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Oscillations in H* and Ca*?* lon Fluxes around the
Elongation Region of Corn Roots and Effects of External pH'

Sergey Nikolayevich Shabala*, lan Anstruther Newman, and John Morris®

Department of Physics, University of Tasmania, G.P.O. Box 252 C, Hobart, Tasmania 7001, Australia

Net fluxes of H* and Ca®* around the elongation region of
low-salt corn (Zea mays L.) roots were measured using the micro-
electrode ion flux estimation (MIFE) technique. At pH 5.2 two
oscillatory components were found. Fast, 7-min oscillations in H*
flux were superimposed on slow oscillations of about 1.5 h. Fast
oscillations in Ca®* flux showed a strong dependence on the H*
oscillations and were normally leading in phase by about 1 to 1.5
min. Both oscillatory components were strongly affected by exter-
nal pH values. Preincubation for 20 h in buffered pH 4.0 solution
suppressed the slow oscillatory component and caused huge H*
influxes in the elongation region. The fast oscillations were 8 times
larger in amplitude and were slightly lengthened. Preincubation at
pH 6.0 did not suppress the rhythmic character of the ion fluxes but
it shifted the average H* flux to greater efflux. The fast and slow
oscillatory components of H* flux seem to relate to biophysical and
biochemical mechanisms of intracellular pH homeostasis, respec-
tively. The origin of the Ca?* flux oscillations is discussed in terms
of the “weak acid Donnan Manning” model of cell wall ion
exchanges.

Ion transport across cell membranes is controlled by a
large number of positive and negative feedback systems
(Felle, 1988a; Elzenga, 1989; Beffagna and Romani, 1991;
Miedema and Prins, 1991). It is not surprising, therefore,
that such systems exhibit oscillatory behavior. This appears
in the regular fluctuations of membrane potential, ion per-
meability, and other bioelectrical characteristics (Berridge
and Rapp, 1979). These oscillations are well documented,
mainly in various fungal and algal cells (Gradmann and
Slayman, 1975; Ogata and Kishimoto, 1976; Vucinic et al.,
1978; Fisahn et al., 1986; Lucas and Fisahn, 1989). Experi-
mental observations from higher plants are not as common.

However, as early as 1957 in this laboratory, Scott (1957)
showed that bean roots possess a rhythmically changing
electric field. Subsequent studies (Jenkinson and Scott,
1961; Jenkinson, 1962; Scott, 1962) demonstrated that both
extracellular and intracellular root potentials exhibit 5-min
oscillations, which appear spontaneously and can continue
for 6 h. The amplitudes of those oscillations showed a
strong dependence on bathing medium conditions (Jenkin-
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son, 1962), whereas the periods were extremely stable.
Similar conclusions were reached later (Souda et al., 1990;
Toko et al., 1990) with regard to Phaseolus roots. The re-
searchers also showed that the largest amplitudes of the
bioelectric oscillations occur within the elongation region
(Toko et al.,, 1990). The period of the oscillations was from
6 to 12 min and it varied with the elongation rate (Souda et
al., 1990). A correlation between the amplitudes of bioelec-
tric oscillations and the growth rate was also found for
Lepidium sativum L. roots (Hecks et al.,, 1992), although they
did not find a correlation between the growth rate and the
frequency of the oscillations.

Microelectrode measurements on root cells (Jenkinson,
1962; Toko et al., 1990) did not provide an ionic basis for
the oscillations observed. Too many possibilities for inter-
pretation exist because many ions are involved in the gen-
eration of the cell membrane potential. In general, dynamic
feedback control with oscillations provides an effective
(Richter and Ross, 1980), accurate, stable, and noise-
immune (Rapp et al., 1981) control mechanism for living
cell homeostasis. Recent research has shown that ion dis-
tribution around plant roots is closely related to root de-
velopment (Miller and Gow, 1989) and gravitropism
(Zieschang et al.,, 1993), which indicates that modulation of
ion redistribution might be one of the factors that modify
root metabolism. For this reason the nature of the ionic
basis of the bioelectric oscillations in roots must have great
significance.

