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ABSTRACT: The current-patterns along horizontally growing intact sunflower (Helianthus annuus L.) seedling
roots were investigated using a two-dimensional vibrating probe system. Currents entered the root cap and
the meristem and left along the remaining part for most of the shorter roots (10-15 mm). For longer roots
(15-20 mm) currents entered the root tip, left the main elongation zone and entered the root again in the
post elongation and the root hair zones. These currents entered the meristem with a density of about 1 to 9
BA cm and left with a density of about 0.3 to 5 pA cm™ in the elongation zone. The inward currents in the
post elongation and the root hair zones were smaller, i.e., about 0.1 to 2 pA cm™. The results suggest an
association between current pattern and root growth. Ion-substitution and pH experiments showed that H*
ions were the major contributors to the root currents. Increased root elongation rate at low pH was associated
with increased current density and the reversal of the current direction from outward to inward in the main

elongation zone. The findings support the acid growth hypothesis.
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INTRODUCTION

A wide variety of plant and animal systems are
known to generate steady transcellular ionic currents
that can be detected extracellularly with a vibrating
probe.! In multicellular plant tissues, the most studied
systems were the roots.! This is because they generate
large ionic currents, grow on simple media and have
an existing growth polarity, and their growth can be
easily monitored. The role of these currents in roots is
still not clear. They have been suggested to be involved
with the growth and polarity regulation,*® gravity-
induced bending response’® and repair of wound.>'
These authors arrived at these conclusions because
these effects were associated with the change in either
the pattern and/or magnitude of the endogenous
currents.

Although growing roots are ideal for investigating
these developmental currents, only a few species have
been studied in detail. The planting of sunflower
(Helianthus annuus L.) in Thailand has been increasing
and the investigation of this plant seems appropriate.
Our long-term aim is to examine in detail relationships
between these currents and growth in sunflower roots
and root hairs under various root environments. Roots
and root hairs were selected since they take up water
and minerals from the soil and are important for the
nutrition of plants. From the studies of these currents

in roots it is becoming clear that the effect of ionic
environment and plant growth regulators,**® as well
as toxic elements, on growth and development were
accompanied by a change of these currents.
Therefore, these currents may also be used as an
indicator of the effect of these substances. The first
step in our research is to investigate the pattern and
ionic basis of these currents around primary roots of
this plant and their association with growth.

MATeRIALS AND METHODS

Plant Material

Sunflower seeds Helianthus annuus L. (Cargill 3322)
were provided by Professor Paisarn Laosuwan,
Institute of Agricultural Technology, Suranaree
University of Technology, Nakhon Ratchasima,
Thailand. They were surface sterilized in 6% (w/v)
hypochlorite for 15 min then washed thoroughly in
flowing water. Seeds were sown in 10-cm-diameter
petri dishes between double layers of paper towel
soaked in artificial pond water (APW) pH 6.0. The petri
dishes were placed vertically, with seed’s radicle end
down, in the dark at 26 + 2 °C. After 2 days, seedlings
that had developed straight roots were selected for
experimentation. In the first set of experiments 15-20
mm long roots (obtained about 48 h after the seeds
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were sown) were selected and decapped with a scalpel
blade to prevent gravitropic response. However, after
3-4 h of measurement in a horizontal position the root
started to bend downward and further measurement
was not possible. This might be because the root cap
tissue was not completely removed for fear that the
root might be wounded. Since the root cap cells had
not been totally removed, the remaining cells could
cause root curvature, although at a slower rate than
when the root cap was still intack.'” From our
observation, shorter roots have lesser response to
gravistimulation, therefore, shorter roots of 10-15 mm
in length (obtained about 43 h after the seeds were
sown), with cap were used for the rest of the
experiments. All measurements were carried out
before any bending due to gravity was observed.

Root Morphology

Two-day old sunflower seedling roots show four
different regions. A root cap of about 0.3 mm lies at
the tip protecting the meristematic tissue that extends
to about 2.2 mm from the tip. The elongation zone
begins about 2.2 mm behind the root tip and reaches
up to the root hair zone approximately 7.0 mm from
the tip.

Immobilization of Seedling for Vibrating Probe
Measurement

After the seed shell was removed from the
cotyledons of the selected intact seedling its hypocotyl
was placed between two pieces of perspex and
fastened by silicone grease. The bottom piece of
perspex was then attached to the bottom of a petri dish
(60 mm diameter, 10 mm high) by a thin layer of
silicone grease. The entire root protruded horizontally
out of the perspex holder. The seedling was covered
with 15 ml of APW and left to equilibrate for 45 min
before starting the measurement.

