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ABSTRACT

The maintenance of a cytosolic free calcium gradient ([Ca?*] ) and vesicle secretion
in the apex of pollen tubes is essential for growth. It has been postulated that high [Ca?+].
levels promote and confine vesicle fusion with the apical plasma membrane and in this
study we performed a correlative analysis of both events using specific fluorescent dyes
and confocal scanning microscopy. [Ca?*]. was imaged with Calcium Green-1 10 kDa
dextran (CG-1) while secrefory events were followed with FM1-43 or FM4-64 in pollen
tubes undergoing normal growth and reorientation events.

During straight growth (no modification in direction), we found that changes in apical
[Ca?*]. accompany changes in apical FM fluorescence indicating a tight coupling
between [Ca?*]_ and apical secrefion. This coupling seems however to be perturbed during
periods of reorientation of the pollen tube growth axis. Analysis of apical and sub-apical
fluorescent signals during the reorientation events and subsequent re-entry in straight
growth indicate that the increase in secretory events (higher fusion rate) precede the
increases in [Ca?*]_ that should be required for the transduction of the signal.

Based on these findings, we discuss a model for membrane secretion and recycling
which considers the apical and sub-apical region as a functional area containing all the
elements required to promote and sustain growth.

INTRODUCTION

Polar growth and reorientation are crucial properties of the pollen tube dynamic growth
process, and have been used as a model to study signal transduction mechanisms and
secretion. 2 A [Caz”]C tip-focused gradient® has a key role in polarized growth and
changes in [Caz*]C concentration within the apical dome result in growth reorientation.4-¢
This gradient is absent in non-growing pollen tubes and its disruption leads to inhibition
of tube growth. Both the intracellular [Caz"]C gradient and extracellular Ca?* influx suffer
sinusoidal oscillations which are accompanied by oscillations in growth rate’ and there is
strong evidence coupling Ca* with the control of cytoplasmic streaming. But directional
growth can be achieved by modulation of many other cellular components. Protein kinases,
cAMP, GTPases, specific cytoskeleton arrangements and phosphoinositides have been
documented as important players®12 and all seem to intersect the Ca?* signalling pathway.
These observations led us to suggest the existence of an intricate signalling network where
the same output can result from many different inputs providing the cell with the machinery
to respond to a large multitude of signals.!3

The rapid growth of pollen tubes is made possible due to a highly polarized fusion of
apical vesicles, which transport cell wall components to the growing tip. This exocytic
delivery of material to the extending apex is characteristic of tip growing cells such as root
hairs,'* fungal hyphae!® and rhizoids.'®!7 In pollen tubes, the membrane material provided
by vesicles that fuse with the apex was calculated to exceed the needs to maintain growth
rates suggesting an underlying recycling process!. However, the molecular and cellular
mechanisms behind such process are still unclear. [Ca®*]_was implicated in the movement
of vesicles towards the tip, fusion with the plasma membrane, and the state of plasticity of
the membrane!® making the secretory pathway an obvious target for [Ca®*]_signalling.!"1
Evidence relating secretion with Ca®* signalling has indeed been obtained.®%2° But our
work has also shown that although high Ca* can promote exocytosis, it is not this ion the
primary event in the control of growth rates.® Work done with brefeldin-A also indicates
an independence of apical vesicle oscillatory behaviour from the tip-focused Ca?* gradient.!”
Furthermore, high temporal resolution imaging studies revealed that the maximum
[Caz*]C in the tip-focused gradient occurred 14 sec, or ~20°, after a peak in growth rate?!
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which presumably requires a higher exocytosis rate. Although these
data do not contradict previous observations, it reinforces the
hypothesis that Ca?* activity is not a leader of growth but a follower.
Therefore, we decided to analyse the correlation between the
dynamics of apical [Ca®*]_and vesicle trafficking in tip growth and
reorientation.

MATERIAL AND METHODS

Plant material. Unless otherwise stated, pollen of Agapanthus
umbellatus was harvested, stored, and pollen tubes were grown in
vitro as described previously. Pollen tubes were germinated in semi-
solid growth medium containing: 0.01% H;BO;, 0.02% CaCl,,
0.02% KCI, 0.02% MgCl,, 2.5% (73 mM) sucrose and 0.8%
Agarose I (Sigma), pH 6.0.

