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SUMMARY

The cytoplasmic pH of growing pollen tubes of Lilium
longiflorum Thunb. was measured using the pH-sensitive
fluorescent dye 2',7'-bis-(carboxyethyl)-5(6")-car boxyflu-
orescein and confocal fluorescence ratio imaging. The
aver age cytoplasmic pH in the clear zone of the pollen tube
tip was pH 7.11, and no consistent pH gradients were
detected in the clear zone, aver aging around —1.00 milli pH
unit pm=1, or along the first 50 um of the tube (3.62 milli
pH units pum™). In addition, no correlation was observed
between the absolutetip cytoplasmic pH or the pH gradient
and the pollen tube growth rates. Shifts of external pH to
more acidic pH values (pH 4.5) caused a relatively small
acidification by 0.18 pH units, whereas a more alkaline
external pH >7.0 caused a dramatic increase in cytoplas-
mic pH and growth stopped immediately. Stimulation of
the plasma membrane H*-ATPase by fusicoccin, resulted
in an increase of tube growth but no change in cytoplasmic

pH. On the other hand, vanadate (250-500 pM), a putative
inhibitor of the pump, stopped tube growth and a dlight
cytoplasmic alkalinisation of 0.1 pH units was observed.
Vanadate also arrested fusicoccin-stimulated growth and
stimulated an increased alkalinisation of around 0.2 pH
units. External application of CaClz (10 mM) caused a
small acidification of less than 0.1 pH units in the clear
zone, whilst LaClz (250 pM) caused dlight and rather
variable perturbationsin cytoplasmic pH of no more than
0.1 pH units. Both treatments stopped growth. It was
inferred from these data that tip-acid cytoplasmic pH
gradients do not play a central role in the organisation or
maintenance of pollen tube tip growth.
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INTRODUCTION

Developing pollen grains are one of a number of idea model
systems to study tip growth and polarised secretion, as the
secretion process is spatially organised in the clear zone (C2)
at the tip of the tube. Moving back from the tip, there are over-
lapping domains enriched progressively in secretory vesicles,
dictyosomes, endoplasmic reticulum, mitochondria, and subse-
quently larger organelles carried on actin bundles in the rapidly
streaming cytoplasm 10-30 pum behind the tip (Reiss and Herth,
1979; Lancelle and Hepler, 1992). Large numbers of secretory
vesicles, in the range of 1,000-3,000 minute™® per tube, are
transported into the tip region of the tube where they fuse with
the plasma membrane and deposit pectin to form the extending
cell wall (Picton and Steer, 1983; Van der Woude et a., 1974).
Whilst the cytoskeleton is central to the organisation and main-
tenance of localised secretion (Pierson and Cresti, 1992), a
number of ion transport processes are also closely associated
with control of polarised tip growth (Feijo et al., 1995; Derksen
et a., 1995). Electrical currents circulate between the tube and
the pollen grain. The majority of the current is initiated by
proton extrusion from the pollen grain, where there is a high
density of plasma membrane (PM) H*-ATPase (Obermeyer et
al., 1992), and re-enters mainly as K* along the length of the

tube (Weisenseel and Jaffe, 1976). A smaller component of the
current is carried by Ca2* entering the very tip of the tube
(Kuhtreiber and Jaffe, 1990; Pierson et al., 1995). Thislocalised
Ca?* influx is associated with a tip-focussed gradient in
cytosolic free Ca?* concentration ([Ca*]qt) of varying
magnitude (0.7 to 5 uM at the tip) and extent, reaching resting
levels 10 to 70 um behind the tip (Nobiling and Reiss, 1987;
Obermeyer and Weisensedl, 1991; Rathore et a., 1991; Pierson
et a., 1995). The [Ca?*]qyt gradient appears to be critical for
polarised growth as high Ca2* zones are absent in non-growing
tubes (Rathore et al., 1991; Miller et al., 1992), and calcium
channel blockers dissipate the Ca2* gradient and inhibit growth
(Obermeyer and Weisenseel, 1991; Malho et a., 1995). High
[Ca2*]yt may influence a number of key components in the
secretory system directly, or indirectly viaaparallel gradient in
the digtribution of the high-affinity Caf*-binding protein
camodulin (HauRer et al., 1984; Tirlapur et al., 1994). For
example, elevated Ca?* causes fragmentation of actin (Kohno
and Shimmen, 1987), kinetic regulation of transport motors
(Heslop-Harrison and Heslop-Harrison, 1989; Putnam-Evans et
al., 1989; Cai et a., 1996), and vesicle fusion promoted by the
members of the annexin family of Ca?*-dependent phospholipid
binding proteins (Blackbourn et a., 1991) that are localised to
the tube tip (Blackbourn et al., 1992).
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Recently, a gradient in cytosolic pH (pHcyt) was reported
during tip growth of rhizoids from Pelvetia fastigiata which
increased by 0.3-0.5 pH units from pH 7.15 at the tip over
about 50 pm (Gibbon and Kropf, 1994). As treatment with
permeant weak acids both abolished the pH-gradient and
halted growth, it was suggested that pH-gradients may act in
concert with Ca2*-gradients to control polarised secretion in
this system (Gibbon and Kropf, 1994). Given the importance
of pH in modulating several elements involved in pollen tube
tip growth, such as cytoskeletal structures (e.g. Tiwari and
Suprenant, 1994) and the Ca2*-binding affinity of annexins
(Blackbourn et a., 1991), it is important to test whether pH-
gradients are a universal feature of tip growing systems. The
evidence to date is equivocal; cytoplasmic pH-gradients were
not associated with tip growth in root hairs (Herrmann and
Felle, 1995), but have been reported for fungal hyphae
showing an acidified tip (McGillviray and Gow, 1987; Turian
et al., 1985). Published information of cytosolic pH in pollen
tubes is scarce. Measurements using absorbance dyes indicate
highly acidic regions in the apical zone of pollen tubes
(Turian, 1981), although this signal may well be derived from
dyeinthe organelles. A similar low pH at thetip iscited from
unpublished measurements using fluorescence imaging of the
pH indicator BCECF (U. K. Tirlapur, cited by Pierson and
Cresti, 1992). Recently, preliminary results were reported
showing the tip pH was dlightly below pH 7.0 and pH
gradients were present in a number of growing tubes (Feij6 et
al., 1995).

