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Abstract A superconducting quantum interference de-
vice (SQUID) multichannel magnetometer was used to
measure the temporal and spatial evolution of the
magnetic field accompanying stimulation by burning
and/or cutting of Vicia faba plants. These magnetic
fields are caused by ionic currents that appear after in-
jury in different parts of the plant. All measured V. faba
plants responded to the burning stimulation with de-
tectable quasi-d.c. magnetic signals. In order to measure
these signals, a suitable modulation had to be used. The
covariance method was applied to analyse the measured
data. The results demonstrate a dipolar-like magnetic
signal, exponentially decreasing in time, above the cut-
ting type of injury. After the burning stimulation, the
magnetically detected activity was concentrated pre-
dominantly above the leaves/petioles and less above the
stem. Possible mechanisms for this behaviour are sug-
gested. A comparison with previously known electrical
measurements of plant injury is given.
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Introduction

Local wounding by various kinds of mechanical damage
in plants triggers the synthesis of proteins used in defence
against insect predators (Bowles 1990). These proteins,
which comprise protease inhibitors, are synthesized not
only at the site of wounding but also in distant parts of
the plant (Chessin and Zipf 1990; Ryan 1992). This
prompts the view that at the site of wounding a signal is
initiated which is rapidly propagated throughout the
plant, with the consequence that, shortly after wounding,
protein synthesis is induced even in parts of the plant
distant from the site of wounding (Ryan 1992). The na-
ture of the transmitted signal as well as the mechanism of
propagation is still a matter of debate. Currently, three
hypotheses are being discussed for long-distant signal-
ling: (1) the transmission of a chemical compound in the
vessels, (2) propagation of changes in electrical voltage
or (3) trauma-evoked hydraulic pressure changes.

With respect to chemically based transmission, low
molecular weight compounds, including oligosaccha-
rides, abscisic acid, methyl jasmonate and the 18-amino
acid peptide systemin, have been identified as potential
compounds for long-distant signalling (Roberts 1992).
Albeit the potential role of low molecular weight com-
pounds in long-distant signalling is compelling (Roberts
1992), it is nonetheless questioned whether the passage
of a chemical signal based entirely on diffusion through
vascular tissue is fast enough to account for the rapid
induction of far-distant protein synthesis (Pearce et al.
1991).

Studies using extracellular and intracellular elec-
trodes have revealed that wounding of tissue in a variety
of plants causes changes in the electrical membrane
voltage (e.g. Roblin 1985; Roblin and Bonnemain 1985;
Wildon et al. 1992; Thain and Wildon 1993; Rhodes
et al. 1996; Herde et al. 1998). Typically, the electrical
response consists of a rapid action potential-like depo-
larization followed by a slower long-lasting depolariza-
tion wusually termed the variation potential. The
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elementary basis of these transient voltage changes is as
yet poorly understood. It has been speculated that the
fast transient depolarization is an action potential and is
therefore propagated — just as in nerve cells — as a true
long-distance electrical signal (Herde et al. 1998). The
slow voltage transient, on the other hand, might be the
consequence of chemical signals which are distributed
via the xylem (Pickard 1973). Wounding-induced volt-
age changes are transmitted from the site of wounding
along the plant with a velocity of less than 1 cm/s
(Roblin and Bonnemain 1985; Wildon et al. 1992) and
reach remote tissue before the systemic molecular re-
sponses are initiated in this tissue (Stankovic and Davies
1998). We can add to these statements: the electrical
potential difference (voltage) in conducting living tissue
1s connected with ionic currents, which can also be de-
tected magnetically as follows from Ampere’s or Biot-
Savart’s laws. As a pathway for propagation of the
electrical signal, the low-resistance electrical continuum
of the sieve-tube element/companion cell complex
(Rhodes et al. 1996), or of the entire vein, including the
apoplast, is suggested (Herde et al. 1998). It has been
observed that injection of an electrical current into leaf
tissue stimulates expression of pin2, a gene normally
expressed in response to wounding (Herde et al. 1995).
Also, the triggering of propagated action potential-like
voltage changes evoked in distant tissue an increase in
pin2 mRNA levels (Stankovic and Davies 1996).

