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To reach the ovule, pollen tubes must undergo many changes in growth direction. We have shown in previous work that 
elevation of cytosolic free calcium ([Ca2+l,) can manipulate orientation in growing pollen tubes, but our results suggested 
that [Ca2+Ic changes either in the tip or in more distal regions might regulate the critical orienting mechanism. To iden- 
tify the spatial location of the orienting motor, we combined the techniques of ion imaging with confocal microscopy 
and localized photoactivation of loaded caged Ca2+ (nitr-5) and diazo-2 (a caged Ca2+ chelator) to manipulate [Ca2+], 
in different pollen tube domains. We found that increasing [Ca2+], on one side of the pollen tube apex induced reorien- 
tation of the growth axis toward that side. Similarly, a decrease in [Ca2+], promoted bending toward the opposite side. 
These effects could be mimicked by imposing localized externa1 gradients of an ionophore (A23187) o r a  Ca2+ channel 
blocker (GdC13); the pollen tubes bend toward the highest concentration of A23187 and away from GdCI3. Manipulation 
of [Ca2+], in regions farther back from the apical zone also induced changes in  growth direction, but the new orienta- 
tion was at random. We observed communication of these distal events to the tip through a slow-moving [Ca2+], wave. 
These data show that localized changes of [Ca2+], in the tip, which could result from asymmetric channel activity, con- 
trol the direction of pollen tube growth. 

INTRODUCTION 

It is the function of the pollen tube to deliver the sperm cells 
to the ovary and thus initiate the crucial process of seed de- 
velopment. For successful fertilization, pollen must germinate 
on the stigma, grow through the style, and find and penetrate 
the ovule micropyle. These processes require the growing pol- 
len tube to undergo numerous changes in growth orientation. 
The cues in the stigma that signal pollen tube orientation are 
believed to be electrical (Malhó et al., 1992), mechanical, and 
chemical (Heslop-Harrison, 1987; Cheung et al., 1995), but their 
nature is not well understood. 

Pollen tube growth is limited to the tip and is highly polarized. 
In recent years, substantive progress has been made toward 
understanding tip growth mechanisms (see Goodner and 
Quatrano, 1993; Feijó et al., 1995). These mechanisms are un- 
doubtedly complex and involve the regulation of numerous 
genes (Schiefelbein et al., 1993; Bouget et al., 1996; Lin et 
al., 1996). Pollen tube reorientation can occur in severa1 
minutes, and this might preclude a mechanism involving 
changes in gene expression. But mutants have been described 
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in which pollen tubes are unable to locate the ovule, seem- 
ingly as a result of altered interactions with the stigma 
(Hülskamp et al., 1995). These mutants may then simply be 
unable to sense appropriate directional cues in the stigma and 
ovary. 

In pollen tubes, the existence of a tip-focused gradient of 
cytosolic free calcium ([Ca2+jC) has been shown to be essen- 
tia1 for growth (Obermeyer and Weisenseel, 1991; Rathore et 
al., 1991; Miller et al., 1992; Malhó et al., 1994; Pierson et al., 
1994); it is maintained by an asymmetric activity of Ca2+ chan- 
nels (Malhó et al., 1995). When Agapanthus umbellatus pollen 
tubes were impaled with a microelectrode and subjected to 
brief ionophoresis, immediate increases in [Ca2+Ic in the vi- 
cinity of the microinjection were observed (Malhó et al., 1994). 
Pollen tube growth ceased but recovered with a new growth 
axis and in an orientation up to &90° from the original direc- 
tion. These observations could be mimicked by photolysis of 
loaded caged Ca2+ (nitr-5). The tip-focused [Ca2+], gradient 
could be detected as re-forming before the recovery of growth, 
and the distribution of the gradient seemed to predict the new 
growth orientation (Malhó et ai., 1995); this observation was 
later confirmed by Pierson et al. (1996). When pollen tubes 
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were subjected to weak reorienting electrical fields, growth con-
tinued and the tip-focused gradient was maintained, but
increases in [Ca2+]c throughout the pollen tube cytoplasm
were again also observed (Malho et al., 1994, 1995). Includ-
ing very low concentrations of the tip Ca2+ channel blocker
lanthanum in the medium did not inhibit growth but did inhibit
electrical field-dependent reorientation (Malho et al., 1994,
1995).

We believe that the implication of the above-mentioned data
is that there might be at least two separate ways in which
[Ca2+]c could manipulate growth orientation—one involving
the body of the tube (perhaps through modification of the
microfilament structure) and the other involving manipulation
of the Ca2+ gradient at the tip. To distinguish between these
possibilities and to identify the spatial position of the motor(s)
that is responsible for orientation/reorientation, we examined
the response of different pollen tube cytoplasmic domains to
localized Ca2+ changes. There are at least two ways in which
these Ca2+ changes can be achieved. The first involves load-
ing a UV-sensitive caged Ca2+ or a UV-sensitive caged Ca2+

chelator into the pollen tube and achieving spatially restricted
release by using a xenon arc/flash photolysis system (Zucker,
1995) and a controllable aperture that confines the spread of
the UV beam. The second consists of externally supplying iono-
phores and channel blockers asymmetrically to the tip of the
tube by using a microelectrode. We combined both of these
systems with confocal microscopy to permit immediate imag-
ing of the response. We found that localized increases of
[Ca2+]c within the apical dome of the pollen tube modify and
control growth direction.

Figure 1. Distribution of Loaded Calcium Green-1 in a Growing
A. umbe/latus Pollen Tube, Using Confocal Microscopy.

The fluorescent dye was loaded by ionophoresis and imaged after 15
min (recovery time, 1 to 5 min).
(A) and (B) The fluorescent image and the distribution of pixel inten-
sity along a midline transect down the length of the apical 70 urn,
respectively.
(C) The transmitted light image (reduced to approximately half size)
collected concomitantly with the fluorescent image to certify that the
imaging is being performed in a median section of the tube.

RESULTS

Confocal Imaging of [Ca2+]c with Calcium Green-1

Use of the ratio dyes fura-2 and indo-1 attached to dextrans
has distinct long-term advantages for imaging Ca2+ gradients
in pollen tubes (Pierson et al., 1994). However, because these
dyes require UV excitation, they are unsuitable for experiments
involving the release of UV photoactivable caged probes. Im-
aging before release would be precluded because UV
excitation for [Ca2+]c measurement would result in continued
caged probe photolysis. In this case, the less satisfactory
method of single wavelength dyes must be used. Calcium
Green-1 was the dye of choice because of its high quantum
yield. We have established four criteria that we and others
(Pierson et al., 1994) believe must be met before Calcium
Green-1 is used in these experiments.