The introduction of the MIFE technique into the practice
of physiological research (Lucas and Kochian, 1986; New-
man et al., 1987) gives us the means to monitor ion dynam-
ics around intact roots. In this study we report measure-
ments of Ca®* and H™ fluxes around the elongation region
of corn roots at various pH levels. Oscillations in ion fluxes
are always detectable if the time of observation is long
enough. Different oscillatory components of ion fluxes
around plant roots seem to relate to different ion transport
systems.

MATERIALS AND METHODS
Plant Material and Preparation

Corn seeds (Zea mays L., cv Aussie Gold) were surface-
sterilized by immersion in 1% NaOCl for 10 min and then
washed thoroughly in flowing, distilled water for 5 min.

Abbreviations: MIFE, microelectrode ion flux estimation; pHo
external pH; VD], valid data interval.
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The seeds were spread on cotton gauze covering a plastic
mesh suspended over aerated 0.2 mol m ™2 CaSO, solution.
The reasons for using low-salt roots have been discussed
previously (Newman et al., 1987). Germination took place
at 25°C in darkness. The seedlings were used for measure-
ments on the 3rd d, when their root lengths were 60 to 80
mm. One-and-a-half hours before beginning measurements
a seedling was taken from the incubation chamber and
decapped to prevent gravitropic response. The root was
placed in a Petri dish and the root cap was peeled gently
from opposite sides of the tip and cut off with a scalpel
blade. The decapped plant was placed immediately in a
plexiglass measuring chamber that was 100 mm long, 30
mm deep, and 6 mm wide. Support for the root was pro-
vided by fine plexiglass partitions positioned 20 mm above
the floor of the chamber and separated by about 40 mm.
The root was centered within the chamber and fixed hori-
zontally to these partitions with a cotton thread tied loosely
at 7 and 40 mm from the root tip. The measuring chamber
contained 12 to 15 mL of experimental bathing solution.
Any refreshment of the solution was made at least 30 min
before measurements to avoid transient changes in the ion
fluxes due merely to solution change.

Solutions

We used 0.2 mol m 2 CaSO, (pH about 5.2) for pretreat-
ment of seedlings and as the standard, unbuffered experi-
mental solution. For experiments at a different pH this
standard solution was replaced 20 h previously using a
buffered solution of the desired pH. The buffered solutions
were made with 2 mol m > Mes in 0.2 mol m™® CaSO, and
the pH was adjusted to the chosen value using 100 mol m™3
Tris buffer. Flux measurements were made in unbuffered
solution for reasons given by Arif et al. (1995). Adjustments
of pH in the unbuffered solution were made by the addi-
tion of 1% H,50, or 10 mol m~2 Ca(OH),.

Flux Measurements

Liquid-membrane, ion-selective microelectrodes pulled
from borosilicate glass capillaries (GC150-10, Clark Electro-
medical Instruments, Pangbourne, UK) with tip diameters
of about 2 pm were used in experiments. The electrode
blanks were filled with commercially available cocktails
(Fluka; H*, 82500 and Ca®* 21048). The back-filling solu-
tions were 15 mol m~2 NaCl plus 40 mol m ® KH,PO,
adjusted to pH 6.0 using NaOH for the H™ microelectrode
and 500 mol m~2 CaCl, for Ca**. The electrodes were
calibrated in a known set of pH buffers (from 4.0 to 8.0) and
standard Ca2* solutions (from 0.05 to 1 mol m~>) before
and after use. The average responses of the electrodes were
about 53 to 54 mV/pH for H* and 27 to 28 mV/pCa for
Ca®*. Electrodes with a response of less than 50 mV/pH or
25 mV/pCa were discarded. Resistance was about 2 G(.
The reference electrode was a plastic tube containing 1000
mol m™® KCl in 2% agar. The reference electrode was
located in the solution at the end of the measuring chamber
near the seed. The leakage of K™ ions from the reference
electrode was checked occasionally with K* ion-selective
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electrodes. The resulting concentration of K* ions in solu-
tion near the elongation region was less than 0.003
mol m>.

