ\ section.
After correction for identical values the probability 'P' for Η was determi
ned from a chi-square table with a two-tailed uncertainty of 5 %.

Results
Real-time observations
In all of the pollen examined tubes plasma streaming showed the reverse
fountain-like pattern, with the site of reversal located 5-15 μπ\ behind the
tip. The direction and velocity of the organelle movement were highly
individual.
Fluorescence microscopy
Mitochondria stained brightly and could easily be recognized in the CLSM
after staining with low concentrations of DiOC6(3) (Fig. la,b). The mito
chondria appeared as oval shaped bodies 1-2.5 μνη in length. Between 5-10
μνη behind the tip, their shape often seemed to become more rounded as
their long axis became parallel to the optical axis of the microscope. Neither
pollen tubes grown in liquid culture nor pollen tubes grown on agar showed
an accumulation of mitochondria in any zone (Table la), the analysis of
serial optical sections often showed a wedge- or cone-shaped area in the
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Fig. la-b. Distribution of mitochondria in the pollen tube tip as revealed by CLSM after
staining with DiOC6(3). As shown in (a) mitochondria are present throughout the cytoplasm.
However, when we scanned through the pollen tube we often saw that mitochon-dria were
absent from a small cone-shaped area in the tip, arrow in (b). x2,000; bar = 5.0 μιτι
Table la-b. Distribution of mitochondria in the pollen tube according to fluorescence CLSM
observations, (a): Pollen tubes grown in liquid culture medium, (b): pollen tubes grown on
solid agar. Mitochondria are distributed at random under both culture conditions, (a: Η =
14.97, 0.10<P<0.25 = random; b: Η = 12.24, 0.10<P<0.25 = random).
Table 2a-b. Distribution of mitochondria as determined by thin section analysis. After
counting the number of mitochondria present in each zone the distribution appears to be
non-random with an accumulation site immediately behind the tip (a: Η = 16.73, 0.025 < P <0.05 = non-random). If, however, the mitochondrial surface area per zone is plotted,
mitochondria distribution in the pollen tube appears to be random (h: Η = 5.69, 0.50<P<0.75 = random).
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extreme tip of the pollen tube that was devoid of mitochondria (Fig. lb).
The ER was only barely visible after staining with DiOCtì. Observations of
the tip of the tube were severely hampered by the high density of the
cytoplasm. For this reason a precise quantitation of ER could not be made.
Electron microscopy
Serial sections of three pollen tubes were selected and the structure and
distribution of organelles were studied as far as 50 /xm behind the tip. This
zone was a long distance in front of the vegetative nucleus/ generative cell
and the vacuolized part of the tube. The cytological preservation of cryo
fixed pollen tubes was excellent (Fig. 2). Results obtained using precooled
vials filled with substitution medium were of a similar quality to those
obtained using the freeze-substitution apparatus.
Mitochondria
Mitochondria were present in all parts of the pollen tube examined, even in
the extreme tip region (Fig. 2). Most of the mitochondria had an oval or
elongated shape and were oriented with their longitudinal axis parallel to that
of the tube. Analysis of their distribution, as established by counting the
number of organelles present within a single section, resulted in a longitudinal gradient with the highest concentration in a zone 5-10 μίτι behind the tip
(Table IIa). When, however, the surface area of the mitochondria was
measured, this subapical accumulation was absent (Table lib).
Endoplasmic reticulum
The rough endoplasmic reticulum (RER) consisted of flat sheets with an
average diameter of 27 nm. Fine rod-like structures that spanned the distance
between the membranes were often present in the lumen of the RER cisternae (not shown). Tubular RER was occasionally seen in the vicinity of the
sheets. RER was almost completely absent from the extreme tip, but was
abundantly present from 10 μτη onwards behind the tip (Figs. 2, 3). There
was no distinct zone with an accumulation of RER, but each pollen tube
contained local accumulations of RER that were randomly dispersed
throughout the cytoplasm. Sheets of RER were aligned parallel to the growth
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Fig. 2. Longitudinal medial section through the tip region of a pollen tube. The accumu
lation of SV is evident. Numerous mitochondria (m) and Golgi bodies (g) are present, but
like the RER, they appear to be absent from the very tip. Note that the cell wall is already
thick in the extreme tip. While the thickness of the inner wall layer (indicated by T )
diminishes distal from the tip, a second translucent wall layer (indicated by Ί Γ ) gradually
appears behind the tip. x7,000; bar = 2 μπ\

axis of the pollen tube (Fig. 3, Table III). Deviating directions were mainly
found in a region 5-10 μίτι behind the tip, thus indicating the site where
plasma streaming is reversed (Fig. 3).
The smooth endoplasmic reticulum consisted of heavily coiled tubular
structures (TER) with a diameter of about 30 nm. The TER was especially
K,,
" ndant immediately behind the cone-shaped accumulation of SV in the tip
hut within the cone itself, TER seemed to be absent. A

Fig. 3. Reconstructed profile of the apical 40 μηι of a pollen tube showing the distribution
of the RER as present in three successive medial sections. Clearly noticible are: 1) the
absence of RER from the tip region, 2) the local accumulations throughout the tube, and 3)
the alignment parallel to the tubeaxis. Note also the RER reversal point indicated by the
arrow. x3,000; bar = 5 μπι
Table 3. Orientation of the RER shown in Fig. 3 with respect to the pollen tube axis. The
longitudinal axis of the pollen tube is taken as 0 degrees.
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distribution analysis could not be made due to the shape and the relatively
weak staining of the TER.
Close relationships between the ER and a number of organelles were
observed. Cross-bridges between mitochondria and TER were sometimes
seen (Fig. 5a) while microbodies and plastids were almost invariably in
contact with sheets of RER (Fig. 5b, c). The distance between the membra
nes of the RER and the microbodies/plastids in the contact zone was always
13 nm (Fig. 5b, c). Sheets of RER were also present close to the plasma
membrane (Fig. 5d) and sometimes close to and partly enveloping vacuoles
(Fig. 5e).
Golgi bodies
With the exception of the first 5 μΐη of the tip, Golgi bodies were found
throughout the pollen tube with a maximum density at 25 μίτι behind the
extreme tip (Table I Va). The cisternae of most of the Golgi bodies were
oriented parallel to the tube axis (Table IVb). Golgi bodies contained 4 - 6
cisternae (Fig. 6a) that showed a distinct cis-trans polarity as determined
from the decreasing width of the cisternal lumina. Intercisternal filaments
were often visible between the cisternae (Fig. 6a, see also Rutten et al.
1993). The mature SV (diameter ca. 200 nm) that were observed were
connected to the trans-site of the Golgi bodies (Fig. 6a). Associations
between Golgi bodies and microfilament bundles were seen occasionally
Fig. 4. Part of the tip region in detail The cone-shaped accumulation ot SV, indicated by
the first dotted line, is devoid of other large organelles. Mitochondria (M) and TER are only
present on the outside of this region while Golgi (G) are located even further back,
remarkable is the concentration of the TER in a broad band, bordered by the two dotted
lines, surrounding the accumulation ot SV. Note the irregular membrane invagination
alongside the tube (arrow) and the fact that the two layers of the wall gradually appear distal
from the tip. xl5,000; bar = 1 μιη.
Fig. 5a-e. Relationships between the ER and other organelles, (a): Inter relationship
between a mitochondrion and TER; three filamentous structures (arrow) connect the
mitochondrion to the TER. (b): Sheet of RER partly enveloping a microbody, this type of
ER-organelle interaction was most common in pollen tubes, (c): Close contact between RER
and a plastid, recognizable by its elongated form. Plastids were relatively rare in the pollen
tube, yet all those found showed close associations the RER. (d): RER lying close to the
plasma membrane; fusions between these structures were never observed, (e) Vacuoles
partly enveloped by RER. x40,000 (а) хЗО.000 (b,c,d,e); Bar = 0.2 /im

84

»

¡¡ЙР*

85

(Fig. 6b). All of the Golgi bodies were accompanied by coated vesicles (CV,
Fig. 6a, c). In fact the Golgi bodies were the only location in the pollen tube
where these small (external diameter 56; sd = 5 nm, η = 124) vesicles were
found. A single Golgi body could be surrounded by as many as 50 CV.
The distribution of these CV was identical to that of the Golgi bodies (not
shown).
Secretory vesicles
The average diameter of a SV was 195 nm (sd = 11 nm, η = 137). Quantita
tive measurements on SV revealed that their concentration waws at its
highest within the first 3 μΐη of the tip and that it declined dramatically
further down the pollen tube (Table V). Radial distributions of SV, as
measured in a zone 5-15 μίτι behind the tip, showed no radial zonation distal
from the tip (results not shown).
SV fusing with the plasma membrane were only occasionally observed (Fig.
7a). The cone-shaped region of SV accumulation in the extreme tip seemed
to be devoid of other organelles, even TER was not seen here (Fig. 4).
Putative ribosomes and polysomes together with short filaments were often
visible between the SV in this region (Fig. 7b). Microfilaments in other
parts of the tube were extremely difficult to identify due to the high density
of the cytoplasm and the presence of TER.
Cell wall and plasma membrane
A cell wall with a constant thickness of 300-400 η m enveloped the proximal
part of the pollen tube including the very tip. Two distinct layers of wall
material were seen: an electron dense inner layer and an opaque outer layer
(Figs. 2, 4). The thickness of the inner layer gradually decreased from the
maximum 300 nm at the extreme tip to about 100 nm at 7 μΐη from the tip.
In contrast, the opaque outer layer was almost absent at the extreme tip and
showed an increase in thickness with increasing distance from the tip with a
maximum of nearly 300 nm at 7 μιτι behind the tip. This outer layer seems
to be very fragile as it is easily lost during fixation and embedding pro
cedures (Derksen, personal observation).
The plasma membrane was tightly oppressed to the electron dense inner
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Fig. 6а-с. Golgi bodies in the pollen tube, (a): cis (с), medial (m), and trans (t) cisterae are
discernable. SV are located on the trans side of the Golgi. Intercistemal filaments are visible
as small dark dots between the cisternae (arrows). Coated vesicles (cv) are present on both
the trans, medial, and cis cisternae. (b): Golgi body in close contact with a bundle of
microfilaments, (c): Surface section of a Golgi body reveals numerous coated vesicles
attached to the margins of a cisterna. x60,000 (a), x50,000 (b,c); bar = 0.2 μιη
table 4a-b. Golgi bodies in the apical part of the pollen tube. Distribution analysis shows an
accumulation in a zone 25-30 μνα behind the tip (a: Η = 18.53, 0.025 < Ρ <0.050 =
non-random). Table (b) shows the orientation of the stacks of the Golgi bodies with respect
to the longitudinal axis of the pollen tube.

87

layer of the pollen tube wall. The smoothness of the plasma membrane was
interrupted by large invaginations in the extreme tip caused by the fusion of
SV (Figs. 2, 4). Irregular foldings of the plasma membrane were visible
alongside the tube (Figs. 2, 4). The plasma membrane contained numerous
CP that appeared as dark patches on the cytoplasmic site of the plasma
membrane (Fig. 8a). These CP were most abundant in the first 15 μτη of the
tube, with the highest frequency being observed in a zone 6 - 15 ^m behind
the tip. If we assume a section thickness of 100 nm, maximum CP density in
2
this zone was 15/μΐτι (Table VI). This figure may even be higher as CP
smaller than 60 nm could not be unambigously identified.
The CP probably give rise to the CV found close to the plasma membrane
(Fig. 8a-c, Joachim and Robinson 1984, Fowke et al. 1989, Tanchak et al.
1988). The CV near the plasma membrane are significantly larger (external
diameter 75 nm; sd = 10, η=35) than those near the Golgi (external
diameter 56 nm; sd = 5, n = 124). The coating of the plasma membrane CV
has the typical reticulate pattern of clathrin CV while the Golgi associated
CV have the smooth coating of nonclathrin CV (Orci et al. 1986).
Other organelles
Microbodies, plastids and multivesicular bodies were present throughout the
pollen tube, but their numbers were to low to be used for quantitative
analyses. Outwardly, however, they seemed to be randomly distributed in
the cytoplasm.

