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Neither compatible nor self-incompatible
pollinations of Brassica napus involve
reorganization of the papillar cytoskeleton
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Compatible pollination of Brassica napus necessitates pollen hydration, pollen germination and growth of the
pollen tube through the loosened walls of stigmatic papillar cells, whereas self-incompatible (SI) pollinations fail
at one of these stages. Analyses of the early stages of pollination show that at high (but not low) relative humidities,
both compatible and SI pollen hydrates, but SI germination is reduced and the rare pollen tubes generally fail to
penetrate the papillar walls, although there is some wall loosening. Inside the papillae, both compatible and SI
interactions may induce the formation of callose, but there is no evidence for a major accumulation of cytoplasm
or secretory vesicles in the vicinity of the pollen tubes and neither microtubule nor F-actin patterns re-arrange in
this zone. These observations indicate that the source of the wall-loosening enzymes is probably the pollen tube
or pollen coat, and that the common cellular responses of plants to attempted invasions have become suppressed
in the papilla–pollen tube interaction.
Key words : microtubules, actin microfilaments, self-incompatibility, Brassica napus, plant cell–cell interactions.


In Brassica species, fertilization by self pollen can
be prevented by the inhibition of pollen germination
or growth on specialized stigmatic cells called
papillae, due to a self-incompatibility system
(Ockendon, 1972). After self-incompatible (SI)
pollinations, pollen hydration and subsequent germination are blocked, possibly partly due to the
activation of a papilla aquaporin-like channel protein
which may direct water away from the pollen–papilla
interface (Ikeda et al., 1997). Under certain environmental conditions, e.g. high relative humidity,
high temperature or raised CO levels (Ockendon,
#
1973 ; Nakanishi & Hinata, 1975 ; Zuberi &
Dickinson, 1985), incompatible pollen may succeed
in germinating on self-stigmas. In such circumstances, the penetration of pollen tubes into papillae
appears to be blocked by the failure of papillar outer
wall loosening – a probable requisite for the entry of
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pollen tubes into the stigma (Elleman & Dickinson,
1990 ; Elleman et al., 1992).
Previous research has suggested that papillar wall
loosening during compatible pollinations (in both
dry stigma plants such as the Cruciferae and the wet
stigma species, which are beyond the scope of this
paper) occurs via the release of a population of
secretory vesicles from the papillar cytoplasm
(Elleman & Dickinson, 1996). These vesicles were
reportedly formed from endoplasmic reticulum (ER)
and Golgi bodies which were apparently abundant
below the site of wall loosening. Contact of compatible pollen tubes with the outer papillar wall
presumably acts as a trigger for such a secretory
process, whereas the interaction of the papillar wall
with incompatible pollen tubes either fails to activate
the required signalling pathway or inhibits it at some
critical step.
The plant cytoskeleton plays a critical role in
secretory processes such as wall formation (Derksen
& Emons, 1990 ; Williamson, 1993) and the release of
enzymes (discussed by Steer, 1988) and other
extracellular products (Kristen & Lockhausen,
1983). Both actin microfilaments (MFs) and microtubules (MTs) are potentially involved in the
movement of secretory vesicles from their point of
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formation, such as the ER and the Golgi bodies, to
their site of exocytosis. The plant cytoskeleton can
be induced to re-organize, at least in part, to direct
secretion to precise cellular locations by external
stimuli such as invading fungal hyphae (BonfanteFasolo, 1992 ; Kobayashi et al., 1992, 1994, 1997 ;
Gross et al., 1993 ; Allen et al., 1994 ; Baluska et al.,
1995 ; Dearnaley & McGee, 1996 ; Sanchez et al.,
1997 ; Uetake et al., 1997), wounding (Hush &
Overall, 1992) and plant growth substances
(Shibaoka, 1991). These events are presumably
controlled by a series of complex intracellular
signalling pathways which are at present poorly
understood (Baskin & Wilson, 1997).
Compatible pollinations in Brassica plants have
been shown to be accompanied by signalling pathways that involve phosphorylation\dephosphorylation events (Kandasamy et al., 1993 ; Rundle et al.,
1993) and raised levels of intracellular calcium
(Dearnaley et al., 1997). Downstream targets of
these signalling pathways have yet to be determined, but probably include the transfer of papillar
cytoplasmic water to pollen during the hydration
response, the initiation of wall loosening, and cytoskeletal rearrangements as outlined above.
We are investigating the cellular and molecular
basis of self-incompatibility in Brassica napus. One
approach to this problem has been to develop a fuller
understanding of the processes which are important
to successful pollinations. This study aims to
elucidate components of the response pathway
operating during compatible pollinations in B. napus.
Actin and MT cytoskeletal organization were compared before and after compatible and SI pollinations
to determine whether the papillar cytoskeleton is a
downstream component of the compatible pollination pathway.

