
Biophysical Chemistry 27 (1987) 39-58

	

39
Elsevier

BPC 01131

Relation of growth process to spatial patterns of electric potential
and enzyme activity in bean roots

Kiyoshi Toko ', Satoru Iiyama b, Chikako Tanaka b , Kenshi Hayashi a,

Keiko Yamafuji c and Kaoru Yamafuji a

° Department of Electronics, Faculty of Engineering, Kyushu University 36, Fukuoka 812, b Department of Home Economics,
Women's Junior College of Kinki University, lizuka 820 and `Department of General Education, Faculty of Home Economics,

Nakamura Gakuen College, Fukuoka 814, Japan

Received 21 January 1986
Revised manuscript received 12 December 1986

Accepted 14 January 1987

Electric potential ; Acid elongation ; Enzyme activity ; Dissipative structure ; Nonequilibrium ; (Bean root)

The electric spatial pattern and invertase activity distribution in growing roots of azuki bean (Phaseolus chrysanthos) have been
studied. The electric potential near the surface along the root showed a banding pattern with a spatial period of about 2 cm . It was
found that the enzyme activity has a peak around 3-7 mm from the root tip, in good agreement with the position of the first peak of
the electric potential, which is located a little behind the elongation zone. An inhomogeneous distribution of ATP content was also
detected along the root. Experiments on the electric isolation of the elongation zone from the mature zone and acidification treatment
showed that H + is transported from the mature-side to elongation-side regions, causing tip elongation through an acid-growth
mechanism. Both acidification and electric disturbance on growing roots affected growth significantly . Simultaneous measurements
of electric potential and enzyme activity clearly showed a good correlation between these two quantities and growth speed . From an
analogy with the Characean banding, the spatio-temporal organization via the cell membrane in electric potential and enzyme activity
can be regarded as a dissipative structure arising far from equilibrium . These experimental results can be interpreted with a new
mechanism that the dissipative structure is formed spontaneously along the whole root, accompanied by energy metabolism, to make

H + flow into the root tip .

1. Introduction

	

the electric potential near the cell surface also
shows a similar pattern, with the electric current

Spatial patterns of an electric potential and an

	

of H+ flowing from the acid to the alkaline region
electric current have often been observed in growth

	

[4] .
and regeneration processes. For example, a rhizoid Theoretical investigations [5-7] have shown that
formation in the brown alga Fucus is accompa- the band structure for Characean species is brought
nied by an electric current pattern in the outside about by a simultaneous activation and inactiva-
and inside of the egg [1] . Characean species de- tion of H + pump molecules within the plasma-
velop alternating bands of acid and alkaline re- lemma along the cell, coupled with ADP (or ATP)
gions along their cell walls under illumination, and and OH- concentration gradients in the proto-
a localized elongation occurs in acid regions [2,3] ;

	

plasm. Such a band structure can be interpreted as
a kind of self-organized structure appearing far
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Prigogine [8] . In the present case, the electric
spatial pattern is maintained while the input en-
ergy supplied by light is dissipated continuously
by both the active work of pump molecules inside
the membrane and the viscous flow of H + in the
media. The appearance of polarity succeeded by
formation of an electric spatial pattern in Fucus
algae can also be interpreted [7] as an occurrence
of the dissipative structure; the self-organized state
emerges through a positive feedback in nonlinear
coupling between ion flux and accumulation of
membrane-constituting molecules in the rhizoid
region to grow .

The above theories have revealed that these
electric spatial structures appearing in biological
systems can be classified into the same kind of
phenomena as the well-known `chemical dissipa-
tive structures' in reaction-diffusion systems, rep-
resented by the Belouzov-Zhabotinskii reaction
and Liesegang ring realizing far from equilibrium
[8] . Such kinds of electric patterns observed in
biological systems can then be named `electric
dissipative structures' . The experimental fact that
these electric phenomena have been observed in
many growing and regenerating cellular systems
[9] strongly suggests a significant role of the elec-
tric dissipative structure in growth .

The purpose of the present paper is to study
the relationship between the electric dissipative
structure and growth in bean roots . A previous
experimental work on a growing root of azuki
bean [10] has clarified the following two points : (i)
the root begins to display a band-type pattern of
electric potential near the root surface with a
spatial period of about 2 cm in a mature region,
when it grows to 10 cm or =so in root length ; (ii)
the growth speed is greatly diminished when the
elongation zone is electrically isolated from the
mature region. The band in the first item resem-
bles quite well the banding phenomena in the
Characeae, and the second may suggest a causal
relation between the electric pattern and growth .

The fact that the acidification in the external
aqueous medium did occur in the elongation zone
under the usual conditions [10], as already re-
ported [11], seems to be in strong support of the
growth occurring through the wall expansion due
to the acidification with the aid of acid growth
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mechanism [12] . At present, however, the relation
between the conventional acid growth mechanism
and electric pattern formation in growth has not
been investigated very well, and hence is very
obscure. This situation may be partly due to a lack
of recognition that growth is a self-organization
process with a dynamic interaction between bio-
logical systems and the environment through the
electric field .

In the present paper, therefore, we investigate
more detailed properties of the growth in respect
of the electric spatial pattern from this viewpoint .
Firstly, we measured the distributions of invertase
activity, ATP and H'-ATPase activity along the
root . Secondly, the effect of tip acidification in
roots under electric isolation was studied . Thirdly,
we observed changes in invertase-activity distribu-
tion and electric pattern when roots were im-
mersed in the acid solution. Fourthly the effect of
an external electric disturbance on the growth was
investigated . As a consequence, the invertase ac-
tivity was found to have a characteristic peak
around 5 mm behind the root tip in a similar
manner to the electric potential . Inhomogeneous
distributions of ATP and H +-ATPase along the
root were found. The acidification treatment
induced an acceleration of initial growth, but later
inhibited root elongation . In this case, the typical
peak of enzyme activity gradually disappeared
with time, parallel to the decrease in magnitude of
the electrical potential along the root. Further-
more, the growth speed was extremely altered in
the presence of an applied electric disturbance .

These experimental results clearly indicate an
essential role of the global, active and dynamic
properties of spatial electric-potential and en-
zyme-activity patterns along the entire root length,
which emerge spontaneously in nonequilibrium
conditions. We must, therefore, take into account
these dynamic structures maintained under inter-
actions with the electric circumstance in order to
discuss the growth . In contrast, the acid growth
mechanism proposed so far is limited only to a
discussion of the elongation zone, i.e., a descrip-
tion of the local property. The new mechanism
now suggested comprises the conventional acid
growth mechanism even in a local sense . Further-
more, self-sustained oscillations of electric poten-



tial frequently observed in root growth [13-15]
will be discussed in connection with a membrane-
formation process in the elongation zone .

2. Materials and methods

The preparation of materials was as follows :
seeds of azuki bean (Phaseolus chrysanthos) were
soaked for 3 h, and then were sown on filter
papers with 0 .01 nmM KC1 solution in darkness at
30 ± 1 ° C. Roots emerged I or 2 days later . The
4-7-day-old roots were prepared for experiments
using roots longer than 5 cm .