Discussion
Organelle distribution and organelle movement
Several of the organelles present within the pollen tube have a typical
distribution with a maximum frequency in or near the tip, followed by a
gradual decrease towards the distal end of the tube. These organelles always
show the same sequence of accumulation. Cresti and coworkers (1977)
introduced the term zonation to describe this type of organelle distribution.
One has to keep in mind that with the exception of Golgi vesicles in the first
3 μιη of the tip, no zone is dominated by a single type of organelle.
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Mitochondria
Apart from a small cone-shaped area in the extreme tip, mitochondria were
randomly distributed throughout the pollen tube (Figs, la-b, 2, Tables Ia-b,
lib). Based on electron microscopical observations, however, Rosen et al.
(1964), Reiss and Herth (1979), Reiss and McConchie (1988), and Steer and
Steer (1989) reported the existence of a sub-apical zone rich in mitochondria. In our investigations similar accumulations were only found after the
number of mitochondria present within a single section were counted. When
the surface area of the mitochondria per zone was measured this accumulati
on was absent (Table Ha-b). If the effect of the motion pattern of the
mitochondria is taken into consideration,, it becomes clear that this differen
ce is dependent on the orientation of the mitochondria in this zone and that
accumulations are non- existent. Both real-time observations and serial-secti
oned material show that the oval-shaped mitochondria mostly lay in a
parallel orientation to the longitudinal axis of the tube. They were more
transversely oriented, however, in the apical zone of the tip, where the
direction of motion is reversed. At this site where they supposedly accumu
late (see also Fig. 2), the chance of dissecting a mitochondrion is much
larger whereas its surface area will be smaller. Mitochondria were often
found in small groups of three to four with a mutual distance of less than
0.2 μπ\. These clustered mitochondria cannot be seen individually in fluoresence preparations, even when CLSM is used. This may account for the fact
that the numbers of mitochondria that were counted in fluorescent preparati
ons were strikingly lower than those counted in electron microscopical
preparations.
Endoplasmic reticulum
The RER was mostly present in lamellae, but tubular forms also occurred.
The latter may represent intermediate stages between cisternal RER and
smooth TER since the various forms of the ER can be highly dynamic and
may be easily converted into each other (Quader and Schnepf 1986, Quader
et al. 1989, Pierson et al. 1990, Knebel et al. 1990). From the orientation
of RER in freeze substituted preparations it can be inferred that RER follows
the general pattern of motion in the pollen tube (Fig. 3).
Though the RER is thought to accommodate the high demand for proteins in
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the growing tip, an accumulation of RER near the tip, which has often been
reported (e.g. Reiss and Herth 1979), was not found. Part of this demand
for specific proteins may be supplied by the polysomes seen in the extreme
tip. Davies and coworkers (1991) have shown that a large population of a
plant's polysomes may be associated with actin filaments. A number of
proteins, for example monomeric actin, which is needed for the formation of
the dense actin-filamental network in the tip (Pierson et al. 1986, Pierson
1988) may thus be synthesized on the spot by polysomes attached to préexistent filaments, such as occurs in fibroblasts (Hesketh and Pryme 1991). With
the exception of a cone-shaped region in the extreme tip, TER is present
throughout the tip region. Massive amounts were observed especially around
the accumulation of SV in the tip. This TER may function in the transport
and regulation of cytoplasmic calcium concentration (Evans et al. 1991 for
review). The calcium influx is greatest in the tip region and regulation of
the calcium concentration is essential for tube growth (Reiss and Herth 1979,
Steer and Steer 1989, Hepler and Wayne 1985).
The microfilaments that were seen between the SV (Fig. 7a) may be identical to the actin filaments that are abundantly present in this region (Pierson
et al. 1986, 1988). Their main function may be guiding the SV, organizing
the TER (Lichtscheidl 1990, Quader et al. 1987, 1989) and increasing the
viscosity in order to counteract turgor pressure (Steer and Steer 1989).
Interactions between RER and MB (Fig. 5b) have already been described in
pollen tubes (Pacini and Cresti 1976, Charzynska et al. 1989). The functio
Fig. 7a-c. SV in the tip region, (a): SV fusing with the plasma membrane. The electron
density of contents of the SV is similar to that of the pollen tube wall, (b): Putative
polysome between SV in the tip region (arrowhead). Arrows point at microfilaments.
x45,0O0 (а), хбО.ООО (b); bar = 0.2 μτη
Fig. 8a-c. CP and CV near the plasma membrane. CP reveal themselves as dark patches on
the cytoplasmic site of the plasma membrane (a). When CP are taken up by the cell they
transform into CV (b,c). Note that the CV in (c) still seems to be linked to the membrane
by filaments (arrow). x90,000; bar = 0.1 μπι
Table 5. Accumulation of SV in the pollen tube tip established from thin section analysis.
To compensate tor the shape of the tip region, the Table shows SV per unit surface area.
table 6. CP/μΓΠ2 plasma membrane. For a density per membrane surface area calculation
CP were counted from nine successive medial sections. Since the section thickness was 100
nm the results could be converted into CP per /xm2 plasma membrane. Density in the 0-3
μιη zone is corrected for the shape of the tip. The highest densities of nearly 15/7inrplasma
membrane occur in a zone 6-15 μπι behind the tip. (H = 24.01, 0.010<P<0.025 =
non-random)
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nal implications, however, are not clear. An association between mitochondria and TER (Fig. 5a) has also been observed in real-time observations on
Lilium pollen tubes (Pierson et al. 1990). Since the ER may be accompanied
by actin filaments (Lichtscheidl et al. 1990 and Quader 1989), the associations between these organelles may depend on their binding to the same actin
filament.
Golgi bodies and secretory vesicles
Golgi bodies were the only large organelles that showed a distinct zonation
(Table IV). Individual Golgi bodies contained four to six cisternae a number
comparable to that found in other systems (Cresti et al. 1977, Picton and
Steer 1983, Noguchi 1990). The filaments present between the cisternae
(Fig. 6a) are believed to play important roles in maintaining the structural
integrity of the Golgi bodies and in the separation of SV and immobilization
of membrane bound enzymes (Kristen 1978, Mollenhauer and Morré 1978,
Staehelin et al. 1990). Tobacco pollen tubes contain only a single type of
SV which is released from the trans-site of the Golgi bodies (Rutten et al.
ms submitted) and transported to the tip region. Reports claiming the
existence of different classes of SV (Rosen et al. 1964, Larson 1965, Cresti
et al. 1977, Ciampolini et al. 1982, Lin et al. 1977) probably refer to the
presence of CV. The CV present in our preparations were either found near
the plasma membrane or surrounding the Golgi, never between the SV in the
tip region. However, chemical fixation can bring about a redistribution of
organelles (Kaminskyj et al. 1992), and Rosen (1968) has reported that some
observations have been made on improperly fixed material.
The transport of the SV is likely to occur via the actin filaments in the tip
(Pierson et al. 1990), and release may be triggered by the influx of calcium
that occurs there (Reiss and Herth 1979, Steer and Steer 1989). The vesicles
present in the extreme tip do not show any directional motion, but are
visible as a trembling mass under the UV microscope (Derksen and Lichtscheidl, personal observations; for lily, Herth 1989, Pierson et al. 1990).
The observations on distribution and motion of the SV do not agree with
current mathematical models on tip growth in fungal cells (Bartnicki-Garcia
et al. 1989, 1992).
On the basis of their size and the smoothness of their coating the CV near
the Golgi bodies must be nonclathrin coated (Orci et al. 1986). Nonclathrin
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CV are always involved in bulk transport. However, it is not clear wether
these vesicles are only involved in an intra-Golgi transport (Orci et al.
1986) or wether they represent a second vesicle transport route from or to
the Golgi (Lodish 1988, Mellman and Simons 1992). The distribution
analysis of these nonclathrin CV, which is identical to that of the Golgi
bodies, supports the first assumption, yet the presence of nonclathrin CV
near the cis-phase of the Golgi bodies (see Fig. 6d) may also indicate a
transport towards the Golgi.
Cell wall and plasma membrane
A surprising observation was that even in the extreme tip, where exocytosis
and growth take place, the thickness of the wall was already 300 nm. The
two wall layers which constitute the primary cell wall of a pollen tube (Kroh
and Knuiman 1982) were clearly visible alongside the tube (Fig. 2, 4).
However, they were not yet present in the extreme tip. The wall at this site
was rather homogenous. As the fuzzy, less electron dense outer layer only
gradually appeared behind the tip and as the thickness of the wall remai
ned constant, the two layers must arise by a gradual phase separation or by
a gradual loss of a specific part of the electron dense material. This implies
a great plasticity or even fluidity of at least part of the wall material, which
is also indicated by the gradual flattening of the secreted wall vesicles. Such
a plasticity is thought to be essential for tube expansion (Picton and Steer
1982, Steer and Steer 1989). As reported for lily pollen tubes (Lancelle and
Hepler 1987, 1992), the wall at the site of exocytosis seems to be thicker
than in other parts of the tip after freeze-substitiuton. At least in tobacco this
was only true in those cases where the fragile outer layer of the wall had
been lost during embedding procedures. The shallow invaginations of the
plasma membrane alongside the tube (Fig. 7b) are similar to the membrane
folds found in freeze-fractured tobacco pollen tubes (Kroh and Knuiman
1985) and freeze-substituted peripheral root cap cells of tobacco (Staehelin et
al. 1990). These structures probably arise from the collapse and subsequent
tipping over of emptied SV.
Coated pits and coated vesicles
2

The density of CP (15//Ш ) in the zone 6-15 μιη behind the extreme tip of
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the pollen tube is one of the highest counted for plant cells so far (Emons
and Traas, 1986). Their density may be even higher as CP had to be at least
60 nm in diameter to be recognized in the thin sections. The CP identified in
this way account for 80% of the total CP population present as seen in
dry-cleaved preparations (Emons and Traas 1986). The CP/CV at the plasma
membrane may be primarily involved in recycling specific membrane
components, as in animal cells. Such components might be, for example,
calcium channels or recognition sites for vesicle fusion, whose restriction to
the tip may be of crucial importance for tip growth. CP/CV vesicles are
also supposed to retrieve excess membrane material delivered to the cell
surface by SV (Steer 1988, Coleman et al. 1988, Morré 1990).
Exo- and endocytosis in pollen tubes
SV, CP and Golgi bodies, the organelles most directly involved in exo- and
endocytosis, were the only organelles displaying a zonation in the pollen
tube. The accumulation of SV in the extreme tip is clearly related to the site
of exocytosis. The high density of CP in a zone 6-15 μιτι distal from the
extreme tip indicates that this zone is a major site of endocytosis. The
accumulation of Golgi bodies in a zone at 25 μιτι behind the tip is intriguing
since this location seems to be more related to the site of endocytosis (Morré
1990) instead of the site of exocytosis. We therefore assume that tip growth
in pollen tubes depends on a continuous cycle of exo- and endocytosis of
crucial membrane proteins and membrane materials. The compounds leave
the Golgi bodies via SV that fuse with the plasma membrane. Retrieval from
the plasma membrane is achieved by CP/CV (Tanchak 1984, 1988, Morré
1990). Transport to the Golgi may procveed directly (Tanchak 1988) or
involve other organelles like the ER (Kappler et al. 1986). The zonation
found may serve to achieve optimal recycling. Transport along this route
may be completely actin dependent, which could explain the drastic effects
of cytochalasins (Steer 1990 for review) on tip growth.
Calculations on endo and exocytosis
Based on the data presented in this paper we have tried to quantify the exoand endocytotic processes using the indirect method (Steer 1985, 1988). The
first assumption is that of a continuous wall depostion by a homogenous

94

population of SV. Based on the fact that in sectioned material the contents of
the SV in both the cytoplasm and the pollen tube wall in the tip have a
similar electron density (Fig. 7c) we further assume that wall volume
remains constant after exocytosis. The number of SV involved (Nsv) can then
be calculated from the increase in wall volume:
2

(Nsv) =

2

3.R, - R2.L
4.R3 3

In which: R, =
R2 =
R3 =
L =

radius of the pollen tube including the wall
radius of the pollen tube without the wall
radius of the secretory vesicles
increase in tube length per minute

With an external tube diameter of 4 μιη, a wall thickness of 0.3 μίτι, a
radius of the SV of 0.1 μίτι, and a growth speed of 2 μΐτι/min, the fusion
rate is 3,450 vesicles/min. These vesicles deliver 430 μπτ2 plasma membrane
of which only 50 μίτι2 is used for expansion, leaving 380 μη\4ο be retrieved
or otherwise discarded. The number of CP (Ncp) needed for a complete
endocytosis is given by the equation:
2

N,v. 4. R3 - 2. R2.L
(Ncp) =
In which: R4 = radius of the coated vesicle.
As the radius of a mature CP is 70 nm (Fig. 8a, see also Emons and Traas
1986) complete membrane retrieval requires the endocytosis of 25,000
CP/min. CP density in the first 30 μηι of the pollen tube is on average
2
10/μπι (see Table VI), which means that some 7,000 CP are present there.
With a maturation time of 30-60 s (Tanchak 1984, 1988), a total of 7,000 to
14,000 CP are taken up in the first 30 μίτι of the pollen tube each minute.
Though this number is not enough to retrieve all of the excess membrane
within 30 μίτι from the tip, it does show that CP probably are the most
important tool in membrane/protein retrieval.
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Conclusion
The present study provides the first quantitative analysis of the organization
of organelles within a pollen tube. The results show the presence of distinct
longitudinal gradients for those organelles involved in endo- and exocytosis.
Other organelles, like mitochondria, are randomly distributed. Radial
gradients such as those reported for Oomycete hypha (Heath and Kaminsky
1989) were not found, which is surprising considering the extensive cortical
cytoskeleton of the pollen tube (Perdue and Parthasarathy 1985, Derksen et
al. 1985, Pierson et al. 1986). It is therefore necessary to further investigate
organelle distribution and movements in relation to the presence and organization of the cytoskeleton.
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SECRETORY VESICLE FORMATION IN
TOBACCO POLLEN TUBES: INDICATIONS
FOR CISTERNAL PROGRESSION IN GOLGI
BODIES

