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Summary

• Mycorrhization is a typical example of a host–pathogen symbiotic interaction
where the pathogen cell biology and the host immune response coevolved several
functional links. Here, the role played by ion fluxes across the root concerning nutrient
uptake, osmoregulation, growth and signaling events is addressed. An ion-selective
vibrating probe system was used to determine the net fluxes of protons (H+), calcium
(Ca2+) and anions (A–) along nonmycorrhizal and ectomycorrhizal (ECM) roots of
Eucalyptus globulus colonized by Pisolithus sp.
• These data show that, from five root zones analyzed, the main effect of fungal
colonization was localized to the elongation zone. Here, strong changes in ion
dynamics and rhizosphere acidification capacity were observed. Additionally, ion
fluxes exhibited periodic fluctuations.
• To verify whether these fluctuations corresponded to sustained oscillations,
continuous wavelet time spectrum analysis was applied and it was determined
that H+ and A– fluxes from ECM roots had longer periods than nonmycorrhizal
roots. By contrast, Ca2+ oscillations were completely abolished following fungal
interaction.
• These results are interpreted in the light of a working model in which nutrient
uptake and stimulation of growth are mediated by ECM fungi and may be pH-
dependent. Furthermore, the variations detected in ECM roots for H+ and A– fluxes
suggest a main contribution from the plant, while the results obtained for Ca2+

point to a significant involvement of the fungus.
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Introduction

Establishment of an effective ectomycorrhizal symbiosis
encompasses a progression of complex and overlapping devel-
opmental processes in both the colonizing mycelium and the
roots of host trees (Martin et al., 2007).

During mycorrhizal symbiosis, host plants show enhanced
growth and increased soil nutrient uptake ability, which are
believed to be promoted by the fungal partner (Taylor & Peterson,
2005). The mechanisms by which this occurs are poorly

understood, although a number of anatomical and physiological
factors are clearly involved, namely an increase in the absorbing
surface area promoted by the extraradical mycelium (Marchner
& Dell, 1994; Gobert & Plassard, 2002); the synthesis and
exudation of organic compounds (Ahonen-Jonnarth et al., 2000;
van Scholl et al., 2006) and exoenzymes (Pasqualini et al.,
1992; Courty et al., 2006) to the soil in order to solubilize
nutrients; and the regulation of host root proteins involved in
the nutrient transport across the plasma membrane (PM) (Lei
& Dexheimer, 1988; Javelle et al., 2003; Müller et al., 2007).
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Changing ion fluxes across the root plasma membrane
imply alterations of transmembrane electrical potential, con-
tributed by the electrogenic proton (H+) pumps, which in
turn controls ion transport systems (Tazawa, 2003). High H+-
ATPase activities were found in the PM of external hyphae
and sheaths of ectomycorrhizal (ECM) fungi (Lei & Dexheimer,
1988). This enzyme was also found to be stimulated by external
anion concentrations (Churchill & Sze, 1984; Ullrich &
Novacky, 1990) and inhibited by Ca2+ (Lino et al., 1998). In
this context, an induction in the  uptake has been
demonstrated for Pinus pinaster ECM roots (Gobert &
Plassard, 2002; Plassard et al., 2002; Boukcim & Plassard,
2003; Hawkins et al., 2008). This supports the notion that
H+ transport, PM H+-ATPase activity and root surface acidi-
fication work together to promote  uptake (Ullrich &
Novacky, 1990; Glass et al., 1992; Forde, 2000). Positive
effects on ion uptake during mycorrhizal symbiosis have
been described for nitrogen, phosphate and some tracer
elements such as copper and zinc (Marchner & Dell, 1994),
although previous results for calcium have been limited and
difficult to interpret (Bücking et al., 2002). For example, in the
root cortex almost 100% of the cell wall calcium can be
easily exchanged for an external 44Ca label (Peterson &
Enstone, 1996; Kuhn et al., 2000). Similarly, studies of
nutrient mobilization in ECM symbiosis have been performed
by radioisotope coupling with laser microprobe mass analysis
(LAMMA), energy-dispersive X-ray spectroscopy (EDXS)
and secondary ion mass spectroscopy (SIMS) (Peterson &
Enstone, 1996; Bücking & Heyser, 2000; Bücking et al., 2007).
However, very few detailed studies aiming to determine
the regulation of ion dynamics in ECM symbiosis have been
carried out.

There is a profound effect of pH on several biological
processes, including nutrient uptake, cell growth and plant–
microbe interactions (Feijó et al., 1999; Felle, 2001; Michard
et al., 2008). Recently, we showed that extracellular H+

fluxes are involved in both presymbiotic and symbiotic
development of arbuscular mycorrhizal symbiosis (Ramos
et al., 2008a,b). By contrast, the possible impact of pH
changes was not yet established for ECM associations. Proton
fluxes presumably generated by the PM H+-ATPase activity
can modify the root surface pH in ways that may trigger, for
example, modifications in the availability of free extracellular
Ca2+ or anion transport.

As a first step to test the role of ion fluxes in ECM associa-
tions, we performed a systematic analysis of the different root
ion fluxes in the presence and absence of fungal colonization.
We measured these fluxes by means of ion-specific vibrating
probes. Major alterations were observed in the growing zone
of the root, and are compatible with the notion that pH
modulates nutrient uptake. Furthermore, the major alterations
detected in ECM roots for H+ and A– seem to be associated
with root-specific fluxes, while the results for Ca2+ suggest a
significant contribution of the fungus.