Luciferase-luciferin was obtained as firefly
lantern extract (FLE-50) from Sigma. Pyruvic acid
kinase, phosphoenolpyruvic acid and amino-
naphtholsulfonic acid were purchased from Sigma .
Adenosine 5'-triphosphate disodium salt was the
product of Boehringer Mannheim. Other chem-
icals used were of the finest grade available .

2.1. Measurements of electric potential and pH

The electric potential near the surface along a
root was measured by each of the following two
methods. The first is the usual method with a
single-pipette electrode [4], which is filled with 1
mM KCl and 1% agar with a tip diameter of
about 100 um embedding an Ag/AgC1 wire . A
dark-grown root was laid horizontally on three
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filter papers in a plastic chamber and the 0.01 mM
KC1 aqueous solution was added to submerge the
root. The potential close to the root surface was
measured at each point of about 1-mm intervals
by moving the electrode carefully by means of a
manipulator. The electrode tip was located 0 .5-1.0
mm from the root surface sufficiently carefully
that direct contact with root was avoided. Within
this range of distance from the root, the potential
showed scarcely any dependence on distance. It
took 30-40 min for one scan along a root of
approx. 10 cm. The measurement was started at
least 2 h after the root was placed in the chamber .

The method employed here differs from that
above in using several ten-pipette electrodes . Fig.
1 shows the experimental setup of a multi-elec-
trode system. Electrodes were arranged at 1 .5-mm
intervals along the root surface. The whole ap-
paratus [16] is composed of these electrodes as
sensors of electric potential, a hand-made circuit
for sampling data adequately, a cassette recorder
for storing the obtained data, and a personal
computer for processing and arranging the data .
We can finish one scan along the root within only
3 s with this apparatus . Although the careful
arrangement of several tens of electrodes near the
root surface is time-consuming work, this measur-
ing method is superior to that relying on one
electrode when considering the time required for
actual measurement. Therefore, we mainly
employed it for the investigation of temporal
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Fig. 1 . Experimental setup (a) and measuring unit (b) of the multi-electrode apparatus with an example of measured electric potential
in the aqueous medium (c) . Pipette electrodes were arranged near the surface of the root with a reference electrode (Ref) separated
from them. The root was usually laid on three filter papers moistened with 0.01 mM aqueous KCI. The maximum number of
electrodes available for this apparatus is 64. In practice, 50 or 60 electrodes were sufficient for measuring the electric potential along
the root for several centimeters, The time required for one scan over 64 electrodes is about 3 s. In (c), the stability of 20 electrodes

was examined for 30 min in lining the electrode tips in the medium after the offset voltage was subtracted .
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change in electric potential pattern along the root .
The offset voltage of one electrode used usually

differed from another by approx . ± 3 mV in the
multi-electrode system. Here, the term offset
denotes the sum of inherent electric voltages of
individual pipette electrode and the electric cir-
cuit. Therefore, we subtracted the offset from the
measured electric potential in the data processing .
The offset in the aqueous medium was obtained
after the measurement by removing the root gently .
Fig . lc shows the stability of 20 electrodes im-
mersed in the medium after the offset was sub-
stracted at the start . A deviation of maximally ± I
mV can be seen in the long run of 30 min. Thus,
this kind of deviation appearing after several
minutes causes no serious error in the evaluation
of surface electric potential, because the offset was
measured immediately after the actual measure-
ment.

Observation of pH change along the root
surface was made by placing a seedling in a
medium containing 0.01 mM KCl and 0.2 mM
bromocresol purple, adjusted to pH 6 .8. For the
more accurate measurement of pH values, a pH
meter (Corning, model 125) equipped with a pH
electrode (Iwaki Glass, model IW202) was used .
The tip diameter of the electrode was smaller than
1 mm.

2.2. Measurements of ATP content and H +-ATPase
activity

A tip with 10 mm length of each bean root was
cut into 10 small pieces . The resulting 1 mm pieces
from the corresponding positions of five bean
roots were combined and homogenized with a
glass rod and extracted with 2 .5 ml of boiling
water for 8 min [17] . The extract was then filtered
with a membrane and diluted with an equal volume
of 0.08 M Tris-borate buffer (pH 9 .2) for use in
photometry performed according to a modified
method of McElroy et al . [18] . 100 µl of the
sample solution and 100 pl of 0 .04 M Tris-borate
buffer (pH 9.2) were placed in a microcuvette, to
which 100 pl firefly lantern extract (10 mg in I ml
of 0.05 M arsenate and 0.02 M MgSO4 ) was
added to start the reaction. The luminescence at
562 nm due to the formation of adenyloxyluciferin
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was measured with an Anunco Chem-Glow pho-
tometer. The intensity of light was integrated from
zero to 100 ms. A standard curve was prepared
with a solution of 100 ng ATP in 1 ml Tris-borate
buffer (pH 9 .2) .

HtATPase activity along the length of bean
root from the tip was measured using five or ten
roots in one assay . 1-mm pieces cut evenly from
the roots were placed together in one test tube
containing 0 .82 ml ice-cold water and homoge-
nized thoroughly with a glass rod . The amounts of
phosphate produced by the hydrolysis of ATP by
the root suspensions thus obtained were measured
by the following procedure based on the method
described by Kagawa 1191 . To each suspension
were added 0.1 ml of 50 mM ATP, MgSO4 and
phosphoenolpyruvate in 200 mM Tris-sulfate
buffer (pH 7.4) and 0.08 ml pyruvic acid kinase
solution (400 µg/ml H 2 O). After incubating the
mixtures at 37'C for 10 or 30 min, the reaction
was terminated by the addition of 0 .5 ml of 20%
tricholoroacetic acid . 0.5 ml supernatant solution
was transferred into 3.25 ml water and mixed with
1 nil of 2.5% ammonium molybdate in 1 N sulfuric
acid and 0.25 ml of 0 .25% aminonaphtholsulfonic
acid in 15% NaHSO3 and 6% Na 2SO3 . After
incubation at 30'C for 10 min, the absorbance at
660 nm was read using a Hitachi model 1010
spectrophotometer. Calibration was done with
varying concentrations of potassium phosphate .

2.3. Measurements of enzyme activity

We studied the spatial distribution of acid in-
vertase activity along the longitudinal axis of the
root. One root was cut with 1-mm intervals from
the root tip up to a length of 15 mm . Each
segment was then put into each test tube sep-
arately. After 5 mM Mcllvaine buffer solution (10
mM, pH 4.6) and 1 mM sucrose (10%) were added
in the test tube, each segment was homogenized
with a glass rod . Incubation was carried out at
37 ° C for 24 h, and then the invertase activity was
measured according to Nelson [201 and Somogyi
[21] . Thus, the activity pattern of invertase along
one root was obtained.