First, the dye must be evenly distributed in the cytoplasm
and of sufficient pixel strength throughout the experimental
period (normally <15 min) to permit observations of [Ca2+]c
changes. Figure 1A shows a confocal image of a growing pol-
len tube loaded with Calcium Green-1. The distribution of the
dye is fairly homogenous, with the exception of the tip clear

zone where the signal is more reduced (Figure 1B), even though
we are observing an optically thin plane through the pollen
tube. This finding suggests that Calcium Green-1 is excluded
from this region. Even so, we found that pixel intensity in this
area provided a signal strong enough for reliable quantifica-
tion. To minimize errors due to change in cell shape, we
excluded the first 0.5 u,m of the cell perimeter from all mea-
surements. Any pollen tube with an average pixel intensity in
the apical dome that was >50 (for an eight-byte image) was
considered potentially artifactual and was discarded. As be-
fore, we were unable to detect the tip-based Ca2+ gradient
using Calcium Green-1 and the confocal microscope but could
readily detect the gradient using fluorescence ratio imaging
with indo-1 (Malhb et al., 1994). One possibility is that this differ-
ence might result from the real depth of the Ca2+ gradient
directly beneath the plasma membrane, but this question
clearly needs further investigation.

Second, it remains to be determined whether fluorescence
loss or dye leakage is perturbing [Ca2+]c measurements. In
a previous report (Malho et al., 1994), we showed that fluores-
cence loss due to bleaching and/or dye leakage was not
significant through the longest incubation period used here
(<15 min) and did not perturb measurements.
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Third, images must be maintained in the midplane of the
pollen tube. The optical arrangement used for this study has
an axial resolution of ~2 urn, so it is important to collect im-
ages in the midplane of the cell (Read et al., 1992; Pierson
etal., 1996). Pollen tubes sometimes change their growth direc-
tion within the z-axis; therefore, we used the second detector
on our confocal microscope to collect a transmitted light im-
age (Figure 1C). With this procedure, we ensured that the signal
collected was coming from the midsection of the tube, thus
reducing potential artifacts due to a change in path length.

Fourth, the dye must be stable in the cytoplasm. A potential
problem with using an unattached single wavelength dye is
the sequestration of dyes into organelles. We found no evi-
dent sequestration within the window of time necessary for
our experiments (see Figure 1A), but it begins to be visible
in older regions of the tube 20 min after loading.

Resolution of the Imaging and Photoactivating System

The area of irradiation by the focused UV beam was deter-
mined both in vitro and in vivo by using caged fluorescein,
which is only weakly fluorescent until the fluorescein is
released. For in vitro measurements, caged fluorescein was

Figure 2. Distribution of Fluorescein after Localized UV Photolysis
of Loaded Caged Fluorescein in a Growing A. umbellatus Pollen Tube.
Caged fluorescein was loaded by ionophoresis
(A) Transmitted light image before photoactivation.
(B) to (D) The distribution of released fluorescein was imaged by using
confocal microsocopy at 5, 20, and 40 sec, respectively, after flash pho-
tolysis through a controlled aperture. (B) indicates the length of the
UV beam at the point of impact on the pollen tube. The arrows indi-
cate the tip of the pollen tube. Bar in (B) = 10 urn for (B) to (D).
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Figure 3. UV Photolysis of Caged Fluorescein and Calibration of
Released Fluorescein in Different Regions of a Growing A. umbella-
tus Pollen Tube.
Pollen tubes were loaded with caged fluorescein, and localized pho-
tolysis was performed in the nuclear (n), subapical (sa), and apical
(a) regions. Confocal microscopy was used to determine the fluores-
cence intensity emitted by the different regions. Molarities of fluorescein
released were determined by comparision with a calibration curve con-
structed in vitro with 8- to 12-nm-diameter water droplets in oil solution
containing known amounts of fluorescein. Boxes indicate signal vari-
ation in different regions of the pollen tubes (n = 15).

incorporated into agar. After UV flash photolysis, the fluores-
cent area was imaged in the confocal microscope and
measured. In vivo measurements were made by loading caged
fluorescein into growing pollen tubes and again imaging the
fluorescence after UV photolysis. We found, with both in vitro
and in vivo studies, that we could confine photoactivation to
circular areas of ~80 to 95 u,m2 (MO to 11 u.m in diameter).
Figure 2 shows the results of instantaneous photolysis of caged
fluorescein inside a pollen tube and its subsequent rapid diffu-
sion, presumably accelerated by streaming, throughout the
cell.

Because the pollen tube is thinner at the tip, we quantified
the apparent efficacy of caged fluorescein photolysis in different
parts of the pollen tube by comparing the fluorescence emit-
ted by the cells with that of water droplets with known
concentrations of fluorescein (Figure 3). As with dye distribu-
tion, there is a slight gradient of apparent cage photolysis
efficacy further away from the tip. However, the amount of flu-
orescent light released from the lowest caged fluorescein
concentrations is too close to the limit of detection to make
a more accurate calibration. We can expect a similar pattern
for apparent photolysis efficiency distribution of other caged
molecules; however, exact quantitation is more difficult, be-
cause the photolysis quantum efficiency in many cases is not
known and the extent of prior accumulations of caged mole-
cules in the tip may be different for the different molecules.
Figure 2 also indicates that the cage itself is probably nontoxic
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Figure 4. Effect of UV Photolysis of Loaded Nitr-5 in Different Regions of a Growing A. umbel/atus Pollen Tube on the Distribution of [Ca2']c

and Orientation

(A) Confocal time-course series of images in which nitr-5 was flash photolyzed in the nuclear zone (arrow) at ~65 sec. The times (sec) at which
images were taken are shown adjacent to the tip of the growing tube. Random reorientation of the pollen tube growth axis occurs after the elevation
in [Ca2']c reaches the tip; this occurs ~60 sec after photoactivation. The images are displayed with the color coding explained below. Bar = 10 urn.
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because the pollen tube continues normal rates of growth af- 
ter release. 

According to Zucker (1995), use of this system allows pho- 
tolysis release rates of 80 to 90% in one flash if a high numerical 
aperture (NA) and good UV transmission objective are used. 
With the objective used in this study, we found that the maxi- 
mal release of caged fluorescein is achieved only after the third 
pulse, with -60% release with the first pulse. We have rou- 
tinely used only one light pulse because fast pulse repetition 
could not be achieved with this system. We also decided not 
to compromise further the optical quality for image acquisi- 
tion and chose not to use the quartz objectives normally 
employed for UV light (see Methods). 