In this study we have used dual-excitation confocal ratio
imaging of the pH-sensitive dye BCECF to quantify pHeyt in
pollen tubes of Lilium longiflorum and assess whether cyto-
plasmic pH gradients exist that can be correlated with tip
growth,

MATERIALS AND METHODS

Plant material and microscopy

Flowers of Lilium longiflorum were purchased locally. Pollen grains
were collected 2 days after dehiscence, and washed briefly in 5%
ethanol to remove most of the pollenkitt. Pollen were concentrated
by centrifugation (1,000 g, 1 minute) and resuspended in culture
medium (10% (w/v) sucrose, 1.6 mM H3BO3, 1 mM KCl, 0.1 mM
CaCly, pH 5.6) to afinal density of approximately 3,000 grains ml—1.
Germinating grains were incubated in 1-5 yuM 2',7'-bis-(car-
boxyethyl)-5(6')-carboxyfluorescein (BCECF-AM) from a 2 mM
stock solution in ethanol, for 2-3} hours. Pollen tubes only took up
dye after emergence from the grain and were allowed to grow to 200-
400 pum in length (~30-60 minutes post-emergence). Ethanol con-
centrations up to 0.5% had no detectable effect on pollen germina-
tion and tube growth. Samples of 100-300 pl germinated pollen were
washed gently by centrifugation to remove extracellular indicator and
transferred to coverslips (no. 11, Chance-Popper, Warwick, UK) pre-
viously coated with 0.01% (w/v) poly-L-lysine for 5 minutes. Cov-
erdlips were mounted in open perspex chambers using silicone grease
and viewed using a Nikon Diaphot inverted microscope with either
a Zeiss x25, 0.8 NA multi-immersion lens or a Nikon x60, 1.4 NA
oil immersion lens. Chemicals were carefully added to the perspex
chamber from stock solutionsto give final concentrations of 250-500
UM vanadate, 10 pM fusicoccin, 10 mM CaCl, 250 uM LaCls, 20-
40 uM FCCP, and 10 pg mi~1 nigericin, respectively. Room temper-
ature was maintained at 18-20°C giving typical growth rates of
around 4-6 pm minute ™.

Confocal fluorescence ratio imaging

Dual-excitation confocal ratio measurements used a confocal laser
scanning microscope (CLSM) based around a Bio-Rad MRC600
attached to a Nikon Diaphot inverted microscope with modification
of the excitation path to receive co-aligned beams at 488 nm (25 mwW
argon ion, ILT Ltd), 442 nm (11 mW HeCd, Omnichrome) and 633
nm (3.5 mW HeNe, Spektra Physics) (Fricker and White, 1992;
Fricker et al., 1994).

Confocal fluorescence optical sections were collected in the mid
focal plane of the pollen tube tip using sequential excitation at 442
nm and 488 nm, and emission at 540+15 nm. Computer controlled
electronic shutters (‘Uniblitz', Vincent Associates, New York) were
used to switch between excitation wavelengths. Neutral density filters
were used to balance roughly the intensity of the two beams. Bright
field transmission images were collected with illumination from the
663 nm laser using a non-confocal transmission detector and fibre-
optic coupling to the second MRC 600 channel immediately after each
ratio pair.

Each wavelength image was typically collected over 768%96 pixels,
with a pixel spacing of 0.183-0.25 pm. The sampling rates depended
on the number of image lines collected and the number of framesinte-
grated (typicaly 2-4 per wavelength). Aquisition of each wavelength
pair took about 1-2 seconds and sampling was repeated at 5 to 20
second intervals.

Image processing and data analysis
To visualise changes in pHeyt, 10g ratio images were calculated pixel
by pixel for the 488 nm image divided by the 442 nm image, after
subtraction of average background value, and median filtered using a
3x3 hox. The tube was segmented using a threshold set at 50% of the
average tip intensity in the 442 nm image. Additional masking was
used to exclude regions where the signal was approaching saturation,
defined where the mean was approximately 2 s.d. units below 255
(typically agrey level value of 200) in either wavelength image. Final
ratio images were pseudocolour coded using look-up tables where the
ratio was represented by 255 levels of fully saturated colour ranging
from blue (typically pH 6.0) through green to red (typicaly pH 8.0).
To extract quantitative data, pixel values were averaged over
circular regions (20-40 um?) manually located on each wavelength
image. A single ratio value was calculated from the average 488
intensity divided by the average 442 intensity for this region, after
subtraction of the corresponding image backgrounds. Alternatively, a
semi-automated protocol was devel oped to extract datafrom anumber
of regions along the pollen tube. A cursor was used to draw a transect
along the tube and the intensities were averaged over 8-24 pixels
normal to the track for both wavelengths. Sampling was repeated for
each (x,y)-image in the time course and data from each transect
written into successive lines of a (1,t)-(length,time)-image, where | is
the length from the tip of the tube, usingasmall ‘C’ program run from
within MPL. (l,t)-ratio images and threshold masking were calculated
as described for (x,y)-images. The position of the leading edgein each
transect moved across the image with increasing time. The slope of
this moving boundary (di/dt) gave the growth rate. The position of the
boundary was used as a reference to align each transect with respect
to the growing tip. Vertica transects across the aligned (1,t)-image
provided direct access to the change in ratio for a specified longitu-
dinal region of the pollen tube (Fricker et al., 1994, 1997).