When the effect of acidification or neutraliza-
tion of the environment on root growth was



studied, ten individuals were used at the same
time for measuring the invertase activity . This is
due to the experimental result that the data ob-
tained on one root are the same as the usual data
averaged over several roots measured collectively,
as will be detailed later . The time for the incuba-
tion was as short as 3 h when several individuals
were collected and measured .

2.4. Electric isolation

The method of electric isolation of the elonga-
tion zone from the mature region is almost the
same as those in previous works [10,22] . A special
chamber with one thin wall of plastic plate is
utilized for separating these two zones, as shown
in fig. 2. A root was gently laid perpendicularly to
the wall through an appropriate hole so that a few
millimeters of the apical end and the basal part
may be divided . Vaseline was applied around the
root in the hole to isolate the two divisions electri-
cally. Checking of the electric isolation was made
by confirming that a very high electric resistance
(> 10 10 Sl) existed between these two compart-
ments.

The control is also shown in fig. 2. The partial
mechanical shield was made merely in order to
allow an electric connection between the two di-
vided zones. The medium in each compartment
was chosen as 0 .01 mM KCl aqueous solution (pH

(control)

	

(electric isolation)

Fig. 2. Experimental setup for electric isolation of the elonga-
tion zone from the mature zone . The shield plate has a width
of 2 mm with a hole . Vaselina was applied around the root part
in the hole so that electric isolation could be made. The left
part of the lower illustration concerns the control, where the
shield was only partially made so as to allow electric connec-
tion between two compartments . The plate on the right has one

hole alone for electric isolation .
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5.8), distilled water, acid buffer solution, etc .,
according to the experimental purpose . Growth
was estimated by measuring the distance between
the root tip and the point, which was indicated at
a distance of 5 mm from the tip with Indian ink at
the start of experiment. The electric potential in
the presence of the plastic shield was measured
with a single electrode by moving it along the root
in the basal part .

2.5. Electric disturbance

To study the effect of an electric disturbance
on the growth of bean roots, an electric conductor
consisting of an aluminum plate coated with
carbon black was inserted between two filter
papers, on which a root was placed horizontally .
Fig. 3a illustrates the cross-section of the experi-
mental setup .

The electric conductor used here can be consid-
ered as a kind of electric cell- Many hollows of the
density of four to five per cm2 appeared rather
randomly on the upper surface of plate . As shown
in fig. 3b, the local electric current may flow from
the naked aluminum part to the carbon black
part. The apparently random electric disturbance
can, therefore, be expected to add to the sponta-

Electric
conductor

Fig. 3. Cross-section of the experimental setup (a) and an
electric conductor coated with carbon black (b). The root was
laid on two filter papers intercalated with the electric conduc-
tor. The carbon-coated Al plate behaves like an electric cell .
The electric current arrow can flow around the hollow appear-
ing rather randomly . It can disturb the original electric pattern

in the root .
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neous electric pattern produced by the root . The
multi-electrode system was used to determine the
resultant electric potential profile near the surface
along the root.

Twenty roots of approx. 5 cm length were
divided into two groups, control and test, and
used for the growth experiment . In the control,
roots were laid on two filter papers moistened
with 0.01 mM KCl solution . The temperature was
kept at 30 - 1'C. Growth was estimated in the
same way as for electric isolation .

3 . Electric spatial pattern and acid elongation

3.1. Appearance of a spatial pattern of electric
potential along a root

Fig. 4 demonstrates an example of data on
electric potential near the surface along a root of
12.5 cm length . A periodic spatial pattern can be
seen, analogous to the periodic appearance in
Characean internodal or whorl cells [2,4] . In bean
roots, however, the surface electric potential on
the side of the root base is more positive than that
near the root tip on the whole, as seen in fig. 4 .
Since the symmetry of the surface potential profile

6

	

8

	

to

	

12
Distance from root tip (cm)

Fig. 4. Electric spatial pattern in a root . The units of the spatial
coordinate are given in cm . The spatial change is rather peri-
odic with about 2 cm period . The electric potentials on one
side and the other side of a root surface are denoted by
(C

	

O) and (I	•) . The symmetry is fairly good,
and hence this electric pattern can be supposed to exhibit a
banding fashion . At the stage of 12 cm root length the epicotyl
of about 5 cm elongates perpendicularly from the cotyledon ; it

is not drawn here.

on both circumferential sides of the root is fairly
good, the electric potential can be considered as
forming a band structure surrounding the root .
This kind of pattern usually appeared when the
root reached approx . 10 cm or so .

The band-type pattern of potential was stable
in each root : a similar pattern was obtained when
measurements were repeated within an interval as
short as about 1 h . However, roots grew with an
elongation velocity of about 1 .5 mm/h, and hence
in the long run the potential changed accompa-
nied by the elongation, resulting in the production
of another band . Thus, longer roots tended to
exhibit more bands_ When the root was as short as
a few or several centimeters, on the other hand,
the electric pattern tended to change occasionally
(see the appendix) .

The magnitude of a band is approx . 2 mV.
While this value seems to be small, it is rather
reproducible. The first experimental evidence is
that almost the same periodic electric pattern
within an accuracy of ±0 .3 mV can be obtained
even after 1 h under good conditions such as when
the root does not add a new peak with the elonga-
tion, as mentioned above. The second is that we
can observe the same pattern even if the arrange-
ment of electrodes is changed arbitrarily in the
case of the multi-electrode system . Thirdly, the
circumferential symmetry is fairly good (see fig .
4), i .e ., there is only a small possibility of experi-
mental errors casually producing such symmetry .
Finally, there is the good stability of electrodes as
can be seen from fig . lc, where an abrupt change
of ±2 mV in the potential does not occur . This
conclusion is similar to the case of electric mea-
surement made in Characean banding [4] . In this
system a banding change of 4-8 mV is also
observed using the pipette electrode .

Fig. 5 shows examples of surface potential and
growth speed near the root apex . The elongation
zone is mostly located 1-3 mm behind the tip, in
accord with previous reports [23,24]. The surface
electric potential, on the other hand, has a positive
peak at 5-8 mm behind the tip, while the flat part
exists at 2-3 mm . This means that the potential is
relatively negative in the elongation zone . This
may suggest the existence of electric influx in this
zone as a whole.
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Fig. 5 . Electric potential and growth speed at each point of the
root near the tip at 30 ± 1 0 C. Note that the units of length are
expressed as mm . The elongation zone is located 2-3 mm from
the tip and a peak of electric potential lies around 5-8 mm,
i.e ., in the mature zone. The length of root used for the
potential measurement is 9 cm. Whereas the root is different
from that in fig. 4, a large peak can be seen at almost the same

position around 6 mm .