Effect of Localired Photoactivation of Nitr-5 on Pollen 
Tube [Ca2+], and Orientation 

Photoactivation of nitr-5 (and later diazo-2) was performed in 
different regions of the pollen tube: the nuclear region, 30 to 
50 pm behind the tip; the subapical region, 15 to 30 pm be- 
hind the tip; and the apical dome, O to 15 pm from the tip. 
lmaging data is found in Figure 4, and quantification of these 
data is found in Figure 5. With the single wavelength dye Cal- 
cium Green-1, we cannot directly compare fluorescence levels 
from different parts of the tube to determine absolute [Ca2+lc. 
However, the magnitude of the changes in fluorescence (similar 
to the ratio of maximum to minimum fluorescence, F,,,IFmi, 
for single wavelength dyes; Williams et al., 1993) is directly 
proportional to the changes in the levels of [Ca2+], (Haugland, 
1993). With this approach and our previous absolute estimates 
of [Ca2+], in A. umbellatus using indo-1 (Malhó et al., 1994, 
1995), we found that the increase in [Ca2+], resulting from 
nitr-5 photolysis in the nuclear region is substantially higher 
than that which occurs in the subapical and apical regions 
(400 to 700 nM compared with 300 to 500 nM). These increases 
are similar to those we have determined before for nitr-5 pho- 
tolysis in guard cells and protoplasts (Gilroy et al., 1990; 
Shacklocket al., 1992; Allan et al., 1994). Absolute calibration 
of [Ca2+], in cells, however, is recognized as very difficult, 
using either single or ratio dyes, so these numbers should be 
regarded only as estimates. 

When the nitrd photolysis was performed in the nuclear re- 

gion (n = 7; five tubes showing reorientation), an immediate 
increase in [Ca2+], was observed in this area (Figure 4A). In 
the following second, this elevation spreads toward other 
regions at a variable speed of 65 to 75 pm min-’ (Figures 4A 
and 5A). When the elevation reached the tip, pollen tubes ei- 
ther showed just a transient decrease in growth rates or were 
temporarily arrested. Upon recovery, a reorientation of the 
growth axis was recorded in most cells. In agreement with our 
previous report (Malhó et al., 1994), the subsequent growth 
orientation induced by release in the nuclear region is ran- 
dom within k90° of the original direction. We have observed 
similar responses when caged inositol 1,4,5-trisphosphate was 
released in A. umbellarus pollen tubes (Malhó, 1995). 

When photolysis of nitr-5 was performed in the subapical 
region (Figure 46, 30 sec), the [Ca2+], elevation usually 
resulted in a transient but complete arrest of tube growth (n = 
10; eight pollen tubes exhibited reorientation). The pollen tubes 
recovered ( 4  min later), and the reorientation of the growth 
axis was evident but again was random. Some pollen tubes 
responded with only a decrease in growth rates, but even most 
of these reoriented. Similar results were obtained when Ca2+ 
was released in the overall apical region (Figure 46,240 sec). 
In six cells, growth was arrested, and when they recovered 
( ~ 1  min later), the direction of growth had clearly altered. In 
another four pollen tubes, apical bursting was observed. There- 
fore, we investigated another six cells with a reduced 
concentration of nitr-5 in the loading microelectrode (0.5 mM), 
but only two of these showed subsequent curvature. This find- 
ing suggests that a threshold concentration of [Caz+], must 
be exceeded for curvature to be initiated. 

In our previous study (Malhó et al., 1995), we commented 
that the [Ca2+], gradient appeared to re-form on the side on 
which growth would subsequently appear (see Pierson et al., 
1996). We decided therefore to draw a midline through the 
apical dome and determine the ratio of the fluorescence on 
the left side compared with that on the right (similar to 
Fmax/Fmin; Williams et al., 1993) (Figure 5, diagram). This ra- 
tio should then reflect the difference in [Ca2+Ic on both sides 
of the dome. If this ratio directed subsequent orientation, cor- 
related curvature changes should become apparent. Therefore, 
we decided to mimic the variation in the ratio of fluorescence 
of the dome by photolysing nitr-5 only on the left-hand side. 
This was accomplished by focusing the UV beam on the edge 

Figure 4. (continued). 

(B) Confocal time-course series of images in which nitr-5 was flash photolyzed in the subapical zone at -25 sec and in the apical zone at -235 
sec (arrows). The times (sec) at which images were taken are shown adjacent to the tip of the growing tube. Black and white images are the 
transmitted light images in register with the fluorescent ones showing the morphology of the tip (reduced to approximately half size). In both 
cases there was a change in pollen tube growth direction to the right side. Bar = 10 pm. 
(C) Confocal time-course series of images in which nitr-5 was flash photolyzed in the left hemisphere of the apical zone at -95 sec. The times 
(sec) at which images were taken are shown adjacent to the tip of the growing tube. Black and white images are the transmitted light images 
in register with the fluorescent ones showing the morphology of the tip (reduced to approximately half size). A pronounced reorientation of the 
pollen tube growth axis follows the localized elevation in [Caz+], in the left side of the tube apex. Bar = 10 pm. 
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Figure 5. Quantitative Estimates of Data in Figure 4 (Growing A. um- 
bellatus Pollen Tubes Loaded with Nitr-5). 

Filled squares (H) represent growth rates. Calcium Green-1 pixel in- 
tensity in subapical or nuclear regions is represented by filled triangles 
(A); in the apical region, pixel intensity is indicated by filled circles 
(O).  Vertical bars represent the ratio of pixel intensities (expressed 
in percentages) between the left and the right hemisphere of the tube 

of the pollen tube apex (n = 6; five tubes showed curvature 
to the left; in the remaining tube, growth was stopped with no 
curvature on recovery). Figures 4C and 5C show,the results 
of one such experiment. After photoactivation, there was a 
localized increase in [Ca2+Ic that slowly declined after the 
release; [Ca2+), returned to resting levels when the cell re- 
sumed its normal growth. In this experiment, pollen tube 
growth was not totally arrested, and yet the highest angle of 
bending was recorded. Another interesting feature of this ex- 
periment was that the highest deviation to the ratio left to right 
occurred not immediately after photoactivation but when the 
cell started to bend (Figure%). This suggests that the release 
triggered a mechanism that kept [Ca2+Ic elevated in that re- 
gion, leading in turn to cell bending. 

We found that indeed the direction of the growth axis could 
be predicted in every experiment in which nitr-5 was photolyzed 
(n = 41). When the ratio value was plotted (as a percentage), 
it was found that values above 100, before growth recovery, 
resulted in reorientation to the left, and values below 100 
resulted in reorientation to the right. The highest angles of re- 
orientation resulted in the highest deviation in the ratio value 
from 100 (Figure 6; median angle of reorientation of 29O). 