  
Plant material
Self-compatible (cv. Westar, WS) and self-incompatible (SI, cv. W1) Brassica napus L. plants were
grown in a growth chamber (16 h light, 22mC\8 h
dark, 16mC, illuminated by a mix of incandescent
and fluorescent sources producing approx. 980 µmol
m−# s−") for 2–3 months.

Pollen hydration and germination frequencies
Pistils were removed from 1–2 d post-anthesis W1
flowers and stuck to glass microscope slides with
double-sided tape. To prevent dehydration, the cut
end of the pistil was placed into distilled water in the
removed end of a small Eppendorf tube. Pollen from
dehisced anthers of either the WS cultivar (com-

patible cross-pollination) or the W1 cultivar (SIpollination) were placed onto individual stigmatic
papillae with a glass micropipette and each pollen
grain was then monitored for hydration (see
Dearnaley et al., 1997) and germination at 30, 60 and
90 min post-pollination. To ascertain that successful
penetration of stigmatic papillae had occurred, after
90 min all pollen grains were mechanically agitated
with the micropipette. Ungerminated pollen and
pollen grains with pollen tubes blocked from
entering the papilla wall were easily removed by this
method, whereas pollen which had successfully
penetrated papillae could not be dislodged. All
experiments were conducted at 22–23mC and at
60–70% r.h. A total of 10 stigmas of each combination with an average of nine pollen–papillae
interactions per stigma were used for these experiments.

Specimen preparation for electron microscopy
W1 flowers were pollinated by gently brushing
dehisced anthers of either the WS cultivar (compatible cross-pollination, three stigmas) or the W1
cultivar (SI-pollination, three stigmas) over the
stigma surface. After 90 min at 22–23mC and at
60–70% r.h., the stigmas were removed from the
flowers and prepared for electron microscopy following the methods of Kandasamy et al. (1994), with
the following modifications. After 2n5% glutaraldehyde fixation in 100 mM phosphate buffer, stigmas
were encased in low-melting-point agarose (Sigma,
St Louis, MO, USA ; Type VII low gelling temperature, 1% (w\v) in distilled water) to prevent
dislodging of pollen grains, and post-fixed in 1%
aqueous OsO for 1 h at 4mC. Dehydration was in a
%
graded acetone series, followed by embedding in
Spurr’s resin. Sections were post stained for 20 min
in uranyl acetate (3% (w\v) in distilled water) and 8
min in Reynolds’ lead citrate and examined with a
transmission electron microscope.

Labelling of microtubules in papillae
Compatibly (WS pollen) and self-incompatibly (W1
pollen) hand-pollinated W1 stigmas were removed
from flowers after 90 min (at 22–25mC and at 60–70%
r.h.) and fixed at room temperature for 1n5 h in 3%
paraformaldehyde in MT stabilizing buffer (MSB,
Hause et al., 1993 ; 100 mM PIPES, 1 mM
ethylenglycol-bis (β-aminoethyl ether)-N,N,Nh,Nhtetraacetic acid (EGTA), 1 mM MgCl 0n4% (w\v)
#
polyethylene glycol 4000 and 0n05% Triton X-100,
pH 6n9). After two rinsing steps in MSB (5 min
each), stigmas were placed into Tissue-Tek
embedding medium (Miles, Elkhart, IN, USA),
frozen in liquid nitrogen and cryosectioned at 8 µm.
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Labelling of actin microfilaments in papillae
W1 stigmas which had been compatibly (WS pollen)
or SI (W1 pollen) hand-pollinated and then left for
90 min (at 22–25mC and 60–70% r.h.) were removed
from flowers and pre-treated for 30 min at room
temperature in 100 µM m-maleimidobenzoyl Nhydroxysuccinimide ester, from a stock of 100 mM
in dimethyl sulphoxide in stabilizing buffer (SB,
Baluska et al., 1997 ; 50 mM PIPES, 5 mM EGTA,
5 mM MgSO , pH 6n9) to which was added 0n05%
%
Triton X-100 to improve penetration (Sonobe &
Shibaoka, 1989). After two brief rinses in SB,
stigmas were then fixed in freshly prepared 3n7%
paraformaldehyde in SB for 1 h at room temperature.
Following this, stigmas were rinsed again in SB and
incubated in 1 µM rhodamine phalloidin (RP, Sigma)
in PBS for 3 h in the dark at room temperature. After
two brief rinses in PBS the stigmas were stained for
5 min in aniline blue, then they were rinsed again in
PBS, sliced into three to four sections with a razor
blade, squashed flat under a coverslip on a glass
microscope slide and mounted in Citifluor.
Fluorescently labelled cells were examined with a
confocal microscope as already described, except a
YHS filter block (568 nm excitation filter, 585 nm
dichroic mirror, 585 nm emission filter) was used.


