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A method was developed to perform real-time analysis of cyto-
solic pH of arbuscular mycorrhizal fungi in culture using dye and
ratiometric measurements (490/450 nm excitations). The study was
mainly performed using photometric analysis, although some data
were confirmed using image analysis. The use of nigericin allowed
an in vivo calibration. Experimental parameters such as loading time
and concentration of the dye were determined so that pH measure-
ments could be made for a steady-state period on viable cells. A
characteristic pH profile was observed along hyphae. For Gigaspora
margarita, the pH of the tip (0-2 pum) was typically 6.7, increased
sharply to 7.0 behind this region (9.5 um), and decreased over the
next 250 um to a constant value of 6.6. A similar pattern was
obtained for Glomus intraradices. The pH profile of G. margarita
germ tubes was higher when cultured in the presence of carrot
(Daucus carota) hairy roots (nonmycorrhizal). Similarly, extraradi-
cal hyphae of G. intraradices had a higher apical pH than the germ
tubes. The use of a paper layer to prevent the mycorrhizal roots
from being in direct contact with the medium selected hyphae with
an even higher cytosolic pH. Results suggest that this method could
be useful as a bioassay for studying signal perception and/or H*
cotransport of nutrients by arbuscular mycorrhizal hyphae.

AM fungi are obligate biotrophs that have lived symbi-
otically with plants since the beginning of terrestrial plant
evolution (Simon et al., 1993; Taylor, 1995). This common
history of a mutualistic relationship is remarkably long and
the partners have developed a high degree of interdepen-
dency (Smith and Gianinazzi-Pearson, 1988). Specific sig-
nals are exchanged as part of a subtle and complex cellular
and molecular communication (Koide and Schreiner, 1992;
Bonfante and Perotto, 1995).

At the early stages of fungal development, compounds
such as CO, and/or plant root exudates related to the
environment have been shown to stimulate spore germi-
nation and hyphal growth (Elias and Safir, 1987; Bécard
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and Piché, 1989a, 1989b; Gianinazzi-Pearson et al., 1989;
Nair et al., 1991; Giovannetti et al., 1993a, 1993b). Since the
germ tube has to recognize and reach the potential host
root, signal compounds exuded from the root are also
thought to be involved in the induction of specific morpho-
logical structures characterized by a distinctive hyphal
branching (Giovannetti et al., 1993b). These structures have
been called “arbuscule-like structures” and “pre-infection
fan-like structures” by Mosse and Hepper (1975) and Pow-
ell (1976), respectively, and may be necessary for the dif-
ferentiation of appressoria on the root surface from second-
ary apices.

The subsequent fungal penetration and colonization of
the root are crucial steps for ensuring fungal survival,
because the germ tube autonomy is mainly limited by the
carbon reserves of the propagule (Bécard and Piché, 1989a).
These steps involve complex and intimate cellular and
molecular events (Bonfante and Perotto, 1995) that are
partially under the control of the plant. Regarding the
extraradical phase, it has also been observed that fungal
growth and spore production could be stimulated when
occurring far from the roots, as shown in the dual-
compartment Petri dish culture system for Glomus intrara-
dices and Glomus aggregatum on carrot (Daucus carota) hairy
roots (St-Arnaud et al., 1996). These observations suggest
that host roots can also produce and release into the envi-
ronment chemicals inhibiting spore formation. Thus, the
entire life cycle of AM fungi, from spore germination to
spore production, is under the control of regulatory com-
pounds of plant origin.

Published studies of AM fungal responses to various
chemical or plant factors have always used criteria such as
hyphal elongation, morphology, and propagule production
and, therefore, have required days to months to record
data. We explored the hypothesis that morphological or
growth responses of the fungus to any new environment
are associated with immediate and observable intracellular
events. In this work we evaluated intracellular pH in AM
fungi as a potential physiological marker, because intracel-

Abbreviation: AM, arbuscular mycorrhizal; BCECF, 2’,7'-bis-(2-
carboxyethyl)-5(and-6)-carboxyfluorescein; BCECE-AM, acetoxy-
methyl ester of BCECF.
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lular pH is a key parameter involved in a large number of
cellular activities (Kurkdjian and Guern, 1989).

In terms of metabolism, pH regulates enzyme activity
(Yoshida, 1994) and affects the solubility and transport of
solutes through the cytosol (Agutter et al., 1995). In mam-
malian cells cytoplasmic pH can also be a second messen-
ger (Kurkdjian and Guern, 1989, and refs. therein); for
example, the induction of protein phosphorylation, protein
synthesis, immediate early gene expression, and cellular
proliferation were the result of intracellular pH modulation
in hamster embryo cells (Isfort et al., 1993). Similar obser-
vations have been made in several fungi. Saccharomyces
cerevisiae exhibited a direct relationship between its global
intracellular pH and viability (Imai and Ohno, 1995). Ha-
rold (1994) provided evidence that proton ions could act at
fungal apices as “localized signal-to-trigger cytoplasmic
actions.” Intracellular alkalinization is required for conidia-
tion of Penicillium cyclopium (Roncal et al., 1993). Recently,
it was proposed that apical alkaline pH gradients may be
integral to hyphal extension in fungi (Robson et al., 1996).