Experimental Media

APW was used through-out the experiments. It
consisted of 1.0 mol m~ NaCl, 0.1 mol m> KCl, 0.1 mol
m~ CaCl,, and 1.0 mol m~ MES adjusted to the
required pH with Tris. In the investigation of natural
currents APW was adjusted to pH 6.0. Media in the
pH experiments were APW with three different pH
values, i.e., 4.0, 6.0 and 8.0. Media used during ion-
substitution experiments were equimolar where K* and
Ca** were replaced with Na*, Na* with K* and Cl- with
SO, * and adjusted to pH 6.0. The resistivity of APW
was (4.9 £ 0.4) x10° Qecm.

Measurement of Ionic Currents

Extracellular currents were measured with a two-
dimensional vibrating probe system (Applicable
Electronics, Forestdale, MA, USA). The preparation
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and the calibration of the probe were as described
previously.*> Experiments were performed inside a
grounded Faraday cage. The petri dish containing the
seedling was placed on the stage of an inverted
microscope (CKP, Olympus, Tokyo, Japan) that was
used to view the electrode’s position and its plane
during current calibration. A stereo microscope (SZ-
111 zoom stereo microscope, Olympus, Tokyo, Japan)
with a larger field of view was used to observe the root
from above. This microscope was used to determine
the spatial dimensions of the root, as well as to
position the electrode during measurements. The two-
dimensional vibrator assembly was mounted on a
mechanical 3D micromanipulator (MM-333, Narishige,
Tokyo, Japan) where the position of the electrode was
adjusted manually.

The APW solution around the root was grounded
by two platinum/platinum-blacked electrodes a few
centimeters away from the seedling. During the
measurements, the vibrating electrode was positioned
about 150 um from the root surface for about 30
seconds. It was vibrated with the amplitude of 25 ym
in each direction, i.e., along the X and Y axes, with a
frequency of a few hundred Hz. Between each
measurement, the electrode was moved to a position
more than 2000 pm away from the root for a
reference, i.e., zero current reading, for another 30
seconds. For each position, there were two voltage
gradient signals, one for the X and the other for the Y
direction. The net current vector for the position was
then calculated from the current of X and Y directions
obtained from the voltage gradients.

The ionic currents were measured on both sides
along the length of the root starting from the root tip
up to the root hair zone 10-11 mm away. Each position
was 500 um from the previous measurement. The
temperature during the experiments was 26 = 2 °C.

Ion Composition of Currents

To find the ions that were involved in the natural
currents two approaches were used. First, to
investigate the involvement of H*, the magnitude and
patterns of the currents were mapped in media of
different pH values (4.0, 6.0 and 8.0). For each root
the magnitudes and directions of currents at two pH
values were compared. The measurements started with
the root bathed in normal APW pH 6.0 medium. After
removing this medium the petri dish was rinsed twice
with distilled water and rinsed two more times with
the new medium, either pH 4.0 or 8.0. Care was taken
not to touch or change the position of the root. The
seedling was then covered with 15 ml of the new
medium and left to equilibrate for 45 min before
measurement was resumed. During this time the probe
was recalibrated. After the measurement the
procedures were repeated by changing the media back



ScienceAsia 29 (2003)

to pH 6.0 where the final set of measurements was
carried out. This was to compare them to the
measurements made at the beginning to see whether
the change in the ionic environment would have a
longer lasting effect on the currents.

The second approach, the ion-substituting
experiments, was to measure the currents when the
components of the ions of APW (Na*, K*, Ca** and Cl
) were selectively removed from the bathing medium.
The changing of the bathing media and the time-scale
of these experiments were as in the pH experiments.
In both the pH and ion-substituting experiments the
currents were measured on one side of the root only
to reduce the time needed. This was to avoid long term
effects of the change in ionic environment.

Root Elongation Rate Measurements

Before each vibrating probe measurement the
position of some natural mark near the root tip was
noted on the stereo microscope eyepiece micrometer
scale. This was compared to the position after the
measurement. To calculate the root elongation rate the
distance between the pre- and post-measurement
positions was divided by the time span. To correlate
the effect of pH on root growth, relative elongation
rate at a different pH with respect to the elongation
rate at pH 6.0 of the same root was determined.

