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Abstract The extent of mycotoxin-induced responses
in living roots of two maize (Zea mays L.) cultivars
differing in their susceptibility to Fusarium was studied.
Application of mycotoxin zearalenone (ZEN) or its der-
ivates α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL)
caused a rapid depolarization of plasma membrane po-
tential (EM). The extent of EM depolarization was depen-
dent on the type of mycotoxin that have been used and
showed concentration dependence. Interestingly, ZEN,
but not its derivatives α-ZEL and β-ZEL, significantly
decreased respiration of maize root cells. Electrolyte
leakage increased with the duration of toxins treatment
and was significantly higher in susceptible cv. Pavla than
in resistant cv. Lucia. A strong superoxide dismutase
insensitive nitro blue tetrazolium (NBT) reduction activ-
ity was identified in the root tips of control plants. This
activity was rapidly inhibited by mycotoxin application
in themeristematic/distal transition zones of roots in both
cultivars examined. The level of recovery was a function
of the mycotoxin concentration. Moreover, mycotoxin
treatment also resulted in the onset and the progression of
root cell death which was dependent on both, the type
and concentration of mycotoxin.

Keywords Zea maysL . Cell death . Plasmamembrane
potential . Reactive oxygen species . Zearalenone .
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Introduction

Among the hundreds of known mycotoxins produced
by filamentous fungi, zearalenone (ZEN) is one of the
most worldwide distributed mycotoxins (Scudamore
and Patel 2000; Schollenderger et al. 2007). So far its
effect has been studied on humans and animals.
However, it was experimentally demonstrated that
ZEN can be also toxic for plant cells causing a leakage
of electrolytes and organic compounds, inhibition of
plant cell membrane transport (Vianello and Macri
1978), inhibition of the oxidative phosphorylation
(Vianello and Macri 1981), chromosome damage
(Kumar and Sinha 1995) and disorders in photosynthe-
sis and growth processes (Kosćielniak et al. 2009).

In contrast, several experimental studies clearly
proved that ZEN is a key substance controlling plant
development (Meng et al. 1992) and regulating the
flowering process (Biesaga-Kosćielniak and Filek
2010) perhaps via activity similar to plant hormones
(Biesaga-Kosćielniak 2001; Szechynska-Hebda et al.
2007). In fact, the exogenous application of ZEN in
the culture of winter wheat isolated embryos strongly
increased the percentage of generative plants (Biesaga-
Kosćielniak 2001) and stimulated the growth of haploid
wheat embryos formed following the pollination of
wheat spikes with maize pollen (Biesaga-Kosćielniak
et al. 2003). Moreover, ZEN, in combination with 6-
benzylaminopurine, stimulated the regeneration of oilseed
rape and, in combination with 2,4-dichlorophenoxyacetic
acid, the regeneration ofwheat (Biesaga-Kosćielniak et al.
2010). The ZEN-stimulated course of the photochemical
reactions in PSII under salt stress and increased protection
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of the photosynthetic apparatus against the consequences
of strong illumination have been demonstrated by
Kosćielniak et al. (2011) in wheat and soybean seedlings.

However, unlike ZEN, any mention of the effect(s) of
its derivates α-ZEL and β-ZEL on the cells of host plant
roots is surprisingly missing in literature. To distinguish
between the effects of ZEN and its derivates α-ZEL and
β-ZEL on seedling roots of two maize cultivars differ-
ing in their susceptibility to Fusarium we investigated
their effect on plasma membrane properties of root cells.
Changes in membrane potential (EM) and ion leakage,
root respiration, pattern of reactive oxygen species
(ROS) production were related with the cell viability
of root cells treated with the studied toxins.

Materials and methods

Plant material and growing conditions

For our investigations two maize cultivars provided by
Zeainvent (Trnava, Slovakia) were used; tolerant
(cv. Lucia) and susceptible (cv. Pavla) to Fusarium infec-
tion (Šrobárová et al. 2004). Seeds were surface-sterilized
with sodium hypochlorite (1 % available chlorine) for
2 min and rinsed three times in sterile distilled water for
2×2 min. The seeds were germinated on a moistened
filter paper in Petri dishes in the dark at 21 °C for 3 days.

