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Introduction

Electrical impedance is the complex resistance 
in the presence of alternating current, and can be 
a useful tool for the investigation of structural 
characteristics of solid materials and also animal 
and plant tissues (Grimnes and Martinsen, 2000). 
The resistance and the capacitance of different 
cellular structures are represented by the ele-
ments of linear equivalent circuits (Hayden et al., 
1968; Zhang and Willison, 1991; Privé and Zhang, 
1996).

Different models have been created in order to 
approximate cellular compartments: the Hayden 
model, in which the apoplasmic (Ra) and the sym-
plasmic (Rs) resistance are calculated (Hayden et 
al., 1968); the modifi ed Hayden model also con-
siders the cell membrane capacitance (Vozáry et 
al., 1999); and the “double shell model” includes 
the interior resistance of vacuoles and the plasma 
membrane capacitance as well (Zhang and Willi-
son, 1991).

Several stress-induced alterations have already 
been followed in plants by electrical impedance 
spectroscopy (EIS). During dehydration of po-
tato (Solanum tuberosum L.) and carrot (Dau-
cus carota) pieces, the ratio between Rs and Ra 
decreases (Toyoda et al., 1994). Cold acclimation 
was found to enhance the impedance of alfalfa 
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Electrical impedance measurement – complex resistance in the presence of alternating 
current – is a useful tool for the investigation of structural characteristics of solid materi-
als but also for plant tissues. This measurement is easily done: only two electrodes are in-
serted into the plant tissue, so it can be considered as a non-invasive technique and it may 
be a successful method for detecting structural changes in plants caused by environmental 
stresses. The effects of fl ood and cadmium stress were investigated by electrical impedance 
measurement, because both of them cause structural changes in plant tissues. Apoplasmic 
resistance (Ra), symplasmic resistance (Rs), and membrane capacitance (Cm) of pea roots 
were calculated. In the fi rst fi ve days of fl ood treatment, the Rs and Cm values of roots 
decreased drastically. In case of cadmium treatment, the Rs and Cm values of roots showed 
an increasing tendency supposedly as a consequence of the enhanced membrane rigidity, the 
thickened cell walls and decreased growth phenomena caused by the heavy metal. There 
also was a remarkable difference in cadmium accumulation patterns and in the changes of 
the calculated parameters amongst anoxic and aerated seedlings. This initial work revealed 
that the development of stress caused by two environental stress agents, cadmium and fl ood, 
can be followed by electrical impedance measurement.
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(Medicago sativa L.) (Hayden et al., 1968). Green-
ham et al. (1972) found correlation between the 
phase angle data and rate of aging of the plasma 
membrane in the control and calcium- and phos-
phorous-defi cient subterranean clover (Trifolium 
subterraneum L.). Membrane injuries caused by 
temperature extremities can also be followed by 
EIS (Repo et al., 2000). A linear correlation was 
found between intracellular resistance and frost 
hardening capability of Scots pine (Pinus sylvestris 
L.) (Repo et al., 2000). Prediction of mechanical 
destruction (Vozáry et al., 1999), drying of apple 
slices (Mészáros et al., 2005), and germinability 
of soybean and snap bean seed are also possible 
with EIS (Vozáry et al., 2007). The magnitude 
of environmental stress factors originating from 
climatic changes or from polluting agents has in-
creased, of which heavy metal stress is among the 
most harmful ones (Tuba and Csintalan, 1992). 
Cadmium initiates serious structural and func-
tional disorders in plants (Tuba and Csintalan, 
1992). It enters the root passively through the 
cortical tissue, and actively by H+-ATPase (Costa 
and Morel, 1994) through ion channels of nutri-
ents, such as Ca2+ (Greger and Bertell, 1992), and 
reaches the root xylem by apoplasmic and/or sym-
plasmic transport (Salt and Wagner, 1993). In the 
presence of cadmium cell division does not stop 
but enhances the rigidity (i.e. decreases of elastic-
ity) of root cell walls (Degenhardt and Gimmler, 
2000) that inhibits cell expansion (Prasad, 1995). 
Cadmium lowers the content of unsaturated fatty 
acids in cell membranes of tomato plants (Ouariti 
et al., 1997), so cell and vacuolar membranes be-
come rigid (Ros et al., 1992).

The problem of fl ood (Tuba, 2005) on arable 
land is another serious environmental stress. 
Flood excludes air from soil causing anoxic con-
ditions (i.e. total lack of soil oxygen), and plant 
respiration switches from aerobic to anaerobic, 
creating ineffi cient energy supply, which fi nally 
leads to nutrient defi ciencies (Niki and Gladish, 
2001).