Calibration of ratio values

In vitro calibration was performed using 40 pM BCECEF in a pseudo-
cytoplasm (100 mM KCI, 10 mM NaCl, 1 mM MgSOs, 10 mM MES,
10 mM Hepes, adjusted with Tris base to the desired pH) supple-
mented with 25% ethanol. In situ calibrations were made after per-
meabilisation of the plasma membrane with either nigericin (10 ug
mi~1 final concentration from a 10 mg ml~1 stock solution in ethanol)
in the presence of KCI (40-120 mM) or FCCP (10-30 pM final con-
centration from a 1 mM stock solution in ethanol). Then 25 mM



Mes/BTR, pH 6.0, in culture medium was added to a final concentra-
tion of 2 mM to set the external pH (pHo) to around pH 5.5-6.0. This
was followed by addition of 25 mM BTP-Cl, pH 8.0, in culture
medium which raised pHo to around 7.5. The actua pHo values
obtained by these treatments depended on the previous additions in
each experiment and were determined in parallel experiments using a
pH electrode. Using nigericin, pHqt was estimated from pHo
assuming an average internal K* concentration of 117 mM
(Obermeyer and Blatt, 1995) and that nigericin equilibrates pH
according to the following equation (Chaillet and Boron, 1985):

[H]i/[H]o = [K]i/[K]o. (1]

Calibration curves were generated for each block of experiments
(when the instrument settings were kept constant) according to the
following equation:

[H]i=K app-(Rmax—R)/(R—Rmin), [2]

where Rmin and Rmax are the minimum and the maximum ratio value
measured after the addition of ionophores plus low and high pH,
respectively, and Kapp depended on the Kq and the fluorescent prop-
erties of the bound and free form of the dye at 442 nm. With 442 nm
being the isosbestic point Kapp = Kd. Where possible, individua cal-
ibrations were used for each experiment following the recommenda-
tion of Chaillet and Boron (1985). If it was not possible to measure
Rmax directly, the value was extrapolated as 4.86 x Rmin from asingle
point calibration and reference to the range of the ratio measured in
situ and in vitro. If neither calibration worked, then values were
extrapolated from the calibration curve derived for each block of
experiments.

Levels of dye compartmentalisation were estimated after perme-
abilisation of the plasma membrane with 100 uM digitonin to release
cytosolic dye. Release of dye from within the compartments was
achieved with addition of 0.1% Triton X-100.

Post-processing and analysis was performed using MPL™
software (Bio-Rad Microsciences Ltd Hemel Hempsted) and some
additional ‘C’ programs. Graphical and dstatistical analysis were
performed using Excel™ (Microsoft Corp.). Image montages were
assembled using Photoshop™ 3.0 (Adobe Systems Inc.) and printed
on a dye sublimation printer (Kodak XLS 8600 PS).

Chemicals

BCECF-AM was obtained from Molecular Probes (Eugene, Oregon,
USA). Fusicoccin, FCCP, and nigericin were from Sigma. All other
chemicals were from BDH Ltd (Poole, UK).

RESULTS

Pollen tubes of Lilium longiflorum were loaded with the pH
indicator dye BCECF as the AM-ester. The overall tube mor-
phology was visible in transmission images collected with illu-
mination at 633 nm to avoid photobleaching (Fig. 1A), and flu-
orescence from dye hydrolysed internally was visualised in
single optical sectionswith sequential excitation at 442 nm and
488 nm in the mid-plane at the tip of the growing tube. Exci-
tation at 442 nm was near the isosbestic wavelength of BCECF
so the emission signal depended only on the dye concentration
and provided a map of the localisation of BCECF in the pollen
tube (Fig. 1B). In most tubes, the fluorescence intensity in
single optical sections with excitation at 442 nm was relatively
homogeneous in the extensive clear zone (CZ) at the tip, with
no obvious punctuate staining. The extent of the CZ was
estimated from the transmission images and ranged from 10-
30 um in length between different tubes. There was a dight
decrease in signa in a zone near the extreme tip where the
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secretory vesicles are concentrated (see aso Fig. 5A). In the
streaming cytoplasm other regions of apparently reduced fluo-
rescence corresponded to dye exclusion from larger organelles
that were clearly negatively stained (Fig. 1B). Occasional small
bright fluorescent vesicles were visible even under these
optimal loading conditions (Fig. 1B). In some tubes, and par-
ticularly with long loading periods, compartmentalisation was
observed in a very dynamic tubular network extending
throughout the streaming cytoplasm. The amount of dye com-
partmentalised in this tubular network increased with loading
time; an extreme example is shown in Fig. 1D after 3 hours
loading post-germination. Compartmentalised fluorescence
was barely discernible after the normal 30-60 minute loading
period (Fig. 1B). Furthermore, in tubes that burst during the
experiment (e.g. Fig. 1E-H) the fluorescence spread rapidly
from the tube as the vesicles surged forward. Fluorescence
levels declined immediately within the tube (compare Fig. 1H
taken 20 seconds after Fig. 1F) even though the tube was till
clearly packed with vesicles in the transmission image (Fig.
1G). Given that dye compartmentalised in vesicles would
interfere with quantitative analysis of cytosolic pH values, we
measured the degree of compartmentalisation in evenly loaded
pollen tubes (e.g. Fig. 11) and tubes with readily discernible
sequestration (Fig. 1L) after permeabilisation of the plasma
membrane with digitonin. Cytoplasmic streaming ceased in the
presence of digitonin over a 1-5 minute period and the vesicles
invaded the CZ and tip region. Tubes lost turgor and shrank
markedly concurrently with loss of the cytosolic signal. Com-
partmentalised dye was visible after this treatment as punctate
vesicles or occasional strands within the tube (Fig. 1J and M).
This remaining fluorescence dissappeared almost completely
with exposure to Triton X-100 to permeabilise al the intracel-
lular membranes (Fig. 1K and N). Typically less than 12% of
the fluorescence remained after digitonin treatment in evenly
loaded tubes (11.6% for the tube shown in Fig. 1l and J),
whereas levelsreached up to 30-35% of the signal in tubeswith
strong compartmentalisation (31% for the tube shown in Fig.
1L and M). Only tubes with comparable loading to those
shown in Fig. 1B,F or | were used in subsequent experiments.