Summary
Golgi bodies were studied in serially sectioned freeze-substituted tobacco
pollen tubes. Due to an improved structural preservation new ultrastructural
features common to all Golgi were observed. Golgi in the vegetative cell of
the Nicotiana tabacum L. pollen tube contain distinct cis, medial, and trans
cisternae. The trans-most cisterna seems to be a trans-Golgi-network based
on the presence of clathrin coated vesicles. All observations indicated that
secretory vesicles are derived exclusively from the splitting up of the entire
trans-Golgi-network into clusters of secretory vesicles. This manner of
vesicle formation may indicate cisternal progression. The loss of membrane
material from the trans site is probably compensated for by a membrane
flow to the cis site of the Golgi by means of small nonclathrin coated
vesicles that coalesce to form new cis cisternae.
Intercisternal filaments were found between all cisternae and probably play
a role in flattening the central part of the cisternae. The Golgi in the generative cell were distinctly smaller than those in the vegetative cell, and the
cisternae of these Golgi were less differentiated.
Key words: cisternal progression, Golgi bodies, intercisternal filaments
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Introduction
The Golgi apparatus is a highly polar organelle consisting of stacks of
flattened cisternae. Whereas the Golgi apparatus in most animal cells is
comprised of many stacks interconnected by tubular elements (Rambourgh
and Clermont 1990, Mellman and Simons 1992) the Golgi apparatus of the
higher plant cell usually appears as distinct organelles often referred to as
Golgi bodies or dictyosomes (Robinson 1980, Morré 1987, 1990).
A main function of higher plant Golgi bodies is the production of complex
polysaccharides that are subsequently transported to the cell surface in
secretory vesicles (SV). Walls of cells that elongate at the tip only, like
pollen tubes, are mainly derived from the contents of these vesicles. At the
same time the vesicle membrane contributes to the extension of the plasma
membrane in the tip region (Rosen et al. 1964, Sassen 1964, Larson 1965,
Steer and Steer 1989). Only a small part of the membrane material delivered
to the plasma membrane by SV is needed for cell growth. The remainder is
probably retrieved by endocytotic processes involving coated pits (Pearse
and Bretscher 1981, Joachim and Robinson 1984, Steer 1988) and transported backto the Golgi (Robinson and Kristen 1982, Steer and O'Driscoll
1991). Tanchak and coworkers (1984, 1988) used cationized ferritin to
follow endocytosis in plant cells and found that these markers were ultimately to be found throughout the Golgi bodies.
Most observations on the ultrastructure of plant Golgi bodies were made in
the 60's and 70's using chemically fixed tissues. Fixation with chemicals
can induce structural changes in plant cells, such as vesiculation of the ER
(Mersey et al. 1978) and swelling of the Golgi (Mollenhauer et al. 1988).
Thus the chemical fixation of cells must be considered to be unsuitable when
dynamic structures like Golgi bodies are investigated. For this reason we
have employed the superior rapid-freeze/freeze-substitution (RF-FS) technique. In this article we describe several structural features of Golgi bodies
from tobacco pollen tubes together with the formation of SV.
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Material and methods
Plant material and culture conditions
Pollen of Nicotiana tabacum L. cv. samsun was sown on 3 mm punches of
sterilized Visking dialyse tubing (Serva, Heidelberg, FRG) placed upon 3%
agar containing 10% (w/v) sucrose and 0.01% (w/v) boric acid. The pollen
was cultured in the dark at 28°C. After a germination phase of 1 - 1.5 h the
tubes grew at a constant rate of 2 /zm/min.
Freeze substitution
Pollen tubes with an average length of 200 μπ\ (i.e., 3 h after sowing) were
used for freeze-substitution. The punches were removed from the agar and
within 5 s plunged into -170°C propane using a custom-built freezing
apparatus resembling the one described by Lancelle and coworkers (1986).
After storage in liquid nitrogen the specimens were freeze substituted in 2%
OsCyO.01 % UAc in acetone at -73°C (dry ice) for 72 h during which time
the temperature of the substitution medium was allowed to rise to -30°C. The
specimens were then gradually warmed up to room temperature and flat
embedded in Spurr's resin. Serial sections were made on a Sorval MT 5000
microtome (Sorval Ine, Norwalk, USA) and collected on formfar and
coal-coated single slot grids. After the preparations were stained with lead
citrate for 3 min they were examined in a Jeol electron microscope (Jeol
Ltd, Tokyo, Japan). Serial sections were used to determine the structure of
the Golgi.

Results
The ultrastructure of the tobacco pollen tubes was excellently preserved. The
medial longitudinal section through the tip region in Fig. 1 shows the
physical organization of the pollen tube. An accumulation of secretory
vesicles with a diameter of approximately 200 nm can be seen in the extreme
tip. Numerous other organelles can be identified including mitochondria and
Golgi. The Golgi bodies appear as distinct organelles and show no close
association to other cytoplasmic structures like the ER.
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Fig. 1. Medial longitudinal section through the tip region of a freeze-substituted pollen tube
of N. tabacum. The accumulation of SV in the tip is clearly visible as well as the presence
of numerous other organelles like mitochondria (M) and Golgi (G). x7,000; bar = 2 μιτι

General morphology of the Golgi bodies
For a thorough study on the architecture of Golgi bodies, serial section
analysis is preferable to single section analysis as this last method is prone to
misinterpretations, especially when organelles with a distinct polarity are
studied. Golgi bodies in the vegetative cell of the pollen tube measured 0.7 0.9 μιτι in diameter and showed a uniform morphology. Each Golgi body
contained five to seven cisternae. A distinct cis-to-trans polarity was evident
in the decreasing width of the cisternal lumen, the increasing stainability of
the cisternal membranes, and the conspicious expansion of the trans-most-cisternae (Fig. 2a-c).
The Golgi bodies often contained only one clear cis cisterna (Fig. 2a-c), but
when two cisternae were present, the cis-most of these was much smaller
than the second cisterna and sometimes consisted of only a few small
vesicle-like structures (Fig. 3a-b). Following the cis cisterna, one, seldom
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two, medial cisternae and three to four trans cisternae were present. Where
as the central portion of each cisterna was flattened, its margin was swol
len. In longitudinal sections these swollen margins might be mistaken for
attached vesicles (Fig. 2) but upon surface sectioning the cisternal periphery
reveals itself as a fenestrated margin with an occasional tubular extension
(Fig. 4). The diameter of the swollen margins did not change significantly
from cis-to-trans except for the extreme trans cisterna. The morphology of
this trans-most element differed greatly between individual Golgi bodies
(Figs. 2, 3, 5). The occasionally observed presence of clathrin coated
vesicles (Fig. 6b, see also below) shows that these trans-most elements are
trans-Golgi-net-works (TGN) (Griffith and Simons 1986, Staehelin et al.
1990).
Shape of the TGN
The TGN is characterized by its bent structure and margins that are much
more swollen than those of the Golgi cisternae proper. The flattened central
portion of the TGN is small compared to that of the trans cisternae (Fig. 2)
and sometimes even absent (Fig. 5). In the latter case the TGN resembles a
cluster of vesicles (Figs. 5 and 6). The diameter of the vesicle-like structures
within these clusters varied greatly and could be 200 η m (Fig. 6a), which is
also the diameter of the SV in the pollen tube tip. The different shapes of
the TGN were always tightly linked to the trans face of a Golgi body. As
Fig. 2a-c. Medial serial sections through a typical pollen tube Golgi showing cis (С), medial
(M) and trans (T) cisternae. The trans-Golgi-network (TGN) is almost completely transfor
med into a cluster of vesicles and the flattened part of the TGN (Arrowhead in b) is very
small compared to that of the underlying cisternae . Intercistemal filaments are visible
between all cisternae. x45,0O0; bar = 0.2 μτη
Fig. 3a-b. Putative membrane flow to the cis site of the Golgi body by means of small dark
staining (probably coated) vesicles. These vesicles sometimes seem to be attached to the cis
cisterna by filaments (arrows in (a)). The Golgi body in (h) shows the presence of a second
small cis cisterna linked by filaments to the larger cis cisternae x45,000; bar = 0.2 μιη
Fig. 4. Surface view of a Golgi body. The peripheral region is fenestrated and sometimes
contains small tubular extensions. Small coated vesicles (arrowheads) surround the Golgi
body. x35,000, bar = 0.2 /*m
Fig. 5a-c. Transformation of a TGN into a cluster of vesicles. The central flattened region
of the TGN of this Golgi is no longer present (compare 2c and 5b). x35,000; bar = 0.2 μπι
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there were also Golgi bodies in which the trans-most element was indistin
guishable from the underlying trans cisternae (Fig. 7), a TGN may someti
mes be absent.
Clathrin and nonclathrin coated vesicles near the Golgi
Clathrin coated vesicles were seldomly found near Golgi bodies. When
present, they were attached to the vesicle clusters of the trans-most element
of the Golgi (Fig. 6b), which identified them as TGNs. The clathrin coated
vesicles had a diameter of 73 nm (S.D. =7, n = 14).
All of the Golgi were surrounded by small coated vesicles having a diameter
of 56 nm (S.D. = 5 , η = 124) (Figs. 4, 6b, 8). The smooth coating of these
vesicles (Fig. 6b) indicates a nonclathrin coating (Orci et al. 1986, Malhotra
et al. 1989). Nonclathrin coated vesicles were present in abundance near or
attached to the TGN and trans cisternae (Figs. 2a, 3a). They were less
abundant near the eis face of the Golgi body they were less abundant. It
sometimes seemed as if they were connected to the cis cisterna by filaments
(Fig. 3b).
Intercisternal filaments
Intercisternal filaments (IFs) were found between all of the cisternae of the
Golgi (Fig. 2a-c, 3a, 7). The IFs in the trans region were darkly stained and
appeared as sharp delineated structures; IFs in the cis region stained only
weakly and could only be identified with certainty when they were transver
sely cut. Within a cisternal space the IFs were arrayed parallel to each other
though the orientation of the IFs often changed between subsequent intercis
ternal spaces (Fig. 7). Transverse and face sections of Golgi bodies showed
the membrane area occupied by these filaments to be devoid of fenestrae
(Figs. 4, 7). Where the IFs were no longer present, the well-known
swollen margins arose (Fig. 7). Occasionally IFs were seen on the cytoplas
mic side of a cisterna (Fig. 7).
Golgi bodies in the generative cell
A striking feature of the Golgi bodies of the generative cell was their small
diameter: 0.4 - 0.5 μΐη versus the 0.7 - 0.9 μιη of the Golgi bodies in the
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vegetative cell (Fig. 8a-b). The Golgi bodies of the generative cell contai
ned five to six cisternae but there were hardly any differences in staining
patterns between cis and trans cisternae (Fig. 8a). The margins of the
cisternae were not swollen, and SV could not be unambigously identified.
Coated vesicles, however, were present in the vicinity of these Golgi (Fig.
8b).

Discussion
The pollen tube Golgi show the 'classic' configuration in which all types of
cisternae (cis, medial and trans) are present. On the basis of a different
morphology and the presence of clathrin coated vesicles, a fourth type of
cisterna was identified as a TGN (Griffith and Simons 1986). The TGN was
recognized to be a true organelle in the 1960s by Novikoff (1964, 1976). A
reticular structure, the presence of budding, coated vesicles, and extensive
coated membrane regions distinguish the TGN from Golgi cisternae. The
TGN, also known as the partially coated reticulum in plant cells (Pesacreta
and Lucas 1984, 1985), is often connected to the trans site of the Golgi
(Harris and Oparka 1983, Hillmer et al. 1988, Juniper et al 1982).
The TGNs in plant cells are notoriously variable in shape and vary in a cell
type specific manner (Staehelin et al. 1990). The appearance of the TGN in
the tobacco pollen tube Golgi seems somewhat cryptic. It is always intimate
ly linked to the Golgi and lacks extensive coated membrane regions while
clatrin coated vesicles are relatively seldom seen.
Fig. 6a-b. Vesicle clusters of the TGN. (a): all vesicles seem to emerge from the center of
the cluster (asterix). (b): Clathrin coated vesicles (CV), recognizable by their reticulate
surface coating, are present between the secretory vesicles. In the lower part of the
micrograph a single nonclathrin coated vesicles (NV) can be discerned (arrowhead). Note
the relatively small size and smooth coating of the nonclathrin CV. хбО.ООО; bar = 0.1 μιη
Fig. 7. The orientation of intercistemal filaments changes between the subsequent cisternae.
Cisternal swelling starts from the point where the cisterna is not decorated with filaments
(arrows). x50,000; bar = 0.2 /xm
Fig. 8a-b. Golgi in the generative cell (GC) of the pollen tube. The distinct smaller size of
the Golgi of the generative cell as compared to the Golgi of the vegetative cell (VC) is
svident in a face view (b). The Golgi in the generative cell are surrounded by coated
vesicles (arrows) implicating activity. A generative cell Golgi in cross section shows that the
:istemae are of a typical cis morphology (a). x70,000 (a), x35,000 (b); bar = 0.2 /xm
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Secretory vesicle formation and Golgi body dynamics
In the majority of plant cells SV are reported to arise from the swollen
margins of the cisternae (Mollenhauer 1971, Robinson and Kristen 1982,
Staehelin 1988); in some cases entire cisternae are released as single vesicles
(Domozych 1991). Our results show that SV are formed by the TGN.
Various intermediate stages between intact TGN, vesicle clusters and
vesicles were observed. In addition to these 'stages' we found Golgi bodies
that were completely devoid of TGN (Fig. 7). Therefore, we conclude that
the entire TGN is transformed into SV. If this conclusion is correct, cisternal progression (Moiré et al. 1979, Morré 1990) seems the most likely way
for re-establishing the TGN (Fig. 9).
The alternative to cisternal progression is the vesicle shuttling model. The
existence of shuttle vesicles to transfer material from one Golgi cisterna to
the next was first postulated by Fries and Rothman (1981). Intra-Golgi
transport in animal cells depends to a large extent on these shuttle vesicles
(Lodish 1988, Orci etal. 1991). The situation in plant cells is less clear. The
Golgi bodies in some algae are clear examples of cisternal progression
(Domozich 1991). In most other plant cell systems the observations indicate
the presence of vesicle shuttling (Staehelin et al. 1990). Ultrastructural
observations on Golgi bodies of the pollen tube are best explained in terms
of cisternal progression.
Whereas cisternae are thus lost from the trans face of the Golgi, new
cisternae seem to be formed at the eis face. This is indicated by small
structures, apparent intermediates between a cis cisterna and a vesicle, which
are frequently found attached to the cis cisternae (Fig. 3a, 9).
Presence and function ofint e reiste mal filaments
Intercisternal filaments were first described by Mollenhauer (1965) and
Turner and Whaley (1965) and are a typical feature of plant cells (Mollenhauer and Morre 1978). It is not known if IFs occur in all plant cells as
their presence can be easily overlooked. Whereas IFs at the trans-site were
darkly stained, IFs at the cis-site were only barely visible. Their stainability
might depend on local differences in the micro-environment of the intercisternal spaces (see Anderson and Pathak 1985).
Our observations are consistent with previous reports indicating IFs to be
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a

s a
9. Diagrammatic model of SV formation by pollen rube Golgi. SV formation starts with the
swelling of the TGN (a). With time, the whole TGN is transformed into a cluster of
vesicles (b). Vesicle diameter increases (c) and finally, the cluster splits up into mature SV
(d). New cistemae are formed concommitantly at the cis-site (a-d).