Effect of Localized Photoactivation of Diazo-2 on 
Pollen Tube [Ca*+], and Orientation 

To determine whether a decrease in' [Ca2+Ic might control 
orientation, we loaded the pollen tubes with diazo-2, a caged 
Ca2+ chelator. Photoactivation of diazo-2 in the nuclear or 

apex (40 fim2 each). The diagram above the graphs illustrates the 
area analyzed in each region of the pollen tube for pixel intensity mea- 
surements: the nuclear and subapical regions are 130 wmz (-29,000 
pixels); the apical region is 95 pm2 (*21,000 pixels); and the apical 
left or right region is 45 pm2 (-10,000 pixels). 
(A) Flash photolysis of loaded nitr-5 in the nuclear region. The data 
are estimated from the experiment shown in Figure 4A. Average pixel 
intensity of Calcium Green-1 was determined in the nuclear (A) and 
the apical (0) regions. Note the delay between the release of Ca2+ 
in the nuclear region (arrow) and the increase in [Ca2+jC in the apical 
region. The decrease in the growth rates, which occurs when [Ca2+jC 
is elevated in the apex, is concomitant with the reorientation. 
(6) Effect of photolysis of loaded Nitr-5 in the apical left-to-right ratio 
(vertical bars) and pixel intensity in the subapical (A) and apical (0) 
regions. The data are estimated from Figure 48. The left-to-right ratio 
is -100, except when the tube changes its growth direction (at 100 
and 350 sec). Arrows indicate times of photoactivation. 
(C) Photolysis of loaded nitr-5 in the left hemisphere of the apical re- 
gion. Data are estimated from Figure 4C. The left-teright ratio of Calcium 
Green-1 increases significantly upon bending of the pollen tube. Pho- 
toactivation is at the arrow. 
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Figure 6. Correlation Plot of Orientation Angle versus Deviation in 
Left-to-Right Ratio in 41 Cells in Which Nitr-5 Was Photolyzed in Different 
Growth Regions. 

The points inside the boxed region represent the cells in which the 
angle of reorientation and/or the deviation in the left-to-right ratio was 
considered nonsignificant and was excluded from the calculation of 
the median angle of reorientation. 

subapical region (n = 10; six tubes showed curvature; data 
not shown) resulted in a decrease of [Ca2+], and a transient 
inhibition of pollen tube growth. This effect is similar to the 
reports of 1,2-bis(o-aminophenoxyIethane N,N,N:N'-tetraacetic 
acid (BAPTA) injection into pollen tubes (Miller et al., 1992). 
Photoactivation of loaded diazo-2 directly in the apical region 
(n = 7; only two tubes recovered) often resulted in tip burst- 
ing, suggesting that certain minimal values of [Ca2+lC are 
important for apical integrity. Furthermore, pixel intensity was 
often reduced to levels that we consider to be below the confi- 
dente limit and thus were not suitablefor imaging. Reduction 
of diazo-2 concentration in the loading needle only partly solved 
these problems; however, even in the best cases, pollen tubes 
that survived the photoactivation possessed an abnormal mor- 
phology. Figure 7A shows one of these tubes. A release of 
diazo-2 in the left side of the apical region (n = 7; only four 
recovered) led to a strong reduction of the growth rates and 
some bending toward the opposite side (Figure 7A, 90 sec). 
However, tip growth was disturbed, as can be seen in Figure 
7A (180 to 350 sec). Bending was also preceded by a reduc- 
tion in the apical left-to-right ratio (Figure 8A). 

Modification of Interna1 Apical [Ca2+], by Externa1 
A23187 and GdCI3 

The data shown above suggest that reorientation can be in- 
duced by localized increases in [Ca2+lC in the apical region. 
To further assess the validity of this hypothesis, we needed 
to induce asymmetric distributions of apical [Caz++Ic by alter- 
native means. Consequently, we loaded A23187 and GdCI3 

into microelectrodes and simply placed these near the tips of 
growing pollen tubes. We reasoned that the low rates of diffu- 
sion from the narrow orifice of the microelectrode might set 
up diffusion gradients across the tip and thus differentially in- 
terfere with the tip-focused [Ca2+], gradient. lmaging data are 
shown in Figures 78 and 7C, and Figures 88  and 8C show 
quantitative estimates from these. Although these sets of ex- 
periments could be achieved with dual-wavelength dyes, we 
decided not to do so, because the use of fura-2 or indo-1 im- 
plies the use of completely different equipment for fluorescence 
imaging with characteristics of its own. Thus, any results could 
not be compared directly. Furthermore, Pierson et al. (1996) 
showed that Ca2+ values in the tip of the pollen tube may be 
underestimated because fura-2 is saturated in that region and 
thus no longer allows extremely accurate measurements. Cal- 
cium Green-1 has a lower affinity for Ca2+, which allows us 
to perform measurements at higher concentrations. 

When the pollen tubes were exposed to a gradient of A23187 
across the tip, eight of 10 pollen tubes responded positively 
to the stimulus, showing bending toward the ionophore source 
and an increase in [Ca2+], that was most evident in the side 
closer to the electrode (Figure 76). The bending was also ac- 
companied by a decrease in growth rate and in the apical 
left-to-right ratio (Figure 86). Once the microelectrode was re- 
moved, which was essential i f  growth was to continue, further 
curvature ceased and straight growth was resumed. Growth 
rates then returned to normal with an apical left-to-right ratio 
close to 100%. The remaining two cells showed no visible 
response. 

Exposure to GdCI3 from a microelectrode, on the other 
hand (Figure 7C), induced bending away from the microelec- 
trode in seven of 10 pollen tubes. The remaining three tubes 
exhibited total growth inhibition after the treatment. The cur- 
vature was accompanied by a decrease in growth rate and 
increase in the apical left-to-right ratio (Figure 8C). The over- 
all fluorescence from the apical zone showed a slight reduction, 
suggesting a reduction in apical [Ca2+],. 

Undulating Pollen Tubes Show Oscillations in [Ca2+lc 
between the Left- and Right-Hand Sides of the Dome 

It is a common observation that many pollen tubes growing 
in vitro exhibit slight wiggling from side to side. It is generally 
assumed that these wiggles reflect the lack of appropriate guid- 
ance cues. However, some of our in vitro-grown pollen tubes 
(<1%) showed repetitive and unusually high angles of bend- 
ing (e.g., Figure 9). This enabled us to test the hypothesis that 
even without externa1 stimulation, a change in growth axis is 
preceded by changes in apical [Ca2+],, particularly the api- 
cal left-to-right ratio. When [Ca2+], was measured in these 
tubes (Figure lOA), we observed that the left-to-right ratio os- 
cillated following the general pattern of wiggling (Figure 106). 
We also found that whenever the cell bent, there was a reduc- 
tion in growth rate. The accuracy and time interval of our 
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Figure 7. Effect of UV Photolysis of Loaded Diazo-2 or Exposure to External Gradients of A23187 or GdCI3 on [Ca2']c and Orientation in a Grow-
ing A. umbellatus Pollen Tube.