Pollen tubes loaded with BCECF maintained vigorous cyto-
plasmic streaming and most tubes continued to grow under the
illumination conditions used (e.g. Fig. 2) at arate comparable
to unloaded controls when measured in paralel at the same
temperature (18-20°C) as the imaging experiments (4.05+2.38
um minute™! (n=25) for loaded compared to 5.22+2.6 um
minute~® for unloaded; n = 157). Typically tubes were imaged
over a 10 minute period with sampling at 10-20 second
intervals, although some experiments were continued for up to
1,000 seconds. Occasionaly pollen tubes that showed rapid
cytoplasmic streaming, but were not growing were also used
to determine whether pHeyt altered in non-growing tubes and,
particularly, to seeif changesin pHcyt could be observed when
such tubes were stimulated to grow using fusicoccin (e.g. Fig.
8, see below).

To visualise changesin pHeyt, the ratio image was cal cul ated
as lagsllasp for each pixel after separate background subtrac-
tion at each wavelength and noise reduction using a median
filter (e.g. Fig. 2B). The level of noise and/or compartmental-
isation remaining was sufficient to give a speckled pattern to
the ratio images (Fig. 2B), however, there was no obvious
underlying trend in the CZ or further along the tube in the
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Fig. 1. Intracellular
distribution of BCECF in
pollen tubes of Lilium
longiflorum. The typical
pollen tube morphology is
shownin A from anon-
confocal transmission image
collected with illumination at
633 nm. The corresponding
confocal optical section in the
mid (x,y) foca plane after
loading with BCECF as the
AM-ester is shown with

excitation at 442 nm. (B) Dye
isevenly distributed in the
cytoplasm in clear zone and
excluded from organellesin
the streaming cytoplasm. A
single brightly stained vesicle
isvisible in the streaming
cytoplasm. For comparison
substantial
compartmentalisationin a
reticul ate network was visible
in the streaming cytoplasm
and extending into the clear
zone after prolonged loading
(C and D). Occasionally
during experiments, the pollen
tube burst at the tip (E-H). In
this case, the surge of vesicles
towards the tip expelled most
of the dye as a cloud that
rapidly diffused away with
little dye remaining in the
tube (H) even though it
remained packed with vesicles
(G). Quantitation of the level
of dye sequestration was
possible after
permeabilisation of the

plasma membrane with digitonin. In an evenly loaded tube (1) 11.6% of the fluorescence remained after this treatment (J) and all this signa
effectively dispersed after addition of Triton X-100 (K). In a tube showing extensive compartmentalisation (L), 31% of the dye remained after
digitonin treatment (M). This dye was also released after Triton X-100 treatment (N). Bar, 25 um.

streaming cytoplasm. The pollen tube shown continued to
grow at 4.7 pm minute™! during imaging and the cytoplasmic
ratio values did not alter during the imaging period (3 time
points are shown out of atotal of 47 in Fig. 2B).

To calibrate the ratio values in terms of pH, in situ, the tube
was exposed to the H*/K* exchanger nigericin, and varying
levels of external K* and pHo to clamp pHeyt to known values
(Fig. 3). Rapid shiftsin ratio were often achieved when clamping
at low pHgyt vaues (e.g. Fig. 3C and Fig. 2B'), especially if there
was adlight delay before addition of the external K* to drive pHi
to Rmin. Even after this treatment, the ratio was not completely
uniform over the whole tube (see for example Fig. 2B' and B").
During calibrations, there were often dramatic structural changes
a the tip (e.g. Fig. 2C) and small apparent shifts in either the
amount of BCECF or its fluorescence properties, as judged by
stepwise increases in fluorescence intensities with excitation at
442 nm particularly with addition of KCI (e.g. Fig. 3A). During
calibration the rate of dye loss or photobleaching also increased
(Fig. 3A). In anumber of tubes it was possible to clamp pHeyt

subsequently to higher values (e.g. Figs 2B" 3, 8E), but many
tubes burst when pHo was akalinised.