ResuLts

Current Pattern around Growing Roots

Two sets of experiments were carried out. In the
first set, the roots (15-20 mm long) were decapped
before the currents were measured. This was to
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prevent the horizontally growing root from bending
due to gravitropic response. However, it was observed
later that shorter roots have a lesser response to
gravistimulation. So, a second set of experiments was
done with shorter capped roots (10-15 mm long).

Endogenous ionic currents were measured along
the horizontally growing primary roots of 39 decapped
and 30 capped roots. The results of the magnitude and
the outward or inward direction of these currents for
the decapped and capped roots are summarized in
Figs 1 and 2, respectively. The currents at the tip were
significantly inward. In this region there were three
positions of inward current for the decapped and four
for the capped roots. The one extra position of inward
currents in the capped root was the root cap. In the
elongation and root hair zones the currents were
significantly outward. Three current patterns
emerged:

Pattern I: Currents entered the tip of the roots, i.e.,
the meristematic tissue of the decapped root (Fig 3),
and both the root cap and the meristem of the capped
roots. These currents left the root in the elongation
and root hair region. The average current densities are
shown in Table 1. This was the main pattern observed
in the capped roots (18 out of 30 roots) while only 5
out of 39 decapped, longer roots, had this pattern.

Pattern II: Currents entered the tip of the roots
(Fig 4), left the root in the main elongation zone, and
entered the root again in the post elongation and the
root hair region. Table 1 shows the average of the
current magnitudes of this pattern. This pattern
occurred most frequently in the decapped roots, i.e.,
17 roots, and only 3 of the capped roots. Though this
was the pattern found in nearly half of the decapped

Table 1 Range of average current densities along the roots of current patterns I, 1T and III.

Average current density (A cm™2)
Pattern 1 Pattern II Pattern III

Root zone Both sides Both sides On one side On the other side
Decapped | Capped | Decapped| Capped |Decapped | Capped | Decapped | Capped
Root cap - inward - inward - inward - inward
Meristematic | inward 1.2-6.2 inward 1.4-8.8 inward | 1.0-8.8 inward | 1.0-8.8

1.7-3.0 1.3-5.1 1.0-4.1 1.0-4.1
Main outward | outward outward | outward
elongation 1.7-2.2 2.5-4.7 0.3-2.4 1.5-3.6
Post outward | outward outward | outward

elongation 0.4-1.6 1.1-3.8 inward inward 0.3-2.3 0.4-3.6 inward inward
Root hair 0.7-2.0 0.3-1.8 0.1-0.8 0.1-0.5
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Fig 1. Direction and magnitude of endogenous current measured along 39 decapped intact primary roots of sunflower seedlings
growing horizontally in APW. A) Schematic drawing of the root and the measurement positions approximately 150 pm from
the root surface. B) Directions of current flow, inward or outward, and current densities (+SD). Shaded bars indicated
statistically dominant directions of current flow (P<0.05). The first number in the parentheses of each position is the number
of roots having inward current and the second the number with outward current.
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Fig 2. Direction and magnitude of endogenous current measured along 30 capped intact primary roots of sunflower seedlings
growing horizontally in APW. A) and B) are as in Fig 1.
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Fig 3. An example of pattern I current densities. Currents entered the tip of the roots and left the root in the elongation and the root
hair regions. The arrows showing the magnitude and direction of the currents.
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Fig 4. An example of pattern II current densities. Currents entered the tip of the roots, left the root in the main elongation zone, and

entered the root again in the post elongation and the root hair regions. The arrows showing the magnitude and direction of
the currents

Table 2. Elongation rates of sunflower primary roots. The current density is the average peak inward currents
at position 3 or 4.

Root type Current Number  Seedlings'age Initial length  Elongation rate  Current density
pattern of roots (h) (mm) (pm min‘l) (RA cm'z)
Capped I 11 43£3 13+2 22108 75%+13
Decapped 11 10 473 17£2 11.0£3.5 35£14
Decapped 11 12 48+2 17£2 14375 4327
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Fig 5. Directions of current flow, inward or outward, and current densities (+SD) measured in APW at A) pH 6.00, changed to B)
pH 4.00 and returned to C) pH 6.00. Shaded bars indicated statistically dominant directions of current flow (P<0.05). The first
number in the parentheses of each position is the number of roots having inward current and the second the number with

outward current

Table 3. Relative elongation rates of sunflower capped
primary roots at different pH with respect to
the elongation rates at pH 6.0 of the same
root.