3.2. Electric current and acid elongation

A participant role of electric events in growth
can be demonstrated by electric isolation of the
elongation zone from the mature zone . Fig . 6
shows that electric isolation does suppress the
growth. The roots under electric isolation had a
growth speed a few ten percent lower than that of
the control roots . Ten roots were placed on filter
papers moistened with distilled water for each
kind of experiment, which was repeated three
times. The average values of results are adopted in
fig. 6. The reason why the elongation is relatively
small at the initial stages of 30 min in the control
group is that the rear part of the elongation zone
and the front part of the mature zone are shielded
by a plastic plate, which may diminish the electric
current around the root even if a large space is
made on both sides of the plate (see fig . 2).
Complete cessation of growth did not occur partly
because consummate isolation could not be made :
the root surface always became moist even if the
moisture was wiped off with filter papers .

The results in fig . 6 can be interpreted as being
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Fig . 6. Result of electric isolation and effect of acidification .
(O

	

0) Control, (o	o) electric isolation plus HCI
treatment and (a	0) electric isolation at 25+1'C with
30 roots for each group. Inset : table for elongation after 7 and
24 h. The values given are the means±deviation, The roots
under electric isolation always showed a slower growth speed
than the controls. The roots under electric isolation plus
acidification treatment grew more rapidly than the control

initially, but later grew at the slowest speed .

caused by the interruption of fluent ionic flow
into the elongation zone from the mature region .
Table I lists values of the pH near the root in
elongation and mature zones in external bulk solu-
tion pH of 6 .65 . Twenty roots were used for each
experiment. The result shows that a decrease in
pH in the elongation zone occurs in the control
group, whereas it scarcely occurs when the elonga-

Table 1
pH in the elongation-zone and mature-zone compartments
under electric isolation

Measurements were made with a pH meter equipped with a
pH electrode. The pH in the external medium was set to
6 .65±0.15. The pH values at about 1 and 5 mm from the root
tip were measured after 10 min from the start of the experi-
ment .

h0 24

26±3

1512

3 .7x0.6 20 _2

Elongation zone Mature zone

Electric isolation 6.58±0.25 5.92±0.10
Control 6.18±0.08 6.29±0.07
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tion zone is electrically isolated : this zone became
more acidic than the mature region under normal
conditions. On the other hand, the mature region
became more acidic under electric isolation . Tak-
ing into account that the surface electric potential
in the mature region is relatively positive, we can
consider that H+ flows from the mature region
through the external medium into the elongation
zone. Thus, H + accumulates in this zone . This
leads to wall expansion through the acid growth
mechanism.

If this conclusion is valid, the growth speed is
expected to recover somewhat when we intention-
ally add H+ in the elongation zone even under
electric isolation. 5 ml HCI solution (pH 4.0) was
added to the compartment containing the elonga-
tion zone, and distilled water was poured into
another compartment containing the mature re-
gion. Treatment at pH 4 is frequently made for
investigation of acid growth [24] . This result is
also illustrated in fig. 6 . As expected, the growth
speed in this treatment was distinctly greater than
that under electric isolation only . Rather surpris-
ingly, elongation at early stages during 30 min was
evident compared with the control . This notice-
able growth is due to facilitated wall expansion
brought about intentionally by the extreme
acidification, even if the supply of H+ from the
backward region of root is interrupted under elec-
tric isolation.

After 24 h had elapsed, however, roots under
electric isolation plus HCl treatment did not grow
as extensively as groups under electric isolation .
As already mentioned, roots could grow partly
because of incomplete isolation . Roots under elec-
tric isolation could grow at the normal velocity, as
soon as the mature region was formed in the front
compartment where the elongation zone had ex-
isted at the start of the experiment. This is because
the electric isolation no longer exists between the
elongation zone and the newly formed mature
zone. In groups under electric isolation plus HCl
treatment, on the other hand, the newly formed
mature region in the front compartment is always
exposed to the imposed low pH . This implies the
destruction of the spatial pattern of H + produced
by the root itself . The retardation of growth can
be considered as being due to the impossible

K Toko et at / Growth and electricity in roots
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Fig. 7. Potential profile in roots of about 5 cm length with
(6	0) and without ((D	0) electric isolation. The
units of the spatial coordinate are in mm. The two are almost
the same in the mature zone . The electric potential in the
elongation zone could not be measured due to the very short

length of a few millimeters_

construction of an H + concentration pattern along
the root adequate for growth. This point will be
examined in later sections .

Fig. 7 shows that the electric potential profile
scarcely changed even when electric isolation was
performed. The data on the mature-region side are
shown . Reliable measurement of the pattern in the
elongation-region side could not be made because
this side is very narrow, viz. a few millimeters . The
result in fig . 7 may imply that the electric current
flowing to the elongation zone is a direct factor
for the growth rather than the electric potential . In
general, the electric current of H+ may be pro-
duced by the H +-ATPase at the root surface, and
the electric potential may reflect the pump action,
as demonstrated by strong hyperpolarization un-
der illumination in the Characeae [25,26]. The
above result may therefore suggest that the pump
action along the root is scarcely altered by the
electric isolation. This agrees with the interpreta-
tion in table 1 that the tip acidification was di-
rectly suppressed, to retard the growth through
interruption of the electric current.

3.3. Accumulation of H + and electric potential dif-
ference

From the above argument, H + can be con-
sidered to flow in the external medium from the
mature-region side to the elongation zone, where



H+ accumulates to cause the wall expansion . We
shall now examine the relation of H + accumula-
tion to the electric potential difference existing
between the elongation and mature zones (see fig .
5). While an electric current flows along the root,
this value is as small as several µA/cm2 in barley
roots [27]. In contrast, a large electric current of
several tens of p.A/cmZ is reported for Characean
cells [28] and a few mA/cm 2 flows in the nerve
excitation [29] .

Therefore, we can also expect such a small
current in roots of azuki bean as observed in
barley roots. In this case, the H + accumulation
can be regarded as occurring in a situation close to
equilibrium . It will permit one to consider the
electrochemical potential in the aqueous phase
near the surface in the elongation zone as being
equal to that in the mature zone . Let µ denote the
electrochemical potential, then the above state-
ment reads

It e = ttm ,

	

(1 )
where the subscripts e and m imply the elongation
and mature zones, respectively. The explicit equa-
tion leads to

p o + k 1 T log[H+] e + e~ e

= p. o + k 8 T log[H + ] m + exp .,

	

(2)

where µ o designates the standard chemical poten-
tial, k B Boltzmann's constant, T the absolute
temperature, e the positive elementary charge,
[H+] the proton concentration and ¢ the electric
potential near the root surface .

Rewriting eq. 2, we obtain
0.0166(tm - Ire) = pH. - PHe
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(3)

where the definition of pH was used and the
numerical coefficient was estimated at T = 30 0 C
in units of pH/mV . From this equation, we expect
that the pH difference amounts to approx . 0.12 by
using the potential difference of 7 .5 mV typically
estimated from fig . 5 . This value agrees fairly well
with that observed, for example, pH m - pH e =
0 .11 given in table 1 . Thus, diffusion of H+ from
the elongation to mature zones caused by the
concentration gradient may somewhat balance the
flow from the mature to elongation zones originat-
ing in the electric potential difference .
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Fig_ 8 . Time course of pH extending along the root surface
(units: cm). The time refers to the passage from cessation of
the agitation of the external aqueous medium . The root length
is 6 cm. The thick bars show the regions which became yellow
in the presence of bromocresol purple. Two distinct acidified
regions can be seen, each of which originates in the peak of the

surface electric potential at each position .