A literature search revealed that EIS has al-
ready been successfully used for the detection of 
tissue structure changes caused by environmental 
stresses in plants. Till now there is not any work 
done on impedance spectra measured in plants 
exposed to either cadmium or fl ood stress. This 
encouraged us to follow these changes micro-
scopically and determine the impedance of pea 
seedlings grown in cadmium-contaminated aer-

ated and non-aerated hydroponics, as the simula-
tion of fl ood stress. We expected an alteration of 
the resistance in both apoplasmic and symplasmic 
electrolyte systems and the membrane capaci-
tance through which stress development can be 
followed by EIS that is a fast method carried out 
without grinding and processing of plant tissues.

Material and Methods

Plant material and growth conditions

Seeds of pea (Pisum sativum L. cv. ‘Debrece-
ni világos’) were surface-sterilized in 3% (w/v) 
sodium hypochlorite, then rinsed several times, 
soaked and germinated. Three-day-old seed-
lings were transferred to half Hoagland solution: 
Ca(NO3)2 · 4 H2O (2.17 mM), KNO3 (4.89 mM), 
KH2PO4 (1.5 mM), MgSO4 · 7 H2O (0.134 mM), 
Na-FeEDTA (0.134 μM), H3BO4 (69.3 μM), Mn-
SO4 (13.6 μM), ZnSO4 · 2 H2O (1.1 μM), NaMoO4 · 
2 H2O (0.15 μM), CuSO4 · 5 H2O (0.48 μM) (Hoag-
land and Arnon, 1950), which was changed every 
third day. The seedlings were grown in a Convi-
ron S10 type phytothrone (120 μmol m-2 s-1 light 
intensity, 22 – 23 °C, 85% relative humidity). The 
duration of light was 16 h/d.

Cadmium and anoxia treatments

Three-day-old seedlings, transferred to hydro-
ponics, were treated with 0, 100 and 200 μM CdCl2. 
Half of the containers of each cadmium treatment 
was constantly aerated and the other half was 
without aeration. Another batch of the three-day-
old seedlings was transferred to hydroponics and 
treated with 100 μM and 200 μM MgCl2 to inves-
tigate the effect of a non toxic, but also divalent 
metal ion. Each experiment was repeated three 
times and the averages are shown in graphs.

Morphological and light microscopical 
investigations

Morphological (root lengths) and tissue struc-
ture evaluations were carried out in parallel for 
each experiment, except in case of excess magne-
sium supply, where the treatment did not cause 
any observable difference in the morphology of 
seedlings or in the electrical impedance spectra. 
For light microscopical investigations, samples 
were collected from the epicotyl and the upper 
part of the primary root of the seedlings and fi xed 
in 4% formaldehyde solution (in 0.1 M phos-
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phate buffer, pH 7.2). After dehydration through 
a series of increasingly concentrated solutions 
of ethanol, as an intermediary solvent, benzene 
was used before paraffi n embedding. Sections (10 
micron) were prepared with a Leitz Wetzlar mi-
crotome and mounted on egg albumin covered 
with glass slides. Roots and epicotyls of 5 plants 
per treatment were sampled, from each of them 
4 slides were prepared (25 sections per slides). 
Sections were stained with Bismarck brown and 
malachite green (Ruzin, 1999). Micrographs were 
taken with an Opton III photomicroscope.

Electrical impedance measurements

The impedance spectra of biological tissues 
can be modelled with equivalent circuits. In the 
simplest case, the measured impedance of tissue 
consisting of cells can be described with a lumped 
model containing discrete resistors and capacitors 
(Hayden et al., 1968; Zhang and Willison, 1991). 
These resistors and capacitors can represent the 
resistance and capacitance of cell compartments, 
and the electrical behaviour of tissue can be ex-
plained using the properties of these models 
(Grimnes and Martinsen, 2000).

The impedance spectra of roots and stem tis-
sues were measured. Electrodes (copper covered 
with gold) were inserted into the stem 2 cm above 
the basis along the longitudinal axis or into the 
roots 2 cm below the basis along the longitudi-
nal axis. The distance between the two electrodes 
was 2 mm. The size of electrodes was 0.35 mm 
in diameter and 5 mm in length. The magnitude 
(Z) and the phase angle (φ) of the complex im-
pedance were measured in the frequency range 
800 Hz to 1 MHz at frequency points of 100 by 
using a precision LCR meter type HP 4284A. The 
measuring device was calibrated by using OPEN 
and SHORT corrections. The input voltage level 
of the sine signal was 1 V. The corrected imped-

ance spectra were approached with the modifi ed 
Hayden model (Fig. 1) using the complex least 
square method. The resistance of extracellular 
space (apoplasm, Ra), the resistance of intracellu-
lar space (symplasm, Rs), and the cell membrane 
impedance (Zm) were evaluated. Zm can be ex-
pressed as follows:

Zm = 
cos ψ + j sin ψ

Cmω ,

where j = √– 1 , ω = 2πf, Cm is the cell membrane 
capacitance, and ψ is a constant phase angle 
(Vozáry et al., 1999).