In B. napus, inhibition of self-pollen occurs on the
stigma surface, which is covered with large numbers
of elongated epidermal cells known as papillae. At
low relative humidity (normal growth conditions),
SI pollen typically fails to hydrate on papillae (Carter
& McNeilly, 1975, 1976 ; Ockendon, 1978 ; Zuberi &
Dickinson, 1985 ; Dearnaley et al., 1997). By using
high r.h. the number of SI pollen grains that
germinated was increased, and because these cells
adhered to papillae, the processes that occurred
within papillae during the interaction would be
examined.

Pollen hydration and germination frequencies
At 60–70% r.h., both compatible and SI pollen
grains initially hydrated and germinated at similar
frequencies, but by 90 min the germination rate for
the SI interaction was substantially lower (Fig. 1).
Most of the germinated compatible pollen tubes also
penetrated the papillar walls, as shown by the fact
that they were difficult to dislodge, but penetration
was very rare for the SI combination (Fig. 1).

Electron microscopy
Loosening of the outer papilla wall, similar to that
which has been previously reported for the
Brassicaceae (Elleman et al., 1988 ; Doughty et al.,
1992 ; Dickinson, 1995) was observed in all
compatibly pollinated cells (11 of 11 cells examined).
Wall loosening was more easily recognized in
interactions where initial penetration of the papilla
wall was occurring (Fig. 2a) but it could also be
detected in regions in front of pollen tubes growing
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Sections were dried down onto glass slides (previously coated with 1 mg ml−" poly-l-lysine in
distilled water) and then incubated in mouse antihuman α tubulin (Cedar Lane, Hornby, ONT,
Canada ; 1 : 500 in phosphate buffered saline (PBS,
137 mM NaCl, 2n7 mM KCl, 1n5 mM KH PO , 8n5
# %
mM Na HPO , pH 7n0) containing 1% BSA) for 1 h
#
%
at room temperature, rinsed briefly in PBS and then
incubated in goat anti-mouse conjugated to
fluorescein isothiocyanate (IgG, Cedar Lane, 1 : 30
in PBS\1% BSA) for 1 h at room temperature. After
a rinse in PBS, the sections were stained for 5 min for
callose with aniline blue (either 0n03 mg ml−"
Sirofluor (Biosupplies Australia, Parkville, VIC,
Australia) or 0n1% aniline blue (Fisher Scientific,
Toronto, ONT, Canada), both in PBS) to improve
identification of pollen tubes. After a final rinse in
PBS, the sections were mounted under a coverslip in
Citifluor (Marivac, Halifax, NS, Canada). Labelled
material was examined with a confocal microscope
(BioRad, Mississauga, ONT, Canada) fitted with a
krypton-argon laser and a BHS filter block (488 nm
excitation filter, 510 nm dichroic mirror, 515 nm
emission filter). Ai63 NA 1n4 oil immersion
objective was used with a zoom factor of 2–3 and
neutral density filters of two (3% transmission) or
one (90% transmission) to obtain confocal images of
MTs in papillae. Typically, 10–20 z-sections, 1 µm
apart, were compiled to give the three-dimensional
structure of the papilla cytoskeleton.
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Figure 1. Pollen hydration, germination and penetration
rates after compatible (C) and self-incompatible (SI)
pollinations of Brassica napus. n l approx. 90 for each data
point.
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Figure 2. For legend see opposite.
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Figure 3. Microtubule (MT) organization in unpollinated (a), compatibly (b,c) and self-incompatibly (d)
pollinated papillae of Brassica napus. In unpollinated papillae, the MTs were orientated predominantly
longitudinally (a). There were no major changes in the organization of MTs in any of the interactions (b–d).
The pollen tubes (t) or their position (arrow in b, identified by aniline blue staining, not shown) are indicated.
Bars, 5 µm. Depth of cytoplasm included in z-series : a, 12 µm ; b, 15 µm ; c, 14 µm ; d, 15 µm.