Set Number pH Relative
of roots Elongation Rate

1 10 6.0 1.0+0.6
4.0 29+1.2
6.0 1.2+09

2 7 6.0 1.0+0.5
8.0 0.5+0.4
6.0 1.0+ 0.4

3 3 4.0 35+2.7
6.0 1.0+ 0.6
8.0 0.8+0.3

roots, the second region of inward current in the root
hair zone was not significantly shown in Fig 1. However,
at positions 18 and 19 in the root hair region there
were some ambiguities in the current direction. When
only the results with pattern IT were tested the
significantly inward direction showed up in position
18, 8.5 mm from the root tip in the root hair zone
(P<0.05).

Pattern III: This is a combination of the above two
patterns occurring in the same root (Table 1). On one
side, currents entered the tip of the root and left the
remaining part of the root as in pattern I. Along the
other side, currents entered the tip of the root, left the
root in the elongation zone, and entered the root again

in the root hair region as in pattern II. The numbers of
decapped and capped roots that showed this pattern
were 16 and 7, respectively.

In addition, one of the decapped and two of the
capped roots were found to have currents leaving the
root tip and entering the elongation zone.

Relationship between Elongation Rate and Ionic
Currents

Elongation rates of 11 capped and 22 decapped
roots are shown in Table 2. Seedlings with decapped
roots that were older and had longer roots grew their
roots 5 to 7 times faster than the younger seedlings
with shorter capped roots. To find out whether the
elongation rate increased with the current density,
elongation rate versus the peak inward current density
at position 3 or 4 were plotted for each current
pattern, i.e., pattern I of the capped roots and patterns
1T and TIT of the decapped roots (graphs not shown).
The results did not show any significant correlation
between the magnitude of the peak inwards currents
and the elongation rate.

Relationship between Currents, pH and Root
Growth

To test the involvement of H* in root currents three
sets of experiments were carried out on capped roots.
In the first set the currents were measured from the
same root in APW of pH 6.0, 4.0 and 6.0, respectively.
A similar procedure was used with pH 6.0 and 8.0. For
the third set the current measurement started with pH
4.0, then went to 6.0 and finally to 8.0. Increasing the
external pH reduced the current density as well as the
elongation rate of the root (Table 3). Fig 5 shows the
results obtained with pH 6.0 and 4.0. Decreasing the
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external pH changed both the direction and magnitude
of the current significantly. Initially, at pH 6, the
currents entered the root at the tip and left along the
elongation and root hair zone. The outward currents
changed direction and became inward currents when
the external medium was changed to pH 4. At this
lower pH the mean peak inward current was 8.9 + 4.5
PA cm?, having increased from 5.5 + 2.0 pA cm™ at
pH 6. For each root the currents at each position were
compared for the two pH values and the differences
of all positions were tested using the paired t-test. Out
of a total of 17 roots 13 showed a significant increase
in the current magnitude (P<0.10). When the external
pH was increased from pH 6 to pH 8 the direction of
the currents remained approximately the same while
the magnitude decreased slightly (graph not shown).
The same results were obtained when the external pH
was changed from 4 to 6 to 8, i.e., the magnitude of
the currents decreased with increased pH while the
directions of the currents of pH 4 and pH 6 were
similar to those shown in Fig 5, and those of pH 8 were
similar to pH 6. When the magnitude and direction of
the currents measured at pH 6 before and after the
pH changes (to either pH 4.0 or 8.0) were compared,
the direction remained approximately the same while
the magnitude decreased slightly, both after pH 4 and
pH 8. It is possible that the change of pH in the
environment may have some long term effects on the
root. The possible effect of low pH was observed
during the experiments, that is, surface of the roots
exposed to pH 4.0 turned slightly brown after 30
minutes. Under normal set up the time the root
exposed to pH 4.0 was about one hour before the
solution was changed back to the normal pH 6.0 APW.
However, after the change, the brown colour
remained. Therefore, some cells might be slightly
damaged and this would have some effect on the ionic
currents. The damage must be slight since after
returning to pH 6.0 the roots resumed their original
growing rate (Table 3). The effect of the low pH was
also observed in Arabidopsis root exposed to a low pH
of 4.5 where damage occurred in the epidermis and
in internal tissues.**

Ion-substitution Experiments

To examine the correlation between the ions in the
external medium and the currents and growth, ion-
substitution experiments were carried out. Between 10
to 13 roots were tested for each ion. The overall
pattern of endogenous currents did not change
significantly for all ions. The magnitude of the currents
at each position along the root were compared and
tested for each root using paired-t test. Only the
absence of Cl caused a significant (P<0.025) decrease
of currents. When only the peak inward currents at
the root tip was considered, similar results were
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obtained, i.e., when there was no Cl" the peak inward
current decreased significantly, i.e., the mean value of
the peak current reduced by about 48%.