Work on wheat, tomato and sunflowers (Malone
1992; Malone et al. 1994; Stankovic et al. 1997) has fur-
ther shown that, upon wounding, hydraulic signals are
also transmitted rapidly with a velocity of about 10 cm/s
(Malone 1992) from the site of wounding throughout the
plant. These mechanical signals, which might arise from a
surge of pressure in the xylem, are by themselves not
capable of inducing protein synthesis (Malone et al.
1994). Nonetheless, they appear to represent an essential
requirement for efficient systemic transmission of wound-
induced protein synthesis (Malone et al. 1994). The role
of the hydraulic surge in long-distant signalling might be
that it causes a mass flow from the wounded sites through
the xylem and thus accelerates the distribution of active
chemical-based signals such as systemin (Malone et al.
1994). A tentative comparison of the speed of transmis-
sion of the electrical signal versus the hydraulic signal has
shown that the latter precedes the former (Malone 1992;
Stankovic et al. 1997). This lends support to the hy-
pothesis that the hydraulic signal is the cause of the
electrical signal through the activation of mechanosen-
sitive transporters in the target tissue. This view has been
supported by evidence that imposing pressure changes in
the tissue can also generate the typical wound-induced
electrical signals.

To further elucidate the mechanism of electrically
based signalling, biomagnetic measurements of electrical
activity in bean plants were conducted over the entire
plant. The superconducting quantum interference device
(SQUID) sensor is sensitive enough to detect very low
quasi-static biomagnetic fields. SQUID’s sensitivity is

today around 107" T (10 fT). The currents causing the
measured biomagnetic field should be closed within a
large volume. This can be achieved by immersing the
whole plant in a suitable ionic solution. This method,
which is non-invasive and does not involve direct con-
tact, has been used in the past to monitor electrical ac-
tivity in animal cells, which also respond to injury with
electrical activity (Trontelj et al. 1989; Curio et al. 1993).
The measurements aim to provide information on elec-
trical propagation, injury-induced currents and the
source of currents in wound-stimulated tissue.

In the following sections the measurements and data
analysis, including current source modelling and inverse
calculation, are presented. Typical measurement results
as well as the results of model calculations are demon-
strated in detail. The discussion and conclusions then
follow.

Materials and methods

Measurements were performed on 21- to 23-day old Vicia faba (cv
Hangdown). Plants were grown in garden peat in a greenhouse.

Electric measurements of the membrane potential of vascular
leaf cells were conducted with conventional intracellular electrodes
on some plants and are described in detail elsewhere (Jazbinsek
et al. 1999).

Magnetic measurements were performed using 49 low-noise
first-order SQUID gradiometers (70 mm baseline) covering a
planar area of 210 mm diameter (Drung 1995), operated inside a
conventional shielded room (Vakuumschmelze Ak 3b) in the
Klinikum Benjamin Franklin, Berlin. The analog magnetic field
signals were bandpass filtered from 0.16 Hz to 64 Hz and sampled
at a rate of f;=250 Hz. Only the z-component of the magnetic
field was measured. Since the expected injury currents are in the
frequency range below 0.1 Hz, a mechanical modulation of the
measured plant was introduced. The measured plant was installed
on a hydraulically driven moving table (Wuebbeler et al. 1998)
that oscillated sinusoidally with a peak-to-peak amplitude of
4.4 cm and a frequency f,=0.7 Hz. Part of the measured plant
was immersed in a square Plexiglas chamber (inner dimensions
17 ecm x 17 cm x 2 cm) containing a standard recording solution
(1 mM KCl, 0.5 mM CaCl,, 0.5 mM NaCl and 0.5 mM Mes/
KOH, pH 6.1) (see Fig. 1). We also tested a high-salt solution
(100 mM NaCl, 2 mM KCI, 1.8 mM CaCl,) as a recording
solution with practically the same results. That was to be
expected, since the recording solution is used to spread the return
current over a larger volume. The duration of each measurement
was 20-25 min. An HP workstation was used for data acquisition.