Confocal imaging of [Caz"]C and FM dyes (1-43 and 4-64).
[Caz"]c imaging was performed with the sensitive fluorescent dye
Calcium Green-1 conjugated with a 10 KDa dextran (1 mM,
Molecular Probes, Eugene, UK). The dye was loaded into pollen
tubes either through pressure or ionophoretic microinjection for an
approximate final concentration of 1-5 uM. Microelectrodes were
pulled from borosilicate glass capillaries 120 F-10 (1.2 mm O.D. x
0.69 mm L.D., Clark Electromedical Instruments, UK), using a
Sutter P-97 puller (Sutter Instrument Co., Novato, USA) to an
external tip diameter of ~0.5 um (pressure microinjection) or ~0.3 pm
(ionophoresis). Loaded cells were allowed to recover under germina-
tion conditions for 1020 min, prior to imaging or other treatments.
Details of the experimental procedure and criteria used to establish
the success of microinjection can be found in reference 22. Imaging
was performed using the 488 nm line of the Kr-Ar laser of a Bio-Rad
MCR-600 (Microscience Ltd, Hemel Hempstead, U.K) confocal
laser scanning microscope (CLSM) in F2 scanning mode (-1/2 sec
per frame), with a 3% laser intensity, an electronic zoom of x2 or x3
and an optical sectioning of -5 wm. A x20 Plan Apo dry objective
(NA = 0.75) or a x40 Plan dry (NA = 0.75) (Olympus) were used.
Higher NA objectives could not be used due to their shorter working
distance. Images were processed with the TCSM/MPL software
(Bio-Rad Microscience Ltd.) and then quantified in terms of average
pixel intensity (0-255 scale for 8 bit images).

The dynamics of endo-exocytosis was imaged with FM1-43 as
before®!? using pollen tubes labelled with ~0.2 uM of FM1-43
(Molecular Probes) and thin time-course optical sections (<5 um
thick) acquired with the 488 nm line of the kr-Ar CLSM and
equivalent settings of the [Caer]C imaging. Fluorescence was
quantified in terms of average pixel intensity.

For simultaneous imaging of [Ca?*] . and membrane dynamics,
cells loaded with CG-1 were labelled with ~0.2 uM of FM4-64
(Molecular Probes) and images collected in dual-channel mode
(excitation: 488/568 nm; 520/630 nm double dichroic; barrier filter
of 522 nm; barrier filter 2 of 585 nm).

Data analysis. Growth rates and fluorescence intensity were
measured using Image-Pro Plus 5.0 software (Media Cybernetics,
Leiden, Netherlands). Fluorescence measurements presented corre-
spond to medium fluorescence intensity in the first 0-10 um and
10-20 um of the pollen tube apex (apical and sub-apical region
respectively).

Except if specifically mentioned, numerical data in figures
correspond to single cell analysis of typical experiments and not to
summary statistics. This is because there is a significant degree of
variability at a biological level but also at a technical one; even minor
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Figure 1. Time course confocal images of A. umbellatus pollen tube labelled
with FM dyes undergoing reorientation of the growth axis. (A) FM1-43.
(B) FM4-64. With both dyes, the typical apical hotspot is visible. During
changes in the growth axis, asymmetric distribution of fluorescence within
the apical dome can be measured. The times (sec) at which the images were
taken are indicated next to the images. Scale bar = 10 um.

changes in the degree of loading, disturbance on microinjection, and
responsiveness of the cell can play a role in the extent of cellular
response.” Reorientation of pollen tubes was defined as a change in
the growth axis higher than 5°, either to the left or right.?

For measurements on germination rate and growth rates, a one-way
analysis of variance (ANOVA, p < 0.05) was applied. For analysis of
fluorescence data patterns, linear regressions were applied using basic
statistics software. The linear regressions were used independently in
groups of points that reflect a similar pattern (judged by the correla-
tion coefficient R?). A “collapse event” was considered to occur when
a group of points changed pattern due to a rapid variation in signal
intensity.