In situ calibration values from one block of 17 experiments
are plotted in Fig. 3C. The solid line represents afit to the data
using equation 2 with a pKa of 7.2. The open symbols are from
in vitro calibration solutions in a simple ionic medium supple-
mented with 25% ethanol to increase the hydrophobicity (see
Russ et al., 1991) and measured with the same instrument
settings. A similar set of calibration data were obtained for
each separate block of experiments. The dynamic range of the
ratio was about 5-fold between Rmin and Rmax. In the calibra-
tion shown in Fig. 3A,B the 90% confidence limits on the ratio
correspond to a minimum detectable pH change of less than
0.1 pH units for a circular area of 28 pm?2 containing around
800 pixéls. In the experiment shown in Fig. 2, the calculated
value of pHeyt during the low and high pH calibrations was pH
5.75 (Fig. 2B") and pH 7.45 (Fig. 2B"). The average tip pHeyt
was estimated as pH 7.2 based on the calibration values at the
tip for a circular area of 8 um diameter. The maximum
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Fig. 2. Dual-excitation confocal ratio imaging of cytoplasmic pH in growing pollen tubes of Lilium longiflorum. Single optical sectionsin the
mid (x,y) focal plane of a growing pollen tube were collected sequentially with excitation at 442 nm (A) and 488 nm (not shown) after loading
of BCECF as the AM-ester. A non-confocal, bright field transmission image was collected after the ratio pair with illumination at 633 nm (C).
The time-interval between image sets was 20 seconds. Ratio images were calculated pixel by pixel after subtraction of the image background at
each wavelength and masking at a grey-level value of 36 in the 442 nm image. Values above 200 were also masked in both images to exclude
pixels approaching saturation. Imagesin B have been median filtered with a 3x3 box. At the end of the experiment, the internal pH was
calibrated in situ using nigericin, high K* (107 mM) and low pH (B') followed by high pH (B"). The conversion from ratio values to pH derived
from the in situ calibration isindicated on the inset colour wedge. Note the internal tube morphology is disrupted during the calibration. The
averagetip pH for this tube was estimated as pH 7.2 and the growth rate was 4.7 um minute™?.,

potential error in this measurement caused by dye sequestra-
tion was estimated as less than 0.1 pH units assuming that 12%
of the dye (see Fig. 11 and J) was sequestered in a compart-
ment with a pH less than 6.0. With this colour scale a gradient
of 0.3 pH unitsincreasing from the tip would be readily visible
as a transition from the speckled pattern shown in B to the
mottled green and red pattern shown in B”.

pHcyt and tube growth

The average cytoplasmic pH in a 20-40 um? region of the CZ
at the tip for growing tubes was estimated as 7.11+0.16 (mean
* s.d., n=25; Fig. 4), using individual in situ calibrations where
possible or extrapolation from in vitro calibrations, such asFig.
3C. There was a spread in estimates of the absolute tip pHeyt
values between about pH 6.8 and pH 7.4, however, there was
no obvious correlation of tip pHeyt and growth rate (Fig. 4).
For comparison, the average tip pHeyt from non-growing tubes
was 7.00£0.21 (n=11).

To test whether growing tubes had cytoplasmic pH
gradients, 8-32 pixel wide transects were taken along cyto-
plasmic regions of the tube at both wavelengths (Fig. 5A,B,
data for the tube shown in Fig. 2). The average ratio was cal-
culated from the transects (Fig. 5C) and converted to pH using
thein situ calibration (Fig. 5D). The major changesin dye con-
centration from the 442 nm transect correspond to the low
signal at the tip, possibly arising from exclusion of the dye by
secretory vesicles, and a decrease in signal in the streaming
cytoplasm with exclusion of the dye by larger organelles (Fig.
4A). The signal with excitation at 488 nm followed essentially
the same pattern (Fig. 4B), thus the ratio was relatively
constant over the first 50 pum of the tube (Fig. 4C). Estimates

of pH gradients were made separately for both the CZ and the
complete tube, from the slope of linear regression after con-
version of the ratio values to pH values expressed with
reference to the tip. In this experiment, the slope of the regres-
sion line, expressed from tube to tip was —3.6 milli pH units
um-1 determined for the clear zone (the minus sign indicates
adecreasing pH or acidification towardsthetip) (Fig. 5D). This
would correspond to an absolute pH difference of 0.043 pH
units over the entire CZ, tip acid. The gradient of the regres-
sion over 50 um of the tube was 1.2 milli pH units um3, cor-
responding to an absolute pH difference of 0.06 pH units over
the 50 um, confirming the absence of an apparent cytoplasmic
gradient in the ratio images shown in Fig. 2B.

No consistent pH gradients were detected in the CZ (Fig. 6A)
or over a50 um distance (Fig. 6B) in 24 other tubes. The average
gradient of the regression in the clear zone spanning 15.6+5.0
um was —1.00+7.88 milli pH units pm™1 (Fig. 6A) and
3.62+5.29 milli pH units pm~1 for 49.5+13.7 um along the tube
including the CZ (Fig. 6B). Again, there was areasonabl e spread
in the estimated pH gradients, however, there was no obvious
correlation with growth rate for either set of measurements (Fig.
6A,B). For comparison, the gradient of the regression equations
in non-growing tubes were 0.71+11.47 milli pH units um™1 for
the CZ and 0.35+4.08 milli pH units pm=2 for the tube.