Electrophysiological measurements

The measurements of EM of intact maize seedlings
cortical root cells were performed using standard micro-
electrode technique described by Pavlovkin et al.
(2006). After rinsing the roots with 0.5 mM CaSO4,
the intact seedlings were mounted in a 4 cm3 volume
plexiglass chamber and were perfused (10 cm3 min−1)
constantly with a bathing solution containing 0.1 mM
KCl, 1 mM CaCl2, with adjusted to pH 5.7 using 0.1 M
HCl. The EM of both control and ZEN, α-ZEL or β-
ZEL treated segments was then measured using micro-
pipettes filled with 3 M KCl. The tip diameter was
0.5 μm, and tip potential −5 to −15 mV. A micromanip-
ulator was used to insert micropipettes into single corti-
cal maize roots cells located 3–5 mm behind the root tip.
EM measurement was carried out at 22 °C.

ZEN, α-ZEL and β-ZEL were dissolved in absolute
ethanol and the stock solution (0.5mg cm−3) was diluted
to the final concentration (1, 10, 20, 40, 50 and

100 μg cm−3) with a bathing solution. This concentra-
tion range was used in all experiments because the
threshold concentration was 1 μg cm−3 and lower con-
centrations did not show any impact on maize root cells.

Fusicoccin, (FC, Sigma, USA) a PM-H+-ATPase
stimulator, was used (in 0.1 % ethanol at a final concen-
tration of 30 μM) to monitor the functionality of the
plasma membrane PM-H+ pump (Marrè 1979).

To establish anoxic conditions, the perfusion solution
was saturated with N2 gas by flushing. The flow of the
perfusion solution through the measuring chamber at
10 cm3 min−1 was sufficient to establish and to maintain
anoxia (Pavlovkin et al. 1986).

Membrane permeability

Segments (5 mm long) of primary maize roots were
aged in 0.5 mM CaSO4 solution for 2 h. After that, the
solution was exchanged for a fresh one containing with
various concentrations of ZEN, α-ZEL or β-ZEL and
the conductivity was measured by conductivity meter
OK-109-1 (Radelkis, Hungary). The values were related
to the root fresh weight.

Respiration analyses

2.5 mm long segments cut from different zones of the
maize primary roots were used for measurement of the
total respiration rates (VT; nmol O2 g−1 DW s−1).
Respiration was measured polarographically using an
oxygen Clark-type electrode (YSI 5300, Yellow Springs
Instrument, USA) at 25 °C. The root segments were
sealed in a water-jacketed vessel containing 3 cm3 of
fully aerated 10 mM Na-phosphate buffer (pH 6.8). In
order to minimize the problems of nonlinear O2 deple-
tion traces and to eliminate potential wound respiration,
handling of roots was kept at a minimum and the uptake
of O2 was measured immediately after excision from the
intact root. Linear traces that indicated no wound-
dependent increase in the respiration rate were used for
the calculations.

ROS detection and quantification

Hydrogen peroxide production was assayed using the
3′,3′-diaminobenzidine (DAB) staining technique de-
scribed previously (Repka 2002). Alternatively, hydro-
gen peroxide production in living root cells was
assayed with confocal laser-scanning microscopy
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usinga 2′-7′-dichlorodihydrofluorescein diacetate
(DCFDA, Invitrogen, USA) as a probe. Superoxide
production was assayed using the nitro-blue tetrazolium
(NBT) reduction assay as documented previously
(Bielski et al. 1980). Quantification of superoxide radi-
cals produced in plant tissues, based on the selective
extraction of the formazan produced after NBT reduc-
tion was performed according to the published protocol
(Grellet-Bournonville and Díaz-Ricci 2011). Root treat-
ment with 2000 U cm−3 superoxide dismutase (SOD,
EC 1.15.1.1) was performed in a KH2PO4 buffer
(50 mM, pH7.5) at 23 C to destroy superoxide and
determine whether NBT reduction is specifically caused
by this ROS. NBT reduction was evaluated by dipping
roots into 0.5 % (w/v) aqueous solution of NBT for
2 min at 23 C and block by fixation in 37 % formalde-
hyde for 4 min. The treatment with 50 mMKCN, 5 mM
NaN3, 10 mM imidazole (IMI), or 25 mM diphenylene
iodonium (DPI) in 0.1 % dimethyl sulfoxide was per-
formed in the mycotoxins control solution for 30–
60 min before evaluating the remaining NBT reduction
activity. To verify the specificity of staining, control
roots were incubated for 60 min in a water solution of
an antioxidant propyl gallate (10 mM), before the NBT
staining was performed.