The regulation of intracellular pH mainly depends on the
activity of H"-ATPases. This proton-pumping activity en-
sures the maintenance of electrochemical proton gradients
needed for nutrient uptake in plant and fungal cells. Elec-
trobiological studies of cells growing apically have been
used to propose a proton “circuitry” model that generates
a characteristic internal pH profile as is observed, for ex-
ample, in hyphal apices (Harold, 1994, and refs. therein).
This pH profile has been suggested to be maintained by the
entry of proton ions via H" cotransport symports at the tip
and by proton excretion by ATPase pumps beyond the tip.
Several studies of membrane transport of various nutrients
are in agreement with this mechanism (Beever and Burns,
1980; Novak et al., 1990; Brandao et al., 1992).

Recent developments about the use of fluorescent mole-
cules showing high affinity for specific cell constituents
(e.g. organelles and ions) opened the way to a novel, in
vivo, real-time experimental approach (Tsien, 1989).
Widely used for mammalian cell studies, these cytochem-
ical probes have greatly helped to explain signal-
transduction processes (Tsien, 1989; Alberts et al., 1994).

Our objectives were, first, to develop an in vivo method
for measuring intracellular pH in AM fungi using the
proton-specific cytochemical probe BCECF-AM (Molecular
Probes, Eugene, OR). Second, different culture conditions
or stimulatory states were imposed for the evaluation of
intracellular pH as a sensitive physiological marker of liv-
ing fungal cells.

MATERIALS AND METHODS
Biological Materials

Spores of Gigaspora margarita Becker & Hall (DAOM
194757; deposited at the Biosystematic Research Center,
Ottawa, Canada) were obtained from pot cultures with leek
plants in a mineral substrate (Terragreen, Netco, Paris,
France). Long-Ashton liquid medium was added weekly.
Spores were harvested after 6 to 8 weeks of culture, wet
sieved, and surface sterilized as described by Bécard and
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Fortin (1988). Before use, spores were dispersed on 0.1%
MgSO, solidified by 0.4% Phytagel (Sigma) and stored at
4°C to prevent spore germination.

Spores of Glomus intraradices Schenck & Smith were pro-
duced in vitro on carrot (Daucus carota) hairy roots (Bécard
and Fortin, 1988). Cultures were originally started from
soil-isolated spores, as described by Chabot et al. (1992).
Subculture of mycorrhizal roots was performed every 2 to
3 months by transferring colonized root pieces to fresh
solid M medium (Bécard and Fortin, 1988) on one side of
two-compartment Petri dishes (9 cm in diameter; St-
Arnaud et al., 1996). Petri dishes were placed in the dark at
26 = 1°C. The spores were extracted from the distal side of
the two-compartment Petri dishes (St-Arnaud et al., 1996)
after 3 to 4 months of culture. The gel was solubilized
aseptically in a blender (400 rotations/min) using 0.01 m
citrate buffer at pH 6.0 and 25°C (Doner and Bécard, 1991).
The spores were collected in an autoclaved sieve (53 um),
rinsed three times, and stored in sterile, distilled water at
4°C to prevent spore germination.

Cultures

Plastic Petri dishes (5 cm in diameter) filled with 4 mL of
solidified (0.25% Phytagel) M medium were used as cul-
ture systems and sample chambers for microscopy. Two to
four spores of G. margarita per Petri dish were placed under
sterile conditions inside of the gel using a scalpel blade.
The negative geotropism of G. margarita germ tubes
(Watrud et al., 1978) was exploited to direct hyphal growth
toward the bottom of the dish. By incubating the dishes
—10° from the vertical (bottom up), the germ tubes invari-
ably grew straight against the plastic bottom of the dishes,
in an optimal position for high-magnification microscopic
observations. Incubations were made in a 2% CO, incuba-
tor at 32°C. When nonmycorrhizal carrot hairy roots were
added, they were placed at the opposite side of the spores
so that germ tubes were growing toward them.

Spores of G. intraradices were transferred in similar
dishes with a sterile, 200-uL pipette and then inserted into
the gel matrix using a scalpel blade under a binocular
installed in a sterile laminar flow hood. The dishes were
incubated right-side-up in the same CO, incubator. Exper-
iments on G. intraradices extraradical growth were pre-
pared by inoculating, in the 5-cm dishes, a mycorrhizal
carrot hairy root approximately 2 cm in length obtained
from the dual-compartment cultures (St-Arnaud et al.,
1996). The dishes were incubated (26 = 1°C) for a minimum
of 5 d to let the root grow and the fungus form extraradical
hyphae. In some experiments, direct contact of the mycor-
rhizal root with the solid medium was prevented by first
laying down a paper filter (no. 4, Whatman) on the gel. The
porosity of the filter was high enough to let extraradical
hyphae grow through it.