Materials and Methods

Biological material, inoculum production and in vitro 
synthesis of ectomycorrhizas

Three agar discs containing mycelium of the ECM gastero-
mycete Pisolithus microcarpus isolate PT 90A were inoculated
onto Petri dishes containing 20 ml of modified MNM (Marx,
1969) medium and incubated for 28 d at 28°C. From the
resulting colonies, 9 mm agar discs were cut off from the edge
of actively growing colonies. Eucalyptus globulus Labill. seeds
were superficially sterilized with 5% sodium hypochlorite (v/v)
for 15 min, rinsed with five changes of sterile water, and
plated on modified Clark solution at quarter-strength (Clark,
1975) to which was added 2.9 µm thiamine-HCl and 1%
sucrose in 0.5% (w/v) Phytagel (Sigma-Aldrich, Gillingham,
UK). The use of Phytagel produced a clear and colorless medium,
which is excellent for imaging and ion flux measurement with
reduced electrical noise (Ramos et al., 2008a). After 7 d,
aseptically germinated seedlings were placed on the edge of
10-d-old ECM fungal mycelium grown on the same medium
used for seedlings. These were left for 15 d in a controlled-
environment growth chamber, with 16 h of light (26°C,
350 µmol m−2 s−1) and 8 h of dark, for ectomycorrhiza
formation. ECM plants were later transferred to hydroponic
conditions in the same solution and growth chamber settings
for 10 d. Subsequently, ion fluxes measurements were performed
in secondary roots of intact plants. In addition, pieces of root
system were washed and samples were subsequently collected
for microscopic evaluation of mycorrhizal colonization, as
described by Brundrett et al. (1996).

Measurements of H+, Ca2+ and anion fluxes and 
currents using the ion-selective vibrating probe system

A detailed description of the experimental setup of the ion-
selective vibrating probe technique utilized in this study has
been well described (Kochian et al., 1992; Feijó et al., 1999;
Shipley & Feijó, 1999; Zonia et al., 2002; Kunkel et al., 2006;
Ramos et al., 2008a). In short, E. globulus plants colonized or
not by ECM fungus P. microcarpus isolate PT 90A under
hydroponic conditions, were placed in plastic Petri dishes
(140 × 140 mm) filled with 30 ml of modified Clark solution
at quarter strength, excepted for Ca2+ measurements, where
100 µm Ca2+ was used. Visual Minteq analysis was performed
according to Parker et al. (1995) using the ion concentrations
of the modified Clark solution applied in this study.

We focused on secondary roots, as they are biologically
and physiologically more significant than primary roots for
nutrient supply to the plant. The volume occupied by second-
ary roots in the soil can reach c. 30–40% more than primary
ones. Readings were taken in five defined root zones of non-
mycorrhizal (control) and mycelium-covered roots: apex (tip),
meristematic (100–150 µm); elongation (300–800 µm); root
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hairs (major presence of these structures); and finally mature
zone (posterior to root hair zone).

Ion-specific vibrating microelectrodes were produced as
described by Feijó et al. (1999). Micropipettes were pulled
from 1.5 mm borosilicate glass capillaries and treated with
dimethyl dichlorosilane (Sigma-Aldrich). After silanization,
they were backfilled with a 15–20 mm column of electrolyte
(15 mm KCl and 40 mm KH2PO4, pH 6.0, for H+; 100 mm
KCl for anions; 100 mm CaCl2 for Ca2+) and then front-
loaded with a 20–25 µm column of the respective ion-selective
liquid exchange cocktail (Fluka, Milwaukee, WI, USA). We
used Cl− electrodes to measure the anion fluxes given that this
electrode has poor selectivity for Cl− under our experimental
conditions (Supporting information, Fig. S3a,b). Firstly the
measurement of chloride activity in the medium is slightly
affected by the presence of other ions (Fig. S3a), but these changes
should be expressed below noise level within the microvolt
range usually measured on vibrating conditions for cellular
fluxes. More importantly, the Cl− electrode calibration with
different anions showed that this electrode responds with a
Nernstian slope to chloride and nitrate, and while sub-Nernstian
to sulfate and phosphate, also exhibits a significant response
within the concentrations used in this study (Fig. S3b). Last
but not least, the background concentrations in the medium
of the individual anions span various orders of magnitude,
likewise affecting the signal-to-noise (S/N) ratio measurement
of the fluxes in a way that is inversely proportional to the con-
centration. Taken together, these considerations make it almost
impossible to discriminate the individual activities of every
single anion, and therefore we have opted to refer to these fluxes
as reflecting the global ‘anionic’ concentration rather than Cl−

proper fluctuations. The final nutrient composition and bio-
availability prediction (Ward et al., 2008) are displayed in
Table 1. An Ag/AgCl wire electrode holder (World Precision
Instruments, Sarasota, FL, USA) was inserted into the back of
the microelectrode and established electrical contact with the
bathing solution. The ground electrode was a dry reference
(DRIREF-2, World Precision Instruments) that was inserted
into the sample bath. The microelectrodes were calibrated at
the beginning and end of each experiment using standard
solutions covering the experimental range of each ion, in order
to obtain a calibration line. Both the slope and intercept of the
calibration line were used to calculate the respective ion concen-
tration from the mV values measured during the experiments.