involved in giving shape to the Golgi cistemae (Mollenhauer 1965, Mollenhauer and Morre 1975, Kristen 1978, Staehelin et al. 1990).
Membrane recycling
A prerequisite for the maintenance of the Golgi is a constant supply of
membrane material to counterbalance the loss caused by the continuous
production of SV. In tobacco pollen tubes only some 10% of the membrane
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material delivered to the plasmamembrane is needed for tube growth (Derksen et al. 1993). The remainder is probably retrieved by endocytosis
mediated by coated pits/coated vesicles (Pearse and Bretscher 1981) that
are particularly abundant in the first 30 μΐπ behind the pollen tube tip
(Derksen, in preparation). Tanchak and coworkers (1984, 1988) reported
that endocytosed markers are transported to the Golgi. A large portion of
membrane supply to the Golgi may derive from membrane recycling repre
sented by the small coated vesicles seen in the vicinity of the Golgi. These
vesicles are nonclathrin coated. Thus, endocytosed membrane material may
be not transported directly to the Golgi but may first enter another cell
compartment like the ER (Kappler et al. 1986).
Golgi in the generative celi
The typical features of Golgi in the generative cell are their small size and
the cis morphology of their cisternae. Though Golgi-derived vesicles could
not be identified with absolute certainty, the presence of coated vesicles in
the vicinity of the Golgi are clear proof of activity though the nature of the
products synthesized is unclear.
In conclusion:
Pollen Golgi display a number of distinct features including:
1) cis, medial and trans cisternae are present as well as a TGN.
2) secretory vesicles arise from the the splitting apart of the entire TGN.
3) Our observations are most easily explained in terms of cisternal progres
sion.
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CHAPTER 7
BREFELDIN A EFFECTS ON GROWTH AND
ULTRASTRUCTURAL ORGANIZATION OF
TOBACCO POLLEN TUBES
A.L.M. Rutten and B. Knuiman

Eur. J. Cell Biol, (submitted)

BREFELDIN A EFFECTS ON GROWTH AND
ULTRASTRUCTURAL ORGANIZATION OF
TOBACCO POLLEN TUBES.

Summary
Pollen germination and pollen tube growth were clearly affected by the drug
brefeldin A: both processes could be stopped completely. Notable thichening of the cell wall was not observed in non-growing pollen tubes, and
plasma streaming remained vigourous in the presence of brefeldin A. Over
time the tip region became filled with a dense cytoplasm that lacked large
organelles. Ultrastructural observations showed the rapid dissociation and
disappearance of Golgi bodies. The concommittant appearance of vesicle-like
structures attached to the ER suggests a fusion of the Golgi with the ER
similar to that which happens in animal cells. Secretory vesicles disappeared
from drug treated tubes and the tip region became filled with tubular ER. As
the actions of the drug seemed to be reversible, brefeldin A may contribute
substantially to research on Golgi dynamics and tip growth in pollen tubes.
Key words: brefeldin A, Golgi, organelle fusion, pollen tube

Introduction
Brefeldin A (BFA) is a macrocyclic lactone synthesized by a variety of fungi
(Harri et al. 1963). BFA is extensively used in studies on animal cells as a
specific perturbant of the dynamic relations between organelles of the
endomembrane system. The drug inhibits the anterograde membrane transport from the ER to the Golgi without affecting the retrograde transport
from the Golgi to the ER (Lippencott-Schwartz et al. 1989, 1990, Doms et
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al. 1989). Anterograde membrane transport is mediated by nonclathrincoated vesicles (Rothman and Orci 1992). BFA blocks the formation of
coated transport vesicles by inhibiting the assembly of cyto-solic coat
proteins onto their target membranes (Donaldson et al. 1990, Orci et al.
1991, Serafini et al 1991, Duden et al. 1991).
The precise mode of action of BFA remains to be elucidated, yet given its
structure, the drug is expected to permeate and accumulate in cellular
membranes. In the presence of BFA the Golgi apparatus often becomes
transformed into tubules that fuse with the ER (Lippencott-Schwartz et al.
1989, Chege and Pfeifer 1990, Wood et al. 1991). Morphological changes
induced by BFA have also been observed in other organelles like the ER,
trans-Golgi-network and endosomes (Ulmer and Palade 1991, Lippencott-Schwartz et al. 1991, Robinson and Kreis 1992). The effects of BFA have
been shown to be fully reversible in animal cells (Lipsky and Pagano 1985,
Lippencott-Schwartz et al. 1990, Ulmer and Palade 1991). The few studies
that have deployed BFA on plant cells also indicate a reversible action
(Satiat-Jeunemaitre and Hawes 1992). In the field of plant cell resaerch
pollen tubes represent an attractive model. They are tip growing cells with a
polar organization of the cytoplasm (Steer and Steer 1989, Derksen and
Emons 1990, Derksen et al. 1993). Tip growth requires the continuous
production of secretory vesicles by the Golgi and their transport to the tip
where they fuse with the plasma membrane. The complex polysaccharides
deposited by the secretory vesicles are synthesized by the Golgi (Robinson
and Kristen 1982). BFA can therefore be expected to have effects on pollen
tubes at on both the ultrastructural and morphological levels.

Material and methods
Plant material
Pollen was collected from Nicotiana tabacum L. cv samsun grown under
greenhouse conditions. For germination 20 mg pollen was suspended in 5 ml
culture medium containing 10%(w/v) sucrose and 0.01% boric acid and
incubated on a shaker (100 rpm) at 28°C (Kroh and Knuiman 1982).
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Drug treatments
Brefeldin A (BFA, Sigma, St. Louis, Mo, USA) was dissolved at different
concentrations in methanol in order that 10 μ\ of a BFA solution added to 5
ml culture medium would yield the final BFA concentration wanted.
Pollen was germinated in the presence of 0.1, 0.2, 0.3, 0.5, 1.0 and 5.0
/ig/ml BFA. In parallel experiments pollen was first cultured for 60 or 90
min in BFA-free medium before the drug was added. For recovery experi
ments, cells exposed to the drug were gently centrifuged and transferred to
drug-free medium. Cell samples were collected every 30 min and photograp
hed using bright field or differential-interference-contrast (DIC) microscopy.
Pollen showing tubes of at least 10 μΐη in length were considered to be
germinated. Pollen tube length was measured on a Kontron Mop Videoplan
image analyser (Zeiss, FRG).
Visualization of actin filaments
Actin filaments were stained with tetramethylrhodamine В isothio-cyanate
(TRITC)-labeled phalloidin (Sigma Chemical Co., St. Louis, Mo, USA)
according to the extraction method described by Traas and coworkers
(1987). A small sample of pollen tubes was mixed with an approximately
equal amount of extraction buffer( 50 mM 1,4-piperazinediethanesulfonic
acid (PIPES) buffer, 10% (w/v) dimethylsulfoxid (DMSO), 10 mM ethylene
glycol-bis (ß-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 5 mM
MgSC-4, and 0,05% NP-40, pH 6.9) containing 10 6M TRITC-phalloidin.
Stained pollen tubes were examined immediately in a Leitz Orthoplan Vario
Orthomat (Leitz, Wetzlar, FRG) combination equipped for immunofluorescence.
Electron microscopy
For electron microscopy pollen tubes were freeze substituted. A droplet of
pollen tube suspension was placed on a 3-mm punch of sterilized Visking
dialysis tubing (Serva, Heidelberg, FRG). Excess medium was drown off
with filter paper, and the punch with the attached pollen tubes was plunched
into -170°C liquid propane (Lancelle et al. 1986, Derksen et al. 1993). The
specimens were transferred in liquid nitrogen into a CS Cryo Substitution
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Apparatus (Reichert-Jung, Vienna, Austria). Freeze substitution was carried
out at -90°C in 2% OsO4/0.1% uranyl acetate in acetone for 36 h. The
specimens were brought to room temperature at a warming-up speed of 4°C
per hour. Fixed pollen tubes were flat embedded in Spurr's resin on cyclon
CT (Supelco Inc., Belleforte, Pa, USA) coated slides. Ultrathin (70 nm)
sections were made on a Sorval MT 5000 microtome (Sorval Ine, Norwalk,
USA) and collected on formvar- and coal-coated grids. The sections were
stained with lead citrate for 3 min and examined in a Jeol electron micoscope (Jeol Ltd., Tokyo, Japan).

Results
Effects of BFA on pollen germination
The results described below were obtained from four separate experiments
using the same batch of pollen.
Pollen germination in BFA-free culture medium was always approximately
70%. The administration of 0.1 /xg/ml BFA to the culture medium did not
affect pollen germination (Fig. la), and pollen tube length after a 60-min
incubation was comparable to that of the control (Fig. lb). At longer
incubation times, however, the pollen tube remained markedly shorter (Fig.
lb) and often had an abnormal twisted form. In the presence of 0.2 μg/ml
BFA pollen germination was not inhibited until after 90 min incubation (Fig.
la). Tube growth was clearly retarded at all incubation times investigated
(Fig. lb), and tube morphology had detoriated. Pollen germination was
severely inhibited at a concentration of 0.3 /xg/ml BFA, while the tubes
showed minimal growth (Fig. la-b). Higher concentrations of BFA comple
tely inhibited germination. These effects seemed to be irreversible as
replacement of these drug containing media by normal culture medium did
not improve tube growth or pollen germination, even after a 3-h recovery
period (results not shown).
BFA effects on tube growth and tube cytoplasm
Pollen was germinated in normal culture medium for 60 min before the
administration of the drug (0.1, 0.5 or 1.0 /ig/ml). There was a significant

126

IM

А

во
во АО

20

_£_

0

С И

С_

«о
Т пв(ігіп)

:L

|

1»

с

-

Î
«

100

сШ
эй

во

Tlnw flfttr dnjg eödWOft О ь ))

во

Fig. la-c. Time- and dose- dependent effects of BFA on pollen germination (a) and pollen
tube growth (b). In (c) pollen was been germinated for 60 min before the drug was added.
Pollen tube length at that moment was 45 μιη (see h). The concentration BFA used fag/m\)
is indicated at the base of each dark bars. The V in the blank bars stands for 'control'. The
results shown are representative of four independent experiments.
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Fig. 2a-b. DlC-images of' pollen tubes exposed to BFA (1 ^g/ml) for 60 min. The tip is
filled up with a dense cytoplasm in which individual organelles cannot be discerned (a). A
plasmolysed tube shows the uniform thickness of the wall (b). χ 1,100; bar = 10 μιη
Fig. 3a-b. TRITC-phalloidin staining of actin filaments in an
untreated (a) and BFA (1 /xg/ml, 60 min) treated pollen tube (b). χ 1,300; bar = 10 μιη