The time course of the pH extending along the
root surface is shown in fig. 8. Soon after agitation
of the external aqueous medium containing 0 .2
mM bromocresol purple, a position around 6 mm
behind the root tip became yellow. The region
comprising the semi-matured elongation zone and
the young mature region became acidic first . This
initial acidic change can be acknowledged, be-
cause the peak of the surface electric potential is
located quite near this region, i.e., around 7 mm
behind the tip . The acidified region, however,
extended gradually to both directions of the tip
and base sides. The resultant pH profile may be
formed according to the above equilibrium condi-
tion of the electrochemical potential. Two spa-
tially separated acidified regions were formed 5
min later. Each originates in each potential peak
formed along the root surface .

4. Enzyme activity, ATP and H +-ATPase distribu-
tions along roots

Fig. 9 shows two results on the invertase activ-
ity distribution along a root measured according
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Fig. 9. Invertase activity along a root . The result measured in
one root (0

	

0) is compared to that averaged over data
on ten roots measured collectively as usual (•	0), with
the vertical bar denoting the variance . The collected measure-
ments were made 6 times for sets of 10 roots of length 3-10
cm. The agreement between them is good, showing a peak

around 3-7 mm behind the tip .

to two different methods . One result was obtained
by measuring the invertase activity in one root.
Each root used independently showed almost the
same spatial distribution of invertase activity .
Another result was obtained by collecting seg-
ments from ten roots at the same time in each test
tube and then measuring the invertase activity, as
is usually done [30-32] .

We can see that both results agree well . This
indicates reliability of measurement of enzyme
activity using one root, which has not been per-
formed yet . The invertase-activity distribution in
fig. 9 exhibits a typical pattern with a peak around
3-7 mm from the root tip. If we compare this
pattern with those of growth speed and electric
potential shown in fig. 5, we observe that the
activity distribution resembles the electric poten-
tial pattern .

The good correlation between invertase activity
and electric potential can be interpreted as fol-
lows : the high electric potential near the root

K. Toko et al. /Growth and electricity in roots

surface may partly reflect the active work of H +
pumps within the cell membrane at the surface . In
such a region, energy production as well as con-
sumption occurs rather vigorously . Thus, this leads
to high activity of invertase, which is an enzyme
dissolving sucrose as an energy source in beans
[33] .

Although the relation of invertase activity to
the elongation zone has been discussed [31], its
relation to the electric potential has not been
demonstrated. This may be due to the lack of
detailed measurements of both the position of the
elongation zone and the electric potential . A com-
parison of data on the position of the elongation
zone in fig. 5 with those on the electric potential
(fig. 5) and enzyme activity (fig . 9) reveals that the
position of the elongation zone (2-3 mm) differs
from the peak positions (approx . 3-8 mm) of the
latter two. The most active position of H + pumps
within the cell membrane may be a little behind
the elongation zone . Since a small peak or flat
part can often be seen around 2-3 mm as shown
in figs. 5 and 12, however, the semi-matured elon-
gation zone can also be considered to become an
H+ source in cooperation with the mature region .
It appears that H+ is extruded through the mem-
brane in the mature region and the semi-matured
elongation zone. This inference based on the en-
zyme activity distribution agrees with the interpre-
tation made in section 3 that H + accumulating in
the elongation zone originates from the mature
region behind it .

Fig. 10 shows the ATP content in each 1 mm
root segment near the root tip. The ATP content
begins to drop at the segment 5-6 mm from the
tip. This tendency seems to coincide with the
peaks of electric potential and invertase activity .
Thus, it might be interpreted as follows : this re-
gion acts as an H+ source for the external medium,
which inevitably leads to the consumption of ATP .
However, this cannot be asserted since the H +
transport concerned now refers to the root surface,
and the ATP content in fig . 10 also refers to the
inside of root .

The dependence of the rate of ATP hydrolysis
on the amount of root used in one incubation and
the effect of the incubation time are shown in fig .
Ila. Here, H +-ATPase activity is plotted as nmol
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Fig. 10. ATP content in each 1 mm root segment near the root
tip. The length of roots used is about 5 cm .

phosphate released in the total (1 ml) incubation
mixture, namely, nmol ATP hydrolyzed by total
root segments (5 or 10 1-mm pieces) used in one
incubation mixture .

By converting these data to the specific rate of
hydrolysis (nmol ATP hydrolyzed by one 1-mm
segment in 1 min), we obtain the plot of the mean
value, as shown in fig. lib. This shows that H+-
ATPase is concentrated 1-2 mm from the tip and
rather diluted at the very tip or 6-7 mm from the
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Fig. 11. Hydrolysis rate of ATP (a) and specific rate of ATP
hydrolysis (b) . The root length is about 5 cm . In (a), the curve
(0

	

0) shows the incubation time 10 min for 10 col-
lected roots (O- . - O) 10 min for 5 roots, and (9	0)30
min for 10 roots . These curves are from three separate speci

mens .
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tip. The interpretation of these data seems to need
careful consideration . The measured H +-ATPase
activity is concerned with the parenchyma as well
as the organ surface . The relationship, therefore,
between the obtained result of H +-ATPase activ-
ity and the membrane transport partly reflected
by the surface electric potential is obscure at the
present stage . Nevertheless, such an inhomoge-
neous distribution is suggestive of its electrochem-
ical and biophysical importance in growth .

5. Entire acidification of root

The result in fig. 6 can be interpreted as fol-
lows : the root can grow rather fast because of the
facilitated acid elongation at the early stages .
However, the further elongation at later stages is
suppressed owing to entire acidification along the
elongation and mature zones of root, which results
in the disappearance of the H + concentration pat-
tern adequate for growth. If this conjecture is
correct, the root immersed in acidic solution may
be expected to experience a similar time course .
Whereas measurements of the electric potential
and invertase activity along the root under electric
isolation could not be made very easily because of
the mechanical fixation of the root to the bottom
of the experimental vessel (see fig . 2), we could
perform them for the present case. Thus we
investigated more closely the effect of acidifica-
tion on growth from two kinds of measurements
of electric potential and invertase activity .

5.1 . Growth in acidic medium

Fig. 12 gives the results of acidification treat-
ment of roots . Thirty roots were divided into three
groups in distilled water, 2 mM acetate buffer (pH
4 .0) and HCl solution (pH 4.0) . The 2 mM acetate
buffer has been frequently used in experiments
using a root segment concerning the acid growth
mechanism [34,35] .