Inhibition with vanadate ( ), gadolinium (GdCl3) 
and 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid 
(DIDS)

Inhibitor treatments were performed in Eucalyptus roots after
determination of each ion flux at the elongation zone (n = 5).
The data acquisition was stopped and the respective inhibitors
(Sigma-Aldrich) were added in the Petri dishes with the
following concentrations: plasma membrane H+-ATPase
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(100 µm orthovanadate), calcium channels (100 µm gadolinium)
and chloride channels (50 µm DIDS). Five to 10 min later, a
background reference was taken and ion fluxes were again
recorded. Interference caused by the inhibitors was controlled
for by direct incubation with ionophore-loaded probes. No
significant interference of the inhibitors was found to occur
for H+ and anions. For Ca2+, the interference was more
pronounced with high levels of gadolinum, which in the
present study was used at lower concentrations (100 μm; Fig. S4).

Ion flux oscillation analysis

Frequency analyses were performed using AutoSignal v1.7
(Systat Software, Inc.). For each set of flux oscillations to be
analyzed, a data trend removal was applied, consisting of a
linear least-squares fit subtraction to remove the very low-
frequency trend of the data. Two distinct methods were then
used to assess the frequency components of the oscillations:
Fourier and Wavelet analyses. For Fourier analysis, a fast
Fourier transform Radix 2 algorithm was used, ensuring that
each data set was a continuous acquisition without breaks and
with a constant sampling rate. Peaks were detected by a local
maxima detection algorithm and considered relevant according
to their significance levels (the higher the significance level,
the less likely it is that a detected spectral signal will arise from
random noise). Significance levels are given in the Results
section. For wavelet analysis, a continuous wavelet time–
frequency spectrum was obtained with a noncomplex Morlet
wavelet (wave number, 12). A peak-type critical limit was used
instead of the traditional confidence levels, as implemented in
the software.

Statistical analysis

All data were analyzed by one-way or two-way ANOVAs in
order to compare the mean values (considering ‘fungal
treatment’ and ‘root region’ as factors), which were validated
by convenient residual analyses and, when necessary, combined
with Duncan’s test for multiple comparison. To compare the
control and fungal treatment (Table 2), we applied Student’s
t-test for two independent samples and calculated confidence
intervals for the mean difference, in order to guarantee a
global 95% confidence level. The results are expressed as
means with respective standard error, and the numbers of
repetitions are given in each figure legend. All statistical
analyses were conducted using the R program and the level of
significance was set up at 5% (Ihaka & Gentleman, 1996).

Results

ECM colonization effects on plant growth parameters

For ion flux analysis purposes (Fig. 1b), formation of ectomy-
corrhizas was performed under in vitro conditions (Fig. 1a) in

order to produce E. globulus with a high degree of colonization
by P. microcarpus isolate 90A (Fig. 1c,d). During the
experiments, plants presented 78.3% of ECM root colonization
(Table 2; Fig. 1d). In addition, significant and positive effects
of ECM colonization were found both on plant height and on
shoot and root fresh weights (P < 0.05; Table 2). No changes
in the number of root tips, at the time of the analysis, were
detected. A significant decrease in the length of root hairs was
found in ECM roots (Table 2). Plant growth was strongly
correlated with ionic fluxes as significant Pearson’s correlation
coefficients were found between H+ fluxes and plant growth
parameters (0.78; P < 0.008), root surface pH (−0.82;
P < 0.0001) and anion fluxes (−0.59; P < 0.002). Moreover,
we also found significant correlation coefficients between root
surface pH and plant growth parameters (−0.72; P < 0.0102).

H+ flux profile and root surface pH

A differential pattern of H+ fluxes was observed along the
zones of eucalyptus roots (Fig. 2a). In both nonmycorrhizal
and ECM roots, the apex, meristematic and elongation zones
were characterized as domains of significant H+ efflux. By
contrast, root hair and mature zones were characterized as
domains of H+ influx (Fig. 2a). A sixfold stimulation on H+

effluxes was observed at the elongation zone in the presence of
colonizing P. microcarpus (P < 0.001). As expected, surface
pH values along the root system showed a pattern consistent
with the flux profile, and equally affected ECM colonization
(Fig. 2b). The two domains described for H+ fluxes along the
roots corresponded to patches of variable acidity, ranging
from 5.56 in the meristematic region to 5.68 in the apex. In
ECM roots, significant acidification was observed in the apex,
meristematic and, most notably, elongation regions. The
lowest pH value (< 5.4) was observed in the elongation zone.
In root hairs and mature zones, pH values were found to be
5.6 and 5.8, respectively. These results support an ECM-
driven increase in overall H+ influx. All regions showed

Table 2 Average values of fungal and plant growth parameters 
analyzed in nonmycorrhizal (control) or mycorrhizal roots of 
Eucalyptus globulus colonized by Pisolithus microcarpus (ECM), 10 d 
after transplanting to hydroponic conditions (n = 35)

Parameter analyzed Control ECM

Fungal colonization (%) nd 78.3
Plant heigth (cm) 14.38 17.61*
Shoot fresh weight (mg per plant) 33.94 45.33**
Root fresh weight (mg per plant) 12.2 15.75*
Root hair length (µm) 386.52 152.39**
Root tips (Nº) 12.00 17.00

Significantly differ by Student’s t-test (*P < 0.05; **P < 0.01; 
***P < 0.001). For root tips, P = 0.051.
nd, not determined.
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significant differences in the surface pH after the establishment
of ECM. The global extracellular pH gradient increased by
approx. 0.12 pH units in the control (Me vs Mat) to 0.4 pH
units after ECM (Elong vs Mat) (Fig. 2b).