The ion-selective electrodes were mounted on a multi-
manipulator providing three-dimensional positioning. Af-
ter the measuring chamber was placed in its holder the
electrodes were positioned in a line parallel to the root axis
50 um above the root surface. The distance between elec-
trode tips was about 5 pwm. During measurement the dis-
tance between the root surface and the electrodes was
changed from 50 to 90 um at a frequency of 0.1 Hz. This
was achieved by fixing the holder with the measuring
chamber on a three-way hydraulic micromanipulator (WR-
88, Narishige, Tokyo, Japan) driven by a computer-
controlled stepper motor (MO61-CE08, Superior Electric,
Bristol, CT).

The new MIFE data recording system and flux calcula-
tion protocol have not, to our knowledge, previously been
described. Signals from each electrode were digitized at a
rate of about 20 samples per second using an analog-to-
digital interface card installed in an IBM-compatible PC.
The interface includes digital outputs. These outputs were
used to control the stepper motor driving the micromanip-
ulator and also to adjust the offset voltages of the custom-
built, four-channel electrometer. Electrometer voltage off-
sets were necessary to permit a sensitivity of a few
microvolts on a baseline of up to 300 mV. The interface was
controlled by the software package CHART (Unitas Con-
sulting, Hobart, Australia), which gave highest priority to
secure transfer of the digitized data directly from the in-
terface to a disc file. At a lower priority, CHART emulated
the functions of a chart recorder by providing a real-time
display on the screen (Fig. 1). After experiments were
completed, the digitized data files could be re-displayed
and converted by CHART to files containing simple col-
umns of ASCII text. These files were used, together with
the calibration data, to calculate mean net fluxes at 5-s
intervals (each half-cycle of manipulator movement).

CHART has a provision for user-written routines to be
added, which are invoked at the start, during, and the end
of data acquisition runs. Routines were added that allowed

Values (mV)

0 A L ) A A
60 65 70 75 80 85

Time (sec)
Figure 1. A typical segment of H™ flux data recorded from one root

to illustrate the method of calculating the voltage change from which
the flux was calculated.
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control of the offset voltages and the micromanipulator
position automatically as well as in response to keyboard
entries. Thus, the experiments were controlled interactively
as data were acquired (inquiries about MIFE and CHART
should be made to LAN. at the e-mail address:
ian.newman@phys.utas.edu.au). These controlling changes
were automatically incorporated into a log file, which was
used subsequently by the flux calculation program. An-
other routine allowed comments to be inserted into the log
file as the experiment progressed, facilitating analysis of
the data when each acquisition run had been completed.

After the conclusion of the experiment the values of net
fluxes across the tissue boundary were calculated from the
recorded data, assuming cylindrical diffusion geometry
outside the root (Newman et al., 1987; Kochian et al., 1992).
The first stage in the calculation of ion flux was to calculate
the mean voltage recorded at each extreme of manipulator
movement. The first 1 or 2 s after the movement began
were ignored to allow for both the movement (0.3 s) and
the electrochemical settling of the electrodes.

The procedure is illustrated in Figure 1. At 60 s the
manipulator moved the electrodes to the position close (20
um) to the tissue surface. The electrochemical potential
measured by the electrode quickly decreased by about 1
mV equivalent (with an origin that is dependent on the
existing solution pH and the electrometer offset). At 65 s
the manipulator moved the electrodes to the more distant
(60 mwm) position and the electrochemical potential in-
creased again. The cycle was repeated with the 10-s period.
The higher electrochemical potential at the more distant
position means a higher concentration at that position for
the H* (positive) ion in this example. The associated dif-
fusive movement of the ion down its electrochemical po-
tential gradient is toward the tissue, i.e. there is a net
influx. To calculate the magnitude of this net influx, the
electrometer’s AV (the electrical voltage equivalent of the
electrochemical potential difference over the distance Ax
moved by the electrode tip) was found as follows.