In one experiment, a 5 mMm phosphate buffer was in-
cluded in the M medium to control the external pH of the
fungal cultures. It was also added aseptically (in a liquid
form) by successive rinsing 4 h before microscopic obser-
vation to impose late-pH modifications of the solid culture
medium.
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BCECF-AM Dye Loading

BCECF was used in its “cell-permeant” form, the ace-
toxymethyl ester (BCECF-AM). As such, the molecule is
nonfluorescent and hydrophobic and has the ability to
diffuse freely through the cell membrane. Once inside the
cell the acetoxymethyl group is hydrolyzed by intracellular
esterases. The molecule then becomes hydrophilic and fluo-
resces when excited. From time 0, when the dye is added to
the dishes, the fluorescence kinetics are the result of dye
loading and esterase activities in the cell. BCECF-AM stock
solutions were prepared at 10 mm (50 ug of BCECF-AM in
8.4 uL of anhydrous DMSO) and stored at —15°C. Loading
solutions of BCECF-AM were prepared by initially adding
0.8 wL of a stock solution (20% in DMSO, Pluronic F-127,
Molecular Probes) to 4 mL of liquid M medium. Then, 0.8
L of the BCECF-AM stock solution was added to the 4 mL
of solution and vortexed for 15 s, for a final BCECF-AM
concentration of 2 um.

In the absence of Pluronic F-127 solution, BCECF-AM
diffused poorly through the aqueous gel. Four milliliters of
the dye solution was added to the gel surface so that
BCECF-AM, after equilibrium, was at a final concentration
of 1 uM. Experimental conditions were fixed at a final
concentration of 1 um BCECF-AM to keep a sublethal
DMSO content (1:10%, v/v). A high DMSO content (1:10%,
v/v) had a deleterious effect on hyphal growth. For G.
margarita, the dishes were then incubated (45 min) upside
down in the CO, incubator to maintain the hyphal tips
against the bottom. A modified Petri dish cover was used
to fit the upside-down dishes and prevent any leaks. For G.
intraradices, the dishes were normally incubated right-
side-up during staining (45 min). In all cases, dye solutions
were kept in the dishes during microscopic measurements
to allow continuous loading of the growing cells. This
precaution provoked no higher fluorescence background,
indicating that no degradation of BCECF-AM or external
esterase activity occurred under our experimental condi-
tions.

Excitation Lights and Photometric Analysis

A dual-monochromatic light source (Amko LTI, Torn-
esch, Germany) was connected by fiber optics to an in-
verted microscope (Leitz DMIRB/E, Leica). For dual-
excitation experiments, lights were set at a bandwidth of 2
nm. Appropriate dichroic (510 nm) and barrier (520 nm)
filters and excitation (450 and 490 nm) required for the pH
indicator BCECF were used to optimize emission light.
Emission light intensities were read in counts per second
with a photomultiplier connected to a computer that dis-
criminates intensities emitted from both excitation sources
(Amko LTI). The photomultiplier was equipped with an
adjustable diaphragm to limit emission light measure-
ments to a selected area. This window was adjusted to fit
into the smallest hyphal diameters (3 wm) when using a
63X objective (PL Fluotar L 63/0.7, Leica).

The software (GEM, Amko LTI) was set for one datum
sample per second. One observation (data point) repre-
sented the average of 10 to 30 consecutive records. Since the

fluorescence measurements were made on live, elongating
cells (1-5 uwm/min for G. margarita), longer observation
times could not be used without experiencing a change in
the observed hyphal zone. Excitation spectra of BCECF were
obtained with our optical system and proved to be similar to
published data (Haugland, 1992), with an isoexcitation
wavelength of 450 nm and a maximum light emission at 490
nm excitation. The two monochromatic light sources were
therefore set at 450 and 490 nm. The ratios of the correspond-
ing emitted fluorescence, proportional to H* concentrations,
were automatically calculated (one datum point per second)
by the computer. The conversion into pH values was ob-
tained from the ratiometric calibration curves (see below).
The emission signals corresponding to 450 nm excitation
were useful data for the experiments of dye loading because
they are pH independent.

Image Analysis

Microscopic images (X63) were acquired with a cooled,
extended, Isis-intensified charge-coupled device camera
system (Photonic Science, East Sussex, UK) and were dig-
itized and analyzed using Image-Pro Plus software (Media
Cybernetics, Silver Spring, MD). Fluorescence images at
490 and 450 nm excitation were acquired successively
within 10 s. The intensifier gain of the camera control was
set using the 490-nm excited images (more fluorescent) to
optimize the signal-to-noise ratio and to avoid gray-level
saturation. The average background value of each digitized
fluorescence image was calculated and subtracted prior to
obtaining the ratio image (490/450 nm). Hyphal outlines of
ratio images were precisely determined using the corre-
sponding images immediately acquired under visible light.
Visually, the pH profile along the hypha was expressed by
transforming the gray scale of the ratio image into pseudo-
colors and quantitatively by showing the average pixel
values of a band of seven pixel columns along the length of
the hypha.