Ca2+ and anion flux profiles

Interestingly, the patterns of the Ca2+ and anion fluxes in
control and ECM roots revealed a quite different scenario. In
all zones analyzed, the inoculation of eucalyptus plants
induced an inhibition of the magnitude of Ca2+ fluxes
(Fig. 3a). Furthermore, an inversion of flux direction (efflux
to influx) was observed in the elongation zone. On the other
hand, a significant increase of anion influx was observed
primarily at the elongation zone (P < 0.001) and, to a lesser
extent, at the root hair zone (P < 0.01, Fig. 3b). The results
also showed a significant inhibition of the anion influx at the
meristematic zone (P < 0.01), but no significant changes were
observed at the apex and mature zones (Fig. 3b).

Time-course change of external Ca2+ and anion 
concentrations

Analysis of the time-course changes in Ca2+ and anion
concentrations in the medium with nonmycorrhizal (control)
and ECM roots after a 5 min exposure to the nutrient
medium is presented in Fig. 3(c) and (d). These results indicate
that ECM roots were more efficient than the control in taking
up Ca2+ ions from the external medium (Fig. 3c). By contrast,
control roots seem to take up anions less efficiently than ECM
(control change is nonsignificant) (Fig. 3d). This correlates
well with the root surface pH values, since ECM roots showed
a superior capacity to acidify the medium compared with the
control (Fig. 2b).

Pharmacological assays on H+, Ca2+ and anion fluxes

Highly significant changes in the ion fluxes were observed in
the root system of E. globulus in the presence of P. microcarpus
ECM fungus, notably in the elongation zone (Figs 2, 3). We
further investigated the various fluxes in this region by
detailed temporal analysis and pharmacological inference of
the putative entities involved in their generation. All fluxes
showed a clear oscillatory behavior in the elongation zone,
irrespective of the conditions assayed. Changes in the oscillatory
components of the ion fluxes were also induced by fungal
colonization, mainly in the case of H+ and anion fluxes
(Fig. 4; wavelet spectral analysis in Fig. 5). The addition of
100 µm orthovanadate, a P-type PM H+-ATPase inhibitor
(Bowman, 1982; Bowman et al., 1983), strongly inhibited all
effluxes at the elongation zone (Fig. 4a). Ca2+ and anion fluxes
were differentially inhibited by 100 µm gadolinium and
50 µm DIDS, respectively (Fig. 4b,c). Gadolinium (Gd3+) is
a widely used inhibitor for Ca2+ channels (Yang & Sachs,
1989; Hedrich et al., 1990; Klüsener et al., 1995; Caldwell
et al., 1998; Antoine et al., 2000, 2001) and DIDS is a widely
used Cl− blocker (Schroeder et al., 1993; Zonia et al., 2001,
2002; Messerli et al., 2004). Vanadate treatment led to an
almost complete blockage of H+ fluxes (Fig. 4a, Table 3), and
the observed differences between nonmycorrhizal and ECM
roots were not significant (P > 0.05), suggesting that all effluxes
detected were the result of the plasma membrane H+-ATPase
activity. Considering the stronger values of H+ effluxes in
ECM roots and the presence of different H+-ATPase isoforms
in the fungal hyphae, presumably with different sensitivities
to vanadate, this degree of inhibition came as a surprise.
Taken literally, one possible hypothesis is that the major
proportions of these fluxes are actually generated by the root
epidermis.

Fig. 1 (a) Ectomycorrhiza formation under in 
vitro germination conditions of Eucalyptus 
globulus seedlings and Pisolithus 
microcarpus before transplanting to 
hydroponic settings. The arrows show 
inoculum discs containing MNM medium 
and fungal mycelium. Bar, 9 mm. (b) 
Representation of a root apex during 
measurements with an ion-selective vibrating 
probe. Bar, 170 µm. (c) Representation of a 
lateral root (arrowhead) of E. globulus around 
P. microcarpus mycelium (arrow) under our 
experimental conditions. Bar, 450 µm. (d) 
Cross-section of E. globulus roots colonized 
by Pisolithus microcarpus. The arrow 
indicates the fungal colonization. Bar, 50 µm.
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The Gd3+ inhibition of Ca2+ fluxes showed a more complex
pattern than that of vanadate on H+ fluxes (Fig. 4b; Table 3).
As previously mentioned, ECM reverses the efflux to influx in
the elongation zone, a result which is difficult to interpret, as
it implies a shift in the balance of functional carriers for Ca2+,
which are presumably derived from different equilibrium
conditions. In the context of ECM, Gd3+ inhibits close to
80% of the Ca2+ influx, a result consistent with the hypothesis
that the majority of Ca2+ is taken up via Gd3+-sensitive
channels, some of which could be the result of fungal Ca2+

channels. This conclusion is supported by the observation
that there is an almost total inhibition of Ca2+ channels in
nonmycorrhizal roots (Figs 4b, 5). However, it should be
pointed out that inhibition of an efflux by Gd3+ is not a
straightforward interpretable result, and calls for further study.

Anion influxes seem to be proportionally inhibited by
DIDS in the same way in both control and ECM roots. This
supports the notion that most anion fluxes are root-generated
(Fig. 4c; Table 3). Furthermore, it was observed that all inhibitors
performed more effectively in control conditions, supporting
the hypothesis that in ECM roots there is a greater variety of
ion transporters, some of which are refractory to the broad-
band inhibitors used.