A valid data interval was defined as the time interval (3
s in Fig. 1) for which the measured voltage had become
settled, after the electrode movement and up to the start of
the following movement. Three consecutive VDIs (VDI,,
VDI,, and VDI; in Fig. 1) were chosen and the mean values
of the mV data points for each were calculated. A line was
drawn between the mean mV values for VDI, and VDL,
The AV used in the flux calculation was the vertical dis-
tance from the mean mV value for VDI, to this line, as
shown in Figure 1. The flux value was regarded as being at
the midtime of VDI,. For the flux 5 s later, VDI, was
dropped and the next VDI was added to create the next
triplet, which would be treated similarly. Fluxes were cal-
culated by this process at 5-s intervals and are thus effec-
tively running averages over 10 to 15 s.

The above procedure makes reasonable allowance for the
settling time of the electrochemical potential at the elec-
trode tip after the electrode movement. It also allows for
drift of the signal, as seen in Figure 1, which is to be
expected when the tissue flux causes changes in the con-
centration of the ion being measured. Ion concentrations

close to the root were calculated from the calibration data
and from the average mV value for the two positions.
Hence, the pH values reported are at about 70 um from the
root.

Statistics

Up to 10 different plants were measured for 2 h in each
variant. Because of the wide spectrum and different phases
of rthythmic activity, direct averaging of ion fluxes from
individual plants produced a loss of valuable information.
For example, if 2 different plants show the same oscillatory
component but 1 is shifted by about one-half of the period
of the component, such oscillations cancel each other out
during averaging. Consequently, we present representative
temporal curves for each variant (Fig. 2). For the main
descriptive parameters, means, sEs, and sample sizes are
tabulated. For each fast-oscillation half-cycle, its amplitude
was measured as the difference between the peak and the
trough fluxes. The average amplitude of the fast-ion oscil-
lations was calculated as the mean of those differences for
all oscillatory cycles having amplitudes more than 5 nmol
m~? 577, which was about the order of the noise during
measurements. To calculate the mean maximum amplitude
of the fast-ion oscillations, the values of the three largest
half-cycle amplitudes were taken for each of 6 to 8 indi-
vidual plants. Phase shift between the fast Ca®* and H*
oscillations was calculated as the average time interval
between the times when Ca®>* and H* fluxes reached their
minimum values during the fast oscillatory cycles.

RESULTS

In spite of some variability in the quantitative character-
istics, all plants showed similar changes with time in net
H* and Ca®* fluxes. Typical Ca** and H™ fluxes for each
variant are shown in Figure 2. The common features of the
ion fluxes are described in Table I, and the quantitative
information is given in Table II. Qualitatively similar oscil-
lations have been observed from roots at times up to 5 h at
least after decapping (data not shown). Thus, the injury
due to decapping does not determine the oscillations.

Figure 2A shows typical Ca®* and H™" fluxes around the
elongation region in the control (unbuffered 0.2 mol m™
CaSO,, pH 5.2). Both fluxes were extremely variable during
2 h of continuous measurements. H* fluxes showed at least
two major oscillatory components: slow, rhythmic changes
with periods of about 1.5 h and fast oscillations with peri-
ods of about 7 min. The slow H" changes usually started as
net efflux, changed in 30 to 40 min to influx, and then
changed back again. The average value of the H" flux
during the 2 h was negative (net efflux), which caused the
pH around the measured site to be about 4.8 instead of 5.2,
as for the bulk solution. Local pH is a useful representation
of the sum (integral) of the H™ fluxes up to that time. The
pH is also affected by H™ fluxes at more distant regions.
Slow, rhythmic changes of proton flux were always accom-
panied by slow, local pH changes with the same period.

The fast H" flux oscillations appeared reliably at a sim-
ilar phase of the slow H* changes. The amplitudes of the
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Figure 2. H™ (closed symbols) and Ca®* (open symbols) net fluxes
{(inward positive) around the elongation region of corn roots. Repre-
sentative records from one individua! plant in each variant are
shown. A, Control, pH 5.2; B, pH 6.0; C, pH 4.0. Measurements were
made at 5-s intervals. Each point represents the average value of the
six measurements during 30 s. Fast and slow oscillatory components
are clearly seen in controls, and at pH 6.0. Slow oscillations are
suppressed at pH 4.0.

fast oscillations were extremely variable and changed from
a maximum of about 100 nmol m~? s~ ! to 0 and back again.
They appeared predominantly on the ascending part of the
slow H* curve, and their amplitude showed a strong de-
pendence on the gradient and direction of the pH changes
during the slow H* flux cycle (Fig. 3).