Confocal laser-scanning microscopy

Propidium iodide (PI, Fluka, Switzerland) and fluores-
cein diacetate (FDA, Serva, Germany) were used to
counter-stain the cell wall and nuclei of ruptured cells,
and overall cell viability, respectively (Oh et al. 2010).
Following treatment with various concentrations of my-
cotoxin, apical root segments of maize explants were
sectioned 0.5 cm from the apex, stained 2 min in
10 μg cm−3 PI or 10 min in 5 μg cm−3 FDA, washed
2 min in distilled water and observed in the confocal
microscope Olympus FV1000 (Olympus, Japan). Both
dyes were excited at 488 nm and fluorescence was
detected using 560–660 nm for PI or 505–550 nm bar-
rier emission filters for FDA.

Photography and statistics

In all experiments at least five pictures from randomly
selected roots were taken, and each experiment was
repeated at least two times for each condition. Digital
pictures were directly obtained with a Coolsnap CCD
camera (RS Photometrics, USA). Only representative

pictures are shown. All data were analyzed using a one-
way analysis of variance (ANOVA)withP<0.05 or 0.01.
Means and standard deviation were calculated from three
independent experiments (n=10 apical root segments).

Results

Effects of ZEN and its derivatives on EM and electrolyte
leakage

In order to detect immediate responses of root cells to
ZEN, α-ZEL and β-ZEL, EM was recorded before and
during toxins application (10, 20, 40, 50 and
100 μg cm−3) as well as after the removal of mycotoxins
from the root media. All measurements were performed
in outer cortical cells in a zone 3–5 mm behind the tips
of intact primary roots. EM values of the outer cortical
maize root cells varied between –119 and –148 mVwith
only negligible differences between cultivars. The
initial EM values were −133±6.5 mV, n=14, for
cv. Lucia and −135±7 mV, n=14, for cv. Pavla.

ZEN, α-ZEL and β-ZEL (50 μg cm−3) almost im-
mediately induced membrane depolarization in root
cells of both cultivars reaching the maximal depolariza-
tion values 10–60 min after the toxin application. The
extent and rate of EM depolarization was dependent on
the concentration of the particular toxin, and on the
sensitivity of maize cultivars to Fusarium infection
(Fig. 1). Complete or partial membrane repolarization
was recorded in both cultivars treated by α-ZEL and β-
ZEL. ZEN at all the concentrations applied (10, 50 and
100 μg cm−3) caused a rapid EM depolarization to the
level of the diffusion potential (ED) which remained
constant for a long time (Fig. 1a). It means that ZEN,
especially in short-term experiments (up to 1 h), specif-
ically influences only the active component of EM. The
highest changes of EM were registered in root cells
treated with ZEN, and the magnitude of EM depolariza-
tion decreased in the order ZEN > β-ZEL > α-ZEL in
both cultivars. More expressive, and statistically signif-
icant EM depolarization was registered in susceptible cv.
Pavla than in resistant cv. Lucia (Fig. 1b). The changes
between the cultivars after α-ZEL and β-ZEL treat-
ments were statistically significant. In contrast, we did
not observe statistically significant differences between
cultivars after treatment with ZEN (P=0,05). Toxin
specific responses in both cultivars were highly statisti-
cally significant (P=0,001).
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In order to detect the impact of ZEN and its derivates
on PM-H+- ATPase functionality, we added the PM-H+-
ATPase activator FC (30 μM) to the perfusion solution,
when toxins-induced EM depolarization reached its bot-
tom. Within 30 min FC induced a rapid increase of EM
in root cells treated with all three concentrations of α-
ZEL, β-ZEL (10, 50, 100 μg cm−3) and treated with 10
or 50 μg cm−3 of ZEN. The highest (100 μg cm−3)
concentration of ZEN completely diminished the hyper-
polarization effect of FC (data not shown). The results
show that ZEN, α-ZEL and β-ZEL at concentrations
lower than 100 μg cm−3 do not counteract FC-caused
hyperpolarization.

Long-term treatment (up to 24 h) of maize roots with
low (10μg cm−3) concentration of ZEN and its derivates
resulted in continuous depolarization of EM and ED in
root cells of both cultivars (Fig. 2a). The differences in
the extent of EM depolarization in root cells treated with
ZEN, α-ZEL and β-ZEL were statistically significant
between two maize cultivars.

ED was determined in order to distinguish between
passive and active, i.e. energy-dependent components of
EM by application of anoxia. Anoxia caused a rapid

membrane depolarization to approximately –80 mV in
root cells of both cultivars, the value considered to be
ED. In ZEN-, α-ZEL- or β-ZEL-treated roots
(10 μg cm−3), anoxia resulted in a significant ED de-
crease, which increased with the time of toxin treatment
and was significantly lower in root cells of susceptible
cv. Pavla (Fig. 2b).