increase in pollen tube length within the first 30 min of drug exposure (Fig.
lc). After this time, tube growth in the treated samples was only observed at
BFA concentrations of 0.1 /zg/ml.
In some experiments pollen tubes were grown for 90 min before being
incubated with 1.0 /ug/ml BFA. Plasma streaming in the BFA treated pollen
remained vigorous with a reversion site near to the tip. Individual organelles
often remained at this site for some time, showing trembling motions only.
Prolonged (30 min or more) drug exposure induced the development of a
zone of dense cytoplasm in the extreme tip (Fig. 2a). Individual organelles
could not be discerned, but the whirling motions of the cytoplasm indicated
the presence of large numbers of small organelles. This dense cytoplasm
could be found in a region up to 20 μιη from the extreme pollen tube tip.
Although tube growth was stopped by 1 ^g/ml BFA, the tube wall was not
markedly thickened as often occurs during plasmolysis(Fig. 2b).
Cytoskeletal organization in the presence of BFA
The distribution pattern of the actin filaments was identical to that in the
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controls, even after a 2-h exposure to 1 /xg/ml BFA (Fig 3a-b, see also
Pierson et al. 1986). The organization of the microtubules in both the
vegetative and generative cell as seen in EM sections was indistinguishable
from that observed in untreated cells (Fig. 3c,d, see also Derksen and Traas
1984, Derksen et al. 1985, Unedle et al. 1987).
Electron microscopical observations
Disappearance of Golgi bodies.
Golgi bodies in control pollen tubes consisted of five to seven flattened
cisternae with a distinct cis-to-trans polarity (Fig. 4a). The exposure of
pollen tubes that had been grown first for 90 min in drug-free medium to 1
fig/ml BFA caused the rapid disorganization and disappearance of these
organelles. Abnormal arrangements of the Golgi were visible as early as
5-10 min after incubation with the drug. The number of cisternae decreased
rapidly (Fig. 4b-d), while the cisternae themselves were often swollen (Fig.
4c,d) and sometimes became detached from the Golgi stacks (Fig. 4c,d).
The cisternae appeared to have been completely converted into vesicle- and
tube-like structures (Fig. 4d,e). At this stage it became difficult to discriminate between remnants of the Golgi and elements of the ER (Fig. 4b,e).
Figure 4f shows the transition of an irregular membranous structure into the
tightly associated membranes of the ER. From 30 min of incubation with the
drug onwards Golgi remnants were no longer visible in the cytoplasm.
Reorganization of the ER by BFA
The RER in untreated pollen tubes consists of axially aligned flat sheets
(Derksen et al. 1993). BFA disturbed this orientation within minutes,
causing the sheets to undulate (Fig. 4c,d). The reticulate patterns that were
often observed (Fig. 4c) indicate that additional fusions occurred between
these sheets. Prolonged (20 min or more) exposure to the drug caused
further changes in RER morphology by the appearance of dilations (Fig.
5a,b). Coated vesicles, either fusing or budding, were often attached to these
dilated areas of the ER (Fig. 5a,b) but never to the sheat-like areas. In
untreated pollen tubes secretory vesicles accumulate in the extreme tip into a
cone-shaped area that is enveloped by a thick layer of tubular ER (Derksen
11Q
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et al. 1993). Figure 6a shows a pollen tube tip 10 min after the onset of
drug treatment. Secretory vesicles have already become rare, yet the cone
shape of the accumulation area and the surrounding tubular ER can still be
recognized. After 1 h of drug exposure the whole tip zone is completely
filled up with tubular ER; other organelles are almost absent from this area
(Fig. 6b).
Other BFA effects
BFA did not seem to noticeably affect other subcellular components with the
possible exception of mitochondria, which were more swollen than in the
controls.
The thickness of the electron-dense primary tube wall in the extreme tip was
approximately 300 nm, which is identical to that in control tubes (Derksen et
al. 1993).
Reappearance of Golgi bodies after BFA removal.
After pollen had been exposed to BFA for 1 h the drug was removed from
the medium. Pollen tubes examined after a 1-h recovery period showed the
reappearance of Golgi bodies. Although a cis-to-trans polarity was again
evident (Fig. 7a), the Golgi body architecture was not identical to that in
untreated pollen tubes. Restored Golgi bodies contained only two to four
cisternae with intercisternal filaments (Fig. 7a-d). The cisternae were often
swollen and the Golgi bodies sometimes merely resembled an accumulation
of tubular and vesicular membrane structures (Fig. 7d). Secretory vesicle
production, however, seemed to have been restored (Fig. 7a,b) and numeFig. 4a-f. Golgi bodies in an untreated tube (a) and in BFA treated (1 μg/ml, 5-15 min)
pollen tubes (b-f)· The number of cisternae is reduced in the Golgi that have been exposed
to BFA. The cisternae are often swollen (c,d) and sometimes detach from the stacks
(arrowhead in c). In the last stages of Golgi disassembly the cisternae seem to split up into
vesicular and tubular structures (d,e). Small filaments (arrowhead in d) are sometimes
visible between the split-up parts of a cisternae. The boundary between Golgi and ER is
often obscure. The arrowhead in (f) indicates a putative Golgi-ER transition. x40,000
(a,c,f), x25,0OO (b,e), x55,000 (d); bar = 0.2 μιπ
Fig. 5a-b. BFA (1 /íg/ml, 15 min) induced membrane dilation associated with the ER. (a,
b) Vacuole-like structures with coated vesicles (cv) are connected to sheet-like ER (arrowheads). хЗО.000 (a), x55,000 (b); bar = 0.2 μπι
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rous coated vesicles were present near the Golgi bodies (Fig. 7c,d).
The sheets of RER in the recovered pollen tubes were mostly oriented
parallel to the tube axis (not shown), dilations of the RER were no longer
observed.

Discussion
General effects of BFA on pollen tubes
In contrast to the effects of BFA that have been reported elsewere, the
action of this drug on pollen tubes seems to be only partly reversible.
Germination and tube growth did not improve after removal of the drug,
and Golgi did not recover their original morphology within 3 and 1 h of
recovery, respectively.
Pollen tube growth and the factors regulating the direction of growth appear
to be very sensitive to the action of BFA. This drug clearly showed a
concentration-dependent inhibition of pollen germination and tube growth. At
a concentration of 0.1 jug/ml BFA started to exert its effects after about 1 h
(Fig. lb,c). As BFA disturbs transport between elements of the endomembrane system, it also affects synthetic processes (Klausner et al. 1992).
Pollen tube growth within the first hour of drug exposure probab-ly depends
on storage compounds already present. After exhaustion of these products
growth has to solely rely on newly synthesized products. This may explain
the delayed effect shown by BFA. The elements of the endomembrane
Fig. 6a-b. Tip regions of pollen tubes treated with BFA (1 /ig/ml) for 15 min (a) and for 60
min (b) respectively. Though secretory vesicles are almost absent after 15 min of drug
exposure, the cone shaped accumulation site can still be discerned (dotted line in a). This
region is distally bordered by large amounts of tubular ER (ter). After a 60-min incubation,
the vesicle accumulation zone is no longer present, and the whole tip is tilled up with
tubular ER (b). x8,500; bar = 2 μιη
Fig. 7a-d. Reappearance of Golgi bodies in pollen tubes that have had a 1-h recovery period
after initially being exposed to BFA (1 μg/ml) for 1 h. Most of the Golgi display a clear
cis-to-trans polarity with intercistemal filaments (arrowheads in a). Secretory vesicle
production is restored (a, b), and numerous coated vesicles are attached to the cisternae (c,
d). Golgi morphology is not completely restored and sometimes the Golgi resemble an
accumulation of tubular and vesicular elements (c). x70,000 (a,b,d), x45,000 (c); bar = 0.2
μιτι
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system probably have different levels of sensitivity to BFA (Lippincott-Schwartz et al. 1991, Klausner et al. 1992). Higher concentrations of
BFA may therefore affect a greater part of the endomembrane system and
stop growth at a much earlier stage (Fig. la-c).
Disassembly of Golgi bodies
The most striking effect of BFA is the complete disappearance of the Golgi
bodies from the cytoplasm. Satiat-Jeunemaitre and Hawes (1992) had
identical results using suspension culture cells of maize, although they were
unable to establish the eventual destination of the transformed Golgi bodies.
Our observations indicate a fusion of the Golgi bodies with the ER. Often
there was hardly any visible transition between Golgi bodies and ER at the
time of disassembly of the Golgi (Fig. 4b-f). The disappearance of the Golgi
bodies was accompanied by the appearance of dilations of the ER (Fig.
5a,b). The vacuolization of the cytoplasm in maize cells reported by Satiat-Jeunemaitre and Hawes (1992) may in fact represent these ER dilations.
In untreated pollen tubes, Golgi bodies are always accompanied by budding
or fusing coated vesicles (Derksen et al. 1993) that are absent from the ER.
In the BFA treated cells coated vesicles were found to be almost exclusively
attached to the dilated areas of the ER. Therefore, these ER dilations
probably represent the remnants of the Golgi. Pollen Golgi are distinct,
freely moving organelles That do not have a clear physical interaction with
the ER (Steer and Steer 1989, Derksen et al. 1993). Both organelles are
associated with actin filaments (Kachar and Reese 1988, Lichtscheidl et al.
1990, Derksen et al. 1993, Lancelle et al. 1987). The transformation of
Golgi bodies and their putative fusion with the ER is intriguing but not
unexpected considering the effects of BFA on animal cells (Chege and
Pfeifer 1990, Wood et al. 1991). Kandasamy and Kristen (1987) have
already described a drug-induced formation of Golgi-ER hybrids in tobacco
pollen tubes. The morphology of the Golgi in recovering pollen tubes
suggests that some BFA is retained in the cell. This may be due to its
extreme low solubility in aqueous media.
Reorganization of the ER
BFA brought about the disorientation of the sheets of ER. The ER in plant
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cells is attached to actin filaments ( Quader et al. 1987, Kachar and Reese
1988, Lichtscheidl et al. 1990) that are not affected by BFA (Fig. 3a,b, see
also Perdue and Parthasarathy 1985, Pierson et al. 1986). In animal cells
BFA is known to release a number of proteins from endomembranes,
including proteins with cytoskeletal binding properties (Allan and Kreis
1986, Serafini et al. 1991). The latest reports indicate that BFA probably
exerts its effects at the level of small regulatory GTP binding proteins
(Donaldson et al. 1992), including the ras-related rho-proteins (Sugai et al.
1992a,b), some of which are known to regulate the assembly of actin stress
fibers in response to growth factors (Ridley and Hall, 1992). It therefore
may well be that BFA in plant cells interferes with the binding of the ER to
actin filaments. The accumulation of tubular ER in the extreme tip seems to
be a side effect of the drug action. Under normal conditions, large amounts
of tubular ER surround the accumulation zone of secretory vesicles in the
extreme tip (Derksen et al. 1993). As the tip becomes depleted of secretory
vesicles the tubular ER shrivels up and fills the pollen tube tip (Fig. 6b).
Interestingly, the cone-shaped accumulation site of secretory vesicles could
still be discerned at a time when few vesicles were left (Fig. 6a). This raises
questions about the mechanisms by which this zone is defined.
Concluding remarks
The fact that pollen tube growth is stopped without the tip bursting or a
thick wall layer in the tip being deposited (Fig. 6a,b) is remarkeble since
secretion and tube growth are considered to be two separate processes
(Picton and Steer 1982, 1983). Further studies on the concentration-dependent effects of BFA on pollen tube growth may provide new information on
the mechanisms regulating wall deposition and tube growth.
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CHAPTER 8
MICROTUBULES IN PLANT
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WITH TAU-LIKE PROTEINS
A.L.M. Rutten, H.M.P. Kengen and E.F.G. Duits
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MICROTUBULES IN PLANT CELLS ARE
DECORATED WITH TAU-LIKE PROTEINS

Summary
The presence and localization of tau-like proteins in pollen tubes and BY-2
cells of Nicotiana tabacum L. was investigated with a commercially available polyclonal rabbit anti chicken brain tau-protein. In an immunoblot
analysis of pollen tube cell extracts, the polyclonal anti tau reacted specifically with two plant proteins of 64 and 73 kDa, respectively. Immunofluorescence microscopy on pollen tube subprotoplasts and protoplasts of BY-2
cells, employing the anti tau in combination with a monoclonal anti tubulin,
showed that the entire microtubular cytoskeleton was labelled by anti tau.
Keywords: Nicotiana tabacum, tau-like proteins, immunofluorescence
microscopy

Introduction
Microtubule-associated proteins (MAPs) have traditionally been identified as
proteins that copurify with tubulin during microtubule assembly (Shelanski et
al. 1973). These MAPs play important roles in the regulation of microtubule
stability and function (Butner and Kirschner 1991, Wiche et al. 1991).
A major problem in studying higher plant MAPs is that the tubulin content
of plant cell extracts remains below the critical concentration required for
assembly (Morejohn et al. 1984). Cyr and Palevitz (1989) were the first to
overcome this problem by adding purified tubulin from an animal source to
bring the concentration above that required for assembly. A different
approach was reported by Vantard and coworkers (1991) who used taxol
stabilized plant micro-tubules to isolate higher plant MAPs. Among the
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MAPs purified by this last group was a 83-kDa protein that was specifically
recognized by a polyclonal antibody directed against neural tau from rat
brain.
In the present investigation we have used a commercially available polyclo
nal antibody raised against chicken brain tau to identify and localize tau-like
proteins in pollen tubes and BY-2 cells of Nicotiana tabacum L.