RESULTS

The use of FM 1-43 and FM4-64 as markers for endo-exocytosis
and polar growth. We had previously optimized the use of FM 1-43
as a marker to study membrane recycling and polar growth in
Agapanthus umbellatus pollen tubes.® In this study we maintained an
external dye concentration of 0.2 uM as it did not affect growth rate
and yielded a good fluorescent signal. With such concentration and
within a few minutes, the typical staining pattern of FM 1-43 dye
was observed: a bright staining in the apical region that extends to
the sub-apical region with an inverted cone shape (Fig. 1A).

The emission spectra of FM1-43 overlaps with most commonly
used Ca®*-sensitive dye, e.g., CG-1 thus precluding the simultaneous
use of these two probes. Therefore, we tested the responses of FM4-64,
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Figure 2. Typical variation of the FM4-64 fluorescent signal in a growing
pollen tube. Since FM signal is a combination of new internalysed dye and
movement of previously stained vesicles, fluorescence intensity (Fl) was rep-
resented as the ratio apical/sub-apical signal (measured respectively in the
first 10 um and 10-20 um of an individual A. umbellatus pollen tube apex).
Equivalent data were obtained in 8 independent experiments. Associated to
changes in the growth axis (indicated by vertical dashed lines), one can
observe rapid decreases (“collapse event”) of apical/sub-apical FM signal
followed by slower recovery periods where growth is approximately
straight.

an analogue of 1-43 but with a red emission. FM4-64 has been
successfully used in tip-growing cells'>17:22 and we found it to
produce a much stronger labelling in the plasma membrane and a
weaker signal in the cytoplasm (Fig. 1B; n = 28). However, using
thin-optical sectioning, we managed to obtain results similar to
FM1-43. Namely, a bright smooth staining in the apex that
responds to changes in the growth axis. FM4-64 was then used in
subsequent experiments where co-labelling was required while FM1-43
was used in single-dye experiments. As discussed previously®® the
FM signal is likely to be a combination of new internalysed dye and
movement of previously stained vesicles from the sub-apex. In order
to consider these two aspects, we measured fluorescence intensity
both in the apical and sub-apical region but for matters of simplicity,
we represent graphically only the ratio (A/SA) of these two FM signals.

Collapse events of FM signal precede reorientation. When the
fluorescence dynamics of both FM dyes is followed during pollen
tube growth, changes in the apical signal are clearly visible
(Fig. 1A and B; n = 8). We noticed that these changes had a pattern;
it consisted on a slow and steady rise of fluorescence intensity followed
by a rapid and abrupt signal loss-collapse event (Fig. 2) that could
reach down to 35% of the total FM apical signal. When we compared
this pattern with the pollen tube morphology we observed that in
over 70% of the cases the collapse event preceded a change in the
growth axis. This suggests a rapid increase in fusion of apical labelled
vesicles with the plasma membrane before reorientation followed by a
steady reposition of newly labelled vesicles. A linear correlation analysis
confirmed the significance of such events as shown in Figure 3. This
tendency is to be interpreted in the data context and not as isolated
data linearization; that is, the correlation factor presented (R?) serves
as an illustration of the linearization method used.

Relationship between [Calz"]C and apical secretory events.
Considering our previous observations of a close relationship
between apical [Caz"]c and vesicle fusion and recycling, we decided
to investigate their dynamics during the so-called collapse events.
For that purpose, we co-loaded growing pollen tubes with CG-1
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Figure 3. Linear regression analysis (solid line) of FM4-64 apical fluorescent
signal (dots) experiencing a change in growth axis at sec 300. A linear
pattern can be identified during straight growth modes. The collapse event
that precedes reorientation interrupts the linear pattern.

dextran and FM4-64 (n = 16). These two probes have non-overlapping
emission spectra and can be simultaneously excited using the 488
and 568 nm lines of the Kr-Ar laser. CG-1, a Ca®*-specific dye, is
not membrane-permeable so cells were previously microinjected
with a stock solution and allowed to fully recover. Once normal
growth resumed, cells were then exposed to the FM4-64 solution
(membrane-permeable); imaging started ~10 min after treatment
with FM dye. The simultaneous labelling with FM4-64 precluded
the use of additional volume markers for [Ca2+]c ratio imaging.
However, we have previously demonstrated the usefulness of CG-1
alone to measure qualitative changes in apical [Ca\z*]cs’23 and here
we make use of such methodology.