within the papilla walls (Fig. 2b,c). In most SI
interactions where pollen tubes were in contact with
papillae, outer papillar wall loosening was also
detected (13 of 14 cells ; Fig. 2e,g). The extent of
loosening seen in both interactions was less than
shown by Elleman et al. (1988), possibly due to our
liquid fixations which may have caused shrinkage in
the loosened walls.
In neither interaction was there any evidence for
accumulation of cytoplasm or organelles such as
vesicles, ER or Golgi bodies in the papillae adjacent
to the pollen tubes (zero of 25 cells ; Fig. 2d–g). This

observation applied to interactions between both the
tips of the pollen tubes (as shown by the accumulation of vesicles characteristic of growing tips)
which were at the forefront of the interaction (e.g.
Fig. 2a–c, e–g) and sub-apical regions which would
have been showing a later stage of interaction
(e.g. Fig. 2d).
Callose deposition was seen inside the papillar
walls in the region of contact with the pollen tubes in
both compatible (six of 11 cells) and SI pollinations
(10 of 14 cells, Fig 2f,g). However, the interactions
differed in the formation of unusual thickenings of

Figure 2. Electron microscopy of compatible (a–d) and self-incompatible (e–g) interactions between papillae
(p) and pollen tubes (t) of Brassica napus. a. Wall loosening (arrow) preceding initial penetration of the papillar
wall by a pollen tube. b. A pollen tube growing within the papillar wall. c. Higher magnification of the growing
tip of the pollen tube seen in (b), showing the loosening of the outer papillar wall (arrow). d. Pollen tube (with
artefactually plasmolyzed cytoplasm) growing through the lateral wall of a papilla. The cytoplasm in the papilla
is of similar thickness and contains similar populations of organelles both adjacent to the pollen tube and on
the opposite (upper) side of the cell. e. The tip of a pollen tube in contact with a papilla, showing wall loosening
in the papillar wall (arrows) and the absence of either accumulated cytoplasm or any specific accumulation of
organelles and vesicles in the papilla adjacent to the tube tip. f. Tip of a pollen tube containing an abnormal
accumulation of wall material (w) and adjacent vesicle-rich cytoplasm which is unusually electron-opaque and
thus possibly moribund. g. Detail of (f) showing papillar wall loosening (arrows), callose-like material in the
papilla (c) and the absence of any unusual accumulation of vesicles or organelles in the adjacent papillar
cytoplasm. Bars, 1 µm.
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Figure 4. Actin microfilament (MF) organization in unpollinated (a), compatibility (b,c) and self-incompatibly
(d) pollinated papillae of Brassica napus. In unpollinated papillae the actin cytoskeleton existed as primarily
long, longitudinally orientated MFs which were less obvious and more randomly arranged at the tips of the
papillae (a). There were no major changes in the organization of MFs in the vicinity of the pollen tubes (arrows
in b and d and t in c) in any of the interactions. e. The staining procedure preserved longitudinal MFs in pollen
tubes (t) and a more random pattern of finer peripheral filaments in the pollen grains (p). Bars, 5 µm. Depth
of cytoplasm included in z-series : a, 9 µm ; b, 6 µm ; c, 7 µm ; d, 12 µm ; e, 15 µm.