Material and methods
Tau protein from animal source
Purified brain tubuline was used as a source for animal tau. Fresh pig brain
was collected from the local slaughterhouse. Brain tubuline was purified in
one cycle of temperature dependent polymerization/depolymerization
according to Asnes and Wilson (1979).
Plant material
Pollen of Nicotiana tabacum L. cv. 'samsun' was collected from plants
grown under greenhouse conditions. Nicotiana tabacum Bright Yellow 2
(BY-2) cells were cultured in a suspension in modified Linsmaier and
Skoog's medium supplemented with 3% sucrose and 0.2 mg/ml 2,4-dichloro-phenoxyacetic acid (2,4-D), pH 5.8, at 26°C in the dark. The cells were
subcultured every 7 days (Nagata et al. 1981).
Protein extraction
For protein extraction 300 mg pollen was suspended in 10% (w/v) sucrose
and 0.01% (w/v) boric acid at a concentration of 3 mg/ml and incubated on
a shaker (100 rpm) at 28°C. After 2h of incubation the germinated pollen
was gently centrifuged. The supernatant was discarded and the pellet was
mixed with 5 ml extraction buffer (0.3 mM Tris/HCl, 0.4 mM ethylene
diamine tetra-acetic acid (EDTA) pH 8.0 supplemented with 0.4 mM
phenylmethylsulfonyl fluoride (PMSF), 0.45 Mg/ml antipain, 6.7 Mg/ml
aprotinin, 6.7 Mg/ml N-benzoyl-L-arginin-ethylesther (BAEE), 0.67 jug/ml
leupeptin, 0.45 Mg/ml pepstatin and 6.7 μ&\ν\ N-tosyl-L-phenylalanine
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chloromethyl ketone (TPCK) (all chemicals were purchased from Sigma
Chemical Co., St. Louis, Mo, USA). This suspension was ground to a fine
powder in liquid nitrogen. After incubation for 15 min at 30 °C the extract
was centrifuged for 20 min at 20.000 g and the supernatant saturated to 50%
with ammonium sulphate. The resulting precipitate was collected, resuspended in 10 ml extraction buffer and desalted with centripreps-30 concentrators
(Amicon, Beverly, Ma, USA) using three changes of 10 ml extraction
buffer. The protein concentration of the final solution was adjusted with
extraction buffer to 1 mg/ml.
Protein extracts from BY-2 cells were made in the same way: 1 g of BY-2
cells was collected from the cell cultures by filtering, mixed with 5 ml
extraction buffer and processed as described above.
Gel electrophoresis and immunoblotting
Proteins were separated on 10% (w/v)
SDS-PAGE gels according to
Laemmli (1970) using the BIORAD mini-protean II apparatus (Bio-Rad
Laboraties, Richmond, Calif., USA). The gels were silver stained according
to Morrissey (1981). The proteins were electrophoretically transferred to a
nitrocellulose membrane (Bio-Rad) as described by Towbin and coworkers
(1979). Strips 3 mm wide were cut and used for an immuno reaction.
Non-specific binding sites were blocked with 1 % bovine serum albumin
(BSA) pH 7.0 for 15 min at 30°C. The strips were incubated with a polyclo
nal antibody to tau (rabbit anti chicken embryo brain tau, Sigma) or with a
monoclonal against tubulin (Rat monoclonal MAS 77c, Sera Lab Ltd.,
Crawley Down, U.K.) both diluted 1:1000 in PBS with 0.1% BSA and
0.05% Tween-20 for 60 min at 30°C. We also used a monoclonal anti tau
(mouse anti bovine brain tau (Sigma) in addition to the polyclonal anti-tau
for both the immunoblotting and the immunofluorescence microscopy. The
results obtained when this monoclonal anti-tau was used were identical to
those of the polyclonal antibody staining. However, the intensity of the
staining of the former was low relative to that of the polyclonal antibody.
For this reason the polyclonal anti tau was preferred.
After washing with
PBS the strips were incubated with a second peroxidase conjugated antibody,
either swine anti-rabbit (Dakopatts, Glostrup, Denmark) or goat anti rat
(Sigma Chemical Co., St. Louis) both diluted 1:1000 in PBS. Incubation
was for 1 h at 30°C. After washing, the antibody-antigen complex was
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visualized by chromogenic development using diamino benzidine HCl (DAB)
0.05% (w/v) in PBS supplemented with 0.06% (w/v) hydrogenperoxide.
Immunofluorescence microscopy
As the plant cell wall presents a serious barrier for antibodies to penetrate
we decided to use protplasts made from pollen tubes (subprotoplasts) and
BY-2 cells. Pollen tube subprotoplasts were made as described earlier
(Rutten and Derksen 1990).The subprotoplasts were fixed for 1 h with 3%
formaldehyde in 50 mM piperazine-N,N'-bis-[2-ethanesulfonic acid] (PIPES), 1 mM ethylene glycol-bis (2-aminoethylether)-N,N,N',N'-tetracetic acid
(EGTA) and 0.5 mM MgS04> pH 6.8. After fixation the protoplasts were
washed once with PIPES and subsequently with water and attached to
poly-L-lysine coated coverslips.
For labelling of the tubulin and tau the attached subprotoplasts were incubated with the same primary antibodies used for immuno- blotting and diluted
1:1000 in phosphate buffered saline (PBS) for 1 h at 37°C. After washing
with PBS the subprotoplasts were incubated with the second antibodies:
fluorescein isothiocyanate(FITC) conjugated goat anti-rabbit IgG (Nordic
Immun. Lab., Tilburg, The Netherlands) and tetramethylrhodamine isothiocyanate (TRITC) conjugated goat anti-rat IgG (Nordic). When double
labelling was studied in a confocal laser scanning microscope Texas Red
conjugated goat anti-rat (Calbiochem, La Jolla, Calif., USA) had to be used
instead of TRITC to avoid bleeding. Nuclei were stained with the DNAspecific dye diamidino-phenyl-indol (DAPI, Sigma Chemical Co.) at a
concentration of 10 jug/ml. For the immunofluorescence studies on BY-2
cells, the protoplasts were prepared and processed as described by Kengen
and Derksen (1991). Antibody incubations were as described above.
Conventional fluorescence microscopy was carried out using a Leitz Variomat microscope equipped for immunofluorescence. Confocal fluorescence
micrographs were taken with a Bio-Rad MRC-600 Confocal Imaging System
(Bio-Rad, Cambridge, Mass., USA) using a Nikon Inverted Microscope
Diaphot (Model TMD) equipped with a CF N Plan Apochromat DM 60x
n.a. 1.40.
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Results
Immunoblottìng
The specificity of the antibodies used was tested on blots of one-cycled MT
preparations of whole pig brain extracts (Fig. la). The monoclonal anti
tubulin showed a specific reaction with the 52 kDa tubulin band (Fig. lb).
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Fig. 1. Specificity of the monoclonal anti tubulin and polyclonal anti tau in whole pig brain.
Lane a: silver stain of a one cycled microtubule preparation from whole pig brain. Lane b:
Immunoblot of the sample in a using the MAS 77c rat anti pig tubulin showing a specific
reaction with the 52-kDa tubulin protein. Lane c: Immunoblot of the sample in a this time
with the polyclonal rabbit anti-chicken brain tan. The polyclonal recognizes three proteins
with molecular weights of 44, 57 and 66 kDa respectively but does not cross react with
tubulin.
Fig. 2. Immunological analysis of Nicotiana tabacum L. pollen tube extract. Lane a: silver
stain of the ammonium precipitate of pollen tube extract. Lane b: immunoblot of the sample
in a incubated with the MAS 77c anti tubulin gives a strong reaction with a 52 kDa protein.
Lane c: Immunoblot of the sample in a using the polyclonal anti-tau antibody. Two proteins
with apparent molecular weights of 64 and 73 kDa respectively are recognized by the
polyclonal anti tau. Note that there is no cross-reactivity with the tubulin.

145

Fig. 3a-h. Conventional immunofluorescence microscopy on tobacco pollen tube SPPs. (a)
cortical arrays of MT in a SPP after incubation with anti-tuhulin. Cortical MT arrays are
also labelled by the polyclonal anti-tau (b). Double labelling of tubulin (t,e) and tau (d,f)
show that the whole MT cytoskeleton is labelled by anti-tau. The background staining in the
anti-tau preparations is higher than in the anti tubulin; brightly fluorescent spots visible in (f)
(arrow-heads) are not detectable in (e), thus showing that the double labelling pattern is not
due to improper filter combinations, (g) tau staining on the MT cytoskeleton of a generative
cell (gc) in a SPP; DAPI staining reveals the position of the nucleus of the generative cell
(h). χ 1,500; bar = 5 μνη.
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The polyclonal rabbit anti-chicken brain tau reacted with a triplet of
proteins with molecular weights of 44, 57 and 66 kDa, respectively (Fig.
lc). There was no cross reaction with the tubulin.
The immunological analysis of the N. tabacum pollen tube protein extracts
(Fig. 2a) using the polyclonal tau antibody revealed a reaction with a doublet
of proteins with molecular weights of 64 and 73 KDa respectively (Fig. 2c).
The antibody did not cross-react with plant tubulin (Fig. 2b).
Similar results were obtained with the BY-2 cell protein extracts (data not
shown).
Immunocytochemistry
Immunofluorescence microscopy of pollen tube SPP using the tubulin
antibody showed a labelling of cortical MT (Fig. 3a, see also Rutten and
Derksen (1991). Incubation with the tau anti-body showed a similar labelling
of cortical MT (Fig. 3b). Double labelling of tubulin and tau revealed that
the entire MT cyto-skeleton including that of the generative cell of the pollen
tube(Fig. 3g-h), was labelled by the polyclonal anti tau (Fig. 3c-f)·
Tau labelling in BY-2 cells was evident (Fig. 4a-b). The occasionally
occurring phragmoplasts were also labelled by anti-tau (Fig. 4c-d). Anti-tau
labelling as examined in a fluorescence microscope was allways continuous.
In a CLSM the anti-tau labelling pattern seemed punctate due to optical
sectioning (Fig. 4b).

Discussion
Tau protein was among the first MAPs to be identified through cycle
assembly purification of tubulins in animal cell extracts. When examined by
one dimensional gel electrophoresis the apparent molecular weights were
found to be between 50 and 70 KDa (Goedert and Jakes 1990, Himmler
1989). Tau proteins are highly conserved between species, especially at their
MT binding sites (Aizawa et al. 1989, Himmler et al. 1989).
The presence of tau-like proteins in plant cells has only recently been
demonstrated by Vantard and coworkers (1991) who found a 83 kDa MAP
in maize cell extract that cross-reacted with antibodies raised against rat
brain tau. In the present study two tau-like proteins with molecular weights
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Fig. 4a-d. CLSM images of tubulin (а,с) and tau (b,d) double labelling in protoplasts of
BY-2 cells. (a,b) tubulin and tau in the cortical cytoplasm. Tau label is present on all MT,
but the labelling pattern is rather punctate. (c,d) tubulin and tau in the phragmoplast.
xl,500 (a,b), xl,000 (c,d); bar = 5 μτη (a,b), 10 μτη (c,d)

of 64 and 73 kDa were identified with commercially available anti-tau
antibodies in cell extracts of both pollen tubes and BY-2 cells of N. tabacum.
While the 83 kDa protein found by Vantard and coworkers lies beyond the
50-70 kDa range of animal tau proteins (Goedert and Jakes 1990, Himmler
1989), the molecular weights of the tau-like proteins from tobacco are
comparable to those of animal tau proteins. However, the differences in
molecular weight and number may represent stage- or species- specific
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isoforms of tau (Goedert and Jakes 1990, Wiche et al. 1991).
The immunofluorescence observations presented (Fig. 3 and 4) show that all
MTs in the plant cell were decorated with tau-like proteins. The punctate
labelling pattern of anti-tau seen in the CLSM (Fig. 4b,d) may indicate an
irregular distribution of tau on the MTs.
Tau may play a role in cross-linking MT. In vitro, tau can form inter-MT
cross-bridges of about 20 nm in length (Hirokawa et al. 1988). This is
similar to the length of the MT cross-bridges seen in electron microscopical
preparations of freeze substituted pollen tubes (Lancelle et al. 1987), pollen
tube subprotoplasts (Rutten and Derksen 1992) and dry cleaved BY-2 cells
(Kengen and Derksen 1991). In these last cells, the portion of MTs in
bundles was 56%. As tau is present on all MTs, cross-linking may not be
the main functional role of tau. MT cross-bridging by tau may be an artefact
caused by overexpression (Kanai et al. 1989, Wiche et al. 1991), and the
cross-bridges seen in the electron microscopical preparations may be formed
by other MAPs like for example the one described by Cyr and Palevitz
(1989) who were unable to detect tau.
Various properties of tau suggest a function unrelated to cross-linking. Tau
promotes the polymerization of tubulin (Weingarten et al. 1975) presumably
by reducing the MT instability (Bre and Karsenti 1990). Since the affinity of
tau protein for MTs can be altered by phosphorylation of the tan (Butner and
Kirschner 1991, Lindwall and Role 1984, Raffaelli et al. 1992), the tau
protein may be involved in the regulation of MT dynamics and tubulin
synthesis (Knops et al. 1991) or may influence interactions between MTs
and motor proteins (Butner and Kirschner 1991).
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CHAPTER 9
SUMMARY