Ca** fluxes also showed two oscillatory components.
Unlike the H™ oscillations, the fast, 7-min oscillatory com-
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ponent of Ca®* flux always occurred around a small but
steady net influx. The slow component of the Ca** fluxes
appeared instead as a factor modulating the amplitude of
the fast, 7-min oscillations. In phase, the fast Ca®>* oscilla-
tions always led the fast proton oscillations by about 1.5
min, and there was a close relationship between their am-
plitudes (Fig. 4).

Pretreatment for 20 h in a buffered solution of pH 6.0 did
not eliminate the rhythmic character of ion fluxes (Fig. 2B)
and both slow and fast oscillatory components appeared
when measured at pH 6.0. The amplitudes and periods of
both slow and fast H* flux oscillations were reduced (Table
I). The average proton flux was more negative, and the
slow, thythmic H* changes always occurred in the nega-
tive region, indicating a continuous net efflux without
transition through the zero line, as in the control (Fig. 2A).
The average Ca®" flux also became negative and the period
of the fast Ca®" oscillations was reduced in the same way
as for H*. However, the amplitude characteristics of the
Ca®" oscillations remained as for the control.

Acidification of the bulk solution (plant pretreatment
with buffered pH 4.0 and measurement in unbuffered pH
4.0 CaSO,) produced dramatic changes in the flux behavior
(Fig. 2C). Net H" fluxes were always positive (influx). They
started with very large values of about 800 nmol m™2 s™*
and tended to reduce in a linear way during 2 h of mea-
surements. The average value was about 500 nmol m~>s™".
Fast proton oscillations were found for 40% of measured
plants. They also had very large amplitude: up to 560 nmol
m~? s~ ! (Table II), which was 5 times larger than the
control. The average Ca”* fluxes were slightly positive and
showed fast oscillations when H' oscillations were
present. Average Ca®" amplitudes were about 1.5 times
larger than the control. We also observed that the fast
oscillatory component for both H* and Ca®* fluxes slowed
in the acid solution (Table II).

DISCUSSION
Effect of External pH on H* Flux

Cytosolic pH has been found to regulate key metabolic
processes in plant tissues (Felle, 1988a; Sanders and Slay-
man, 1989; Beffagna and Romani, 1991). Because cytoplas-
mic pH is about 7.0 for most plants (Smith and Raven, 1979;
Felle, 1988a), and because of the negative plasma mem-
brane potential, H* influx is energetically favorable. How-
ever, in this study we found that there was strong acidifi-
cation of external solution around the elongation region
(pH, 4.8 instead of the bulk solution 5.2). This is in agree-
ment with other reports (Pilet et al., 1983; Zieschang et al.,
1993) and requires the active extrusion of H* via H*-
ATPases, which also generates the large negative mem-
brane potential. Both passive and active H* transport sys-
tems seem to be sensitive to external pH, changes. There is
some evidence that pH, acts mainly on passive membrane
characteristics and modifies H"-channel conductivity
(Spanswick, 1981; Smith and Walker, 1985; Elzenga, 1989).
However, H*-channels are still very poorly documented
(Felle, 1988a) and these conclusions need to be confirmed
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Table 1. Qualitative characteristics of ion fluxes around the elongation region of corn roots

Parameter pH 4.0

pH 5.2 (Control) pH 6.0

Near-linear decrease with
time, starting as huge influx
and remaining positive

Steady average value

Present in about 40% of cases

Amplitude unrelated to slow
H* changes

Long-term H™ flux features

Long-term Ca?™ flux features

Existence of fast H* oscillations

Typical traits of fast H* oscilla-
tions

Present when H™ oscillations
are present

Amplitude is related to fast H*
amplitude

Existence of fast Ca®" oscillations

Typical traits of fast Ca** oscilla-
tions

Oscillatory, usually starting as
efflux, changing to influx
and back again

Steady average value

Present in every measurement

Amplitude depends strongly
on phase of slow H*
changes

Present in every measurement

Oscillatory, remaining negative

Steady average value

Present in every measurement

Amplitude depends strongly on
phase of slow H* changes

Present in every measurement

Amplitude is modulated by
slow H* changes

Amplitude is modulated by slow
H™ changes

in future experiments. Other arguments support H™-
ATPases as the main H™-transport systems sensitive to
pH, (Kawamura et al., 1980; Reid et al., 1985).