Figure 4 shows the results of such co-labelling experiments. The
collapse events that precede reorientation of the tube growth axis are
marked (vertical dashed lines) and interestingly, we found that the
drop in the FM signal is not preceded by any significant increase in
[Ca?] . (Fig. 4C). In fact, a clear rise in [Ca?] . is only visible upon
reorientation, reaching its maximum once the change in the growth
axis occurs. This observation suggests that an increase in [Caz"]C is
not the first signal to trigger apical secretion but that it is involved in
sustaining (and perhaps enforcing) such signal. We had reported
previously” that discrete increases in [Caz"]C confined to a sub-domain
of the apical region (induced by photorelease of caged-Ca**) could
promote a predictable change in the pollen tube growth axis.
Although the photorelease experiments induced a much higher Ca?*
transient, we looked for spontaneous [Ca®*]_ increases not coupled
to collapse events and compared them to the apical morphology.
Figure 4C shows one of such peaks at ~500 sec (arrow). Noteworthy,
to such peaks there was no reorientation associated. In the specific
case of the pollen tube represented, and when compared to the two
prior reorientation events, one can note the following: (1) the
intensity and decrease in the FM signal is of smaller magnitude and
(2) the magnitude of the [Caz*]c peak is also smaller. An identical
situation is reported in Figure 4D. This suggests that for the reori-
entation process to be triggered, a threshold in either (or both) apical
secretion and [Caz‘r]C increases must be achieved thus reinforcing the
idea of a close link between these two aspects.

DISCUSSION

Pollen tube growth in vivo through the style is guided by
molecular cues but also constricted by physical structures.24
Although it is not clear at present which molecular mechanism is
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Figure 4. Fluorescence imaging of the FM4-64 and Calcium Green-1 apical
staining in a pollen tube experiencing changes in growth direction.
(A) Confocal image of the CG-1 distribution. (B) Confocal image of the FM4-64
distribution. Scale bar = 10 um. (C) Numerical representation of FM 4-64
(black dots, Y1 axis) and CG-1 (Grey dots, Y2 axis) apical fluorescence
over time. Vertical lines represent changes in the pollen tube growth axis.
The collapse events of FM signal precede such changes but distinct eleva-
tions of [Ca?*]_ are only visible afterwards. Fluorescence intensity (FI) was
measured as in Figure 2. Equivalent data were obtained in 16 inde-
pendent experiments.(D) Numerical representation of FM 4-64 (black dots)
and CG-1 (Grey dots) apical fluorescence over time. Measurements and
symbols as in C. At ~500 sec, a peak in [Ca?*]_ could be observed without
a correspondent collapse event of the FM signal; in such cases, reorientation
of the growth axis was not evident.

more important for directing growth (if any), fast reorientation
capabilities are required to achieve fertilization. These transient
changes in the polarity axis are known to involve structural elements
(e.g., secretory vesicles) and signalling molecules (Ca?*, calmodulin,
protein kinases, etc.!?) but we know little about the order upon
which they are called to act. Here we discuss the correlation between
apical secretion and [Caz*]C during growth and reorientation events.