SUMMARY
Pollen tubes are tip growing cells. Tip growing cells share a number of
characteristics one of which is the polar organization of the cytoplasm. The
organization of the cytoplasm is believed to be controlled by the cytoskeleton. While the spatial arrangements of the filamentous parts of the cytoskeleton, i.e. microtubules and actin filaments, have been thoroughly studied in
pollen tubes, little is known about their organization at the onset of germination when cell polarity is established. The thick pollen wall is a major
handicap to any immunological approach. At the time work on this was
thesis started, subprotoplasts prepared from growing pollen tubes seemed to
be a useful model system for studying pollen germination and tip growth.
These subprotoplasts formed tube-like outgrowths that resembled pollen
tubes and were easy to handle. The absence of a rigid cell wall greatly
enhanced immunological studies, while the presence of karyoplasts and
cytoplasts enabled the role of the nucleus and/or generative cell to be
investigated.
Chapters 2 and 3 present an overview of the organization of the actin
filaments and microtubules, respectively, in pollen tube subprotoplasts.
These elements of the cytoskeleton were completely disrupted during
subprotoplast preparation. Regeneration of their arrays occurred at the
plasma membrane and was not affected by the presence of a vegetative
nucleus and/or generative cell, which clearly shows the intrinsic capacity of
the pollen tube cytoplasm to reorganize its cytoskeleton.
The dynamics of the actin filaments in recovering subprotoplasts (chapter 2)
resembled that found in pollen grains in the stages preceeding germination.
Even a polarity was re-established, which culminated in sharply delineated
actin-free areas on the plasma membrane that had the shape and proportions
reminiscent of the colpae of a pollen grain.
The microtubular network showed no specific features except for the
gradual formation of spirally wound microtubules (chapter 3). This type of
microtubule organization does not occur in pollen and pollen tubes. The
arrays are probably stabilized by the microtubule cross-linking structures
observed by electron microscopy on dry cleaved subprotoplasts.
Pollen tube subprotoplasts did not show a codistribution of the actin fila-
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ments and microtubules, which is in contrast to the situation in normal plant
cells and pollen tubes. Clearly, the interaction between actin filaments and
microtubules was disturbed. It is therefore proposed that this interaction
might be an essential feature of a normal organization of the microtubules.
The cytoskeleton played hardly any role at all in subprotoplast outgrowth.
Chapters 2 and 3 showed that the organization of the actin filaments, but
not that of the microtubules, could influence the site of the outgrowth.
Outgrowth always occurred in a direction perpendicular to the orientation of
the actin filaments (chapter 2). The cortical actin arrays probably give
strength to the plasma membrane-cell wall complex and may thus co-deter
mine the weakest sites of the membrane-wall complex and hence the sites of
outgrowth.
The passive role of the cytoskeleton during subprotoplast outgrowth was
further indicated by results from drug experiments. Disruption of the actin
filament network by cytochalasin В or D had a profound effect on the
organization of the cytoplasm but did not inhibit nor slow down subproto
plast growth (chapter 4). The shape of the outgrowths was identical to that
of untreated subprotoplasts. Disruption of the microtubular arrays with col
chicine had no effect on subprotoplast growth or cytoplasmic organization.
A main difference between a pollen tube subprotoplast and a pollen grain is
the presence of a thick wall in the latter. The pollen wall limits outgrowth to
the sites of the colpae where an organized network of actin filaments
stabilizes the cytoplasm. When a pollen grain germinates, the cytoplasm is
pushed out while the turgor-producing vacuoles remain in the pollen grain.
The reverse occurred during outgrowth of pollen tube subprotoplasts (chap
ter 4). It is suggested that the absence of a rigid wall makes it impossible for
the subprotoplast to direct the turgor pressure to the sites where actin
filaments have stabilized the cortical cytoplasm. The outgrowth of pollen
tube subprotoplasts must result from the uncontrolled expansion of the
turgor- producing vacuole, and this feature makes subprotoplasts an unsuit
able modelsystem for investigating pollen tube growth. However, as certain
properties like wall deposition and the ordering of cytoskeletal arrays remain
at least partly intact, subprotoplasts may still be of some value in qualitative
studies on pollen tube cytoplasm (see chapter 8).
A variety of treatments were applied in attempts to activate the generative or
vegetative cell for subsequent exoperimental use, but all failed.
The organelles within the pollen tube cytoplasm are unevenly distributed,
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but specific information is scarce due to the absence of quantitative data.
Chapter 5 presents the first quantitative analysis of cytoplasmic organization
in growing pollen tubes, through the application of cryo-techniques, the use
of chemical fixatives, such as aldehydes, could be avoided. This resulted in
more reliable observations on where the different organelles are located. For
a truly quantitative analysis of organelle distribution the use of serial sections
proved to be essential.
The resulting picture of the organization of the cytoplasm in living pollen
tubes of Nicotiana tabacum differed on certain essential points from the
cytoplasmic build-up presented in the older literature. First of all, the often
claimed accumulation of mitochondria in the tip region of the pollen tube
appeared to be non-existent. Clear accumulations were only found for those
organelles or structures either directly or indirectly involved in exo- and
endo-cytosis, these are the secretory vesicles, the Golgi bodies, and the
coated pits on the plasma membrane. Secretory vesicles were most abundant
in the first 3 μίτι of the pollen tube tip. Outside this area they were more or
less randomly distributed throughout the cytoplasm. The highest number of
Golgi bodies, which produce the secretory vesicles, were found 25 μιη from
the tip. Th highest density of plasma membrane-associated coated pits, which
are involved in endocytosis, was in a zone between 6 and 15 μιη behind the
extreme tip.
Except for the first 10 μίτι of the pollen tube, sheets of endoplasmic
reticulum (ER) were present throughout the tube; there was no indication of
any distinct accumulation sites. Tubular ER, on the other hand, seemed to be
especially abundant in the tip region, surrounding the cone-shaped accumu
lation zone of the secretory vesicles. A local concentration of tubular ER at
this site was indicated.
The primary wall of the pollen tube has always been described as consisting
of two different layers. Yet at the site of deposition in the very tip the wall
appeared to be rather homogeneous. This may indicate that the two layers of
the primary wall are the result of a gradual phase-separation of deposited
wall material. The serial sections also showed that the wall was already 300
nm thick in the extreme pollen tube tip. This feature was formerly held to be
a fixation artefact, to indicate a disturbed secretion, or to be the result of
imprecise sectioning.
On the basis of the data available an attempt was made to quantify the rate
of exo- and endocytosis. In order to do this, certain parameters concerning

1Я7

the velocities of the different exo- and endo-cytotic processes had to be
assumed. The absence of reliable data on these phenomena in plant cells is a
severe handicap when studying plant cell behavior.
The central elements in endo- and exocytotis are the Golgi bodies. A study
on their ultrastructural organization and on the production of secretory
vesicles by these pollen tube Golgi bodies is presented in chapter 6. Cis,
medial, and trans cisternae were present in addition to a rather indistinct
trans-Golgi-network (TGN). All of the observations indicated that secretory
vesicles arise exclusively from this TGN. Apparently, the entire TGN is
transformed into secretory vesicles. This almost certainly implies the
existence of cisternal progression, i.e., cisternal breakdown at the trans-phase of the Golgi and cisternal build-up at the cis-phase. This concept is
supported by indications for the formation of new cisternae on the cis-side of
the Golgi bodies.
Additional information on the organization of the cytoplasm in pollen tubes
and the role of the Golgi bodies was obtained by using the drug brefeldin
A. When applied to animal cells, brefeldin A blocks protein transport from
the ER to the Golgi apparatus and causes the Golgi apparatus to disassociate
and fuse with the ER. Chapter 7 describes the effects of brefeldin A on the
growth and cytoplasmic organization of pollen tubes. The drug showed a
concentration-dependent inhibiting effect on pollen germination and tube
growth. Although cytoplasmic streaming and cytoskeletal organization
seemed to be unaffected, the effects of the drug on the ultrastructure of the
cell were quite noticeable. The most obvious effect was the disassembly and
subsequent disappearance of the Golgi bodies from the cytoplasm within 20
min of their being in the presence of 1.0 /xg/ml brefeldin A. The different
stages of Golgi disassembly strongly suggest a fusion of the Golgi with the
ER. At the time the Golgi bodies disappeared, vesicle-like structures showing connections with the ER became visible in the cytoplasm. These new
structures were covered with coated vesicles, which in untreated cells were
only present on Golgi bodies (chapter 5).
Untreated pollen tubes also contained a cone-shaped zone of clear cytoplasm
in the extreme tip that was devoid of all organelles except secretory vesicles
(chapter 5). The Brownian motions of the secretory vesicles at this site seem
to indicate the absence of an organelle-cytoskeleton interaction. The disassembly of Golgi bodies by brefeldin A stopped the production of secretory
vesicles, leaving growth to continue until all of the secretory vesicles had
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been used up. The specific cone-shaped zone, however, was maintained in
the absence of secretory vesicles for at least some time (chapter 7, Fig. 6a).
One can only speculate on the mechanisms that determine this specific area.
A large influx of ions (e.g., calcium) in the extreme tip may locally inhibit
organelle-cytoskelton interactions. This high-ion zone would be accessible to
all organelles. These ions may be sequestrated by the tubular ER that bounds
this area. The shape of the zone may depend on the rate of ion influx and
the efficiency by which the ER removes the ions from the cytoplasm.
The accumulation of secretory vesicles in this particular area may be
explained by their size. As small secretory vesicles can fill a vacant site
more efficiently than large organelles, they would expelí larger organelles
in a competition for available space in this case in the extreme tip region.
The observation that mitochondria entered the extreme tip region after the
secretory vesicles had disappeared provides evidence for this assumption
(chapter 7, Fig. 6a).
Other effects of brefeldin A included the disorganization of the sheets of ER
and the accumulation of putative tubular ER in the tip region of the pollen
tubes after the secretory vesicles had disappeared. The wall deposited during
the time of drug incubation appeared to be identical to that of an untreated
tube.
As the effects of the drug seemed to be reversible, at least in part, brefeldin
A might be useful in the study of endo- and exocytotic processes and
cytoplasmic organization in pollen tubes.
Cytoplasmic organization depends to a large extent on the organization of
the cytoskeleton. Filamentous proteins like actin filaments and microtubules
form its backbone while the numerous associated proteins determine its
functions. Chapter 8 reports on the presence and localization of two microtubule-associated tau-like proteins in plant cells using poly- and monoclonal
antibodies directed against animal tau proteins.
Double-labelling experiments with tubulin and tau antibodies on both tobacco
pollen tube subprotoplasts and tobacco BY-2 cells showed the complete
microtubular network to be labelled by anti- -tau. Immunoblots of the plant
material disclosed two proteins of 64 and 72 kDa, respectively, that were
recognized by the anti tau. There was no cross-reaction with plant tubulin.
The embellishment of microtubules with tau-like proteins was not unexpected. This group of microtubule-associated-proteins are considered to be
elements that stabilize the microtubular network without inhibiting the
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interactions between microtubules and other proteins. However, that they
have any possible role in microtubule cross-linking seems doubtful.
The results presented in this thesis are primarily derived from morphological investigations. There are always serious limitations to work carried out
on static images, especially when a dynamic structure or organization is
studied. However, by means of superior fixation techniques like the freeze-substitution and the use of serial sections, it appears to be possible to
obtain new information on the distribution and structure of cytoplasmic
organelles and their significance in growth regulation. The use of advanced
UV microscopy in combination with video recordings will provide a welcome supplement to this (see chapter 5).
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CHAPTER 1 0
SAMENVATTING