the pollen tube wall in the tips of some SI pollen
tubes (four of 14 cells, Fig. 2f,g). Such deposits were
not seen in any compatible pollen tubes.
Microtubule cytoskeleton organization in papillae
In unpollinated papillae, MT arrays were somewhat
variable but typically orientated predominantly parallel to the long axes of the cells (Fig. 3a). In the
hemispherical tips of the papillae, the MT profiles
appeared shorter, no doubt in part because they
curve over the tips of the cells. These patterns were
too complex to measure, but subjective analysis of
the pictures showed no change in the MT arrays in

the regions of contact with the pollen grains or tubes
in either the compatible or SI interactions at any of
the time points analysed (Fig. 3b–d). In these
experiments 65 unpollinated papillae (three stigmas),
32 compatibly pollinated papillae (three stigmas)
and 17 self-incompatibly pollinated papillae (two
stigmas) were examined.
Actin microfilament organization in papillae
Unpollinated papillae contained a variable number
of MF bundles which were orientated primarily
parallel to the long axis of the cells (Fig. 4a). As with
the MTs, these MFs appeared to be less abundant
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and more variably orientated in the hemispherical
tips of the papillae, where they probably curved over
the tips. Again, subjective observations of the
pictures showed no detectable changes in either the
abundance or orientation of the MFs in the majority
of papillae with either compatible or SI pollen grains
or tubes associated with them at any of the time
points analysed (Fig. 4b–d). The only possible
change was that in both compatible (18%) and SI
(17%) pollinations, there was a slight increase,
relative to the unpollinated papillae (5%), in the
number of papillae in which no actin MFs were
visible. In addition to the MFs revealed by the RP
staining, papillae also contained diffuse staining
which may indicate the presence of finer populations
of actin which were not resolved into distinct
bundles. In these experiments 150 unpollinated
papillae (three stigmas, the first 50 papillae observed
on each stigma), 57 compatibly pollinated papillae
(eight stigmas, all papillae with adherent pollen), and
23 self-incompatibly pollinated papillae (seven
stigmas, all papillae with adherent pollen) were
examined.
The ability of the RP staining procedure to reveal
faithfully MFs with the protocol used was indicated
by the revelation of longitudinal MF bundles in
pollen tubes, similar to those reported in other plant
pollen tubes by Tang et al. (1989) and a fine mesh of
MFs within pollen grains (Fig. 4e).
In both the MT and MF staining results, it is
important to emphasize that the examined and
presented images are compiled z-series representing
approximately half the total thickness of the papillae.
Thus it is unlikely that hypothetical changes in
organization or abundance of MTs and MFs would
have been missed due to the limited depth of field of
the confocal microscope. However, because of this
depth of displayed cytoplasm, the MFs and MTs do
not stand out as clearly as they would in thinner
optical sections.

These results demonstrate that the papillar MTs and
MFs do not show any rearrangements during either
compatible or SI interactions, and thus apparently
do not play any detectable role in the early stages of
interactions of pollen tubes with B. napus stigmas.
Thus the downstream cellular target of the signalling
pathway activated by compatible pollinations
(Kandasamy et al., 1993 ; Rundle et al., 1993 ;
Dearnaley et al., 1997) remains undetermined, but
clearly does not involve substantive changes to the
papillar cytoskeleton.
A number of interpretations follow from these
results. The first is that if wall loosening does involve
the secretion of enzymes from the papillae via
secretory vesicles, as previously suggested (Elleman
& Dickinson, 1996 ; see also e.g. Dickinson & Lewis,