Cadmium content measurements

0.2 g dried (105 °C, 24 h) roots were ground in 
an 1:1 mix of hydrogen peroxide and nitric acid, 
and left at room temperature overnight. Next day 
samples were boiled in tefl on bombs for 30 min, 
then fi ltered and diluted with distilled water to 
10 ml (Horváth et al., 1996). The concentration 
of cadmium ions was measured by an ICAP-61E 
type plasma emission spectrometer.

Statistical analysis

The values are expressed as the mean ± SD of 
three independent replicates of each experiment. 
In each experiment the impedance was measured 
on 15 – 20 seedlings in each of the different treat-
ments. The signifi cance for the differences of the 
impedance parameters between control, cadmi-
um- and fl ood-treated plants was determined by 
ANOVA (p > 0.05) using the SPSS 7.0 program.

Results

Changes in the cadmium content

The plants were able to accumulate the maxi-
mum amount of cadmium according to their 
potential and the applied concentration all the 
time, since the cadmium content of the solution 
was constantly in excess. The cadmium content 
of all the treated seedlings, except the controls, 
rose constantly proportional to the applied cad-
mium concentration throughout the duration of 
the experiment (Fig. 2). The rate of accumula-
tion was an order of magnitude higher in roots 
(Fig. 2A) than in shoots (Fig. 2B). It should be 
noted that the cadmium content of aerated roots 
treated with 100 μM cadmium was approximately 
three-fold higher than in the non-aerated roots. 

Rs Rm

Ra

Zm 

Fig. 1. Modifi ed Hayden model, where Ra means the 
apoplasmic resistance, Rs means the symplasmic resist-
ance, and Zm means the cell membrane impedance.
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The 200 μM cadmium concentration resulted in an 
even higher accumulation than the 100 μM treat-
ment, but there was no statistically signifi cant 
difference between the extent of accumulation 
with or without aeration. Since the majority of 
cadmium remained in the roots (Prasad, 1995), 
only the changes occurring in the roots will be 
discussed below.

Morphological changes of pea roots

Measurement of root length, as a sensitive cad-
mium stress-indicating parameter (Lima et al., 
2006), showed that after cadmium treatment the 
length of roots (Fig. 3A) remained constant (i.e. 
there was no growth). It was observed that the 
lengths of roots of aerated seedlings were always 

0

2000

4000

6000

8000

10000

12000

C
d 

co
nt

en
t [
μg

/g
 d

ry
 w

ei
gh

t]

A

0

20

40

60

80

100

120

140

160

180

200

0 2 4 6 8 10 12
Time [d]

C
d 

co
nt

en
t [
μg

/g
 d

ry
 w

ei
gh

t]

Aerated control Flooded control
Aerated 100 μM Cd Flooded 100 μM Cd
Aerated 200 μM Cd Flooded 200 μM Cd

B

Fig. 2. Cadmium content of (A) roots and (B) shoots of 
pea seedlings. Three-day-old seedlings were transferred 
to half Hoagland solution and were treated with dif-
ferent cadmium concentrations with or without aera-
tion. 0, 2, 4, 7, 11 days indicate the sampling dates after 
the cadmium treatment of aerated and non-aerated 
(fl ood-treated) seedlings. Error bars represent SD (n = 
15 – 20).

Fig. 3. (A) root length and (B) root tracheae number · 
vascular cylinder diameter of pea seedlings. Error bars 
represent SD (n = 15 – 20).
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longer than of those without aeration. The aerated 
control roots were the longest, more than twice as 
long as the control roots and approximately seven 
times longer than the cadmium-treated roots.