Spectral analysis of the ion flux oscillations

As illustrated in the traces presented in Fig. 4, most of the
continuous time-course measurements of fluxes showed
components that were suggestive of sustained periodicity. To
the extent that the spectral properties of these temporal
variations could enlighten aspects of their regulation, we
employed continuous wavelet time–frequency spectrum coupled
to Fourier analysis to dissect these properties further. In all
cases analyzed, we found evidence for underlying oscillations,
sometimes with one single component, and at other times
with more than one component (Fig. 5a,c,e). More interestingly,
they all showed some degree of modification upon colonization
of Eucalyptus roots with the ECM fungus P. microcarpus

Table 3 Percentage inhibition of H+, Ca2+ and anion fluxes after the 
pharmacological assays

Treatment

% inhibition

Vanadate Gadolinium DIDS

Nonmycorrhizal 97.72* 81.65* 100.00*
Ectomycorrhizal 82.60 75.41 73.83

For H+ fluxes, orthovanadate was applied to the final concentration 
of 100 µM. For Ca2+ and anion fluxes, 100 µM gadolinium and 50 µM 
DIDS, respectively, were applied. n = 5.
*At the same column, the mean values are significantly different by 
Student’s t-test at P < 0.01.

Fig. 2 Proton fluxes (a) and root surface pH (b) along nonmycorrhizal 
(control, open bars) and ectomycorrhizal (ECM) roots of Eucalyptus 
globulus colonized by Pisolithus microcarpus (ECM, closed bars). 
Apex, meristematic (Me), elongation (Elong), root hairs (RH) and 
mature (Mat) indicate the zones analyzed. Bars represent the mean 
values ± SE of five independent experiments (*statistical difference at 
P < 0.01). Negative values correspond to ion influx and positive 
values to effluxes. For H+ fluxes and surface pH, by two-way ANOVA 
combined with Duncan’s test, the results showed that there was 
significant interaction between fungal treatment and root zones 
(P < 0.0001). For H+ fluxes, we found no statistically significant 
difference with fungal inoculation at the meristematic zone. For pH 
data interpretation, bars followed by the same capital letter, in the 
same root region, are not significantly different by Duncan’s test at 
P < 0.05. Bars followed by the same lower-case letter, in different root 
regions, are not significantly different at P < 0.05 (n = 5).
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(Fig. 5b,d,f ). Results shown in Fig. 5 reveal that, in the
control H+ flux oscillations, there is one dominant period of
c. 3.1 min, which lengthens to 5.3 min in the presence of the
ECM fungus (Fig. 5a,b). This broadening of the major
components of the oscillations were confirmed by Fourier
analysis (P < 0.05; Fig. S1a,b). In addition, no significant
oscillations were found in controls without a biological
sample (Fig. S2d,e,f ).

By contrast, Ca2+ flux oscillations seem to show an opposing
trend after ECM (Fig. 5c,d). Firstly, they seem to have two
major components in the control condition: a dominant one
of c. 5.3 min (P < 0.01) and a second of c. 1.5 min. However,
both disappeared in the presence of the fungus (Fig. 5c,d),
giving rise to a number of small periods at the borderline of
the S/N ratio of the system. The Fourier analysis confirmed
these results and showed that some of the high frequencies
detected by continuous wavelet time–frequency spectrum
analysis were not statistically significant at P < 0.05 (Fig. S1c,d).
Finally, anion fluxes showed a third and different scenario.
Control roots had at least one significant oscillation period of
c. 0.6 min, thus characterized as being very fast, together with
others considered nonsignificant by Fourier analysis at P < 0.05
(Fig. 5e, S1e). In the presence of the ECM fungus, however,
there was a drastic change of behavior, giving rise to a longer

period of c. 3.0 min (Fig. 5e,f, S1f ). Fourier analysis revealed
the same short period of 0.6 min in ECM roots as above the
level of system noise, but with a much reduced significance.
These results demonstrate that the ECM colonization changes
the H+ and anion flux oscillations, by increasing their periods
by approx. double and sixfold, respectively, while for Ca2+ flux
the oscillations are completely disrupted in the presence of the
fungus. In addition, all ion flux oscillations were fully inhibited
by the respective inhibitors such as orthovanadate, gadolinium
and DIDS (data not shown).

A dual effect of the external pH and Ca2+ concentration 
on extracellular ion fluxes

In systems showing prominent pH and Ca2+ dependency, the
homeostasis of these ions seems to be closely interrelated. We
tested whether this was also the case at the elongation zone, by
growing E. globulus roots in medium with three different Ca2+

concentrations (0, 0.5, 1 mm) for 5 d, and analyzing the H+

fluxes and root surface pH after that period (Fig. 6). The
results showed that an increase in Ca2+ availability provoked
a significant inhibition on the H+ effluxes in the root
elongation zone (Fig. 6a). Likewise, the root surface pH
increased with the Ca2+ concentration. Also, at 0.5 mm Ca2+,

Fig. 3 Fluxes of calcium (a) and anions (b) along nonmycorrhizal (control, open bars) and ectomycorrhizal (ECM) roots of Eucalyptus globulus 
colonized by Pisolithus microcarpus (closed bars). Apex, meristematic (Me), elongation (Elong), root hairs (RH) and mature (Mat) refer to the 
root zones analyzed. Negative values correspond to ion influx and positive values to effluxes. Bars represent mean values ± SE of five independent 
experiments. (c, d) Fluctuations on external Ca2+ (c) and anion (d) concentrations in nonmycorrhizal (control, circles) and ECM (squares) roots. 
For uptake analysis, roots were exposed for 5 min to Clark solution containing 0.2 mM Ca2+ (c) and 1.5 mM anions (d). Scale bars represent the 
mean values ± standard error (n = 5). *Means significantly different by Student’s t-test at P < 0.001. For Ca2+ and anion fluxes, by two-way 
ANOVA combined with Duncan’s test, the results showed that there were significant interactions between fungal treatment and root zones 
(P < 0.0001). There were no significant effects of fungal inoculation for Ca2+ fluxes at the root hair zone, and for anion fluxes at the apex and 
mature zones. *, P < 0.01; **, P < 0.001.
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almost all H+ effluxes were inhibited (Fig. 6a). pH also induced
some changes on Ca2+ efflux at the elongation zone, since
under acidic conditions (pH 5.3) there was a significant
increase in Ca2+ efflux (Fig. 6b). By contrast, under basic
conditions, a significant inversion of the Ca2+ efflux to one of
influx was observed, suggesting the presence of a pH-sensitive
Ca2+ transport at the elongation zone.