We further investigated effects of externa pH (pHo) on
pHeyt, as pollen tube growth is known to depend on the pH of
the growth medium. During shifts to low pHo values, pHeyt
altered little, decreasing by about 0.18 pH units (n=6) with a
1.3 unit shift in pHo (Fig. 7). Most tubes stopped growing, at
least transiently, although cytoplasmic streaming continued.
Increasing pHo to near neutral or alkaline values was more dis-
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Fig. 3. In situ and in vitro pH calibrations. Average pixel values were
measured for acircular 28 um? region at the tip of a BCECF-loaded
pollen tube with excitation at 442 nm (A, closed symbols) and 488
nm (A, open symbols) during exposure to nigericin, high K* and
varying external pH asindicated in the bars above the ratio (B).
Steady-state ratio values after 2-3 minute equilibration are plotted in
C aong with data from 16 other similar experiments. The open
symbols are datafrom in vitro calibrations performed using identical
equipment settings. The solid line is afit to the data using an
estimated pKa of 7.2.

ruptive: growth invariably stopped and organelles often surged
towards the tip which subsequently burst (e.g. Fig. 1E-H).
pHeyt also shifted dramatically during transitions above a pHo
of approx. 6.8 (Fig. 7), although few tubes remained intact to
allow measurements. In such tubes the tip was observed to
change most rapidly, often with a ower or no change in the
main body of the tube.
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Fig. 4. Pollen tube growth rate does not correlate with tip pH. The
average growth rate of 25 tubesis plotted as a function of the average
tip pH. The open symbol represents the mean + s.d. for both
variables.

Effects of plasma membane ion transporter agonists
and antagonists on tip pH and tube growth

As the plasma membrane H*-ATPase is the primary electro-
genic pump energising the pollen tube plasma membrane, we
tried to manipulate growth rate and pHgyt using fusicoccin
(FC), an agonist of pump activity, and sodium ortho-vanadate,
a P-type ATPase inhibitor.

Addition of FC increased tube growth or caused swelling of
the tip within a minute of treatment and even triggered growth
in tubes that had arrested but continued to stream (e.g. Fig. 8).
Such tubes provided an opportunity to test whether gradients
in pHeyt Were associated with changesin growth rate within an
individual tube. The signal with excitation at 442 nm remained
evenly distributed in the cytoplasm and was excluded from
larger vesicles throughout the experiment (Fig. 8A). Initially
theratio image was relatively homogeneous along the tube, and
atered little over a 140 second period before addition of FC.
After a lag period of about 40 seconds, the tube began to
elongate rapidly and reached a nearly constant growth rate of
5.8 um minute™! after a further 4 minutes. Thisis most clearly
seen in the length-time plot (Fig. 8D) derived from the transect
analysis (see Materials and Methods). Based on the calibration
shown in Fig. 8E, pHeyt increased by about 0.2 units at the tip
after 4 minutes of FC treatment and the slope of the regression
line in the CZ increased by 6.4 milli pH unit pm™ (tip
alkaline), corresponding to a pH gradient of about 0.16 pH
units over the whole CZ (approx. 25 um, Fig. 8C). Although
the tube shown in Fig. 8 was clearly growing with a dlight
alkaline gradient, the gradient appeared long after the change
in growth rate was initiated. In addition, the average change in
gradient from four such experiments was less marked
(2.92+4.55 milli pH units pm™1, tip alkaline) for anincreasein
growth rate from 1.62+0.98 to 4.27+1.05 um minute™’. The
absolute tip pHeyt aso did not show a consistent change during
FC treatment within the time frame over which effects on tube
growth were observed. In Fig. 9A, data from 6 experiments
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converted to pH (D) using thein situ calibration values. pH gradients
were derived by negating the slope of linear regression equations
fitted to data spanning the clear zone or the entire tube over about 48

pm including the clear zone. The pH gradient is thus expressed from
grain to tip.

have been normalised to the pH values immediately prior to
addition of FC and expressed as the average delta pH change
from this value. The average tip pHeyt varied by less than 0.1
pH unit after FC treatment.
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Sodium vanadate stopped growth within 60 seconds and
caused a dlight alkalinisation of the tip by about 0.1 pH units
after 180-240 seconds (Fig. 9B; n=8). Addition of vanadate
after FC treatment also rapidly arrested tube growth, but gave
a more pronounced akalinisation of the tip by nearly 0.2 pH
units after about 80-120 seconds (Fig. 9C; n=4).

Effects of calcium and lanthanum on tip pH and tube
growth

As an additional strategy to modify the growth rate of the
pollen tubes, we tested the effect of increasing external Ca2*
([Ca2*]o), and addition of the Ca?*-channel blocker, La3*, on
pHeyt and tube growth, as these agents are known to modify
the tip-focussed Ca?*-gradients required for growth. Growth
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Fig. 7. Dependence of internal tip pH on externa pH. The average
tip pH was measured during exposure to varying external pH
conditions. In time-course experiments, no marked transient changes
were observed, so values are shown after 180-240 seconds
equilibration at each pH. Few tubes survived pH excursions above
pH 7.0; the cytoplasmic pH rapidly akalinised and the tubes often
burst. Data are taken from 9 experiments.

ceased in both treatments, however, there was no marked effect
on pHeyt. Increasing [Ca?*]o seemed to acidify the CZ dlightly,
but the average pH difference was less than 0.1 pH units (Fig.
10A; n=6), whereas La3* triggered slight and rather variable
perturbations in pHeytt (Fig 10B; n=3). Neither response was
significantly different from the initial pH.