205
1975 ; Roberts et al., 1984 for observations of
secretory vesicles in papillar cytoplasm in the vicinity
of crucifer pollen tubes), such vesicles must presumably already be peripherally located, so that
extensive cytoskeleton-based transport from diverse
points of origin is unnecessary. This explanation is
supported by data suggesting that wall loosening is
independent of protein synthesis (Elleman &
Dickinson, 1996). However, the lack of obvious
residual secretory organelle accumulation under
areas of wall loosening in any of the interactions
observed in this study is contrary to this hypothesis,
but is comparable to previously encountered
difficulties in identifying the source of papillar
callose-secreting vesicles (Dickinson & Lewis, 1975).
A second, and more likely, explanation for our
results is that wall loosening is caused by enzymes
derived from the pollen coat or the advancing tube.
Brassica pollen has been shown to contain a number
of potential wall-softening enzyme activities (Albani
et al., 1991 ; Hiscock et al., 1994). Thus it is possible
(a) that SI pollen tubes are deficient in these
enzymes ; (b) that their activity is reduced ; or (c) that
they are not activated to the same level as in
compatible interactions.
The growth of the pollen tubes within the cell walls
of the papillae is initially comparable with interactions between plant cells and fungi or bacteria, but
the absence of changes in the cytoskeleton is very
different. In both plant pathogen and symbiont
invasions, penetration of plant cells by fungal hyphae
or bacteria can lead to a range of cytoskeletal
responses (Kobayashi et al., 1992, 1994 ; Gross et al.,
1993 ; Allen et al., 1994 ; Baluska et al., 1995 ;
Sanchez et al., 1997 ; Uetake et al., 1997), among
which a major theme appears to be that cytoskeletal
rearrangements are part of resistance responses
through the localized deposition of defence-related
materials (Kobayashi et al., 1997). A fundamental
difference between pollen tube penetration of the
papillar wall and plant–microbe interactions is that
the pollen tube makes no contact with the papillar
plasma membrane. Since the plasma membrane is
undoubtedly involved in sensing extracellular activity and is thought to be important in regulating
cytoskeletal changes (Zandomeni & Schopfer, 1993),
cytoskeletal rearrangements and the initiation of
defence responses may have been avoided by the
evolution of a system whereby pollen tubes grow
only within the papilla wall. Support for this idea
comes from the fact that compatible pollen tubes in
immature papillae, which grow between the papillar
wall and the plasma membrane, are prevented from
passing further into the stigma (Elleman & Dickinson, 1990). However, since mechanical damage
(Goodbody & Lloyd, 1990 ; Hush & Overall, 1992)
and compressive stress on the cell wall (Zandomeni
& Schopfer, 1994) may also control cytoskeletal
reorganization in plant cells, it is evident that a
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critical part of compatible pollinations may be the
bypassing of defence-related mechanisms which lie
in wait for pathogens and incompatible and foreign
pollen. Further exploration of these mechanisms
may explain the cellular and molecular basis of selfincompatibility in Brassica species.
In addition to our observations related to the
cytoskeleton, our results make a number of other
contributions to the compatibility issue. For
example, our observation that raised humidity
overcomes the SI hydration block previously
reported for this (Dearnaley et al., 1997) and other
(Carter & McNeilly, 1975, 1976 ; Ockendon, 1978 ;
Zuberi & Dickinson, 1985) species is further evidence that self-incompatibility in Brassica species
has numerous checkpoints (Heslop-Harrison, 1975).
It also suggests that the involvement of the
aquaporin-like protein in self-incompatibility in
Brassica species (Ikeda et al., 1997) may only operate
at low relative humidities and that other control
mechanisms function in other environmental conditions. Blocking incompatible pollen tubes from
penetrating papillae may be the next step in this
process. However, our data showing that some SI
pollinations overcome this barrier by eliciting wall
loosening indicate that further checkpoints are also
involved. These could include inhibition of tube
growth in the style, similar to gametophytic selfincompatibility systems (Dzelzkalns et al., 1992).
The papilla callose-like depositions observed in
this study after both pollination types are consistent
with our recent observations at the light microscope
level (Dearnaley et al., 1997), and reinforce the
concept that callose formation and Brassica selfincompatibility are independent phenomena
(Elleman & Dickinson, 1996). However, to our
knowledge, this is the first report of apical pollen
tube wall thickening during SI interactions. Picton
& Steer (1983) present strikingly similar images in
Tradescantia pollen tubes which have altered wall
vesicle transport when grown at abnormally high
Ca#+ levels. Although SI pollinations typically do
not involve increases in papillar Ca#+ (Dearnaley et
al., 1997), Singh et al. (1989) have shown that the
level of pollen Ca#+ increases during SI interactions.
It is probable than, that these pollen wall thickenings
represent an impairment of normal wall deposition
caused by an elevation in pollen tube Ca#+, the
source of which remains unclear.
Despite equivalent hydration frequencies in the
two pollen–stigma interactions used, the germination
frequency of SI pollen is considerably lower than the
compatible interaction. Since it is unlikely that SI
pollen fails to hydrate fully under these conditions of
high relative humidity, blockage of incompatible
pollen germination supports the existence of a
papilla-derived germination inhibitor as previously
suggested (Ferrari & Wallace, 1976 ; Hodgkin &
Lyon, 1986 ; Sarker et al., 1988). However, since

Dickinson & Elleman (1994) present contrary evidence, the basis of the lower germination rates awaits
further study.
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