DiscussioN

Natural Ionic Currents

The ionic current patterns observed around
primary roots of 2-day old sunflower seedlings clearly
indicated that these currents entered the meristematic
and the root hair zones. The magnitude of the currents
differed from root to root and this is shown by large
standard deviations in Fig 1 and Fig 2. On top of the
different nature of each root, the differences may also
be due to the temporal nature of these ionic currents
where the magnitude changed with time.”"

There were 3 current patterns in both the decapped
and capped roots. However, the proportions of the
roots belonging to each pattern were different. In the
shorter (10-15 mm), capped roots, 60% of the
investigated roots had pattern I currents. The currents
entered the root cap and the meristem, and left other
regions of the root. Most of the roots investigated so
far had this pattern.”>*!? This may be because in these
studies the currents were only measured for 3-5 mm
from the root tip, in the meristematic and the
elongation zones. On the other hand, in the longer (15-
20 mm), decapped roots, current patterns II and III
were observed in 85% of the roots where, at least on
one side of the roots, the currents entered the
meristematic and the root hair zones and left along
the elongation zone. It is most likely that when the root
grew longer the root hairs started to emerge, resulting
in another region of inward currents. This is similar to
what was found in Avena® where these currents were
thought to be associated with the development of root
hairs. The association between the length of the root
and the current pattern was also observed in Lepidium
where the current pattern in the same root changed
from pattern I in a shorter root to pattern II when the
root grew longer.”

From the total of 69 roots, with 39 being decapped
and 30 being capped roots, there were 3 roots where
the current pattern differed from the rest. The
currents left the root tip and entered the elongation
zone. One observation on these roots was that they
were shorter than roots with other current patterns,
i.e., about 11-12 mm in length compared to 13-15 mm.
In other words, they grew slower and it is possible that
slow growing roots may have a different current
pattern. This has been found in the embryo of carrot,
in which slow growing and fast growing lines had
different current patterns.*®
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Relationship between Elongation Rate and Ionic
Currents

Roots with different length had different elongation
rates. The decapped, older, longer roots had a 5-7 times
higher elongation rate than the capped, younger,
shorter roots. It has been reported that removal of
maize root caps transiently stimulated root growth. Yet
the growth rate of the decapped roots was only 1.6
times higher than that of the intact roots.'” In another
study, the removal of Arabidopsis cap cells altered only
root curvature due to gravity without affecting growth
rate.'? Therefore, this 5-7 fold increase in the
elongation rate observed in this study was not caused
by removing the cap, but was probably due to the
difference in age and original length of the root. Longer
and older seedling roots grew faster because the size
of the growth zone increased.'® The interesting point
to consider here is whether there is a correlation
between the current pattern and/or magnitude and the
root elongation rate.

In the faster growing decapped roots, the current
patterns were mainly pattern I and III (33 out of 39
roots), where the currents entered the roots in two
regions, namely at the meristem and the root hair zone.
In most of the short capped roots (18 out of 30) that
grew slowly, the currents only entered the meristem
(pattern I). This was similar to what was found in
Lepidium roots” where, within the same root, the
growth rate was faster when the currents entered the
meristem and the root hair zone than when the
currents only entered the meristem. This finding
further supports the correlation between current
pattern and root growth.

The correlation between the magnitude of the
current and the growth rate is another interesting
feature to be considered. In intact roots of Lepidium’
the currents had no correlation with the rate of
elongation. Similarly, the embryos of carrot of two
culture lines having different growth rates gave current
density of the same order of magnitude, but the
patterns of inward and outward currents were
different.'® On the other hand, within the same stage
of embryos of oil palm,” current-density and growth
were positively correlated, while the pattern of the
currents remained the same. In the present work, the
magnitude of the peak inward currents did not show
a significant correlation with the rate of elongation.
The ambiguity of this relationship might be because
of the temporal feature of both the currents and
growth rate. It has been found that in the same root,
the magnitude and the pattern of the currents as well
as the elongation rate changed with time.’
Furthermore, within the same pattern the elongation
rate also changed with time. Therefore it will be
interesting to investigate the temporal variations of the
elongation rate and the currents.
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Relationship between Currents, pH and Root
Growth