(A) Confocal time-course series of images in which diazo-2 was flash photolyzed in the left hemisphere of the apical zone at ~65 sec. The times
(sec) at which images were taken are shown adjacent to the tip of the growing tube. Black and white images are the transmitted light images
in register with the fluorescent ones showing the morphology of the tip (reduced to approximately half size). After photoactivation, there was
a reorientation of the pollen tube growth axis but also a perturbation of the tip growth mechanism evident in the morphology of the apical region.
The color images are displayed with the coding shown in Figure 4. Bar = 10 um.
(B) Confocal time-course series of images taken after placement of a microelectrode containing A23187 near to the tip of a pollen tube. The
times (sec) at which images were taken are shown adjacent to the tip of the growing tube. Black and white images are the transmitted light images
in register with the fluorescent ones showing the morphology of the tip (reduced to approximately half size). The ionophore is diffusing from
a microelectrode that was removed at ~95 sec to prevent toxic effects. The tube bends toward the ionophore source. The color images are dis-
played with the coding shown in Figure 4. Bar = 10 um.
(C) Confocal time-course series of images taken after placement of a microelectrode containing GdCI3 near to the tip of a pollen tube. The times
(sec) at which images were taken are shown adjacent to the tip of the growing tube. Black and white images are the transmitted light images
in register with the fluorescent ones showing the morphology of the tip (reduced to approximately half size). The circled image is a magnification
of the tip shown next. The inhibitor is diffusing from the microelectrode that was removed at ~215 sec. The tube bends away from the channel
blocker. The color images are displayed with the coding shown in Figure 4, except for the circled image in which color was intensified to enhance
differences. Bar = 10 um.
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Figure 8. Quantitative Estimates of Data in Figure 7 (Growing A. um-
be/latus Pollen Tubes Loaded with Diazo-2 or Exposed to External
Gradients of A23187 or GdCI3).

Filled squares (•) represent growth rates. Calcium Green-1 pixel in-
tensity in the apical region is represented by filled circles (•). Vertical
bars represent the ratio of pixel intensities (expressed in percentages)
between the left and right hemispheres of the tube apex (~10 urn2

each). The areas analyzed are explained in the diagram of Figure 5.
(A) Photolysis of diazo-2 in the left apical hemisphere. Data are esti-
mated from Figure 7A. Upon photoactivation (arrow) in the left apical
region, the left-to-right ratio of the hemisphere shows a substantial de-
crease; however, this was not followed by a marked reorientation but
instead by a perturbation in tip growth.
(B) Effects of placing a microelectrode containing A23187 near the
tip of a growing pollen tube. Data are estimated from the experiment
shown in Figure 7B. The ratio decrease is accompanied by bending
toward the ionophore source.
(C) Effects of placing a microelectrode containing GdCI3 near the tip
of a growing pollen tube. Data are estimated from the experiment shown
in Figure 7C. Bending away from the microelectrode is accompanied
by an increase in the left-to-right ratio.

Figure 9. Differential Interference Contrast Microscopy of an Undulat-
ing Pollen Tube.

Bar = 10 urn.

imaging system were not sufficient to provide a detailed growth
rate curve under these conditions; nevertheless, it too also
seemed to be oscillatory. In the majority of pollen tubes show-
ing more limited wiggling, the changes in apical fluorescence
were too low to be considered significant (<10%).

DISCUSSION

Analysis of the Imaging System

Ca2+ imaging in living plant cells is a very powerful technique
to unravel the mechanisms of signal perception and transduc-
tion. However, special care needs to be taken because of the
many potential artifacts that have been described and referred
to earlier (Read et al., 1992; Fricker et al., 1993). Although the
use of a single-wavelength dye precludes accurate quantita-
tion, it does not prevent assessment of differences that result
from signaling. In many cases, it is this information that is most
crucial. Pierson et al. (1996) pointed out the importance of using
ratiometric procedures in all studies in which optical pathlength
is an issue, such as in pollen tubes, and we concur with this
statement; unfortunately, it is not always possible to use ratio-
metric dyes. Ratiometric Ca2+ dyes need UV light for
excitation, so whenever caged probes are to be used, one must
choose a single-wavelength dye.

Fluo-3, probably the most popular of these dyes, was de-
signed specifically for use with photolabile chelators (Kao et
al., 1989), and several techniques to achieve calibrations have
been described (Williams et al., 1993). In apical growing cells,
which are highly differentiated, none of these techniques is
beyond criticism; still, the use of single-wavelength dyes in
the past has proven to be very useful in detecting qualitative
changes in [Ca2+]c (Gilroy et al., 1990; Shacklock et al., 1992;
Read et al., 1993). Calcium Green-1 has one very advanta-
geous feature: it has a high-quantum yield, allowing imaging
to be performed with up to 50 times lower intracellular
concentrations, thus reducing any putative buffering effect on
[Ca2+]c. Recently, a new ratioable indicator using visible light
for excitation has become available. However, the indicator con-
sists of two conjugated dyes (Texas Red and Calcium Green-1),
and its usefulness still needs to be assessed properly in light
of differential photobleaching rates of the two fluorophores.
Furthermore, this dye is available only in the 70-kD dextran
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Figure 10. Estimates of the Left-to-Right Ratio of Pixel Intensity and Growth of a Vigorously Undulating Pollen Tube.

Confocal microscopy of loaded Calcium Green-1 fluorescence was performed, and the left-to-right hemisphere ratios of the apical zone were
calculated. The images are displayed with the color coding shown in Figure 4.
(A) Tips of the same growing pollen tube at the times (sec) indicated at the base. See corresponding left-to-right ratio value in (B). The arrows
indicate the future direction of the tip. Bar = 10 urn.
(B) Time course of the fluorescence ratio (percentage) between the left and right hemispheres of the tube apex. Whenever the tube bends to
the left, the ratio increases to >100; when the ratio is below that value, the tube grows to the right. An oscillatory pattern is clear.

form. Despite the several advantages of dextran dyes
(Haugland, 1993; Pierson et al., 1996), their introduction into
the cell requires pressure microinjection, making the recov-
ery of small cells such as A. umbellatus pollen tubes more
difficult.

Among the advantages of dextrans are their reduced cyto-
toxicity and stability in the cytoplasm. We have found that when
a "mild" ionophoresis is performed, these criteria also apply
to Calcium Green-1 free acid, at least during the time of our
experiments (usually ~10 min). In previous studies (Malho et
al., 1994, 1995) and in this one, we show that cytotoxicity is
not a problem in A. umbellatus. Sequestration of Calcium
Green-1 into organelles does not become obvious within the
first 20 min, except in older regions of the tube that were not
analyzed in this study. By using confocal microscopy and fast-
scan modes, we reduce photobleaching to a minimum while
reducing problems due to path length by collecting thin opti-
cal sections. In addition, we used the second detector on our
confocal to collect a transmitted light image and to certify that
the image collected was in the midplane of the cell apex.