More interesting is the effect of pH, on the oscillatory
behavior of H* fluxes. Our results show the existence of at
least two oscillatory components of H* flux. One is slow,
with a period of about 1.5 h, and the other is fast, with a
period of about 7 min. Such a difference in periods sug-
gests that it is unlikely that only one ion transport system
is involved.

We propose that the slow, rhythmic changes of H* fluxes
around the elongation region are due to oscillations in
behavior of passive H™ transporters and that the fast,
7-min oscillations are due to oscillations in electrogenic
H*-ATPases. We support these proposals with the follow-
ing arguments. Long-term regulation of intracellular pH
includes both biophysical and biochemical mechanisms
(Smith and Raven, 1979; Felle, 1988a). Biophysical pH reg-
ulation is achieved via a feedback relation, including cyto-
solic pH and plasma membrane potential (Beffagna and

Table 1l. Quantitative characteristics of ion fluxes and pH around the elongation region of corn roots
Probabilities compared with control by Student’s t test. Results are means = st (n = sample size).

Parameters pH 4.0 pH 5.2 (Control) pH 6.0
Average value of H™ flux during 2 h, nmol m~2 57! 520 * 53° -249 = 3.6 -56.1 £ 9.6°
(n=12) (n=16) (n = 14)
Average value of Ca®* flux during 2 h, nmol m™2 s’ 6.49 + 1.31 461 *1.28 -0.21 + 1.38°
(n=12) (n=16) (n=14)
Average value of pH during 2 h, pH units 4.06 * 0.036° 4.81 £ 0.016 5.20 = 0.03
(n=12) (n=16) (n=14)?
Half-period of slow H™ oscillations, min None 44.5 + 5,25 29.7 = 1.9°
(n=17) (n=13)
Half-period of slow pH oscillations, min None 45.33 = 5.33 30.7 = 1.62°
(n=12) (n=19)
Average amplitude of slow H™ oscillations, nmol m™2 s™! None 131.2 + 20.4 47.0 + 453
(n=16) (n=13)
Average amplitude of slow pH oscillations, pH units None 0.12 £ 0.019 0.067 = 0.006°
(n=6) (n=12)
Maximum changes in H* flux during 2 h, nmol 583 + 65° 173 * 30 76.8 = 8.8°
(n=16) (n=8) (n=6)
Maximum changes in pH during 2 h, pH units 0.16 = 0.03° 0.18 = 0.03 0.15 = 0.029
(n=6) (n=7) (n=16)
Period of fast H™ oscillations, min 7.84 = 0.21° 7.01 £ 0.12 6.40 = 0.15°
(n=22) (n=69) (n=175)
Period of fast Ca®" oscillations, min 7.77 *+0.23¢ 7.18 £ 0.10 6.24 + 0.112
(n = 18) (n=75) (n=93)
Average amplitude of fast H* oscillations, nmol m™2 s™' 359 + 272 48.2 = 3.02 25.6 = 1.942
(n=39) (n=138) (n=161)
Average amplitude of fast Ca* oscillations, nmol m=2 s~' 63.2 = 5.05% 43.4 +1.79 44.8 + 1.60
(n=37) (n=134) (n = 188)
Maximum amplitude of fast H* oscillations, nmol m~2 s™! 560 = 412 103.2 £ 11.7 52.5 + 8.46°
(n=29) (n=18) (n=21)
Maximum amplitude of fast Ca** oscillations, nmol m™2 s™! 96.6 + 9.07¢ 70.9 * 4.09 72.4 + 6.34
(n=9) (n=18) (n=21)
Phase shift between fast Ca®* and H™* oscillations, min 0.84 = 0.07° 1.45 +0.17 1.30 + 0.098
(n=21) (n = 69) (n = 85)