In carrying out the above experiment, we
inclined the vessel at an angle of approx . 10' so
that the root could be immersed in the medium
sufficiently, as illustrated in fig. 13a. If we re-
tained the vessel horizontally as is usual, the roots
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Fig. 12. Results of acidification treatments . (0

	

0) Con-
trol, (C	0) HCl and (•	0) acetate buffer at 25±
1° C using 10 roots for each . Inset : table of elongation after

24 h.

in buffer tended to elongate upward, i.e., against
gravity. A photograph is shown in fig . 13b . Once
the roots exceeded the surface of the medium, they
grew with the usual velocity . We wanted to in-
vestigate the continuous application of entire
acidification on roots, hence we inclined the ves-
sel. In this situation the roots could no longer jut
out.

Fig. 12 demonstrates that the acidified roots
cannot grow over a long period of 10 h in spite of

ek_ J
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the facilitated elongation at early stages of 1 h or
so. This result is surely in agreement with our
expectation based on the experiment of electric
isolation plus HCl treatment in fig. 6 . Further-
more, it does not contradict the conventional acid
growth mechanism. In these kinds of studies using
the short segment of root as well, the facilitation
effect of acid on growth continues for only 1-2 h
at most [34-37] .

S.2. Temporal changes in spatial patterns of electric
potential and enzyme activity

Fig. 14 shows the temporal change in the elec-
tric spatial pattern measured with the multi-elec-
trode system with acetate buffer treatment . We
can point out from fig. 14 the following facts : The
electric potential displays a typical alternating
spatial pattern along the root at early stages over 1
h. At intermediate stages of a few hours, however,
the pattern tends to broaden along the root
accompanied by the disappearance of two peaks
around 3 and 12 mm from the tip . The pattern for
periods over several hours no longer shows the
distinct alternating structure . These results seem
to conform with those in fig . 12 that the roots with
facilitated growth only for the initial 1 h are
destined to decline after the passage of several
hours .

The temporal changes in invertase activity are
shown in fig. 15. A peak around 5 mm from the
tip declines gradually to disappear in 2 h. This

Fig. 13 . Experimental situation (a) and photograph of roots (b). The upper part in (b) refers to the usual growth, and the lower
concerns the abnormal growth when the root was laid horizontally in the acetate buffer .
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Fig. 14. Change in electric spatial pattern with time in a root of
about 7 .5 cm length treated with acetate buffer. The first from
the upper was measured after 15 min from the onset, the
second 1 h later, the third 1 h 40 min later, the fourth 2 h later
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.a

Fig. 15 . Temporal change in invertase activity (average over 10
collected roots) along a root treated with acetate buffer .
(0 0) Original at the start of experiment, (11-- . - •0 )
30 min later, (o	A) 1 h later and (S	0) 2 h later.

result also corresponds to the root growth in fig .
12.

From these results we can deduce an intimate
relation among the growth, electric-potential pro-
file and enzyme-activity pattern. The growth shows
a parallel decline to the flattening electric-poten-
tial and enzyme-activity patterns along the root .
The initial growth in fig . 6 can be considered as
being brought about through acid elongation . This
kind of growth may be a direct consequence of the
acid growth mechanism, which is independent of
energy production and consumption . It belongs to
the `passive' property that the cell wall is expanded
through acidification,

Long exposure, however, to entire acidification
causes destruction of the H+ concentration gradi-
ent along the root. This gradient is maintained
with such an `active' property dependent on en-
ergy metabolism as the spontaneous emergence of
electric-potential and enzyme-activity patterns
along the root . In turn, the weakened H' con-
centration gradient leads to extinction of these
patterns probably through some physicochemical
steps, since all these factors are mostly intimately
coupled with each other [5,6,38] . This may affect
the transport of species necessary for growth such
as auxins. As a consequence, we can explain those
experimental results comprehensively by dividing
the growth step into two parts, i.e ., the passive
part of cell wall expansion and the active part of
spontaneous formation accompanied by energy
metabolism represented by electric-potential and
enzyme-activity patterns . The latter can be consid-
ered as a self-organized structure appearing far
from equilibrium.

An experiment also suppressing the initial
growth was performed by employing 30 mM phos-
phate buffer (pH 7.0) with the roots. The growth
was retarded in any period, and the typical peak
of invertase activity around 5 mm from the root
tip disappeared finally (data not shown) . While it
might be possible that normal membrane func-
tions are affected by this concentrated phosphate
buffer, it is noticeable that the biochemical activ-
ity within the root is also changed . Since the
potential drop in the 30 mM buffer solution was
evident, electric measurement was not made . As
expected for the present case, the initial remark-
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able elongation was not induced owing to the lack
of tip acidification. This confirms our conclusion
in fig. 12 that the acid growth mechanism can be
applicable to explanation of the initial elongation .

6. External electric disturbance

Roots can grow spontaneously by forming spa-
tial patterns of electric potential and enzyme activ-
ity. In other words, these spatial patterns may be
adequate for growth so that H + can be effectively
transported to the elongation zone . As shown in
Characean systems [5], the pattern appears accord-
ing to the principle of minimum energy dissipa-
tion or minimum entropy production [8] . In bean
roots, we can also expect the effectivity of this
principle. If we disturb electrically the sponta-
neous pattern commensurate to growth, the root is
anticipated to show abnormal growth. This was
performed by placing roots on an electric conduc-
tor coated with carbon .

Fig. 16 demonstrates the original and disturbed
patterns of electric potential near the root surface .
The measurements were made by using the multi-
electrode system. The original has a peak around 5
mm from the tip ; but the disturbed pattern no
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Fig . 16 . Electric potential of a root of about 5 cm length under
electric disturbance measured with the multi-electrode system .
The upper part corresponds to the potential in a normal root
under the usual conditions, and the lower concerns the result
in the root under electric disturbance . Note that the peak
located 5 mm behind the tip disappeared and the abso-
lute value was extremely large, i .e_, 30 mV, under electric

disturbance .
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Fig. 17. Elongation of roots under electric disturbance at
30±1°C. (0	0) Control and (* --- •) under dis-
turbance. Since the root under electric disturbance curved to a
large extent, a rough estimate of elongation after 28 h is shown

in the inset .

longer shows a peak and gives rise to the unusu-
ally large electric potential along the root . The
elongation of roots under electric disturbance is
compared with that in distilled water in fig . 17 .
Ten roots were used in each experiment . Fig. 17
reveals that growth under electric disturbance is
retarded . Reliable measurements during periods
over 4 h could not be made because the roots
under disturbance tended to curve in a com-
plicated manner .

These results can be interpreted as being caused
by the perturbation of efficient H + flow around
the root. It may inhibit the continuous supply of
H+ in the elongation zone to cause the wall expan-
sion. The disturbed pattern in fig . 16 may become
unfavorable from the viewpoint of minimum en-
ergy dissipation . It may be adequate for the
growth . The second possibility may be an effect
on various transport systems within the root, since
most transported species have electric charges .
The third possibility is the production of chem-
icals such as C1 2 by the electric cell, which may
directly affect the growth of root. At present,
however, it is not easy to decide whether the
growth was affected by the electric field or the
chemicals produced. These factors may be consid-
ered to act together on growth .