SAMENVATTING
Pollenbuizen groeien uitsluitend aan de top. Cellen met topgroei delen een
aantal gemeenschappelijke kenmerken waarvan de polaire organisatie van het
cytoplasma er een is. Deze specifieke organisatie van het cytoplasma wordt
gecontroleerd door het cytoskelet. Hoewel veel bekend is over de ruimtelijke
rangschikking van de filamenteuze delen van het cytoskelet, dwz. de
microtubuli en actine filamenten, in groeiende pollenbuizen, weet men nog
weinig over de organisatie van dit cytoskelet tijdens de pollenkieming: het
moment waarop de celpolariteit tot uiting komt. De dikke pollenwand vormt
een groot nadeel bij elk immunologisch onderzoek. Toen het in dit proefschrift beschreven onderzoek startte, leken subprotoplasten gemaakt van
groeiende pollenbuizen een bruikbaar modelsysteem om de groei van pollen
buizen te bestuderen. Deze subprotoplasten vormden zelf ook buis-vormige
structuren die enigzins leken op pollenbuizen. Verder waren subprotoplasten
gemakkelijk hanteerbaar en misten ze een dikke celwand waardoor immunologisch werk aanzienlijk vergemakkelijkt werd. Bovendien betekende de
aanwezigheid van zowel karyoplasten als cytoplasten dat ook de invloed van
de vegetatieve kern en generatieve cel onderzocht kon worden.
Hoofdstuk 2 en 3 geven een overzicht van de organisatie van respectievelijk
de actine filamenten en microtubuli in pollenbuis subprotoplasten. Deze
elementen van het cytoskelet raken sterk gefragmenteerd tijdens de aanmaak
van subprotoplasten. De regeneratie van de cytoskelet netwerken vindt plaats
aan de plasmamembraan en wordt op geen enkele manier beïnvloed door
de vegetative kern of generatieve cel. Dit bewijst de intrinsieke capaciteit
van het pollenbuis cytoplasma om het cytoskelet te reorganiseren.
De dynamiek van de actine filamenten in de herstellende subprotoplasten
(hoofdstuk 2) doet sterk denken aan die gevonden in pollen korrels in de
stadia direct voorafgaande aan de kieming. Er is zelfs een duidelijke
wederopbouw van polariteit zichtbaar in de subprotoplasten die uitmondt in
de vorming van scherp begrensde actine vrije gebieden aan de plasmamembraan, in vorm en grootte lijkend op de colpen van pollenkorrels.
Het microtubulaire netwerk vertoont geen typische kenmerken behalve de
geleidelijke formatie van spiraalsgewijze windingen (hoofdstuk 3), een
organisatie die in pollen en pollenbuizen niet voorkomt. Deze windingen
worden waarschijnlijk gestabiliseerd door de cross-links tussen microtubuli
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die in droog-klief preparaten zichtbaar zijn.
Er is geen codistributie tussen actine filamenten en microtubuli in de
pollenbuis subprotoplasten, dit in tegenstelling tot de situatie in andere
plantecellen en pollenbuizen. Het dus is duidelijk dat de interactie tussen
actine filamenten en microtubuli verstoord is in de subprotoplasten. Vermoedelijk is een interactie tussen actine filamenten en microtubuli essentieel voor
een normale organisatie van de microtubuli.
Het cytoskelet speelt nauwelijks een rol bij de uitgroei van subprotoplasten.
Hoofdstuk 2 en 3 tonen aan dat wel de ordening van de actine filamenten,
maar niet die van de microtubuli, de plaats van uitgroei kan beïnvloeden.
Wellicht is hier sprake van een zuiver mechanisch effect aangezien uitgroei
altijd plaats vond in een richting loodrecht op de oriëntatie van de actine
filamenten (hoofdstuk 2).
De passieve rol van het cytoskelet bij de uitgroei blijkt ook in hoofdstuk 4
wanneer het actine netwerk m.b.v. cytochalasine В of D wordt afgebroken.
Hoewel het cytoplasma hierdoor gedesorganiseerd wordt, remt noch
vertraagt dit de uitgroei van de subprotoplasten. Ook de vorm van de
uitgroei blijft identiek aan die van controle experimenten. Afbraak van de
microtubuli m.b.v. colchicine laat geen enkele morfologische verandering
zien.
Een belangrijk verschil tussen een pollenbuis subprotoplast en een pollenkor
rel is de aanwezigheid van een dikke wand bij de laatste. Deze wand beperkt
de uitgroei tot de colpen waar een geordend actine netwerk het cytoplasma
stabiliseert. Als een pollenkorrel kiemt wordt het cytoplasma vooruitgestuwd
terwijl de turgor producerende vacuolen in de pollenkorrel blijven, het
omgekeerde gebeurt tijdens de uitgroei van pollenbuis subprotoplasten.
Vermoedelijk maakt de afwezigheid van een stevige celwand het onmogelijk
voor de subprotoplast om de turgordruk te dirigeren naar de plaatsen waar
de actine filamenten het corticale cytoplasma stabiliseren. Uitgroei van een
pollenbuis subprotoplast is de oncontroleerbare expansie van de turgor
producerende vacuole. Pollenbuis subprotoplasten kunnen daarom niet
gebruikt worden als modelsystemen voor de bestudering van de pollenbuis
groei. Echter, omdat eigenschappen als wandafzetting en organisatie van het
cytoskelet gedeeltelijk intact zijn gebleven, kunnen subprotoplasten nog enige
waarde hebben bij qualitatieve studies aan het pollenbuis cytoplasma (zie
hoofdstuk 8).
De organellen in het cytoplasma van de pollenbuis zijn ongelijk verdeeld,
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maar specifieke informatie hierover is schaars omdat quantitatieve data
ontbreken. In hoofdstuk 5 wordt voor het eerst een quantitatieve analyse
gepresenteerd van de organisatie van het cytoplasma in groeiende pollenbuizen. Door gebruik te maken van cryo-technieken was het mogelijk chemi
sche fixatieven, zoals aldehyde verbindingen, uit te sluiten, en tot een meer
waarheidsgetrouw beeld van de ultrastructurele organisatie in pollenbuizen
te komen. Voor een betrouwbare quantitatieve analyse van de organelverdeling zijn het gebruik van serie-coupes onontbeerlijk.
De in hoofdstuk 5 beschreven resultaten verschillen op enkele wezenlijke
punten van vroegere literatuur gegevens. Zo wordt allereerst vastgesteld dat
de vaak beschreven accumulatie van mitochondrien in de pollenbuis top niet
bestaat. Duidelijke accumulaties worden alleen bij die organellen en
structuren gevonden die direct of indirect bij de exo- en endocytose betrok
ken zijn, te weten: secretie vesicles, Golgi bodies en coated pits. Secretie
vesicles vertonen een duidelijke ophoping in de extreme top maar zijn buiten
dit gebied willekeurig verdeeld in de pollenbuis. De Golgi bodies, de
producenten van de secretie vesicles, zijn het talrijkst in een zone ca. 25 μΐη
achter de top. De coated pits tenslotte, betrokken bij de endocytose, hebben
een grootste dichtheid in een gebied tussen de 6 en 15μπι achter de top.
Behalve in de eerste 10 μπ\ van de top wordt ruw endoplasmatisch reticu
lum (ER) door de gehele buis gevonden zonder aanwijzingen voor een
duidelijke accumulatie. Tubulair ER is massaal aanwezig rondom de
concentratie van secretie vesicles in de top regio. Waarschijnlijk is hier
sprake van een locale ophoping.
De primaire pollenbuiswand, waarvan beweerd wordt dat hij uit twee lagen
bestaat, blijkt op de plaats van afzetting in de uiterste top homogeen van
samenstelling te zijn. Dit kan erop duiden dat de twee lagen wellicht
ontstaan door een geleidelijke fase-scheiding van het oorspronkelijk gesecreteerde materiaal. Verder is in de extreme top de wand al 300 nm dik is. Dit
fenomeen werd voorheen beschouwt als een fixatie-artefact, een bewijs voor
een verstoorde secretie, of slechte aansnijding.
Op basis van de beschikbare data is een poging ondernomen de mate van
exo- en endo-cytose te quantificeren. Om dit te kunnen doen moesten echter
wel een aantal parameters in zake de snelheid van de bij dit fenomeen
betrokken processen worden aangenomen. Het ontbreken van betrouwbare
gegevens over exo- en endocytose is een groot handicap bij de bestudering
van plantecellen.
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Centraal in de exo- en endocytose staan de Golgi bodies. In hoofdstuk 6
wordt een beeld geschetst hun de ultrastructurele organisatie en productie
van secretie vesicles in de pollenbuis. Naast cis, mediane en trans cisternen
is ook een weinig geprononceerd trans-Golgi-netwerk (TGN) aanwezig. Alle
waarnemingen tonen aan dat de secretie vesicles uitsluitend van dit TGN
afkomstig zijn. Naar het zich laat aanzien wordt hierbij het gehele TGN
getransformeerd in secretie vesicles. Dit betekent bijna automatisch
cisternale progressie; d.w.z. cisternale afbraak aan de trans zijde en opbouw
aan de cis zijde. Dit vermoeden wordt gesteund door aanwijzingen voor de
vorming van nieuwe cisternen aan de cis-zijde van Golgi bodies.
Om meer inzicht te krijgen in de organisatie van het cytoplasma en de rol
van de Golgi bodies werden pollenbuizen aan brefeldine A blootgesteld. In
dierlijke cellen blokkeert brefeldine A het eiwit transport van het ER naar
het Golgi apparaat en veroorzaakt de dissociatie van dit Golgi apparaat en
zijn fusie met het ER. Hoofdstuk 7 beschrijft de effecten van deze stof op de
groei en cytoplasmatische organisatie van pollenbuizen. Brefeldine A heeft
een duidelijk concentratie afhankelijk remmend effect op de pollen kieming
en de groeisnelheid van de buizen.
Ofschoon de cytoplasmastroming en de organisatie van het cytoskelet niet
beïnvloed worden, zijn de gevolgen op ultrastructureel niveau aanzienlijk.
Meest opmerkelijk is het uiteenvallen en verdwijnen van de Golgi bodies
binnen 20 minuten in de aanwezigheid van 1 jug/ml brefeldine A. De
verschillende stadia van Golgi afbraak doen vermoeden dat de Golgi bodies
fuseren met het ER. Op het moment waarop de Golgi bodies verdwijnen,
verschijnen er nl. blaas-vormige structuren in het cytoplasma die verbonden
zijn met het plaatvormige ER. Deze blaasjes zijn bezet met kleine coated
vesicles die in onbehandelde pollenbuizen alleen bij Golgi bodies voorkomen.
In groeiende pollenbuizen hopen de secretie vesicles zich op in een duidelijk
herkenbare kegelvormig gebied met helder cytoplasma in de extreme top.
Andere organellen worden zelden waargenomen in deze zone (hoofdstuk 5).
De Brownse bewegingen van de secretie vesicles in dit gebied wijzen op de
afwezigheid van cytoskelet-organel interacties. Door het uiteenvallen van de
Golgi bodies in aanwezigheid van brefeldine A stopt de productie van
secretie vesicles. De buisgroei blijft nu doorgaan tot alle vesicles zijn
opgebruikt. Opmerkelijk is dat de typische kegelvorm van de zone enige tijd
gehandhaafd blijft in de afwezigheid van de secretie vesicles.

166

Over de mechanismen die de vorm van dit gebied bepalen kan men alleen
maar speculeren. Een grote instroom van ionen (bv. calcium) in de uiterste
top zou lokaal de organel-cytoskelet interacties kunnen verstoren waardoor
een gebied ontstaat dat toegankelijk is voor alle organellen. De ionen
zouden verwijderd kunnen worden door het tubulaire ER dat deze zone
begrenst. De vorm van een regio met een hoge ion concentratie zou
afhankelijk kunnen zijn van de mate van ion influx en de efficiëntie waarmee
het ER deze ionen uit het cytoplasma verwijdert.
De ophoping van secretie vesicles in dit gebied kan het gevolg zijn van hun
grootte. Een ruimte kan nl. efficiënter gevuld worden met kleine structuren
dan met grote. In een competitie voor ruimte, in dit geval de extreme
pollenbuis top, zullen de kleine secretie vesicles de grotere organellen
verdringen. Een bewijs hiervoor zijn de mitochondria die pas in de extreme
top verschijnen als de secretie vesicles verdwenen zijn (hoofdstuk 7, Fig.
6a).
Andere brefeldine A effecten omvatten de disorganisatie van het plaatvormige ER, en de ophoping van tubulair ER in de extreme top na het verdwijnen
van de secretie vesicles. De pollenbuiswand die afgezet wordt tijdens de
incubatie met deze stof lijkt identiek aan de wand van onbehandelde
pollenbuizen.
Omdat de effecten, ten minste ten dele, reversibel zijn, lijkt brefeldine A
zeer geschikt voor verder onderzoek naar endo- en exocytose en de organisatie van het cytoplasma in pollenbuizen.
De organisatie van het cytoplasma is sterk afhankelijk van de organisatie van
het cytoskelet. Actine filamenten en microtubuli vormen zijn raamwerk, de
ermee geassocieerde eiwitten verzorgen zijn functies. Hoofdstuk 8 beschrijft
de detectie en localisatie van twee microtubuli-geassocieerde eiwitten met
behulp van antilichamen gericht tegen dierlijke tau-proteines.
Dubbelkleuring op tubuline en tau in zowel pollenbuis subprotoplasten als
BY-2 cellen van Ni cofia na tabacum laten zien dat het hele microtubuli
netwerk herkend wordt door anti-tau. Immunoblots van plantemateriaal met
dezelfde antilichamen tonen aan dat anti-tau een tweetal eiwitten van 64 en
72 kDa herkent, maar niet reageert met tubuline. Dat microtubuli met
tau-achtige eiwitten bedekt zijn is niet zo verwonderlijk. Tau-eiwitten
worden geacht de microtubuli te stabiliseren zonder de interactie van de
microtubuli met andere eiwitten te verstoren. Het is echter niet waarschijnlijk dat de tau-eiwitten een rol spelen in het cross-linking van microtubuli.
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De in dit proefschrift gepresenteerde resultaten zijn voornamelijk morfologisch van aard. Onderzoek aan statische beelden kent zijn beperkingen,
vooral dan wanneer een dynamische organisatie of structuur bestudeerd
wordt. De toepassing van betere fixatietechnieken, zoals de cryo-fixatie
gevolgd door vries-substitutie, en het gebruik van serie coupes, betekenen
een grote vooruitgang in dit soort onderzoek. Het is hierdoor mogelijk
nieuwe informatie te vergaren over de verdeling en structuur van cel
organellen en hun rol bij de regulatie van pollenbuis groei. Een welkome
aanvulling op deze technieken valt te verwachten van de in hoofdstuk 5 al
kort besproken toepassing van ge-avanceerde UV microscopie in combinatie
met video opnames.
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EPILOOG
Begon het niet met zo'n opmerking van:'Ach wat maak jij je toch drukje
hebt nog 4 jaar'. Dat was 5 jaar geleden en toen had ik nog maar 3 jaar en
8 maanden.
Het was niet gemakkelijk voor een would-be zoöloog als ik de overstap te
maken naar een botanisch lab. En ook nu is mijn grootste verdienste op
botanisch gebied (dit proefschrift even terzijde gelaten) m'n vermogen
onderscheid te maken tussen een brandnetel en een eikeboom. Een beetje
hulp was dus nooit weg. En de ondersteuning van je familie; eerst verklaren ze je voor gek dat je voor zo'n salaris gaat werken, later vragen ze of
dat wat je gedaan hebt dat salaris wel waard was (eten kon je het niet en
beter werd je er ook niet van).
Fundamenteel onderzoek ligt nu eenmaal niet zo goed in de markt, zeker
niet als je met planten werkt. 'Dan hebben zoölogen het toch maar gemakkelijk' zuchtte ik als m'n trommelvliezen weer 's geteisterd werden door
het vocale geweld van een Petra of Wilma (Huuppieü). Maar aanvang '91
hingen we zelf ook even de zoöloog uit, Erik en ik. Onder het motto 'we
need brains' ging het naar het slachthuis. Ze zagen ons daar aan komen: '
een half pond inspiratie graag'.
Een half jaar later werd echter vastgesteld dat ik zonder hersenen toch
betere prestaties leverde. Het is me zodoende vergund geweest me in de
nadagen van m'n AIO-carrière nog over menige publicatie te kunnen
verheugen.
Tussen alle bedrijvigheid door: de momenten van ontspanning. Samen met
Gerben en Rene (the happy few) Twin Peaks tot het bittere einde bekijken
en bediscussiëren ('snap jij het nog?); een tekencursus volgen met Peter (en
nooit afmaken), af en toe de Robin Hood uithangen (wel de boog niet de
maillot), en in de kantine proberen sneller mijn soep op te krijgen dan Jan
zijn pudding. Verveling was er derhalve nooit, zeker niet met Jack en Erik
die een heel eigen interpretatie gaven aan het begrip 'dood moment'.
En zat ik toch eens stuk dan kon ik me altijd weer opladen in de nachtelijke
sferen van m'n hobby: 'n afgevlogen Platyedra subcinerea (Hw) was goed
voor 'n hele week goede zin; met een vers exemplaar deed ik 'n hele
maand (erg zeldzame beesten trouwens).
Medio '92 dacht ik 'n aanleg voor de fotografie ontdekt te hebben. Fiona
ging daarop spoorslags terug naar Ierland, Harry besloot alsnog te promo-
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veren, Ton bij de Honig te gaan werken, Tineke naar Maastricht te gaan,
professor Sassen met emeritaat, Bart op dieet, Oeffelt werd als zelfstandige
gemeente opgeheven, en het laatste wat ik van Anneke gehoord heb is dat
ze tegenwoordig op de 4e etage schijnt te zitten.
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In deze periode assisteerde hij bij diverse biologie practica. In 1987 werd de
studie afgesloten met het doctoraaldiploma.
Na als vrijwilliger werkzaam geweest te zijn op de afdeling Biochemie
(Prof. Dr. J.J.H.H.M. de Pont) werd hij in januari 1988 aangesteld als
assistent-in-opleiding (AIO) op de afdeling Submicroscopische Morfologie
van de K.U. Nijmegen. De resultaten van het onderzoek dat tijdens deze
aanstelling verricht werd zijn in dit proefschrift beschreven.
In deze tijd werden diverse congressen bezocht, waaronder een Gordon
Research Conference, en werd ook een bijdrage geleverd aan het biologisch
onderwijs in de vorm van de assistentie van eerste en derde-jaars practica
(Algemene Plantkunde, Moleculaire Celbiologie II) en de begeleiding van
research en bijvak studenten. Daarnaast werden de cursussen Microwave—
technieken (Leiden), Planologie en ruimtelijke ordening, en Deskundige
stralingshygiëne niveau 3 bij de afdeling Universitaire Stralingsbeschermingsdienst van de K.U. Nijmegen gevolgd.
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