Ratiometric Signal Calibration

Transformation of the ratiometric values into pH values
was made only for photometrically acquired data. It was
obtained in vitro and in vivo. In vitro, an eight-well glass
chamber slide was used and filled with 200 uL of 0.1 m
sodium phosphate buffer and 0.8 pwL of a BCECF acid
solution (in pure water), for a final BCECF concentration of
1 um. A range of pH values from 5.17 to 7.95 was imposed.

For intracellular (in vivo) signal calibration, the eight
chambers of the same slide were each filled with 200 uL of
liquid M medium, inoculated with two to four G. margarita
spores per well, and placed in the CO, incubator. Once germ
tubes were more than one spore-diameter long (i.e. >200
pm), 40 L of a 10 um BCECFE-AM-Pluronic F-127 solution
was added to each cell for staining. After 45 min, 100 uL was
removed and 200 uL of a 150 mm potassium phosphate
buffer adjusted at the appropriate pH was added to each
well. The presence of potassium within the buffer did not
modify the desirable pH. After 10 min, pH equilibrium was
reached within the liquid medium. Then, 30 uL of a 50 um
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nigericin-Pluronic F-127 solution, a potassium-/H"-specific
ionophore (Pressman, 1976), was prepared as described for
the BCECF-AM solution from a 1.5 mm stock solution (in
DMSO) and added to each well for a final concentration of
4.4 um. This ionophore clamps intracellular pH to extracel-
lular pH and requires potassium ions to be efficient without
mortally depolarizing the cell membrane (Pressman, 1976).
This procedure minimized the DMSO final content to 0.3%
and allowed intracellular pH to stabilize at an extracellular
value within 30 min. For extended periods experimental
conditions seemed to fatally disorganize the fungal cell.
Calibration experiments made with hyphae growing on
solid medium gave similar results.

RESULTS
Typical Apical Cytosolic pH Profile

For G. margarita, intracellular pH was exclusively mea-
sured in the germ tube, and for G. intraradices it was mea-
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sured in the main hyphae, since negligible fluorescence
was measured at secondary apices. Fungi under investiga-
tion did not exhibit any autofluorescence. Under the con-
ditions used, BCECF proved not to alter the viability of
hyphae, since these could still be growing several days
after staining. Healthy and growing hyphae showed dif-
fuse fluorescence at excitation wavelengths of 450 and 490
nm, indicating the absence of dye sequestration (Fig. 1). In
contrast, localized and intense fluorescent spots with pH
values of 4.0 to 5.0 were visible in senescing hyphae (Fig.
2). pH measurements were considered to be mainly cyto-
solic (as discussed in “Discussion”).

Senescence was always associated with a rapid process
of necrosis, in which no more cytoplasmic streaming could
be seen and the necrotic area exhibited a brown coloration.
Before senescence of the hyphae was completed, some
active cytoplasmic regions had already accumulated the
dye. Already dead or nongrowing hyphae showed no fluo-
rescence, probably because of the absence of esterase ac-

MG T PR

we g

ettt L A Bl

<

50 Distance from apex (um) 100

Figure 1. Intracellular pH distribution within a growing germ tube of G. margarita loaded with the pH indicator BCECF and
measured by fluorescence ratio imaging. A, Fluorescence image at 450 nm excitation. B, Same fluorescence image at 490
nm excitation. C, Ratio of the two previous images (490/450 nm) as a pseudocolor image showing the pH variations along
the hypha. D, Same ratio image representing the average pixel values along the length of the hypha; these values are

proportional to pH values.
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Figure 2. Senescing G. margarita germ tube 3 h after BCECF-AM
loading into a lethal DMSO concentration. A, BCECF fluorescence
microscopy (450 nm excitation). B, Same hypha obtained by differ-
ential interference contrast microscopy. The fluorescence localizes
in cytoplasmic areas not yet necrosed (arrow). Bar = 10 um.

tivity. Thus, only uniformly fluorescent hyphae were used
for experiments.

A typical profile of pH distribution could be observed at
the apical region of hyphae (Fig. 3B). This profile was
confirmed by image analysis (Fig. 1). Photometric analysis
was used in the rest of the study because of its greater
sensitivity. At the hyphal tip (first 2 um), a relatively acidic
pH was always measured. Within the next 9.5 um, the pH
increased rapidly to more alkaline values and then slowly
decreased to more acidic values to reach at the plateau
(over 200 um behind the tip) a value close to that of the tip.
This characteristic profile was observed for all hyphae
examined.