The covariance method was applied for extracting the d.c.
component of the modulated magnetic field data. Briefly, the data
analysis was performed at data intervals D;=(¢~T/2, t;+T/2)
around successive time points ¢; (j=0, 1, ... N,). Here T'is the length
of data interval D; and N, = (Tnes—T)/A, is the total number of data
intervals, T is the length of the whole measurement and A, is the
step between two successive time points. For each data interval D;
the average signal amplitude is obtained as the covariance between
the measured magnetic signal and the modulation signal. For a
sinusoidally oscillating table, the position can be described as

m(t;) = m; = Mcos(2n f,t;) .

where M is the modulation amplitude, f,,, the modulation frequency
and ¢; the time of the ith sample within the time interval D;. The plant
response in each channel is also modulated by frequency f,. For
channel k& we write:

BY(1) = BY = A(BY) cos(2nfyt) @)
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Fig. 1A, B Measuring set-up. A Schematic representation. The
origin of the Cartesian coordinate system is in the centre of sensor’s
(xy) plane. The distance / from the upper table position to the
bottom of the Dewar was 4.2 cm and the table amplitude was
2.2 cm (peak-to-peak 4.4 cm). The distance from the Dewar
bottom to the sensor plane was 1.2 cm. The square chamber with
inner sides of 17 cm was filled with recording solution in the region
from 1.0 to 3.0 cm above the table. The “allowed” depth of the
source in the central table position is therefore z=(-6.6, —4.6) cm,
where z is measured from the sensor plane. A plant was submersed
into the recording solution with the stem approximately along the
y-direction. B Photograph of the moving table with plant number 5
under the Dewar

where B*(1;) stands for the z-component of the medsured magnetic
field in the kth channel as a function of time and A(B¥) is the average
amplitude of the modulated magnetic field within the time interval
D;. The covariance of the discrete measured magnetic signal and the
modulation signal during n periods of modulation signal is by def-
inition:

1 = %A (B )M 3)

Mz

covB ,m) = (m; — m)

1:1

where N = nf;/fy, is the number of measured points in the given time
interval, and B* and m are the mean values of B and m. The
modulation amplitude M is:

M = \/2cov(m,m) (4)
The response of the plant follows from Egs. (3) and (4) as:
(B — B")( — i)

A(BY) = \/72’ e

We chose to calculate A(B/") within 7 periods of modulation, i.e.
within 10 s, which means n=7, N=2500. For the time step A, be-
tween two reconstructed amplitudes we selected A,=1s. The re-
constructed signal amplitudes are presented either as a function of
time for all channels or as an isofield representation for different time
instants. Equation (5) is independent of the sampling and modula-
tion frequency; the only requirement is that the time interval used in
the calculation is equal to a multiple of the modulation period.

The time evolution of A(B) can be equivalently reconstructed
by the short-time Fourier transform method (Akay 1995). We
applied this method in our earlier work (Jazbinsek et al. 1999),
where it was shown by a careful simulation study, as well as pre-
liminary electric and magnetic measurements, that extremely slow
events which accompany plant injury can be registered. Beside the
amplitude at the modulation frequency, the Fourier transform
reveals information about the measured signal at other frequencies,
for example the characteristics of low-frequency noise and ampli-

(5)
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tudes at higher harmonics of the modulation frequency. However,
only the amplitude at the modulation frequency reflects the am-
plitude of the modulated quasi-d.c. signal. In the present study we
prefer to use the covariance method for calculation of A(BX) be-
cause Eq. (5) is mathematically simpler and therefore much faster
than the short-time Fourier transform method.

For modelling measured data with a clear dipolar isofield pat-
tern, we applied the nonlinear Levenberg-Marquardt least-squares
method (Press et al. 1989) using two source models, the current
dipole (CD) and the linear current source (LS). CD is a point-like
source model representing a current element and its z-component is:

B, = y R3 p(ycos @ — xsin ) (6)

where p is the CD strength, ¢ is the angle between the current dipole
and the x-axis and R = /x2 4 )2 + 2% is the distance from the source

to the sensor. The extended current source model LS gives (Burghoff
et al. 1991):

KMy p ycos @ xX+a X—a
T 4n2a 22 1 I
n2a | (* +2%) [(x+a)2+y2+zz]z [(x—a)2+y2+22]2
_ xsing y+a _ y—a
(x2 + 22) 3

[(y +a) x? + zz} {(y —a) a2+ 22]%

(7)

where R is the distance from the source centre to the sensor and ¢ is
the angle between the current direction and the x-axis. This source
represents a current, J = p/2a, uniformly distributed along a straight
line of length 2a. For @ — 0 the linear source in Eq. (7) becomes
equal to the CD source in Eq. (6).