Discussion
This study presents the novel observation that different
Eucalyptus root zones experience a differential modulation in

their ion fluxes by the colonization of the ECM fungus
P. microcarpus. Our experimental approach was efficient to
produce plants with a high degree of fungal colonization at
the stage of analysis. Thus, despite the inhibition of root
hair growth, positive effects of ECM fungus on plant growth
were observed (Table 2). This is a new aspect of host–
pathogen interaction during ECM that reveals a potentially
important aspect of coevolution between the fungal cell biology
and the plant immune system, and one that may open for new
paradigms of celll–cell communication through ion signaling
pathways.

Fig. 4 A representative graphical display of the standard output showing the oscillations of ion fluxes in the elongation zone of nonmycorrhizal 
(control) or mycorrhizal roots of Eucalyptus globulus colonized by Pisolithus microcarpus (ECM). (a) H+ flux oscillations in the absence and 
presence of 100 µM orthovanadate ( ). (b) Ca2+ flux oscillations in the absence and presence of 100 µM gadolinium (Gd3+). (c) Anion flux 
oscillations in the absence and presence of 50 µM 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid (DIDS). Negative values correspond to ion 
influx and the positive values to effluxes.

VO4
3−
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Fig. 5 Continuous wavelet time spectrum analyses of the H+ (a, b), Ca2+ (c, d) and anion flux oscillations in the elongation zone of 
nonmycorrhizal (a, c, e) and mycorrhizal roots (ECM) of Eucalyptus globulus colonized by Pisolithus microcarpus (b, d, f), as presented in Fig. 4. 
The frequencies are represented in min–1 and the periods in min. Wavelet analysis was coupled to Fourier analysis in order to dissect the frequency 
components, and shows the oscillatory pattern of the ion fluxes. No significant periods of ion fluxes were found in the medium without any 
biological sample (see also Fig. S2).
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The control of root surface pH in ECM roots by 
extracellular H+ fluxes is linked to PM H+-ATPase activity

In comparison with control uninfected plants, the highest
rates of H+ efflux and acidic surface pH were located at the
elongation zones of ECM roots (Fig. 2). These effluxes are
dependent on the PM H+-ATPase, as they were inhibited by
100 µm orthovanadate (inhibitor of P-type plasma membrane
H+-ATPase), a result which is conceptually sound since the
elongation zone is a specialized growing zone (Winch &
Pritchard, 1999). In fact, it has been shown that this zone
shows notably higher immunolocalization and higher activity
levels of PM H+-ATPase than the apical and meristematic
zones (Jahn et al., 1998; Palmgren, 2001; see details in
Enriquez-Arredondo et al., 2005). Using immunocytochemical

approaches, Lei & Dexheimer (1988) found strong PM
H+-ATPase labeling in root cortical cells of Pinus sylvestris-
Laccaria laccata, in external hyphae sheaths and Hartig nets.
This localization supports the concept of a coupling mechanism
between fungal and host H+ pumps in ECM roots (Fig. 2,
Table 3). Indeed, it has been demonstrated that for arbuscular
mycorrhizal associations, some host PM H+-ATPase
isoforms show increased activity and gene expression after
fungal colonization (Ferrol et al., 2002; Ramos et al., 2005;
details in Rosewarne et al., 2007).

The H+ efflux mediated by the PM H+-ATPase is important
for the regulation of cytoplasmic pH (Felle, 2001; Palmgren,
2001; Tazawa, 2003) and the activation of cell wall-loosening
enzymes and proteins through acidification of the apoplast
(Hager, 2003). This effect is closely related to auxin-induced
cell growth as proposed by the ‘acid-growth theory’ by Rayle
& Cleland (1992). This implies that enhanced H+ efflux in
ECM roots (Fig. 2a) results in an acidification of the apoplastic/
external pH (Fig. 2b). Moloney et al. (1981) demonstrated
that pH changes in the apoplast are crucial for root growth,
since acidic buffering conditions act as stimulators whilst
neutral or basic pHs act as inhibitors. Our results clearly show
that when the H+ flux rate (Fig. 2a) and surface pH values
(Fig. 2b) are combined, highly significant Pearson’s correlation
coefficients are obtained (−0.82; P < 0.0001). Other candi-
dates that contribute to the control of extracellular H+ flux in
ECM are the presence of anions in the growth medium. These
are reported to act as stimulators of the PM H+-ATPase
(Churchill & Sze, 1984; Ullrich & Novacky, 1990; Glass
et al., 1992; Forde, 2000; Garnett et al., 2001). This concept
is especially appealing taking into account the observed oscil-
latory behavior (Figs 5, S1), where the ECM colonization
induced changes in the flux oscillations, leading to their
increased periods. For Ca2+ flux oscillation, ECM coloniza-
tion abolished all significant periods observed in control roots
(Figs 5b,c, S1). Combined with the reversion from efflux to
influx in the elongation zone, this result could be interpreted
as showing that the fungus contributes to the majority of the
Ca2+ influx through specific channels. These different activities
would produce intricate temporal patterns impossible to
synchronize on an organized oscillatory pattern. This being
the case, the prediction would be that ectomycorrhizal plants
should have an improved efficiency of Ca2+ uptake from the
soil, a result partly confirmed in Fig. 3(c).