Results of the microscopical investigations

The cross sections were made in order to show 
the changes of the vascular cylinder of the root 
over time. The state of the vascular cylinder can 
be characterized by the number of tracheae and 
size of the vascular cylinder; so the product of the 
tracheae number (T) and the diameter of the vas-
cular cylinder (VC) was calculated as an informa-
tive parameter of the vascular cylinder (Fig. 3B). 
The total area of tracheae elements of the cross 
sections in fl ooded pea seedlings (with or without 
aeration) was three times larger than in the cross 
sections of cadmium-treated seedlings. The inhibi-
tion of the development of tracheae elements and 
the whole vascular cylinder also showed a con-
centration dependency; thus the seedlings treated 
with 200 μM cadmium had the lowest value of the 
TxVC parameter.

Changes in the electrical impedance pattern

The Ra, Rs and Cm parameters were calculated 
from the locus curves (R-X) (Fig. 4). The symplas-
mic and apoplasmic resistances give information 
about the inner and outer cell status, respectively, 
while the membrane capacitance provides an in-
sight into the membrane status of the cell.

Since it is known that the ion content alone 
also has an effect on impedance parameters, fi rst, 
we intended to investigate the effects of a non-
toxic, but also divalent metal ion (magnesium), 
applied in the same concentration, on the Rs and 
Ra values (Table I).

As it is clearly shown in the graphs the Rs and 
Ra values of 100 μM and 200 μM magnesium-treat-
ed seedlings did not show pronounced differences 
from those of the controls.

The Rs of roots of hydroponically grown seed-
lings decreased continuously to one fi fth of the 
starting value over the period of our experiment 
(Table I). The Rs values of cadmium-treated 
seedlings were notably higher than those of the 
fl ooded seedlings either with or without aeration. 
The changes of the Rs values showed a concen-
tration dependency, since the seedlings, which 
were treated with 100 and 200 μM cadmium, had 
higher Rs values compared to the controls, and 

the 200 μM treatment resulted in the most pro-
nounced changes (Table I).

The Rs values of the 200 μM Cd-treated, aerat-
ed roots were consistently about 1.5 times higher 
than the Rs values of the fl ooded and 200 μM Cd-
treated seedlings throughout the experiment.

The Ra of pea seedlings showed a decrease 
with time, and all values decreased to the half of 
their original value by the end of the experiment. 
The Ra values of all the cadmium-treated seed-
lings were higher than those of the fl ooded ones 
(Table I).

Fig. 4. Locus (R-X) curves of (A) aerated and (B) 
fl ooded controls. Real (R) and imaginary (X) parts of 
the measured impedance (Z). The R-X curves are il-
lustrations of typical curves derived from the measured 
impedance spectra, from which the apoplasmic resist-
ance, the symplasmic resistance and the membrane ca-
pacitance were calculated.
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The Cm of roots showed a drastic decrease dur-
ing the fi rst fi ve days of the treatments; thereafter 
there was a difference between the control and 
the cadmium-treated plants: the decrease in the 
Cm values of fl ooded control plants continued 
until the fi nal experimental day, whereas in the 
cadmium-treated ones, the decrease ceased or 
even a slight increase occurred (Table I).

The seedlings which were treated with cadmium 
had higher capacitance values than the fl ooded 
controls. The values appeared to be dependent on 
the applied cadmium concentration.

Statistical analysis confi rmed the observed ten-
dencies (Table I) and showed that the effect of 
the treatments was detectable from the fourth 
day of the experiment.

Discussion

The Rs, Ra and Cm values of roots of pea seed-
lings decreased as the result of fl ood stress. This 
may be the consequence of several fl ood-induced 
mechanisms. Water gets into plant roots mainly 
via the apoplasmic route, but it can also enter 
cells through aquaporins – cell membrane protein 
channels that allow the faster passage of water 
(Martinoia et al., 2000). The latter mechanism al-
lows to increase the amount of water rapidly in 
fl ooded pea root tissues and this in turn increases 
tghe ion mobility, which is one of the main fac-
tors affecting plant tissue impedance (Vozáry 
et al., 1999). Moreover, the natural growth phe-
nomena of pea seedlings lead to the formation of 
tracheae, which may be considered as electrical 
conductors, and an increase in their diameter. If 
the cross section of an electrical conductor in-
creases, the resistance becomes lower. The forma-
tion of tracheae elements from tracheids occurs 
through degradation of the longitudinal cell walls 
as well as of their cell membranes. That may be 
the reason why membrane capacitance drastically 
decreased during the experiment.

Additionally, sudden fl ooding induces the 
growth of vacuoles, which are also part of the 
electrical conductor system of the cells, and this 
can also contribute to decreased resistance and 
capacitance values (Niki and Gladish, 2001). Tis-
sue impedance is closely related to both cellular 
ionic mobility (Vozáry et al., 1999) and the di-
ameter of electrical conductors. The changes in 
these two factors will also lead to a decrease of T
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symplasmic resistance and membrane capacitance 
values in the roots.