In the fitting procedure we also included calculation of the
covariance between the measured (modulated) magnetic field and
the simultaneously recorded modulation signal; the source depth
(z-coordinate) in the models in Eqgs. (6) and (7) is modulated with
m(t) in Eq. (1). The model function is then A(B.) from Eq. (5),
where B. is one of the basic models in Egs. (6) and (7).

Prior to measurements on plants, the garden peat as well as
other materials that could possibly contain ferromagnetic materi-
als, such as the containers, modelling clay used to mount the plants
in the Plexiglas chamber and the chamber itself, were carefully
tested for magnetic contamination.

Results

The measurement section is organised according to the
type of wound inflicted:
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1. Measurements with plants subjected to a serious
wound (a large cut on the stem).

2. Measurements on plants experiencing a small wound
induced by local burning: approximately 2 cm? of a
leaf were exposed to the flame of a burning candle.

Type 2 is further divided into two subsections:

a. Plants with a reduced number of leaves under
SQUID magnetometers. This was achieved by re-
moving some leaves the day before measurement.

b. Plants with a normal distribution of leaves under
SQUID magnetometers.

Altogether, eight plants were investigated. Several
measurements were performed on each plant: some trial
recordings without injury and one or two measurements
with injury. The most illustrative examples will be shown
in detail. The results of the measurements are presented
as a time evolution of the signal [4(B") calculated from
Eq. (5)] in all channels. The dotted silhouette of a given
plant is superimposed on each of these graphs. In ad-
dition, some characteristic isofield maps are included.
Before making plots, additional boxcar averaging at 25 s
intervals was applied for further smoothing.

In Fig. 3A the time evolution of a plant response
before making a large wound is shown in all 49 channels.
Under these conditions, a small activity in the area
above the plant’s leaves can be noticed (see also Fig. 2B
for the distribution of leaves). Figure 3D shows the
characteristic isofield map for this case. There is no in-
dication of symmetry between the positive and negative
isofield patterns, which is typical for a dipolar isofield
pattern. On the contrary, there is a dramatic change
after cutting the plant’s stem and removing the top part.
The clear symmetric dipolar-like isofield pattern indi-

AT T

Fig. 2 A Drawing of plant number 5. a; and a, denote leaves that
were burnt in two separate measuring sessions, while a; indicates
the leaf base. B Drawing of plant number 8 cut at the indicated
position 1 min before the measurement

cates an active localizable current source (Fig. 3E).
From the time evolution of the signal 4(B") in Fig. 3B
and C, an exponential decay of electrophysiological ac-
tivity is clearly noticeable. The characteristic decay time
was about 10 min.

Figure 2A illustrates the positioning of the plant for a
measurement of type 2a. This plant was immersed in the
standard recording solution with only one pair of leaves.
Several experiments were performed: Fig. 4A shows the
A(B") signal from the plant without recording solution
in the chamber and with no stimulation. There is only
background noise and some small disturbing artefacts.
When the same plant was submersed in the recording
solution, the response signal was not significant. None-
theless, some activity could be noticed, predominantly
above the pair of leaves (Fig. 4B). After stimulation by
burning on one of the younger leaves (leaf a, in
Fig. 2A), both the signal A(B") (Fig. 4C, D) and the
isofield maps (Fig. 4E, F) reveal the onset of activity
reminiscent of a slow depolarization starting approxi-
mately 4 min after stimulus onset and increasing in the
following 6 min. During the subsequent time, all signals
experience an amplitude reduction. Note that in this
case, where one of the younger leaves was burnt, the
plant’s stem was oriented so that the y-axis pointed from
the youngest leaf towards the roots (Fig. 4A). In other
experiments, where one of the older leaves was burnt, as
well as in the experiment with cutting injury (Figs. 2B
and 3), the plant’s stem was oriented in the opposite
direction. It is evident from a comparison of the isofield
maps in Fig. 4E and F that the centre of excitation
moved along the stem about 3.5 cm in 5 min.