In parallel to this typical pH profile, a characteristic
organization of the hyphal tips could be observed for G.
margarita (G. intraradices hyphal tips were too small for
accurate observations under visible light). Associated with
actively growing hyphae, a group of 10 to 15 spherical
organelles (unidentified) approximately 1 um in diameter

(Fig. 3A) were moving within the cytosol volume and
staying between 3 and 25 um from the apical tip. The acidic
region at the tip was always free of these organelles. Stain-
ing of living germ tubes with 4’,6-diamidino-2-phenylindol
showed that these organelles were not nuclei. The first
apical nuclei were located 50 um behind the hyphal tip
(data not shown).

Microfluorometric Method Validation
Effect of Dye Concentration

Since the tip is the narrowest part of the hypha, it has a
smaller cytoplasmic volume, which results in a lower fluo-
rescence signal. Moreover, this region likely accumulates
numerous vesicles required for apical growth and as a
result contains less cytosol per unit of volume. For these
reasons, the apical fluorescence signals (as given at 450 nm)
were always the lowest. As a result, pH measurements in
the apical region of hyphae had the lowest signal-to-noise
ratio. The acceptable inferior limits for signal-to-noise ra-
tios were evaluated as follows. Fluorescein solutions were
gradually added to Petri dishes with G. margarita germ
tubes previously loaded with BCECF-AM to artificially
increase the fluorescence background. It was verified that
signal-to-noise ratios greater than 0.55 were acceptable for
reliable measurements and that they were not below this
limit at the hyphal tip.

The prerequisite dye concentration for reliable pH mea-
surement was also evaluated. As illustrated in Figure 4, in
vitro measurements using diluted, acidic BCECF in phos-
phate buffers (pH 5.17-7.95) showed that the 490- to
450-nm emission ratios are reliable only for BCECF con-
centrations of 0.63 uM and greater. Below this concentra-

CYTOSOLIC pH

Distance from apex (um)

Figure 3. G. margarita germ tubes. A, Image obtained by differential
interference contrast microscopy. Bar = 10 um. A group of uniden-
tified organelles is indicated (*). B, Typical pH profile along the
hyphal trunk: dotted lines show corresponding selected photometric
reading windows for measurement of the fluorescence emitted by the
pH indicator BCECF.
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Fluorescence ratio
N

pH

Figure 4. BCECF-AM loading conditions. Fluorescence ratios at 490-
and 450-nm excitations of BCECF at varying pH values for the
following BCECF acid concentrations (in um): 0.63, 2.5, and 10 (CJ);
0.16 (H); 0.04 (O); and 0.01 (@).

tion, the protonated form of BCECF is overestimated and
ratios are underestimated, and this underestimation in-
creases with dye dilution.

Ratiometric Signal Relationship with Actual pH

The in vitro and in vivo calibration curves were similar
for the physiological pH range of 6.5 to 7.5, as illustrated in
Figure 5A. Deviations observed outside of this range could
be attributed to a cytosolic buffering capacity. Addition of
the phosphate buffer (containing 150 um potassium chlo-
ride) seemed to disorganize the fungal cell, since the char-
acteristic unidentified spherical organelles were no longer
concentrated at the apical region, as was normally ob-
served for healthy G. margarita that were growing hyphae.
However, no internal signs of cell death occurred before
ionophore addition. Once in contact with the ionophore,
hyphal progressive necrosis mainly occurred when the
external and cytosolic pH were at equilibrium for acidic pH
values. Figure 5B illustrates a characteristic and reproduc-
ible early cell reaction following the addition of nigericin
(external pH 5.0). Whereas intracellular pH decreased
slowly, it shows a characteristic transient increase. These
cytosolic pH variations were not due to dye bleaching or
leaking, because the 450-nm emission fluorescence signal
did not significantly change throughout the experiments.

To ensure that the acidity measured at the tip was not an
underestimation due to a local, insufficient BCECF concen-
tration, kinetics of BCECF loading were followed at the tip
and 9.5 um behind for G. margarita and G. intraradices (Fig.
6). The kinetics show that pH values stabilize before load-
ing of BCECF is completed. Forty-five minutes of staining
for G. margarita and fewer for G. intraradices (perhaps be-
cause hyphae have smaller diameter) were necessary for
accurate pH measurements. This is true both at the tip and
behind. Thus, the staining procedure was standardized to
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45 min of hyphal load prior to observation. Once the dye
reached the critical concentration, local cytoplasmic move-
ment such as that of the above-mentioned apical or-
ganelles, although interfering with both the 450- and
490-nm signal intensities, did not interfere with the ratio
measurements.