3P < 0.001. bp < 0.01. ¢ P < 0.05.
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Figure 3. Amplitude of fast Ca®* (open) and H* (shaded) flux oscil-
lations at pH 5.2 as a function of the magnitude and direction of the
slow H* flux oscillatory component. The amplitudes of ion flux
oscillations were greatest for the largest slope of slow H™ flux oscil-
lations. The slope of the slow H* flux oscillatory component was
calculated every 20 min for 2 h of measurement for each plant, and
amplitudes of ion flux oscillations were plotted against the calculated
slope. Error bars are ses; total sample size n = 78.

Romani, 1991). This is a relatively fast mechanism, operat-
ing within minutes (Roberts et al., 1981; Felle, 1988b). The
biochemical pH-stat functions mainly via natural buffers
(bicarbonate, phosphate compounds, and amino acids) op-
erating at approximately pH 6.0 to 8.0 (Smith and Raven,
1979). All of these metabolic events have large temporal
constants and produce a slow regulatory chain in plant
cells. Hence, the fast and slow oscillatory components in
H™ fluxes around the elongation region of corn roots may
be related to the fast and slow pH-stat mechanisms in plant
cells.

Fast oscillations of H fluxes in roots at pH 5.2 showed
a strong relationship with the direction and gradients of
the slow H™ flux changes (and hence pH,) caused by the
long-period oscillatory component (Fig. 3). Their ampli-
tude was largest when the slope of the slow H™ oscillatory
component was largest and positive, i.e. when the cytosol
was being made less alkaline most rapidly by the H™ flux.
Thus, our argument that the fast, 7-min component is
caused by H*-pump oscillatory behavior is in accord with
effects of IAA (Felle, 1988b), fusicoccin (Roberts et al.,
1981), and organic weak acid (Beffagna and Romani, 1991),
all of which stimulate the electrogenic H* pump by acid-
ifying the cytosol.

After 20 h of pretreatment in buffered pH 4.0 solution the
large chemical [H*] gradients between the cytosol and the
bulk solution caused the observed large H" influx through
unspecified transporters. The resulting continued acidifi-
cation of the cytosol would compel particularly active H*
extrusion via H*-pumps. In this case the fast oscillations
were 8 times larger in amplitude than for the control (Table
I). The slow oscillatory component of H* flux was sup-
pressed. One possibility is that all available intracellular
buffers were exhausted after long-term preincubation.
Consequently, the biochemical pH-stat was saturated and
“switched off,” removing the slow, rhythmic variations
and leaving only the fast component (Fig. 2C).

External solution at pH 6.0 reduced the H* electrochem-
ical gradient between the cytosol and the external solution.

Shabala et al.
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As aresult, the H" influx was weakened and the net proton
flux was more negative than for the control. Since pH,, 6.0
is not far from the normal physiological range, a neutral
cytosol was easily maintained with both mechanisms ac-
tive. Because the biochemical pH-stat was active, the slow
oscillatory component was present (Fig. 2B) and with
smaller amplitude (Table II). Fast oscillations also occurred
but with about one-half of the control amplitude (Table II),
indicating lower activity of the extrusion pump.

Thus, it is likely that fast and slow oscillatory compo-
nents of H* fluxes around corn roots are related to the
biophysical and biochemical mechanisms of intracellular
pH homeostasis, respectively. The first is supposed to be
mainly via electrogenic H" -extrusion; the second may be
related to the changes in passive membrane conductivity to
H™. One way to confirm this distinction is with long-term
(at least 1.5 h) measurements of membrane resistance. No
previous microelectrode studies extended beyond 10 min
(Felle, 1988a), so they are not useful in solving the problem.
The situation is complicated by the need to move measur-
ing electrodes as the root grows.