DISCUSSION

In this report, we measured the fluorescence of the pH-
indicator, BCECF, after loading as the AM-ester in growing
pollen tubes of Lilium longiflorum, using dual-excitation
confocal ratio imaging. The low concentrations of AM-ester
used (1-5 pM) and the cool temperature (18-20°C) appear to
minimise dye sequestration in this cell type and cytoplasmic
signals were readily distinguished using confocal optical sec-
tioning. Furthermore, to increase the reliability of our mea-
surements we used dual-excitation ratio measurements to
compensate for differences in average dye concentration, dye
leakage and photobleaching (e.g. Bright et al., 1987). Exci-
tation with the 442 nm laser was particularly useful as this
wavelength is close to the iso-excitation point for BCECF and
the resultant image provided a direct map of the BCECF con-
centration. Ratio values were converted to pH values using
both in situ and in vitro calibrations and gave an estimated
tip pHeyt of 7.11+0.16. Even with such calibrations, there is
still uncertainty in the value of absolute pH reported due to
the efficacy of the calibration procedures, however, differ-
ences in pH are thought to be reported reliably (see Bright et
al., 1987; Read et al., 1992; Fricker et al., 1993). Accordingly,
we have expressed most of our subsequent data in terms of
ApH values.

Similar values for pHeyt have been detected for other tip
growing plant and algal cells, such asroot hair cells, using pH-
sensitive microelectrodes (pH 7.1-7.3; Herrmann and Felle,
1995), and Pelvetia rhizoids, using either pH-sensitive micro-
electrodes or dual-emission confocal ratio imaging of SNARF
(pH 7.13; Gibbon and Kropf, 1994). Previous reports (Turian,
1981, Feijo et al., 1995) of pHcyt measurementsin pollen tubes
were not calibrated. These values are at the lower end of the
range reported for pHeyt measured using avariety of techniques
in plant (Guern et a., 1991; Felle, 1994; Fox et al., 1995;
Romani et al., 1996) and algal (e.g. Bethmann et al., 1995;
Gibbon and Kropf, 1993) cells, although significantly lower
values have been reported in some systems (e.g. Gigliolo-
Guivarc'h et al., 1996) or locally within the cytoplasm (Ross,
1992). It is possible that a lower value of pHgyt iS @ common
feature associated with tip growing systems. In the case of
Pelvetia rhizoids, the lower absolute tip pHeyt was associated
with a pH gradient that increased by 0.3-0.5 pH unitsin azone
between 10 and 40 pum behind the tip (Gibbon and Kropf,
1994). This pH gradient was closely related to cell growth;
growth was faster for higher pH gradients whereas rhizoids
without any pH gradient did not grow.

A pH gradient might be anticipated in lily pollen tubes as
the mechanism of tip growth is very similar in all tip-growing
cells (Obermeyer and Bentrup, 1996). Indeed, a gradient of
pHeyt with an acidic tip and a more alkaline pH in the
cytoplasm behind the tip was reported in preliminary studies
(Turian, 1981; U. K. Tirlapur as cited by Pierson and Cresti,
1992). However, in this study no consistent pH gradients were
detected in growing lily pollen tubes by inspection of the ratio
images or quantitative analysis of transects along the tubes.
Furthermore the absolute tip pHcyt did not correlate with the
rate of tube growth. We infer from these results that tip-acid
pH gradients are not aprerequisitefor tip growth in this system.

Although our experimental approach minimised any effects
of dye compartmentalisation into the tubular network and large
organelles, we cannot exclude the forma possibility that
BCECF was sequestered into a sub-resolution compartment(s)
and this obscured a genuine cytoplasmic pH gradient. If these
vesicles were distributed evenly and the volume fraction and/or
dye concentration resulted in a substantially greater signal than
that from the cytoplasm, then longitudinal differences in cyto-
plasmic pH would be suppressed. The pH reported would
essentially refer to the pH of the sub-resolution compartment.
However, quantitation of the level of sequestration indicated
that typically less than 12% of the dye was in vesicles and
would not therefore be sufficient to mask a cytoplasmic pH
gradient. Alternatively, if the dye were sequestered in a popu-
lation of asymmetrically distributed vesicles, the dye concen-
tration, compartment pH and vesicle distribution could give
rise to a signal that exactly counterbalanced the ‘true’ cyto-
plasmic pH gradient in that region. To explain our data using
this model, the BCECF concentration, sub-cellular distribution
and compartment pH would have to have balanced the cyto-
plasmic signal at al the growth rates observed, including in
non-growing tubes. Furthermore, the balance would have to
have been maintained for extended periods of growth in indi-
vidual pollen tubes, with variable levels of dye loading in the
population and under particular treatments, such as stimulation
of growth by fusicoccin. On balance, this explanation does not
appear likely.
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Fig. 8. Effects of fusicoccin on pollen tube growth and cytoplasmic pH in growing pollen tubes of Lilium longiflorum. Fusicoccin stimulated
pollen tube growth, but had no consistent effect on pHeyt. In this example fusicoccin stimulated rapid growth of an initially non-growing tube to
avalue of 5.8 um minute™L. There was no marked pH gradient along the tube (B) either when it was not growing or during the early stages of
fusicoccin-stmulated growth. Thisis most clearly seen in the length-time plot derived from the transect analysis (D). After about 4 minutesin
fusicoccin, the tip pH had increased by about 0.2 pH units, by comparison with in situ calibration at pH 6.7 and pH 7.3 (E). A dslight pH
gradient of similar magnitude (0.16 pH units) was present across the clear zone, with the tip more akaline than the body of the tube. The
average pH gradient in 4 such experiments was less than 0.1 pH unit. (Imaging conditions as for Fig. 2 except that the time-interval between
image sets was 140 seconds for the first two images followed by a gap of 240 seconds and 40 seconds thereafter).