For the case 2a (Fig. 4C, E and F), where the isofield
lines well resembled the dipolar pattern, both source
model functions [Egs. (6) and (7)] were applied in the
fitting procedure. Source parameters were calculated for
each second in a given time interval after the stimula-
tion. The LS model gave slightly better results. That was
to be expected because the elongated isofield pattern (cf.
Fig. 4F) indicated the presence of a longer current dis-
tribution. In addition, we also obtained an estimate of
the excitation length (2a).

Table 1 summarizes the results of the fitting proce-
dure with the LS model for all measurements where we
observed a dipolar response to burning (plant numbers
1,5, 6,7 and 8). Plant numbers 2, 3 and 4 also produced
a magnetic signal upon burning, but with a non-dipolar
magnetic field distribution. For those plants with a
dipolar magnetic field, some equivalent current source
parameters, averaged over a 1-3 min subinterval where
the maximum level of activity is reached, are given. The
depth of the source z was successfully localized within
the acceptable region for all cases (see Fig. 1A). The LS
length 2a gives an estimate of the excitation length,
which is between 6 and 10 cm for stimulation by burning
and between 4 and 5 cm for cutting injury. The CD
strength and current J=p/2a show maximal levels of
activity, equal to 4-17 nAm and 0.1-0.24 pA, respec-
tively. The goodness of fit (GOF) shows how well A(LS)
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Fig. 3A-E Measurements on plant 8 (see Fig. 2B). Time evolution
of the magnetic field in all channels: A 25-10 min before cutting the
plant and B 1-16 min after cutting. A sketch of the plant is shown
with dotted lines and the inner side of the chamber is indicated by a
dashed line. C The solid line represents the time evolution of the
injury-related r.m.s. magnetic field from panel B, full dots show the
r.m.s. values of the magnetic field each 15 s in the first 10 min after
injury. These values were fitted with the exponential decay function
shown by the dotted line. D and E isofield maps 10 min before and
1.5 min after injury, respectively. Here, ¢ denotes time from the
injury in s, m and M are minimal and maximal field values in fT,
and A the step between two isofield lines in fT. Solid, dash-dot-dash
and dotted line styles represent positive, zero and negative isofield
lines, respectively. Positions of magnetic sensors are shown by +
and — in accordance with the measured field sign

fits measured data. Two measurements (5a, 5b) were
performed on the same plant within 16 h. In the first,
leaf a; was burnt, and, in the second, leaf a, (Fig. 2A).
The angle ¢ determines the direction of the current
source, which in the present cases (with the exception of
plant 6) is along the stem, i.e. approximately in the di-
rection of the y-axis. For both measurements on plant
number 5 the current pointed to the +y direction. In
other plants (numbered 1, 7, 8) the current pointed in the
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opposite direction. A reasonable explanation for this
behaviour could be that the plant responds to an injury
with the current pointed in the same direction (towards
the roots), regardless of the injury site.

Localization results (x,y,z coordinates of the equiva-
lent current source) show that there is no significant
spreading of excitation in almost all cases. The only
exceptions are the two measurements on plant number 5,
where we noticed a time-limited excitation propagation
with velocities between 0.5 and 2 cm/min. For all other
cases it seems that the centre of excitation is almost
fixed, only the amplitude of response changing with
time.