Ca2+ efflux suppression and increase upon Ca2+ uptake 
in ECM roots

Calcium has a paradoxical effect on PM H+-ATPase, as it has
been reported to be an inhibitor via a Ca2+-dependent
phosphorylation pathway (Lino et al., 1998; Tazawa, 2003)
and an activator in guard cells (Assmann et al., 1985). An
inhibition of the PM Ca2+ influx channels in both animal
(Yang & Sachs, 1989) and plant cells (Allen & Sanders, 1994;

Fig. 6 (a) Extracellular H+ fluxes (bars) and root surface pH values 
(squares) at the elongation zone of Eucalyptus globulus roots under 
three calcium concentrations (CaCl2). (b) Extracellular Ca2+ fluxes at 
the elongation zone with three different medium pH values. In this 
experiment, pH 5.7 was used as the control, since this value was used 
for all experiments of this work. The remaining pH values were 
obtained by growing roots for 2 d in the same medium used for ion 
flux analysis, to which was added 50 µM Tris-HCl, pH 5.3, or 50 µM 
Tris-base, pH 8.0. The negative values correspond to ion influx and 
the positive values to effluxes.
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Klüsener et al., 1995; Knight et al., 1996; Antoine et al.,
2000, 2001) occurs by the addition of extracellular Gd3+ in a
micromolar range. Despite its use for detection of Ca2+

stretch-activated channels (Caldwell et al., 1998), Gd3+ is
likely to inhibit other cationic channels as well, because of
its relatively broad effect. Our pharmacological analysis
suggested that the Ca2+ influx in the elongation zone of ECM
roots is the result of the activity of Gd3+-sensitive calcium
channels (Figs 3a, 4; Table 3). However, as the Ca2+ effluxes are
largely governed by the chemical potential gradient of Ca2+

generated by the PM Ca2+-ATPase, we hypothesized that the
suppression of effluxes in the control roots could represent an
indirect dissipation of the Ca2+ gradient, as promoted by
Gd3+ treatment (Fig. 4, Table 3). In addition, similar flux
inhibition profiles were obtained by Nemchinov et al. (2008)
in Nicotiana benthamiana leaves. The authors proposed a
model in which Gd3+-sensitive Ca2+ influxes and Ca2+ pumps
are involved in the signal transduction pathways of the
hypersensitive response mechanisms (Nemchinov et al., 2008).
As a passive Ca2+ efflux from the cell cytosol is
thermodynamically improbable (Shabala & Newman, 2000),
an active mechanism must be involved. Two possible
mechanisms of Ca2+ efflux might occur, one through Ca2+

release from the cell wall and the other by Ca2+ extrusion via
the PM Ca2+-ATPase (Lecourieux et al., 2006; Nemchinov
et al., 2008). It remains to be determined which of these two
mechanisms is responsible for this event to occur. Alternatively,
an increase in the activity of Ca2+ influx in ECM roots could
reflect an increased cytosolic concentration of this ion. Indeed,
it has recently been demonstrated that the exposure of
E. globulus root hairs to hypaphorine (an indole alkaloid
secreted by P. microcarpus) led to an elevation of cytoplasmic
Ca2+ concentration (Dauphin et al., 2007). Thus, hypaphorine
led to a reduction of the Ca2+ gradient across the plasma
membrane, which was correlated with the arrested growth of
root hairs (Béguiristain & Lapeyrie, 1997; Dauphin et al.,
2007). These results seem similar to our own observations
(Table 2), where root hair length was reduced in ECM roots.
Recently, Martin et al. (2008) published the genome of the
ECM fungus Laccaria bicolor, in which numerous and diverse
Ca2+ channels are found to be encoded (see details at http://
genome.jgi-psf.org/Lacbi1/Lacbi1.home.html). Accordingly, we
found ECM roots to have a higher uptake capacity of Ca2+

from the external medium (Fig. 3c). In itself this would not
necessarily lead to a major accumulation of Ca2+ in ECM of
whole plants, but clearly suggests a higher potential for ion
uptake and storage in the cell wall (Peterson & Enstone, 1996;
Kuhn et al., 2000) promoted by the fungus. In ECM
associations, such as Suilus bovinus-Pinus sylvestris, an exposure
to Ca2+ also led to an accumulation of this ion in the interfacial
apoplast in between symbionts and in the fungal sheath
(Bücking et al., 2002). Depending on the fungal species, Ca2+

can also accumulate as calcium oxalate in the fungal hyphae
(Malajczuk & Cromack, 1982). In the light of this, calcium

dynamics in ECM interactions needs to be more carefully
investigated, not just using radioisotopes, but also by means
of an integration of techniques such as ion-selective vibrating
probes, patch-clamp and imaging analyses.