Measurements of pHcyt in growing root hairs of Snapisalba
also failed to detect any pH gradients and changes in pHeyt had
only a marginal influence on the rate of hair elongation
(Herrmann and Felle, 1995). In a recent survey of several tip
growing systems including fern rhizoids (Parton, 1996), fungal
hyphae and pollen tubes, there was no evidence that pH
gradients were required for growth (Parton et a., 1997). Thus,
athough pHeyt gradients may occur in particular species, the
current evidence does not support a universal requirement for
such gradients in the organisation or maintenance of tip
growth. Thisisin contrast to the situation for Ca2* ions, where
tip-focussed gradients appear to be essential for tip growth
(Nobiling and Reiss, 1987; Obermeyer and Weisenseel, 1991,
Rathore et a., 1991; Pierson et al., 1995).

pHcyt regulation

Although gradients in pHcyt do not appear to be critical in
regulation of tip growth in pollen tubes, tube growth and tip
pHqt were very sensitive to alkalinisation of the external
medium to values exceeding about pH 7. The normal physi-
ological pH of the apoplast of the stigmatic surface or stylar
tissues is not known, however, in other arial tissues estimates
of apoplastic pH are spread over a wide range between pH
4.8 and pH 7.2 (e.g. Edwards et al., 1988; Muhling et al.,
1995; Peters, and Felle, 1991), depending to alarge extent on
the level of proton extrusion around each cell type. Interest-
ingly, apoplastic pH is reported to increase under certain
stress conditions (Hartung and Slovik, 1991) and may
therefore influence pollen tube growth in vivo. In the pHo
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Fig. 9. Effects of plasma membrane H*-ATPase agonists and
antagonists on pHeyt. Changes in the average tip pHeyt were
measured during treatment with the PM H*-ATPase agonit,
fusicoccin (A), the PM H*-ATPase inhibitor, vanadate alone (B) or
during FC treatment (C). Results are normalised to the pH value
immediately prior addition of the first stimulus and represent the
mean £ s.em. n=6 (A), n=8 (B) and n=4 (C).

range of pH 4.5-7.0, pollen tubes were able to maintain arel-
atively constant pHeyt and did not even show transient pH
changes in response to step-wise decreases in pHo of up to
1.3 pH units. We infer from this data that mechanisms exist
to rapidly compensate for H*-influx at the tip and sub-tip,
although such mechanisms must exclude the action of the PM
ATPase asthis localises to the pollen grain (Obermeyer et al.,
1992).

It has been shown that the plasma membrane (PM) H*-
ATPase is important for pollen tube growth and components
affecting pump activity also change the pollen tube growth rate,
e.g. fusicoccin, boron and AC fields of low frequency stimu-
lated pollen tube growth by increasing the activity of the PM
H*-ATPase (Rodriguez-Rosales et al., 1989; Obermeyer et al.,
1996; Plétzer et a., 1997). In this study, addition of fusicoccin
did not consistently change the tip pHeyt, but appeared to
increase the rate of growth, manifest as either an increase in
linear extension rate or as rapid and extensive swelling of the
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Fig. 10. Effects of Ca2* and La®* on tip pHgyt. Changesin the
average tip pHcyt Were measured during treatment with Ca2* (A) or
the Ca2*-channel blocker, La3* (B). Results are normalised to the pH
value immediately prior to addition of the stimulus and represent the
mean = s.em., n=8 (A) and n=3 (B).

tube tip. Application of vanadate, an inhibitor of the PM H*-
ATPase, arrested pollen tube growth and caused a dight alka
linisation of thetip cytoplasm (Fig. 9B). Thisvanadate-induced
akalinisation was higher when the PM H*-ATPase was first
stimulated by fusicoccin (Fig. 9C). These results are consistent
with the observed distribution of the PM H*-ATPase
(Obermeyer et al., 1992) and the protonic circuit exiting the
grain and re-entering along the pollen tube and at the tip
(Weisenseel and Jaffe, 1976). During norma growth, H*-
influx, possibly via sucrose/nH* symporter activity, would be
matched by sequestration into other compartments, dispersion
in the streaming cytoplasm and/or metabolic consumption. In
this model, the alkalinisation observed at the tip after inhi-
bition of the pump by vanadate would thus reflect the
dominance of the H*-removal machinery, as the net PM H*-
influx declined in this region. This effect would be more pro-
nounced after FC stimulation of the pump if the system had
previously accommodated the increased flux.

Conclusions

In summary, our data do not support a central role for tip-acid
pH gradients in organisation or maintenance of the structures
leading to tip growth in pollen tubes. However, the absolute
value of thetip pHeyt appears to be marginally lower than pHeyt
in other non-tip growing cell types and may therefore have
some as yet undefined significance. The effects of various
agonists and antagonists also indicate that the mechanisms that
would normally stabilise pHeyt are spatially separated in this
highly polarised tip-growing system. Experiments with
changing external pH, fusicoccin and vanadate all lend support



to the ideathat pH homeostasis at the tip may normally require
a proton influx. Interruption of the steady state H*-flux leads
to substantial alkalinisation of pHeyt and growth arrest or even
tube-bursting.
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