Discussion

The biomagnetic measurements performed on V. faba
plants provide complementary information to the elec-
tric potential difference measurements on beans (Roblin
1985; Roblin and Bonnemain 1985) and other plant
species in response to local wounding (e.g. Wildon et al.
1992; Stankovic et al. 1997; Herde et al. 1998). From the
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Fig. 4A-F Measurements on plant 5 (see Fig. 2A). A Time
evolution of all measured magnetic channels without recording
solution and no stimulation by burning; B same as panel A but
recording solution is included; C same as panel B but stimulation
by burning is included 5 min after the beginning of measurements.
D Time evolution of injury-related magnetic fields in one of the
channels from panel C (the third channel in the fourth row). Notice
the artefact at time = 5 min due to the burning stimulation
procedure. E and F two isofield maps 5 and 10 min after injury,
respectively. Here ¢ denotes time after the beginning of measure-
ment. Other labels are explained in Fig. 3D and E

calculated time sequence of the isofield maps, we can
follow the spatial and temporal evolution of magnetic
activity over a large area, in our case over the vital part
of the V. faba plant. This additional information was
obtained non-invasively and without touching the plant.
In some cases where we obtained the isofield maps in a
form close to a dipolar field distribution, we used an

equivalent current dipole to model the magnetic field
distribution over the V. faba plant. Though it is difficult
to find an electrophysiological explanation for this type
of current source in most cases, it seems to be a rea-
sonable description of the current source in the case of a
large wound (Fig. 3E). In this case, a strong localizable
flow of ions takes place at the wound. The estimated CD
strength p and current J associated with the ionic
transport obtained 1.5 min after the cutting injury were
6.6 nAm and 0.14 pA, respectively. The time decay of
electrophysiological activity is determined from the
r.m.s. values of the signal displayed in Fig. 3B. The re-
sult is shown in Fig. 3C; we obtained a characteristic
decay time 7= 10 min (GOF =90%). Exponential decay
was assumed. Similar behaviour was observed in injured
human muscle, only the decay time being almost one
order of magnitude longer (Mackert et al. 1999).

Table 1 Some averaged parameters and their standard deviations calculated by A(LS)

Number Case z+ 0. (cm) pEo, (mMAm)  2azo,, (cm) Jta; (LA) @p*xa, (°) GOF (%)
1 2b -5.24+1.10 4.1+£09 9.4+0.5 0.15+0.02 -108£0.8 59.0+2.3
Sa 2a —5.72+£0.07 17.2+0.5 7.2+0.1 0.24+0.01 97.7+£0.4 742+1.2
Sb 2a -5.57+0.05 11.0£0.5 6.2+0.3 0.18+0.02 89.6+1.6 81.5+1.4
6 2a -5.54+0.10 11.3+£0.2 6.8+0.2 0.17+0.01 53.1+£6.3 70.0+3.7
7 2a -5.48+0.15 8.0+0.9 8.1+1.2 0.10+0.03 -94.7+4.0 67.5+£2.7
8 1 -5.24+0.05 6.6+0.3 4.6+0.2 0.14+0.01 -88.8+0.3 74.1£29




The maximal currents obtained in plants with stim-
ulation by burning were between 0.1 and 0.24 pA.
These values were estimated from the CD strength p
and the source length 2a (/=p/2a). From this current
one can estimate the average order of magnitude of the
current density of 0.01 nA/mm?, where it is assumed
that the bean stem cross-section is approximately
20 mm?*. The localization of maximal electrophysiolog-
ical activity — the position of the equivalent current
source — overlaps the stem location with an accuracy of
better than 1 cm.