Activation of anion uptake by ECM fungus

It is well known that an increase in the root surface
concentration of H+ generates a proton-motive force, which
is necessary to drive the secondary transport of , SO4

2+,
Cl−, Ca2+ and K+ (Portillo, 2000; Palmgren, 2001). Accordingly,
we found that the changes in H+ efflux attributable to ECM
fungal infection in the elongation zone were strictly correlated
to the root surface pH values (−0.82; P < 0.0001), and,
significantly, correlations of root surface concentrations of H+

were found with both Ca2+ (−0.78, P < 0.001) and anion
fluxes (0.66; P < 0.006). The correlation between Ca2+ and
anions at the elongation zone (0.99, P < 0.001) raised the
possibility of an activation of anion influx by Ca2+, as
demonstrated in other cells (Hedrich et al., 1990). Since plant
cells have adapted to low anion concentrations, anion uptake
is generally coupled to the electrochemical gradient generated
by the PM H+-ATPase activity (Evans et al., 1980;
Zimmermann et al., 1994; Garnett et al., 2001). Consequently,
ECM roots possess strong anion influxes and H+ effluxes
primarily at the elongation zone (Fig. 3b). Consistent with
this, we observed high H+-ATPase activity in this root zone.
It has been reported that this enzyme is stimulated by anions
in plant (Churchill et al., 1983; Churchill & Sze, 1984;
Zimmermann et al., 1994) and animal cell membranes
(Vieira et al., 1995). The induction of  uptake in P.
pinaster ECM roots, even at low external concentrations, was
previously shown by Gobert & Plassard (2002). The H+

efflux and consequent root surface acidification are necessary
for the  uptake mechanism to operate (Ullrich &
Novacky, 1990; Glass et al., 1992; Forde, 2000), as this occurs
via PM cotransporters (nH+/ ) (Crawford,1995). This
was already demonstrated for Eucalyptus nitens, where large
H+ effluxes were found in medium with . However,

 fluxes were quantitatively linked to H+ fluxes (Garnett
& Smethurst, 1999; Garnett et al., 2001, 2003). In addition,
according to Garnett et al. (2003), negative correlation
coefficients can be obtained between  and H+ fluxes.
Nitrate is thus a strong candidate to be a component of the
anion fluxes we observed, but unfortunately the technical
limitations of the electrodes used do not warrant a straight-
forward conclusion in this respect (see the Materials and
Methods section and Fig. S3a,b), with chloride probably
playing also an important role.

In normal conditions, the maintenance of the electrical
membrane potential depends on the H+ efflux and influxes of
anions and potassium (Felle, 2001; Tazawa, 2003). In ECM
symbiosis, fungi have a high capacity to uptake potassium in
their external hyphae (Rygiewicz & Bledsoe, 1984). One
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possible molecular basis for this was recently discovered in the
same type of hyphae, where Corratgé et al. (2007) cloned the
HcTrk1 transporter from Hebeloma cylindrosporum, and dem-
onstrated it to encode for a single-file pore channel that
cotransports Na+-K+ into the hyphae.

Pharmacological analyses suggested the presence of anion
channels at the elongation zone, since the influxes were sensi-
tive to DIDS. In guard cells, DIDS also inhibits anion uptake
(Schroeder et al., 1993; Schwartz et al., 1995) similar to what
was observed in this study (Table 3). Further studies should be
focused on the proper discrimination of the specific anions
involved on the observed response at the elongation zone of
ECM roots.

Concluding remarks

Based on our results, we propose a model for pH signaling in
ECM roots, which is directly linked to nutrient uptake and
plant growth (Table 2, Fig. 7). ECM fungi induce positive
modulation of the H+ efflux rates and rhizosphere acidi-
fication, mediated by PM H+-ATPase activities from both
host and fungal partners. In turn, this stimulation triggers a
pH signal that modulates Ca2+ transport and, indirectly, anion
uptake (Hedrich et al., 1990). This hypothesis is supported by
our observation that external Ca2+ acts as a strong inhibitor of
the H+ efflux and root surface acidification in the elongation
zone of eucalypt roots. By contrast, Ca2+ fluxes were also
affected by the medium’s pH, as has previously been reported
in other plant cells (Foster, 1990). An increase in anion uptake

and lower concentrations of external Ca2+ will thus occur,
which are reflected both in the promotion of plant growth and
in PM H+-ATPase activity (Zimmermann et al., 1994). The
spectral analysis of the ion flux oscillations revealed itself to be
an efficient parameter to compare biophysical effects of the
ECM fungus in the fast oscillation components. This analysis
can be used as an additional tool during the study of ion
dynamics using the ion-selective vibrating probe technique,
on the assumption that shifts in the main components of
oscillations correspond to the activation/shift of a variety of
molecular transporters.
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Supporting Information

Additional supporting information may be found in the
online version of this article.

Fig. S1 Fourier frequency spectrum analysis of H+ (a, b),
Ca2+ (c, d) and anion flux oscillations in the elongation zone
of nonmycorrhizal (a, c, e) and mycorrhizal roots (ECM) of
Eucalyptus globulus colonized by Pisolithus microcarpus (b, d, f ).

Fig. S2 H+, Ca2+ and Cl− (anion) fluxes (a, b, c) of the Clark
solution without any biological material (Reference) and their
respective Fourier analysis (d, e, f ).

Fig. S3 (a) Interference on Cl− activity detection by the
Cl− electrode (control) by further anions ( ,  and

) present in quarter-strength Clark solution. (b) Calibra-
tion of Cl− electrodes with different anions.

Fig. S4 Effect of different concentrations of gadolinium
(Gd3+) on the sensitivity of Ca2+ electrodes (n = 5).

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by
the authors. Any queries (other than missing material) should
be directed to the New Phytologist Central Office.
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