The initial toxin-induced rapid EM depolarization
did not correlate with the electrolyte leakage from
treated maize roots within 2 h (Fig. 3). The increase
in the membrane permeability and ion leakage
started 2 h after toxin application reaching the max-
imum value after 24 h. However, during long-term
toxin treatment, electrolyte leakage course followed
the changes observed in EM and ED depolarization
of root cells (Fig. 2a, b) and was significantly higher
in susceptible cv. Pavla than cv. Lucia.

The major part of variance was due to the toxin
action and only minor part can be attributed to the
cultivar (EM, ED, conductivity). A significant in-
fluence of cultivar was recorded after 8 h treat-
ment (EM, ED). Toxin influence on the EM and ED

was highly significant in all time points.

Fig. 1 a Tracing of chart re-
cordings showing the effects
of 50 μg cm−3 α-ZEL, β-
ZEL and ZEN on the mem-
brane potential (EM) of outer
cortex root cells; numbers at
the traces denote recorded
milivoltage. The time point of
perfusion application of the
toxin-containing medium is
indicated by arrowheads. b
Statistical evaluation ofΔEM

differences between studied
maize cultivars (denoted by
asterisks) and toxins
(depicted by small letters)
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Effects of ZEN and its derivatives on root respiration

Treatment of maize root with ZEN (100 μg cm−3) for
30 min, resulted in decrease of root respiration, whileα-
ZEL and β-ZEL (100 μg cm−3) had only negligible
effects (Fig. 4). The intensity of respiration decreased
in the order ZEN > β-ZEL > α-ZEL and was higher in
root segments of susceptible cv. Pavla, than in tolerant
cv. Lucia.

Effect of ZEN and its derivatives on ROS production

Using DAB and DCFDA staining methods, no rapid
H2O2 production was detected in control roots or in
roots treated with mycotoxins at early time points (data
not shown). DAB and/or DCFDA staining was detected
in the root tip cells 12–18 h after the mycotoxin appli-
cation indicating that H2O2 can be produced to a signif-
icant level only several hours after the application of
ZEN or its derivates.

A high NBT reducing activity was found in the root
tips of control plants of both maize cultivars studied
(Fig. 5, CONTROL). The NBT reducing activity in roots
was not associated with the production of superoxide
since treatment of the root apex for up to 30 min with
high levels of SOD (2000 U cm−3) was practically un-
able to prevent NBT reduction (Fig. 5, SOD). We sup-
pose that another redox activity is involved in reducing
NBT. Therefore, the other treatments were performed in
untreated roots to use the proper control for comparison
with mycotoxin exposure. Treatments with diphenylene
iodonium (Fig. 5, DPI) and imidazole (Fig. 5, IMI) did
not affect the level of NBT reduction activity, suggesting
that a flavin containing NADPH oxidase-like enzyme is
not involved in this redox activity. In contrast, we found
that treatment of roots with NaN3 (Fig. 5, NaN3), or
KCN (Fig. 5, KCN), rapidly abolished NBT reduction
in both maize cultivars, demonstrating that an enzyme
system rather than a chemical reaction is involved.

Fig. 2 Time-course of the membrane potential (EM) and diffusion
potential (ED) in outer cortical root cells after treatment with
10 μg cm−3 α-ZEL, β-ZEL and ZEN. Values are means ± SD
(n=5–11)

Fig. 3 Time-course of electrolyte leakage of roots after treatment
with 10μg cm−3α-ZEL,β-ZEL and ZEN. Values are means ± SD
(n=3)
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Figure 6 and Table 1 show the effect of ZEN and its
derivatives on the concentration-dependent decrease of
NBT reducing activity in roots of studied maize cultivars.
Pre-treatment of maize roots for 24 h with various con-
centration of ZEN (Fig. 6) substantially abolished NBT
reduction in cv. Lucia at concentration higher than

10 μg cm−3 (ca 50 % decrease) and in cv. Pavla at
concentration higher than 25μg cm−3 (ca 35% decrease).

On the contrary, a distinct pattern of NBT reduction
was observed in roots treated with various concentrations
of α-ZEL and β-ZEL (Fig. 6). In both maize cultivars,
α-ZEL long-term treatment resulted in strong inhibition
of NBT reduction which was strictly connected to mer-
istematic zone (MZ) and distal transition zone (DTZ) at
concentration 10 and 25 μg cm−3 in cv. Lucia and in cv.
Pavla but at higher α-ZEL concentration (50 μg cm−3).
Concentrations of α-ZEL higher than 25 μg cm−3 in cv.
Lucia and higher than 50 μg cm−3 in cv. Pavla almost
completely (98 %) abolished NBT reducing activity.