The dynamics of the transient magnetic signal mea-
sured in every channel upon stimulation by burning was
similar to the voltage changes recorded previously with
extracellular electrodes on beans in response to the same
kind of stimulus (compare Fig. 4D and Roblin and
Bonnemain 1985). The congruent dynamics of both
signals gives good evidence that both methods in essence
report the same underlying electrical events. However,
there are also significant discrepancies in the results
obtained by the two techniques, which have implications
for understanding the signal induced by burning. The
magnetic signal is detected — other than the extracellular
voltage signal — over the larger area simultaneously. For
cases belonging to groups 2a and 2b it was most pro-
nounced in the area of the leaves and even more at the
base of the leaves far removed from the site of stimu-
lation (Fig. 4C). It is interesting to add a confirming
finding: the highest signal activity was also connected
with the position of the leaves/petioles and the base of
the leaves only after we positioned plants in the re-
cording solution under the SQUID magnetometer (we
term this a ‘“‘handling artefact”) before starting to
stimulate by burning (e.g. Fig. 3). This suggests a high
density of cells with electrical activity in leaves/petioles
and leaf base tissue. The nature of these electrically ac-
tive cells remains to be discovered. It is worth noting
that bean plants have pulvini at the base of their peti-
oles. Stimulation of these potentially electrically excit-
able motor cells (Freudling et al. 1980) could serve as a
current source for the magnetic signal. However, since
magnetic signals could also be observed in the node re-
gion after removing petioles and leaves (data not
shown), it must be assumed that the stem also has a high
density of electrically active cells in the node region. It is
inherent to the finding that the magnetic signal occurs
predominantly in correlation with leafs/petioles and
nodes that the magnetic signal shows no significant long-
distance propagation. From this finding we conclude
that the postulated signal which is sent out from the
burned area is either not of electrical nature (e.g. a hy-
draulic wave or diffusive compound) or that it is so small
that its magnetic counterpart signal is smaller than the
magnetometer sensitivity. In test measurements we esti-
mated that the sensitivity limit of magnetic detection is
about 10 fT, which corresponds to a dipole moment of
I nAm at a distance of z=6 cm. Hence, if the propa-
gated signal is electrical in nature, it must be associated
with currents of less than 10 nA.
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However, we also have to mention the possibility that
the reduction or absence of a magnetic field, detectable
by SQUID magnetometers, is connected with the return
current. Namely, SQUID senses the total magnetic field
in its vicinity. If the return current with the opposite
direction of propagation is very close to the original
current, then the two magnetic fields subtract and the
SQUID sensor sees no net magnetic field. It is very
probable that in the stem region the sieve-tube element/
companion cell complex (Rhodes et al. 1996) serves as
the pathway for electric signal propagation. This may
limit the lateral extension of the return current from its
source and hence explain the absence or the reduction of
a magnetic signal above the stem region.

The magnetic signal shows only a short propagation
distance in some cases, such as for instance Fig. 4E and
F for plant number 5. There the signal spreading ve-
locity can be determined over a distance of 3.5 cm. The
average signal velocity obtained from Fig. 4E and F is
0.7 cm/min. On the other hand, previous recordings of
burning-stimulated voltage variations in beans also re-
ported signals in the stem region and gave evidence for
considerable long-distance propagation (Roblin and
Bonnemain 1985). The discrepancy between the two
findings remains unknown. A possible explanation
combining both findings is the following: the wound-
induced signal is electrical in nature. It is propagated by
a small population of cells in the stem, i.e. the density of
electrically active cells per cross-section of the stem area
is low. In the node area, this signal triggers the electrical
activity of cells that are present at a high density. This
would explain the locally limited occurrence of the
magnetic signal, a signal that is proportional to the in-
tegral effective current. Monitoring of voltage changes,
on the other hand, is not directly proportional to the
number of cells activated. With extracellular electrodes,
it does not really matter if only a few or all cells in the
vicinity of the electrode are stimulated.

Considering the above-mentioned sensitivity limits of
magnetic detection, we could estimate that in this case
the density of electrically active cells in the node area
must be at least 10 times higher than in the stem. Such
tissue specificity of electrical activity could in fact be
physiologically relevant in the sense that it might pro-
mote spreading of a low-intensity signal from the stem
into the petiole/leaf tissue. The leaf tissue, which com-
prises the main target for the wound signal, is propor-
tionally much larger than the signal-conducting stem.
Furthermore, the vascular system spreads out greatly in
the leaf blade and probably imposes an increasing re-
sistance for a spreading signal. Hence, a signal amplifi-
cation or transformation step at the petiole/stem
junction appears useful in order to guarantee effective
distribution of a wounding signal to the target cells.

In conclusion, we can say that all measured plants
responded to stimulation by burning and that the phe-
nomenon was magnetically detected. We could not
confirm by magnetic measurements the long-distance
spreading of electric activity. Correspondingly, it is not
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yet possible to favour one of the three possible mecha-
nisms of long-distance signalling in wounded plants
mentioned in the introduction.
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