The magnesium treatment did not cause any 
difference in the impedance parameters. This in-
dicates that the changes in symplasmic and apo-
plasmic resistance and membrane capacitance 
parameters were induced by the toxic effects of 
cadmium rather than the effect of increased ion 
content.

The results of the microscopic investigation and 
cadmium content determination showed that cad-
mium gets into the roots of pea seedlings easily 
and rapidly, causing almost complete inhibition 
of growth, which is one of the most obvious ef-
fects of heavy metal stress (Kabata-Pendias and 
Pendias, 1984). This inhibitory effect is realized 
not through blocking of the cell division, but 
through inhibition of the cell expansion (Prasad, 
1995). Cadmium binds to cell wall pectins causing 
stronger bonding between cell wall components 
(Prasad, 1995), which in turn leads to a more com-
pact tissue structure. From an electrical point of 
view, a compact tissue structure means decreased 
diameters of electrical conductors, which, contra-
ry to the effect of water, results in the observed 
higher resistance and capacitance values. As the 
graph of root lengths (Fig. 3) shows the roots 
of cadmium-treated plants remained the same 
initial size or even slightly decreased in length 
during the experiment, because their growth was 
impeded by the heavy metal. As a consequence 
the inhibition of the development of root tissue 
structure, thus the elements of the vascular sys-
tem, cannot evolve, and consequently degradation 
of longitudinal cell walls and cell membranes of 
the tracheids is not able to occur.

The composition of lipid membranes changes 
drastically due to cadmium stress: the amount 
of unsaturated fatty acids decreases in the mem-
branes and cadmium can bind to several mem-
brane proteins and inhibit their function (Ouariti 
et al., 1997; Ros et al., 1992), so that the whole 
membrane structure becomes rigid. This rigidity 
contributes to the increased membrane capaci-
tance of cadmium-treated seedlings. Cadmium 
also greatly affects the water status of plants 
through degradation of root tip cells; water uptake 
becomes inhibited (Costa and Morel, 1994). The 
depressed water uptake and lower cellular water 
content lead to decreased ion mobility, which is 
also another factor resulting in increased resist-
ance values. Most of the cadmium accumulates in 

roots, so its detrimental effects occur mostly in 
root tissues (Prasad, 1995). The cadmium-treated 
and also aerated seedlings showed higher sym-
plasmic resistance and membrane capacitance 
values, which resulted from a combined effect 
of the treatments. It is known that fl ood-induced 
anoxia causes inhibition in the ion uptake, which 
is visible in the data on cadmium content, where 
the fl ooded, anoxic plants had less cadmium in 
their root tissue compared to the aerated ones. 
Since cadmium uses the same energy-requiring 
ion channels as calcium (Greger and Bertell, 
1992) for its entrance into root tissue cadmium 
treatment causes more serious damages in aerat-
ed seedlings than in fl ooded ones, where the lack 
of an effi cient energy supply partly inhibits the 
uptake of cadmium. The above-mentioned com-
binatorial effect of fl ooding and cadmium treat-
ment was clear and statistically signifi cant by the 
end of the experiment. This fi nding draws atten-
tion to the importance of aeration in experiments 
carried out using hydroponics, that are designed 
to study the elemental (either essential or toxic) 
uptake, utilization or toxicity, since, without aera-
tion, anoxia may induce disorders in the normal 
ion uptake and mislead the results.

Considering all these observations we conclude 
that parameters calculated from the measured im-
pedance spectra constitute a non-invasive method 
by which it is possible to follow the changes of pea 
seedlings’ tissue structure caused by cadmium, as 
well as by simulated fl ooding. The interactive ef-
fects of the two stressors are also possible to dis-
tinguish. In addition, they fulfi l important criteria, 
such as the measurement being carried out rap-
idly, as it was earlier reported in cold acclimation 
investigations (Repo et al., 2000), and not requir-
ing the processing of plant tissues. Furthermore 
electrical impedance measurements can be done 
on relatively young seedlings, so that the effects 
of stress agents can be detected even in the early 
stages of the development before visible symp-
toms occurr. In this developmental stage, highly 
sensitive environmental stress detecting meth-
ods, for example fl uorescence induction meas-
urements cannot be realized because of the lack 
of fully opened leaves. The method of electrical 
impedance measurement can be suitable for the 
detection of cadmium- and fl ood-induced plant 
tissue structure changes through the alteration of 
Ra, Rs and Cm parameters even in the very early 
stage of stress evolution.
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