Effect of Extracellular pH

The normal pH of M medium is 5.5 before autoclaving
and slightly higher afterward. Experiments with higher
pH, buffered at 6.5 and 7.5, did not affect cytosolic pH (Fig.
7). There was no difference observed whether the fungus
had grown in the tested medium for several days or
whether the pH of the medium was modified 4 h before
intracellular pH measurements (not shown). More acidic
media (pH 4.0 and 4.5) could not be tested because they
caused the formation of two to five successive (over 7 d)
short (20-65 um) germ tubes that were not healthy enough
to fluoresce.
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Figure 5. Fluorescence signal calibration. A, pH-calibration curves.
In vitro calibration showing measurements of fluorescence ratios (for
490- and 450-nm excitations) of 1 um BCECF in sodium phosphate
buffer at various pH values (dotted lines) and in vivo calibration
showing the same fluorescence ratios measured in G. margarita germ
tubes (solid lines) at varying external pH values in the presence of 1
M BCECF-AM, 90 um potassium chloride, and 4.4 um nigericin.
Values are means (n = 4-6) (O), with corresponding st bars. Both
calibration curves were calculated under polynomial fitting (order 4)
from measured data ratios. B, Real-time cell reaction (25 wm from the
hyphal tip) of G. margarita loaded with BCECF to nigericin/potassium
addition after 300 s (vertical arrow) at external pH 5.0. The fluores-
cence ratios (right y axis) for 490-/450-nm excitations and total
fluorescence (left y axis) at 450-nm excitation are given. Horizontal
arrows indicate the corresponding axes of the two curves.



Intracellular pH in Arbuscular Mycorrhizal Fungi

w

i)

o

=

O

(&)

e

C

(e ]

< 2

= —

o (o)

= »

03 o]

) -

§ )
o

g 0 B T T T t T T I

E 1

g 20007 1895

= 155

1000+

T_u/u—u—n—uzﬂ—ﬂ—ﬂu_u-u-n-naﬂ—a—ﬂ\fﬂ 4.5
O 1 Il 1 3

0 30 60 90 0 30 60 90 120
TIME (min)

Figure 6. Loading kinetics of G. margarita (A) and G. intraradices (B)
germ tubes with BCECF-AM at the tip (2 um) and 9.5 um behind the
tip. A, Cytosolic pH; [J, total fluorescence at 450-nm excitation. G.
intraradices cytosolic pH values are estimations using the calibration
relationship established with G. margarita.

AM Fungi Cytosolic pH and Different Physiological States

The growth of the G. margarita germ tube was clearly
stimulated when cultured in the presence of a root. A
significant increase in the number of lateral hyphae was
observed, as well as specific “arbuscule-like” structures
that are not normally seen in the absence of a root. Under
the microscope, apices of growth-stimulated germ tube
looked similar to unstimulated tubes in cell organization
and diameter (approximately 6.5 um). However, they
showed a significant increase (>95%, Student’s t test) of
more than 0.2 pH unit (Fig. 8A) of their whole cytosolic pH
profile. Cytosolic pH increased from 6.7 = 0.2 (0-2 um),
7.0 £ 0.1 (9.5 um), and 6.6 = 0.1 (>250 um) to 6.9 = 0.2,
7.3 = 0.2, and 6.9 * 0.1, respectively. Results with young
germ tubes, defined as shorter than one spore diameter,
showed intermediate pH values in the first 25-um region
but farther away exhibited a pH similar to the unstimu-
lated, longer hyphae. Morphologically, juvenile germ tubes
had larger tube diameters (approximately 8.5 um).

Germ tubes of G. intraradices had a small diameter of
approximately 3 um. However, growing hyphae from a
mycorrhizal root had larger diameters (approximately 6
pm) in both culture systems on the solid M medium and on
the paper support. Germ tubes of this fungus had a pH of
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5.9 * 0.2 at the tip (0-2 um), 6.4 = 0.4 behind the tip (9.5
wm), and a plateau of 59 * 0.3 farther away (Fig. 8B).
Extraradical hyphae had a significantly higher (>95%, Stu-
dent’s t test) apical cytosolic pH: 6.6 * 0.2 at the tip and
6.9 = 0.2 behind the tip (9.5 um). Nevertheless, the ultimate
pH plateau (5.9 = 0.4) was similar to that of germ tubes.
When the mycorrhizal root was separated from the culture
medium by a paper filter, hyphae passing through the
paper fibers and growing in the solid medium showed a
significant increase (>95%, Student’s t test) in their distal
pH plateau up to 6.4 = 0.2. Reported pH values for G.
intraradices are only estimates and cannot be strictly com-
pared with G. margarita values, since in vivo pH calibration
was done with G. margarita hyphae. However, comparisons
between G. intraradices pH values are legitimate.

DISCUSSION
Assessment of the Method

The intracellular pH measurements reported in this
study were made in coenocytic hyphae characterized by a
nonseptate hyphal continuum with highly dynamic cyto-
plasmic streaming. They were obtained at the photomulti-
plier with extremely small reading windows (6 um? for G.
intraradices to 17 pm? for G. margarita), which could explain
the relatively large sk values (Fig. 8). These large sE values
could also be a consequence of dynamic local fluctuations,
which were revealed by image analysis (Fig. 1C). However,
careful controls were made in this study to assess that the
method of intracellular pH measurements was reliable.