Ca2+ Signaling in Pollen Tubes

The results obtained in this work show new and interesting
aspects of Ca2+ signaling in pollen tubes. It is clear that the
sensitivity of tip growth to transient increases in [Ca2+]c de-
pends on the cytological zones of the cell in which calcium
is elevated. For instance, the photoactivation of nitr-5 in the
nuclear region resulted in higher releases of Ca2+, presum-

ably because the concentration of the caged molecule was
higher in this area (although other reasons, e.g., vesicle density,
cannot be excluded). Based on the increase in fluorescence
recorded immediately after photolysis, we estimated that the
amount of Ca2+ released was 400 to 700 nM in the nuclear
region and 300 to 500 nM in the apical region. However, the
effects on pollen tube orientation were much more significant
when Ca2+ was released in the apex, because in this case,
direct effects on subsequent curvature were observed. In ad-
dition, when the loading concentration of nitr-5 was reduced,
there was a significant increase in the number of pollen tubes
showing no response. This result suggests that a certain thresh-
old in [Ca2+]c must be reached before a cellular response is
triggered.

A similar interpretation can be made from the experiments
with nuclear release. When Ca2+ was released in this region,
a signal of high [Ca2+]c spread wave-like toward the other
regions of the cell. The response was triggered only when the
signal reached the tip. In half of the cells, growth was arrested
totally, whereas in the other half, only a transient reduction
in growth rates was recorded. Again, evidence for the exis-
tence of threshold values is present, but it is difficult to be
precise because our imaging does not allow an accurate mea-
surement of absolute [Ca2+]c.

The spreading wave-like character of the high [Ca2+]c
signal also has interesting features: it may involve a Ca2+-
induced, Ca2+ release mechanism, and the speed of travel
is approximately similar to a slow Ca2+ wave (Jaffe, 1993).
Ca2+-induced Ca2+ release has the characteristics of an au-
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tocatalytic process, meaning that due to positive feedback, a 
small Ca2+ release will be amplified until the release process 
is terminated by negative feedback. Recent experiments with 
poppy pollen tubes suggest that inositol phosphates could also 
be involved in this wave-like movement of [Ca2+], because 
these pollen tubes contain a Ca2+-activated phospholipase C 
(Franklin-Tong et al., 1996), and it is possible to envisage a 
relay mechanism involving both the release of Ca2+ and the 
activation of the phospholipase C. In A. umbellafus pollen tubes, 
there seems to be some attenuation when the signal moves 
from the nuclear to the apical region, but smooth grading of 
Ca2+ release in intact cells is known to occur by the progres- 
sive recruitment of independent elementary units, such as 
Ca2+ puffs and sparks, that individually contribute a quantized 
amount of Ca2+ (Bootman and Berridge, 1995). This attenua- 
tion might explain why release in the apical region has more 
drastic effects (e.g., bursting) than in the nuclear region. 

The diffusion pattern of Ca2+ was quite different from that 
of the released fluorescein. Ca2+ has a low mobility in the 
cytosol; it binds to numerous proteins, it is sequestered by or- 
ganelles, and it is released from intracellular stores and 
pumped out and into the cell. The propagation of a Ca2+ wave 
is therefore an extremely complex process involving different 
cellular compartments. In contrast, the diffusion of fluorescein 
most likely results from a translocation in bulk by rapid 
streaming. 

Reducing [Ca2+], levels by release of diazo-2 did not have 
the opposite effect to increasing them. When release of diazo-2 
was achieved in the nuclear or subapical region, the results 
were fairly similar to the equivalent experiment with nitr-5. This 
agrees with the observations of pollen tube arrest by injection 
of BAPTA buffers (Miller et al., 1992; Pierson et al., 1994). In- 
deed, any mild treatment that dissipates the tip-focused 
[Ca2+], gradient can result in the destruction of the previous 
polar axis and the regeneration of a new one. The extent of 
reorientation probably depends not only on the treatment but 
also on the pollen used. For instance, in lily pollen tubes, treat- 
ment with caffeine, which transiently inhibits growth, resulted 
in almost no reorientation (Pierson et al., 1996). But when dia- 
zo-2 was released in the A. umbellafus apical zone, the pollen 
tubes either burst or showed subsequent abnormal growth, 
suggesting that a perturbation of tip elongation had also oc- 
curred. This is unlikely to be aside reaction resulting from the 
release of the caging molecule because no such effect was 
observed when release was performed further back from the 
tip. The cytoplasmic streaming in pollen tubes would rapidly 
distribute such molecules, as we showed with photolysis of 
caged fluorescein (Figure 2). The sudden decrease in [Ca2+], 
from diazo-2 release probably interferes with more than just 
the ionic balance. Otherwise, similar effects would be expected 
when the channel blocker Gd3+ was applied via a microelec- 
trode in the extracellular medium. The pollen tube elements 
that may be affected by diazo-2 photolysis are phospholipid 
binding annexins (Blackbourn et al., 1992; Battey and 
Blackbourn, 1993), extensins (Rubinstein et al., 1995). depo- 
sition of wall material (Li et ai., 1994), or cytoskeletal elements 

(Kohno and Shimmen, 1987). Thus, it seems likely that pollen 
tubes respond more effectively to an increase in [Ca2+Ic than 
to a decrease. 

Apical [Caz+], Controls Growth Direction-The Role of 
Caz+ Channels 

The localized photorelease of Ca2+ within the apical region 
changed the direction of pollen tube growth. These observa- 
.tions confirm our previous data (Malhó et al., 1994, 1995) and 
strongly support the suggestion by Pierson et al. (1996) that 
the location of the highest [Ca2+], domain within the tip de- 
fines the point from which elongation will proceed. In a 
straight-growing pollen tube, the highest [Ca2+], domain is 
represented by a Ca2+ hotspot located underneath the plasma 
membrane at the midpoint of the apical dome (the apical mid- 
point). lnducing pollen tube reorientation by photolysis of nitr-5 
in one side of the apical region clearly indicates that the distri- 
bution of [Ca2+], within the apical dome is not only a 
consequence of tip growth but also plays an important role 
in determining the growth direction. 