The increase in currents entering the root tip with
decreased pH suggested that H* ions were the main
component of the currents in sunflower roots. This
finding supports earlier reports in which protons have
been found to be the main contributors to root
currents.”” The outward currents in the elongation
zone under normal pH found in the present work also
corresponded well with the efflux of H* ions observed
in corn roots using H* ion specific microelectrodes.'>?
According to the “acid growth hypothesis” the
excretion of proton from the protoplast into the wall
space causes wall pH to fall, which induces an increase
in the extensibility of the cell wall, leading to an
increase in growth rate.? Since the elongation zone is
the site of rapid and extensive cell elongation, the
efflux of H* ions in this region supported this
hypothesis.

When the external pH of the root was changed
from pH 6 to pH 8 the currents and the elongation rate
decreased. On the other hand changing the external
medium to pH 4 increased the currents markedly.
These changes were the same as in maize roots.* At
low pH, besides the change in current magnitude the
direction of the currents in the elongation zone also
changed, from leaving to entering the root. These
inward currents were most likely due to H* ions. The
apparent influx of H* ions at pH 4 was similar to the
large H* influxes in the elongation region of corn roots
incubated in pH 4 solution.” This is probably because
in this low pH buffered solution H* ions would move
from outside into the root where the apoplast pH is
higher (5.1-5.6 in maize root*') forcing the pH inside
the root, especially in the elongation zone, to be more
acidic resulting in more acid growth. This was
supported by the fact that the elongation rate in the
low pH also increased with inward currents, which
were similar to those observed in maize roots.*** It has
been found that the increases in growth rate due to
acid growth occurred in cells of the accelerating
region of the elongation zone, and these were not due
to changes in turgor, but to increased cell wall
loosening.?? The mechanism in which protons cause
cell wall loosening is poorly understood. It has been
suggested, using the “weak acid Donnan Manning”
model, that H* displaces Ca** in the cell wall during “acid
growth”.?’ These Ca** ions may also interact with the
enzymatic processes of wall loosening.* To date the
most likely candidate involved with wall-loosening is
an enzyme called expansin.?* The mechanism of
weakening is not yet known, but protons may play a
role since expansins are more effective at acidic pH,
which is consistent with their hypothesized role as
catalysts of acid growth.**
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Ion-substitution Experiments

With the vibrating probe system, which is now
called a vibrating voltage probe system, the
information about the ions involved in the endogenous
currents can be obtained by performing ion-
substitution experiments or by addition of chemical
inhibitors of channel and pump activity, which will
enable the determination of the individual ion
contributions to the net current detected. In sunflower
roots, the removal of Ca?*, Na*, K* and Cl" from the
external medium showed no effect on the pattern of
the inward or outward currents. This was the same as
what was found in roots of Zea mays.* When the
magnitude of these currents was examined, the
deletion of these ions did not give a consistent result.
When the currents at all positions along the root were
considered, the elimination of Ca**, Na* or K* could
either raise, reduce or produce no significant change
in the current. When only the peak inward currents
at the root tip were compared similar inconsistent
changes were obtained. The absence of Ca**, Na* or
K* caused the peak current to either increase or
decrease. These results were in contrast to the results
obtained in corn roots where a net influx of Ca** and
a net efflux of K* were detected at the root tip together
with H* flux.'® In this work only the depletion of ClI*
gave a significant decrease in the current magnitude.
This is consistent with a nH*/Cl- symporter, where n is
greater than 1.% That is, lowering the Cl" concentration
outside the root resulted in less influx of H*, thus, less
ionic currents.

From what has been described, protons seem to
play a significant role in root currents. However, the
ion-substitution technique could not clearly show the
involvement of other ion components. Although the
decrease or increase of current density in this type of
experiment may indicate the involvement of the absent
ion, it can also be the effect of the ion that is used in
the substitution. The differences between the currents
measured in normal conditions (APW pH 6.0) before
and after the change in ionic environment also
indicated that these approaches might have a lasting
effect on the currents. Therefore, other alternative
methods may be more appropriate. Systems using ion
selective electrodes have been developed recently,
such as the microelectrode ion flux measuring
technique® or the vibrating ion-selective probe,*® and
these have proved to be a valuable addition in this type
of investigation. Further research using ion selective
electrodes would be a better alternative.
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