The kinetics of BCECF loading (combined with esterase
activities) was measured to ensure that pH values were not
underestimated (especially at the tip) by insufficient dye
concentration (Fig. 6). It was verified that measurements
were not biased by optical artifacts such as excessive back-
ground. Finally, if external pH had not been the same
throughout the tested cultures, they were not responsible
for the observed variations of pH profile, since they were
shown experimentally not to affect fungal pH (Fig. 7). The

751

CYTOSOLIC pH

55+

55 6.5 7.5
EXTERNAL pH

Figure 7. Effect of external pH on cytosolic pH of G. margarita germ
tube (tip), measured 4 d after spore germination (n = 10). The
external pH was adjusted (with 5 mm sodium phosphate buffer) prior
to spore inoculation. Error bars are 95% confidence intervals (SE).
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Figure 8. Cytosolic pH (pHc) profile in hyphae of G. margarita and
G. intraradices under different culture conditions. A, G. margarita
juvenile germ tubes defined as hyphae shorter than one spore diam-
eter (n = 8; M) and in several-centimeter-long germ tubes growing in
the absence (n = 9; O) or the presence (n = 12; A) of a carrot hairy
root. B, Magnification of the same curves for the first 20 um. C, G.
intraradices germ tubes (n = 3; O) and extraradical hypha growing
from a mycorrhizal carrot hairy root laid directly on the solid me-
dium (n = 10; W) or laid first on a filter paper (n = 7; A). D,
Magnification of the same curves for the first 20 um. G. intraradices
cytosolic pH values are estimations using the calibration relationship
established with G. margarita. Error bars are 95% confidence inter-
vals (sE).

same was observed for plant cells within the 4.5 to 7.5 pH
range (Gout et al., 1992). To our knowledge, this work
shows for the first time the importance of performing
kinetic studies of cell loading with BCECF prior to estab-
lishing a reliable procedure for photometric or image anal-
yses of intracellular pH.

None of the living hyphae had observable distinct darker
or brighter zones (Fig. 1, A and B). The fluorescence was
variable but diffuse, with no apparent sequestration. Rapid
and selective vacuolization of BCECF has been observed
for root-hair cells of maize (Brauer et al., 1994), and Rees et
al. (1994) reported similar observations for a wide spec-
trum of fungal phyla using 6-carboxyfluorescein dye. With
the coccolithophore Emiliania huxleyi, Dixon et al. (1989)
observed a uniform BCECF fluorescence throughout the
cell and discerned two distinct pH zones. Our results sug-
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gest that the BCECF-AM dye was preferentially hydro-
lyzed within the cytosol of the AM fungi.

Loading behavior measured by fluorescence at 450 nm
excitation showed a continuous, regular increase in dye
hydrolysis (Fig. 6). The significance of this signal kinetics is
multiple, because it is the sum of the dye diffusion (within
the medium and through the fungal plasma membrane)
and the esterase activities. However, pH readings followed
a first-order behavior before stabilization to their actual
values, suggesting that only one major hydrolysis mecha-
nism was involved, occurring in a unique cell compart-
ment. Moreover, the fungal cell reaction to nigericin addi-
tion at acidic external pH was a sudden internal pH
increase. It is known that H'-ATPase activities are stimu-
lated by acidic pH. The vacuoles can also help to control
cellular pH by sequestration of invading protons (Kurk-
djian and Guern, 1989; Gout et al., 1992). If the dye had
been located there, vacuolar pH would have shown a de-
crease instead of an increase. Furthermore, the fluorescence
at 450 nm excitation proved not to be directly proportional
to the hyphal volume (data not shown), indicating that
possible nonloaded volumes were filled by organelles such
as vacuoles. Taken together, these observations suggest
that the pH values measured were those of the cytosol.

Characteristic pH Profile

Cytosolic pH values were clearly variable, as was ob-
served radially in the hyphae of G. margarita, possibly
reflecting local heterogeneity of the cytoplasm (Fig. 1C).
Longitudinal pH along hyphae of G. margarita, as shown by
image analysis (Fig. 1D) and photometric analysis (Fig. 3B),
showed a reproducible, characteristic profile. This typical
pH profile was also observed in G. intraradices hyphae (Fig.
8D). The apical acidic gradient suggests that the physio-
logical activity of AM fungi is concentrated at the hyphal
tip, as has already been proposed for cells following apical
growth (Turian et al., 1985; Jackson and Heath, 1993; Wes-
sels, 1993; Harold, 1994).