The presence of the tip-focused [Ca2+]c gradient is as- 
sociated with a cluster of active Caz+ channels (Malhó et ai., 
1995). Because control of orientation is crucial to the arrival 
of the pollen tube at the micropyle, the control of active Ca2+ 
channels becomes central to the mechanisms that ensure suc- 
cessful fertilization. Our experiments with ionophores and 
inhibitors show that by asymmetrically promoting or inhibiting 
Caz+ influx (thus mimicking asymmetrically modified Ca2+ 
channel activity), we are able to modify tube direction. Ding 
and Pickard (1993) recently suggested that Ca2+ channels, ac- 
tivated by stretching of the plasma membrane, respond to a 
variety of external stimuli and act as sensors of cell turgor, ex- 
terna1 mechanical stresses, and chemical gradients. 
Stretch-activated Ca2+ channels are likely to be present in pol- 
len tubes, as suggested by our work with Gd3+, an inhibitor 
of stretch-activated ion channels (Yang and Sachs, 1989), and 
by the effect of increased osmolarity in reducing the [Ca2+], 
gradient (Pierson et al., 1994). Stretch-activated channels are 
also voltage dependent (Guharay and Sachs, 1985), and we 
have shown that pollen tubes respond to external electrical 
fields with a membrane depolarization and localized Ca2+ in- 
flux (Malhó et al., 1995). Direct evidence for the existence of 
voltage-dependent Ca2+ channels that are activated by 
depoiarization of the plasma membrane of higher plant cells 
has been obtained by Huang et al. (1994) and Thuleau et al. 
(1994a, 1994b). 

Our previous work with Mn2+ quenching of indo-1 (Malhó 
et ai., 1995) suggests that Ca2+ channels are located all over 
the apical dome, but as suggested by Pierson et al. (1996), 
they must be particularly active (or dominant) in the extreme 
apex, the apical midpoint. It has long been recognized that 
to maintain the structure of the dome, there must be a gra- 
dient of growth from the center outward. This implies a gradient 
in the tension appliecj to the plasma membrane and thus a 
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gradient in open stretch-activated channels. Asymmetrically 
changing this gradient should alter the influx of Ca2+ in spe- 
cific domains of the dome, modifying in turn vesicle fusion, 
cytoskeletal structure, and pollen tube growth direction (Hepler 
et al., 1994; Pierson et al., 1994; Feijó et al., 1995). 

The hypothesis that the gradient of Ca2+ channel activity 
is determined by the position of the apical midpoint itself is 
certainly supported by our data on photoactivation of loaded 
nitrd on the left side of the apical region. In these experiments, 
we observe that although [Ca2+], starts to decrease immedi- 
ately after photorelease, the left-to-right fluorescence ratio 
continues to increase until complete growth reorientation is 
achieved (Figure 5C). This suggests that the apical midpoint 
of Ca2+ channel activity can be moved to new positions by 
changes in [Ca2+], itself. It further suggests that the distribu- 
tion of channels and [Ca2+], is in some way homeostatically 
regulated, even when Ca2+ influx is initially asymmetric. We 
suggest that these homeostatic mechanisms are intimately 
coupled to the positioning of the apical midpoint. The fact that 
the angle of reorientation does not exceed a certain value 
(>90°) also suggests the existence of negative feedback con- 
trols leading to the closure of previously open channels and 
vice versa. We believe that the distribution of open and closed 
channels in the apical plasma membrane is therefore in a con- 
stant dynamic state. In turn, the position of the apical midpoint 
is probably subject to continuous assessment and realignment. 

The existence of control mechanisms that specify the spa- 
tia1 distribution of open and closed channels can help to explain 
aspects of the extreme undulating pattern of the small num- 
ber of pollen tubes that we described in Figure 9. We assume 
that the wiggling associated with the growth of these tubes 
results from a longer than usual delay in the negative feed- 
back mechanism determining the distribution of open and 
closed channels. In these cases, the result is a constant slow 
oscillation of the apical midpoint, the hotspot, around the hemi- 
sphere of the dome. Such oscillations can easily be initiated 
by any slight externa1 perturbation or even by a stochastic open- 
ing of more channels on one side of the dome than on another. 

We observed that these pollen tubes can cease the extreme 
undulations after a period of time and assume a more normal 
growth pattern. Of possible relevance to this discussion is the 
finding that high concentrations of Mn2+ in the growth 
medium (2 mM), which can enter Ca2+ channels, result in a 
10-fold increase of pollen tubes showing this growth pattern 
(R. Malhó and A. Moutinho, unpublished data). Release of 
Ca2+ from intracellular stores may also play a part in this 
mechanism. Lancelle and Hepler (1992) demonstrated the 
presence of endoplasmic reticulum profiles in the apical re- 
gion that could act as a source of intracellular Ca2+, and the 
results in this study agree with the existence of a possible 
Ca2+-induced Ca2+-release mechanism. Early experiments 
using chlorotetracycline demonstrated a gradient of membrane- 
associated Ca2+ (Reiss and Herth, 1978). but these studies 
must be reanalyzed with more advanced techniques, such as 

organelle targeting of aequorin (Rizzuto et al., 1993; Johnson 
et al., 1995). 

Ca2+ channels are unlikely to be the only regulators of tip 
growth direction. K+ channels have also been suggested to 
be involved in this mechanism (Obermeyer and Kolb, 1993; 
FeijÓ et al., 1995), and our studies with inhibitors cannot rule 
out the possibility that different channels are also being af- 
fected. Unfortunately, the distribution and role of other ions 
in tip growth are virtually unknown. Gradients of H+ were not 
detected in growing pollen tubes (R. Parton, S. Fischer, R. 
Malhó, T. Jelitto, and N.D. Read, submitted manuscript), and 
maintenance of an intracellular pH seems to be important for 
cell viability rather than tip growth. 

Pollen Tube Guidance-A Possible Role for 
Extracellular Ca*+? 