The regulation of endo- and exocytosis by Ca?* ions. [Ca?*]_is
a key element in the regulation of pollen tube elongation and guidance.
A tip focused [Ca?*] . gradient has been imaged with a high 1-3 uM
Ca?* concentration in the tip region and a low 0.2-0.3uM Ca?*
concentration in the sub apical and basal part of the tube.” At basal
levels streaming occurs normally; when the concentration is
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elevated to 1 uM or higher, streaming is rapidly but reversibly
inhibited.?> High Ca?* is known to fragment F-actin®® and to inhibit
myosin motor activity thus apical [Ca?*]_is likely to have an important
role in the local regulation of vesicle docking and fusion with the
plasma membrane.?” Indeed, we have demonstrated using caged-Ca’*
and the FM1-43 dye® that localized increases in Ca?* modify apical
secretion within the apical dome and are able to trigger reorientation.
This does not necessarily mean that Ca?* is always the primary event
triggering reorientation. The photolysis of caged-Ca®* releases high
amounts of ion which is unlikely to occur in non-stimulated cells.
Such experiments can be regarded as mimicking a Ca?* increase
triggered by an extracellular stimulus but it has been shown that
other molecules are also able to induce reorientation. This supports
our hypothesis that transduction of guidance signals depends not of
one, but of several signalling pathways that crosstalk.

It then remains to be elucidated what is the normal sequence of
events in non-stimulated cells. For that purpose we resorted to in
vitro growth systems. Aside from technical simplicity, pollen tubes
grown in an homogenous simple culture medium are not exposed to
guidance signals as those likely to be found in the female tissue
(e.g. ,physical constraints, gradients, complex molecules).?8

Increases in [Caz"]C follow peaks of apical secretion. The
mechanisms which enforce and regulate the [Caer]C gradient at the
tube apex are still controversial. Apical influx of extracellular Ca®* is
required but there is an apparent discrepancy between internal Ca?*
measurements and external Ca®* fluxes” that suggest the existence of
primary mechanisms to regulate the ion dynamics. The cell wall
and/or internal stores! were suggested to play an important role and
at the molecular level, GTPases, phosphoinositides and signalling
phospholipids have been proposed to act in this process.”?%30
Furthermore, during oscillatory growth [Caz"]C peaks after growth
rate’! and that led us to investigate a possible correlation between
[Caz"]C and secretory events (upon which cell wall assembly depends).

We had previously observed? that in A. umbellatus pollen tubes
the apical FM fluorescent signal exhibited significant variations.
Usually, a rapid decrease in apical signal was followed by a steady
increase/recovery. We designated this rapid decrease as “collapse
event” (in analogy to the catastrophic events of microtubule poly-
merization) and found that in more than 70% of the cases it was
associated with a subsequent change in growth axis. A linear regression
analysis shows indeed a strong link between reorientation and the
collapse events. We interpret this as the required fusion of vesicles to
promote reorientation. When we simultaneously imaged [Caz"]C and
secretory events, we observed that the collapse event was not preceded
by a distinguishable rise in apical [Caz"]C which only occurred
concomitantly with reorientation. Furthermore, the highest [Ca?*]_
value was often observed after the change in growth axis becomes
visible which is in agreement with our previous data.” These data
suggest that in non-stimulated cells, reorientation is not initially
triggered by [Ca?*]_but changes in this ion are required for the
transduction of the signal. Such role of [Caz*]c as a second messenger
reinforces our hypothesis of signalling loops controlling reorientation.

If distinct raises in [Ca?*]_do not precede the collapse event, what
is then the initial mechanism triggering fusion? Yang and co-work-
ers’%31 have suggested that active ROP1 protein defines the active
growth domain by spatially regulating vesicle delivery and fusion.
The activity of ROP1 would, in turn, be controlled by effectors such
as RIC3 and RIC4. A similar role was suggested for another small
GTPase, Rab11.3% Altering Rab11 activity by expressing either a

constitutive active or a dominant negative variant of Rabl1b in
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Figure 5. Diagram representing the movement of labelled vesicles (grey)
towards the apical region, subsequent fusion with the apical plasma
membrane and membrane recycling. This cycle of secretion and recycling
gives rise to the typical inverted cone shape visible with FM dyes.

pollen resulted in reduced tube growth rate and meandering pollen
tubes. These mutant GTPases also inhibited targeting of exocytic
and recycled vesicles to the pollen tube inverted cone region and
compromised the delivery of secretory and cell wall proteins to the
extracellular matrix.?? Signalling phospholipids (e.g., phosphatidic
acid?) and fusogenic proteins?’ might also be involved again arguing
strongly for an intricate signalling network. We cannot rule out the
hypothesis of discrete domains of high Ca?* initiating the process
and leading to a positive feed-back influx of this ion; the methodology
used in this work does not have the spatial resolution to validate or
discard such hypothesis. But the data acquired with high temporal
resolution of extracellular Ca?* fluxes?!"3? indicates that influx peaks
after growth pulses thus favoring a secondary messenger role for
Ca?* ions.