Effect of External pH on Ca®>* Flux

Ca®" also plays a key role in plant growth and develop-
ment, regulating a variety of cellular processes ranging
from the control of ion transport to gene expression (Bush,
1995). Its role as a second messenger is widely supported
(Felle, 1988a, 1988b; Schroeder and Thuleau, 1991; Bush,
1995). Ca®* transport across these membranes may occur
via various mechanisms. These may include voltage-
dependent (Bush, 1995), ABA-activated (Schroeder and
Hagiwara, 1990), and stretch-activated (Pickard and Ding,
1993) Ca®* channels, active transport using Ca”>*-ATPases
(Bush, 1995), and a Ca®>*/nH™ antiport system (Blackford
et al., 1990). All of them are potential sources of our ob-
served Ca®" flux oscillations.

Oscillations in cytosolic-free Ca** have been reported
after auxin (Felle, 1988b), ABA (Schroeder and Hagiwara,
1990), or Ca** treatment (McAinsh et al., 1995), all with
periods within the 5- to 20-min range. The oscillatory
mechanism is still unknown; however, there is some evi-
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Figure 4. Association between the amplitude of Ca?* and H* flux
oscillations at pH 5.2. A least squares line of best fit is shown (n = 78).
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dence that information about external factors affecting the
cell may be encoded in the magnitude of the Ca®"* changes
and in the temporal characteristics of the oscillations (Bush,
1995; McAinsh et al., 1995). Therefore, this oscillatory en-
coding may be of great significance in the cell-
environmental interaction.

There is another source of oscillations in Ca** flux as
measured around the corn roots. This is the Ca®" residing
in and released from the cell walls after exchange with H™.
Richter and Dainty (1989, 1990) developed the “weak acid
Donnan Manning” model, which can be used to describe
quantitatively the ion-exchange properties of a cell wall.
This model has been developed further in our laboratory
(Ryan et al.,, 1992; Arif and Newman, 1993) and shows that
oscillating H* fluxes cause oscillatory Ca®* fluxes around
the root.

Our results show a strong correlation between fast oscil-
lations in Ca?* and H™ fluxes. As the amplitude of H*
oscillations increased so did the Ca® amplitude (Fig. 4).
Ca®* oscillations were always leading (Table II), with a
phase shift of about 1 to 1.5 min. The slow oscillatory
component of H* fluxes modulated the amplitude values
of fast Ca** oscillations (Fig. 2A). Both of these features are
in agreement with the weak acid Donnan Manning model.
Arif and Newman (1993) showed that initial H* extrusion
into the wall displaces Ca®*", which will emerge into the
external solution before the external H* flux is seen. Thus,
our observations support the existence of a secondary
source of Ca?* oscillations, the cell walls, and the existence
of a Ca®" release mechanism from cell walls. Do these Ca®*
oscillations occur solely as the result of the exchange with
other ions (H™ in this study) as proposed by Ryan et al.
(1992), or are they part of a general oscillatory mechanism
that also includes membrane oscillators?

It seems likely that both membrane and wall Ca** are
involved. If Ca®* from the cell wall is the sole source of the
Ca?* flux around corn root, we expect pH changes to have
a similar effect on the amplitude characteristics of the flux
oscillations of both Ca®>* and protons. However, the use of
acid medium did not affect the average Ca®" flux during
2 h of measurements. Whereas the amplitude of the fast H*
oscillations was 8 times the control amplitude, the Ca®*
amplitude was only 1.5 times greater (Table II). Again,
when amplitudes of the H* flux oscillations were reduced
by a factor of 2 following pH 6.0 treatment (Table II), the
Ca*" oscillation amplitude remained unchanged. Although
detailed modeling of wall H* /Ca®" exchange has not been
done, these arguments support the existence of cytosol/
membrane Ca®" oscillators as well as wall exchange. It is
still unclear whether changes in cytosolic pH normally
drive changes in cytosolic-free Ca®" or vice versa (Bush,
1995). Nevertheless, the interdependence of H* and Ca®*
regulation is important in plant cells (Felle, 1988b) and is
one of the possible mechanisms for the synchronization of
Ca®* and H™ oscillations.
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