7. Discussion

The electric spatial pattern and the enzyme
activity pattern appearing in the growth process
were studied here . We found that the first peak of
electric potential around 5-7 mm is located close
to the peak of invertase activity, a little behind the
elongation zone. The electric potential along the
root showed a band-type pattern with a spatial
period of approx. 2 cm, tending to become more
positive at the side of root base than near the root
tip as a whole. The experiments on electric isola-
tion and the tip acidification treatment revealed
that H + is transported in the external medium
resulting in the cell wall expansion . The entire
acidification of a root gave the initial facilitated
growth, but later retarded the growth. Both the
electric potential and the enzyme activity di-
minished gradually with time in parallel with the
decline of growth . Roots showed a rather slow
growth speed on application of an electric dis-
turbance so that the original electric pattern pro-
duced by the roots themselves might be changed
greatly . This result was interpreted as being due to
the perturbation of efficient H + flow around the
root to the elongation zone and the electric effect
on transported species such as auxins inside the
root,

Fig . 18 illustrates the electric flow pattern sug-
gested from the above experiments. The electric
current flows into the root-tip side, accompanied
by some local current loops in the mature zone of
the long root of 10 cm or so . This kind of pattern
in a multicellular system can be considered to
appear in a similar mechanism to the banding in

a
w w

Fig. 18. Qualitative property of electric current around a root
of about 10 cm length . Electric current flows into the root-tip
side, accompanied by some local current loops in the mature

region .
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unicellular systems as in Characean internode [5] .
A nonlinear coupling of the H+ flux across the cell
membrane with ATP concentration, enzyme activ-
ity and auxin concentration may cause the ap-
pearance of a self-organized structure far from
equilibrium. In terms of nonequilibrium thermo-
dynamics [8], this kind of structure can be called a
dissipative structure. Particularly in the present
case, the electric events may be intimately related
to the formation of a pattern; hence we can call
the banding patterns in bean roots and Characean
cells an `electric dissipative structure' . The mainte-
nance of this structure may require an energy
metabolism process working far from equilibrium,
in contrast to tip elongation through acidification .

Let us next discuss the relation of the electric
dissipative structure to growth . The tip elongation
is facilitated by the supply of H + to the elongation
zone, as can be seen from fig. 18. A detailed
illustration of the events occurring near the root
tip is given in fi ;. 19 according to the present
experimental results . The H+ pumps at the surface
work actively in the mature zone slightly behind
the elongation zone, where the surface electric
potential and the invertase activity are relatively
high. H+ accumulating near the cell wall of the
elongation zone causes the wall expansion as in-
ferred from the acid growth mechanism [11,12] . In

Elongation zone

Fig. 19. A proposed model for root growth. A root near the tip
immersed in aqueous medium at the stage near the resultant
equilibrium state is illustrated . In this stage, H + accumulates
near both the root tip and the immature elongation zone at
1-3 mm. H + is pumped from the semi-matured elongation
zone at 3-5 mm and mature region, to be transported in the

external medium .

1mm
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turn, the newly produced mature zone can trans-
port H + into the root tip . The electric dissipative
structure is formed spontaneously along the whole
root, associated with energy metabolism, to cause
electric flow into the elongation zone .

Conflicting evidence concerning tip acidifica-
tion deserves comment. Weisenseel et al . [27] re-
ported a relative alkalinization of pH 5 .5-6 .0 in
the elongation zone (external medium pH 5 .0) .
Whereas a similar result was obtained by O'Neill
and Scott [37], these results apparently disagree
with many reports supporting tip acidification
[11,39,40] as well as the present result in table 1 .
To resolve this conflict, we must note that the cell
wall has only to receive H + necessary for loosen-
ing; the aqueous solution near the cell surface
need not always be acidified . In fact, the pH will
not be lowered if all H+ is consumed to loosen the
wall even when H+ is supplied from the mature
zone. In this case, acidification could not occur
but alkalinization might be observed . In addition,
the measuring time must be taken into account,
because the H+ concentration pattern changes with
time as shown in fig. 8 . Since the electric spatial
pattern is rather dynamic as long as the root is
short (see details in the appendix), the pH pattern
can also be altered in this situation . We can there-
fore expect both the tip acidification and relative
alkalinization according to the experimental con-
ditions. In both cases, however, the acid growth
mechanism is effective, only concerned with the
tip elongation. H+ can be transported from the
mature zone to the elongation zone through pat-
terned activation of H + pumps emerging as the
electric dissipative structure . In other words, the
acid growth mechanism can only be applicable to
the description of a local property such as tip
elongation. In contrast, the new mechanism pro-
posed here concerning the electric dissipative
structure is adequate for a global description of
growth including the spatio-temporal organization
along the entire root .

It has been recently found that anoxia
diminishes the electric pattern along a root (data
not shown). In this case, the disappearance of the
pattern occurred rapidly within a few minutes at
the tip region, and later extended to the mature
region . After several tens of minutes, a nearly

K Toko et at /Growth and electricity in roots

homogeneous pattern was realized . While detailed
analysis is in progress the above result means that
a typical electric pattern such as that in figs . 4 and
5 is formed through energy metabolism in a simi-
lar manner to Characean banding . This inference
supports the above suggestion of dissipative struc-
ture.

As detailed in the appendix, the small peak or
flat part of the electric potential around 2-3 mm
behind the root tip can sometimes appear (figs . 5,
14 and 22). This region corresponds to a some-
what rearward part of the elongation zone, i.e ., the
semi-matured elongation zone. This observation
may imply that H + is extruded from the surface in
this region . In this case, therefore, we can expect
that one part of the elongation zone adjoining the
mature region can also supply H+ to the other
part of the elongation zone near the root tip,
which is quite immature, in a cooperative fashion
with the mature region . Fig. 19 is illustrated so as
to contain this case widely . In relation to that fact,
it should be noted that the electric current is
composed of several ion species such as H+, K+
and Na' . Thus, a direct conclusion of H + flow
may require further electrochemical study .
According to the flow patterns of other ion species,
the H + flow pattern may be altered . As shown in
the appendix, such an electric pattern can be
considered as rather dynamic .

The present experiments deal mainly with the
electric potential in the external medium and the
invertase activity, ATP and H +-ATPase within the
root. For further investigation of the detailed bio-
physical characteristics of an electric dissipative
structure, electric measurement within a root may
also be required. Two kinds of transport systems
were found at the plasma membrane and the
surface of xylem in roots and stems [41-431 . This
may imply the existence of H + flow within the
root as well as the stem . In this sense, we must
study the relation between the external and inter-
nal electric currents. An equivalent electric circuit
may be effective for this purpose . The construc-
tion of an electric circuit model of a system com-
prising the root and surrounding external medium
enables us to elucidate the distinct flow pattern of
H ; this leads to a further understanding of growth
and electricity .