‘What model for apical secretion? We have recently suggested
that fusion of apical vesicles could occur in one of two modes,
depending on the circumstances. A rapid endocytosis mechanism
might occur in the apex of rapidly straight growing pollen tubes.!-?
This mechanism is compatible with extremely fast delivery of wall
material and is a Ca?*-dependent process thus fitting our observations
during straight growth phases. A second mode, where endo- and
exocytosis are uncoupled, would be favoured in situations where the
cell needs to interpret extracellular cues and reorient the growth axis.
In such case, Ca?* acts mainly as a second messenger transducing
reorientation signals and primary control of membrane recycling
would rely on other signalling components (e.g., GTPases). Our
previous® and present data support such hypothesis and in barley
protoplasts, Homann and Tester’* have reported the existence of two
exocytotic modes, a Ca?*-dependent and a GTP-binding-dependent
mode. Roy et al.,?® using the Yariv reagent, concluded that a Ca?*-
dependent exocytosis served mainly to secrete cell wall components.
It is likely that other signalling components such as small GTPases
play an active role in endo/exocytosis by coupling the actin
cytoskeleton to the sequential steps underlying membrane trafficking
at the site of exocytosis. This hypothesis is supported by the recent
discovery of Rho and Rab effectors of the exocyst complex and their
importance for pollen tube growth.3> Changes in the intracellular
levels of phosphoinositides, CaM and cAMP also modify growth rate
and orientation through modulation of apical secretion.”!?
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Functional zonation in the pollen tube: The role of the apical
and sub-apical regions. Underlying the structural zonation described
for pollen tubes is the idea of a continuous flux of components
towards the apex (vesicles, proteins, wall precursors). However,
technological advances and re-evaluation of older data revealed that
this is a too simplistic view. For example, it is now generally accepted
that early mapping of actin, myosin and calmodulin distribution
were flawed by experimental artefacts.

The observations of vesicle dynamics we report in this work
suggest that most of the secretory vesicle processing (movement,
fusion, recycling) is confined to the sub-apical and apical region.
Intracellularly, FM labeling is restricted to these regions and vacuolar
regions do not stain (within the time course of our experiments).
Fusion will take place mainly at the apex and recycling at the
sub-apex forming a sort of spatially restricted loop (Fig. 5). Similar
observations have been made in root hairs’®37 where the endocytic
markers were shown to rapidly recycle between the endosomes, the
Trans Golgi Network (TGN) and the plasma membrane thus resem-
bling synaptic vesicles. Budding profiles of the TGN have been
suggested to invade the root hair apex®® and similar structures were
observed in pollen tubes'. Dettmer and co-workers further showed
that endocytosed material is redirected into the secretory flow after
reaching the TGN.?? Interestingly, such fusion-recycling loop resem-
bles the electric dipole described for these areas, % two events that
can enforce a positive feed-back and thus maintain a highly polarized
domain. In the absence of chemical cues and physical constraints, it
is possible that stochastic reorientation of the growth axis occur as a
consequence of membrane fusion and recycling events that modify
the spatial positioning of membrane machinery and/or the tension
applied to the membrane (resulting in activation of stretch-activated
channels®). [Caz"]C oscillations are also confined to this area’ and
recent findings on GTPase localization,>*3? the presence of an
exocyst complex?> and actin dynamics®® further suggest that the apical
and sub-apical regions contain all the necessary enzymatic machinery
to maintain growth (protein synthesis and turn-over, lipid metabolism,
assembly of complexes, etc.). This challenges the idea of a continuous
flux of components from older parts of the tube and raises new
questions about the physiology and biochemistry of the pollen tube.
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