The steep pH distribution observed at the hyphal tip
could correspond to the steep gradient also observed in
various cell activities. For example, the specific apical dis-
tribution of the cytoskeleton and vesicles, the calcium gra-
dient, and the cell wall dynamics are all related to apical
growth and hyphal morphology (Gooday, 1993; Jackson
and Heath, 1993; Wessels, 1993; Bartnicki-Garcia et al.,
1995; Kaminskyj and Heath, 1996). The cytosolic apical
acidity has also been observed in Neurospora crassa, Achlya
bisexualis, Phycomyces blakesleeanus, Penicillium cyclopium,
and other nonfungal elongating cells (Turian et al., 1985;
Roncal et al., 1993; Harold, 1994). It is thought to be main-
tained by the activity of plasmalemma H*-ATPases occur-
ring behind the tip.

The proton gradient imposed by this uneven distribution
of the proton pumps allows influx of H", potentially cou-
pled with cotransport of other ions or nutrients, to occur
preferentially at the hyphal tip. Working on mycorrhizal
interactions, Berbara et al. (1995) showed an inward cur-
rent at the tip of young G. margarita germ tubes. Since
electrical currents are thought to be carried mainly by
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protons, our results are in agreement with these electrobio-
logical studies. In contrast to our findings and the refer-
ences cited above, Robson et al. (1996) reported the exis-
tence of an alkaline gradient in growing hyphae of N.
crassa. They argued that previous work did not use BCECF,
a nontoxic, ratiometric dye, and for this reason could have
shown artifactual results. Although we used BCECF, our
results are in contrast to those of Robson et al. (1996). One
hypothesis is that N. crassa hyphae, which exhibited very
high extension rates, actually possessed an acidic gradient,
but it was so steep that it was undetectable.

Our observations that external acidic pH of 4.0 to 4.5
caused multiple and successive formation of germ tubes
with limited growth could be in agreement with the as-
sumption of an ATPase proton-pump regulatory mecha-
nism (Harold, 1994; Berbara et al., 1995). Under these acidic
conditions, the germ-tube metabolism may have been en-
ergetically insufficient for supporting the alkalinization ac-
tion of the H"-ATPase pumps (Gout et al., 1992).

Cytosolic pH Is Dependent on Physiological State

The response of G. margarita germinating spores to the
presence of transformed carrot roots (or root exudates)
expressed in terms of growth stimulation has already been
documented (Bécard and Piché, 1989a, 1989b). In the
present study the fungal response was observed at the
cellular level using intracellular pH as an indicator. Hyphal
growth stimulation and the intracellular pH increase are
likely to be correlative events, both expressing the presence
of root factors involved in some symbiotic process. It re-
mains to be shown how quickly the pH response occurs
after the perception of these root factors. Is the pH response
a late consequence of the growth stimulation or a prereq-
uisite cellular state before stimulation can occur? The ad-
vantage of measuring intracellular pH instead of growth, if
the former criterion is an early response, is obvious: It can
be utilized for more rapid screening experiments of the
root factors and, more importantly, to discover important
factors that would not be sufficient by themselves to cause
a growth response.

The results obtained with G. intraradices are complemen-
tary to the G. margarita results. With this fungus also,
hyphal tips in the presence of a root have a higher pH
profile. However, they correspond to extraradical exten-
sion of intraradical structures and have a symbiotic mode
of growth. The use of a filter paper, which prevented direct
root contact with the medium, led to an increase of only the
nonapical pH value of extraradical growing hyphae. The
roots and the fungal hyphae were clearly not in the same
physiological state for the two culture systems. With the
use of a paper support, roots could be in water and/or
nutrient stress, because of minimal surface contact with the
nutrient medium. Entrapment of root compounds within
the paper fibers could also have occurred, but we did not
investigate this possibility. Our results must be considered
in relation to the works of St-Arnaud et al. (1996), who
observed that growth of extraradical hyphae could be stim-
ulated when hyphae are artificially separated from some
hypothetical inhibitory compounds released by the roots.

In a speculative attempt to integrate data obtained with
both fungi, our observations can be summarized as follows:
(a) the apical region of hyphae presents a typical pH pro-
file: more acidic at the tip, sharply increasing, and then
gradually decreasing farther away from the tip; (b) young
germ tubes (shorter than 200 um, G. margarita average
spore diameter) exhibited a pH profile that dropped at the
tip; (c) the whole pH profile of the germ tube is signifi-
cantly increased when approaching a compatible host root;
(d) extraradical hyphal growth is also associated with a
higher pH profile in the apical region of the hyphae; and (e)
the pH profile is even higher in extraradical hyphae grow-
ing with mycorrhizal roots under water (or nutrient) stress.

More work is required to determine whether fine-cellular
mechanisms such as H*-mediated signal transduction or
membrane-transport activation were involved in these var-
ious fungal responses. Our results show that intracellular
pH is an interesting candidate for a physiological marker of
the fungal symbiotic state. The experimental setup using
photometric or image analysis proved to be suitable to study
live communication between the organisms in a plant-
fungus interaction. It will be used for further investigations
and attempts to answer the above questions.
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