From the viewpoint of the electric dissipative
structure, let us now comment on the self-sus-
tained oscillations of electric potential frequently
observed in root growth [13-15] . An example of
oscillation is given in fig . 24. The self-sustained
oscillation is a typical phenomenon appearing far
from equilibrium. A similar kind of oscillation was
found in the membrane-formative process of a
Nitella protoplasmic droplet [44]. A recent study
based on nonequilibrium thermodynamics [45]
showed that the oscillation arises with the mem-
brane formation and destruction occurring in local
areas on the surface of the droplet . To take account
of this result may suggest the participant role of
the membrane-formative process in the elongation
zone in roots as well. In fact, these oscillations
emerging in real biological systems can also be
reproduced well in artificial membrane systems
composed of lipids [45-52] . These kinds of oscilla-
tions are seriously affected by the pressure applied
to the membrane. The self-oscillations in roots
may also be directly related to the turgor pressure
[13,14] . Growth can thus be considered as a typi-
cal nonequilibrium phenomenon exhibiting a
spati-temporal organization through the mem-
brane.

In a thermodynamic sense, the spatial patterns
of electric potential, enzyme activity and ATP
studied here are analogous to the spatial aggrega-
tion pattern of a slime mold [8]. In this system, the
cyclic AMP distribution plays an important role
in morphogenesis ; a theoretical analysis of the
reaction-diffusion type was made in detail for this
kind of chemical dissipative structure [53] . A theo-
retical analysis of the electric dissipative structure
in roots is a future task
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logical systems and the environment may provide
a revealing way of analyzing the growth and elec-
tricity. Along this line, it may become possible to
control the growth speed by some adequate elec-
tric treatment in the near future .

Appendix

Here the stability of an electric banding pattern
and the dynamic characteristics of an elongation
zone are described in detail. Fig. 20 shows the
formation of bands as the root elongates . While
the root length is as short as 2 cm, a convex peak
exists around 5 mm behind the root tip . The root
growing to about 5 cm usually has two or three
peaks in the elongation and mature regions . When
the root grows to 10 cm or so, a clear banding
pattern can appear . The period is approx . 2 cm,
These electric bands are rather stable over a few
hours (ref. 10 and see fig . 22). However, the elec-
tric pattern is occasionally unstable when the root
is short. Fig. 21 demonstrates this fact, using a
root of about 4 cm length . One set of measure-
ment of curve (i) was made 1 h after the other (ii) .
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Fig. 20. Change in electric pattern with growth. The middle
panel was obtained from measurement made 26 h after the top,

and the bottom to that 38 h later than the middle panel .
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Fig. 21 . Surface electric potentials for a short root of about 4
cm length. Curve (i) is obtained 1 h later than curve (ii) .

Curve (i) shows that the electric potential around
2 mm is higher than around 1 cm behind the tip_
On the other hand, in many cases using long
roots, the root was electrically more positive
around 1 cm than around the tip, as shown in figs .
4, 5, 20 and 22 . For the short length of the root,

Distance along root (mm)

Fig. 22. Spatio-temporal pattern of electric potential with
growth. At the start of the experiment, the root tip was near
electrode 4. The root elongated about 2 mm when measure-
ment was completed. Position 2 located first in the elongation
zone changed almost to the mature region 100 min later . A new
small peak was added to the elongation zone, associated with
the electric oscillation, which started at about 50 min. The

temporal variations at fixed points are shown in fig. 24 .
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the reversed pattern shown by curve (i) can be
sometimes found. This kind of observation con-
cerning the negative potential near 1 cm behind
the tip in the short root has been reported by
Lund and coworkers [9,56j using an onion root of

length 3-4 cm . Furthermore, a similar tendency
for the electric pattern being relatively mobile for
a short individual has also been found in Char-
acean internodes [571 .

The electric bands formed in the mature zone
of long roots are stable, but the electric pattern in
the elongation zone is very dynamic. Fig. 22 shows
an example obtained using the multi-electrode sys-
tem . As can also be seen from fig . 23, the pattern
with about 2 cm period exists stably as a whole .
Near the root tip, however, a new small peak was
added to the existing peaks with elongation of the
root (about 2 mm for 100 min) . During this pro-
cess, a self-sustained electric oscillation appeared
with a temporal period of about 6 min (fig . 24) .
The elongation zone lay at the positions of elec-
trodes 1, 2 and 3 at the start of experiment ; it later
deviated to positions 2, 3 and 4 . Position 4, located
first at the root tip, not oscillating during the
initial stages, became oscillatory . The phase of the
oscillation at position 4 (1 .3 mm behind the tip,
finally) was different from point 2 (3 .9 mm behind
the tip, finally), which changed to belong to the

Fig. 23. Power spectrum showing the stability of the electric
banding pattern. The data are from fig . 22. Fourier analysis of
electric spatial pattern was made by the use of MEM (maxi-

mum entropy method) .



Fig. 24. Appearance of electric oscillation during the formative
process of a new peak in the elongation zone . Numbers 1-4
correspond to the electrode numbers in fig . 22. To facilitate
comparison of oscillations, the full scale and origin are mod-
ified : full scale of axis of the ordinate is 2 mV for curves 1 and
4, 6 mV for curve 2, and 4 mV for curve 3 . Curve 4 is shifted to
a lower position, -0.5 mV. Note that the electric potential of
curve 2 became positive, accompanied by a large-amplitude

oscillation .

mature region or the rear part of the elongation
zone after several tens of minutes . These observa-
tions imply that the electric potential near the
elongation zone is rather dynamic compared with
the mature region: the small peak is added gradu-
ally associated with self-oscillations, while the
overall spatial period is almost maintained along
the root to approx. 2 cm, as understood from fig .
23. The detailed measurement for pursuing a pro-
cess in which such a long period of 2 cm is formed
stably with elongation is the subject of a future
work.

A small peak or a flat part near the tip can
often be observed, as shown in fig . 5. In this case,
we can consider that H + is extruded in this elon-
gation region . This might be related to the experi-
mental result on the electric current flowing around
a vertically oriented Lepidium root, using a vibrat-
ing probe along the root surface [58] . According to
this result, the electric current flows out of the
rear part of the elongation zone and then flows
into the front part of the elongation zone and the
meristem zone. In this experiment, however, we
must note that the root used is very short, e.g. 6
mm, in order to investigate the mechanism of
geotropism inherent to the relation between
meristematic and elongation zones . Therefore, a
direct comparison with the result in fig . 22 for a
very long root may not be easy, because the elon-

1
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gation region occupies most of the root length for
the case of short roots, and the electric pattern
changes as the root elongates (fig . 20). Further-
more, it should be noted that for a long root the
electric current is not determined from the local
pattern but from the whole pattern of electric
potential through the superposition along the root,
containing the elongation and mature regions .
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