The guidance mechanisms of pollen tube growth in vivo are 
subject to considerable debate, and the role of extracellular 
Ca2+ in pollen tube reorientation is probably one of the most 
controversial issues. Plant cells are known to respond to 
changes in extracellular Ca2+ (Bush, 1995; McAinsh et al., 
1995), and regions of high Ca2+ have been described along 
the path of the pollen tube from the stigma to the ovule (Chaubal 
and Reger, 1990). However, our study failed to show that pol- 
len tubes are attracted to these regions because of Ca2+ itself. 
Mascarenhas and Machlis (1962) showed that in vitro, pollen 
tubes grew from regions of very low Ca2+ toward regions of 
higher Ca2+; however, when pollen was grown in a medium 
with 1 mM Ca2+, the tubes no longer showed a response 
to higher concentrations. The same authors showed that 
chemotropism toward ovules was overcome by the addition 
of Ca2+ to the growth medium. We observed similar results 
when Ca2+ was allowed to diffuse from a microelectrode 
placed on one side of the tip; in a Ca2+-rich medium, the 
tubes did not bend toward higher Ca2+ (R. Malhó and A. 
Moutinho, unpublished data). Recently, the first reports of a 
chemotropic molecule have been published (Cheung et al., 
1995; Wu et al., 1995) that show the isolation of a floral trans- 
mitting tissue-specific glycoprotein. There is also strong 
evidence that hydroxyproline-rich proteins may facilitate the 
adhesion of pollen to the stigma surface and the growth of 
tubes along the style (Sanders and Lord, 1992; Gane et al., 
1995). It is interesting to speculate that some of these proteins 
may interact with the tube plasma membrane, creating local- 
ized tension that could then activate Ca2+ channels. 
Alternatively, pollen tubes may have an extracellular Ca2+- 
sensing receptor as described for animal cells (Brown et al., 
1995). Because gravitropic bending is thought to be regulated 
by extracellular Ca2+ concentrations in the root cap exudate 
(Bjorkman and Cleland, 1991; Baluska et al., 1996). the search 
for this particular protein in plants would be relevant without 
studies of pollen tubes themselves. 
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METHODS 

Plant Material 

Pollen of Agapanthus umbellatus was harvested and stored, and pol- 
len tubes were grown in vitro, as described previously (Malhó et al., 
1994). Composition of the culture medium was modified to achieve 
higher growth iates and thus reduce the time necessary for each ex- 
periment: 2.5% sucrose, 0.01% H3B03, 0.02% MgCIz, 0.02% CaCI,, 
and 0.02% KCI, pH 6.0, at 27%. 

lmaging and Calibration of [Ca2+Ic 

Growing pollen tubes were microinjected with the free acid of the 
Caz+-sensitive dye Calcium Green-1 (Molecular Probes Inc., Eugene, 
OR). The cells were ionophoresed with Calcium Green-1 (1 mM) for 
1 to 2 min at 0.1 to 0.2 nA and allowed to recover fully before experimental 
treatment. Details of the experimental procedure and criteria used to 
establish the success of microinjection can be found in Malhó et al. 
(1994). Only pollen tubes that recovered with no deviation from the 
focal plane were chosen for later analysis. 

Cystolic free calcium ([CaZ+lc) was imaged by means of laser scan- 
ning confocal microscopy using an MRC-600 (Bio-Rad Microscience 
Ltd., Hemel Hempstead, UK) equipped with a 25-mW argon laser (Read 
et al., 1992) and enhanced photomultiplier tubes. A 3% laser intensity 
was used to excite Calcium Green-1 at 488 nm while collecting simul- 
taneously a transmitted light image through a fiber optic. All images 
were collected in the F2 mode (0.75 sec per frame) using a Nikon 60x 
plan apo objective (numerical aperature [NA] = 0.95) (Nikon UK Ltd., 
Telford, UK). Higher NA objectives could not be used dueto their shorter 
working distance. For fluorescence imaging, the black level and the 
gain settings were adjusted in each experiment to allow an average 
background pixel intensity of between O and 10 and a fluorescent sig- 
na1 coming from the pollen tube of between 60 and 220. Pollen tubes 
showing lower signals or dye saturation under these imaging condi- 
tions were discarded. The detector aperture was kept constant for an 
optical section of -2.0 to 2.5 pm in depth; such depth of field results 
in an uneven voxel value in the tip of the pollen tube, but it was neces- 
sary to collect a signal strong enough to be analyzed (R. Parton, S. 
Fischer, R. Malhó, T. Jelitto, and N.D. Read, submitted manuscript). 
For bright-field imaging, a gain setting of 3.0 and a black level of 5.0 
were used; the detector aperture was identical to the fluorescence im- 
aging. A zoom factor of 3.0 was used except for experiments with 
photoactivation of caged biomolecules in the nuclear region of the pollen 
tubes where the zoom was reduced to 2.0. The time interval between 
image acquisition was 10 sec, except when adjustments had to be made 
on the field of view for repositioning the tube tip. Fluorescence was 
quantified in terms of average pixel intensity by using the histogram 
command of COMOS/MPL software (Bio-Rad). Only changes >10% 
were considered significant for our data. 

ionophoretic conditions). Photoactivation was performed by exposing 
the pollen tubes to an -1-msec pulse of UV light (300 mJ in the 330- 
to 380-nm band) from a XF-10 flash photolysis system (HiTech Scien- 
tific, Salisbury, UK) equipped with a xenon arc lamp (Rapp and Guth, 
1988). The area of photoactivation was controlled by means of an iris 
diaphragm placed between the UV lamp and the objective. 

To assess the system efficiency and resolution (bdh temporal and 
spatial), the pollen tubes were loaded by ionophoresis with 3000 kD 
of dextran anionic caged fluorescein (Molecular Probes) (1 to 2 mM 
in the needle). The fluorescence emitted after phdoactivation was com- 
pared with the fluorescence resulting from phdoactivation of in vitro 
solutions: water droplets with a diameter of 8 to 12 pm and known con- 
centrations of caged fluorescein (1 to 10 pM) were dispersed in a mineral 
oil solution and used as an approximate indicator for the in vivo con- 
centration of the caged biomolecules (Allan et al., 1994). However, 
despite similar net charge, nitr-5 and diazo-2 have different molecular 
weights, so similar ionophoretic conditions may result in slightly different 
concentrations of these two caged molecules. 

Effect of Externa1 Gradients 

[Ca2+Ic was also imaged in pollen tubes loaded with Calcium Green-1 
and exposed to external gradients of the ionophore A23187 or the 
Caz+ channel GdCI3 (SigmaAldrich Co., Dorset, UK). The gradients 
were imposed by diffusion of stock solutions (100 pM A23187 or GdC13 
made in growth medium) from apressure microelectrode (external di- 
ameter, -1 to 2 bm) placed near the tip of the growing tubes. 

Conventional Light Microscopy 

Whenever needed, pollen tubes wereexamined with a Nikon Microphot 
FX-A by using differential interference contrast optics and a 40x oil 
objective (1.4 NA). Light micrographs were recorded on Kodak 400 
TMAX 35-mm film rated at 800 ASA. 

Growth Reorientation and Numerical Data Presentation 

Reorientation of pollen tubes was defined as a change in the growth 
axis of >SO, either to the left or right (Malhó et al., 1994). 

Numerical data presented correspond to single-cell analysis of typ- 
ical experiments and not to summary statistics. This is because there 
is a certain degree of variability on not only the biological level but 
also the technical one. Even minor changes in the degree of loading, 
amount of photolyzed biomolecule, area of release (or diffusion from 
microelectrode), disturbance on microinjection, and responsiveness 
of the cell can all play a role in the extent of cellular response. 
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