In long-term treated maize roots with β-ZEL the pat-
tern of NBT reduction activity was similar to the pattern
obtained in the cv. Lucia treated with ZEN but the inten-
sity of NBT reduction was more pronounced (Fig. 6). β-
ZEL substantially abolished NBT reduction also in cv.
Pavla at concentration higher than 10 μg cm−3.

Fig. 4 Root respiration of maize cvs. Lucia and Pavla root seg-
ments treated for 30 min with 100 μg cm−3 α-ZEL, β-ZEL and
ZEN expressed on a dry-weight (DW) basis; mean values ± SD
(n=10). Standard errors are shown as vertical bars

LUCIA  PAVLA

CONTROL

SOD

DPI

IMI

NaN3

KCN

Fig. 5 Effect of different inhibitors on NBT reduction activity in
roots of maize seedlings. Roots were exposed to different inhibitor
solutions containing 25 mM DPI (DPI), mM imidazole (IMI),
5 mM NaN3 (NaN3) or 50 mM KCN (KCN) for 30 min. NBT
reduction was then performed by incubating roots in 0.5 % aque-
ous solution NBT for 2 min followed by fixation with 37 %
formaldehyde for 4 min
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Fig. 6 Concentration-dependent effect of ZEN and its derivatives
on NBT reduction activity in roots of maize seedlings. Roots were
exposed for 24 h to different mycotoxins of the final concentra-
tions indicated. NBT reduction was then performed by incubating
roots in 0.5 % aqueous solution NBT for 2 min followed by
fixation with 37 % formaldehyde for 4 min

792 Eur J Plant Pathol (2014) 138:787–797



The kinetics of dose–response analysis of mycotoxin-
induced decrease of NBT reducing activity was monitored
in roots of both cultivars treated with ZEN at the concen-
tration of 10 μg cm−3. In both cultivars, a first detectable
signal of ZEN-induced NBT reducing activity inhibition
appeared after 2 h in MZ (Fig. 7), persisted at least up to
8 h and NBT reduction recovered to a level of control (0 h)
within 24 h. The same results were observed forα- andβ-
ZEL at the same concentration (data not shown).

Effect of ZEN and its derivatives on cell death
progression

To examine the effect of ZEN and its derivatives on the
cell death progression in maize roots, the apical root
segments were treated with the increasing concentration
of mycotoxins. After 24 h, the onset and the extent of cell
death was determined by confocal laser-scanning mi-
croscopy using PI as a fluorescent marker. As shown in
Fig. 8, there were reproducible cultivar-, concentration-,
and mycotoxin-specific differences in the onset and the
extent of the cell death. Treatment of the root segments
with various concentrations of ZEN resulted in almost
identical cell death responses in both maize cultivars. At
50 μg cm−3, PI stain was predominantly localised in
nuclei of mycotoxin-treated cells, while at the higher
concentration of the mycotoxin, cell death was denoted
by extensive cell shrinkage (Fig. 8, top rows). Almost the
same type of cell death response, in respect of the onset
and the extent of cell death, was observed in apical root
segments of cvs. Lucia and Pavla treated with various
concentration of α-ZEL (Fig. 8, middle rows). In con-
trast, the most complex dynamics of the onset and the
extent of cell death were documented in apical root
segments treated with β-ZEL (Fig. 8, bottom rows).
After 24 h, the exposure of cv. Lucia roots to
10 μg cm−3, PI strongly labelled nuclei of the cells and
at the higher concentration of the toxin, cells died
completely. It was also evident, that root cells of the cv.
Pavla exhibited much higher sensitivity to β-ZEL be-
cause no viable cells in the root segments treated with

Table 1 Quantification of formazan produced in NBTstained maize apical root segments after treatment with various concentration of ZEN,
α-ZEL and β-ZEL

Concentration (μg cm−3) 0 0 10 25 50 100

Exposure time (h) 0 24 24 24 24 24

ZEN

LUCIA 0.90±0.09 0.91±0.1 0.86±0.13 0.46±0.11 0.45±0.1 0.46±0.09

PAVLA 0.92±0.09 0.90±0.11 0.89±0.12 0.77±0.08 0.55±0.12 0.51±0.1

α-ZEL

LUCIA 0.92±0.1 0.91±0.13 0.72±0.13 0.70±0.04 0.15±0.05 0.06±0.01

PAVLA 0.97±0.09 0.95±0.11 0.79±0.11 0.57±0.1 0.45±0.12 0.05±0.01

β-ZEL

LUCIA 0.90±0.11 0.88±0.4 0.73±0.12 0.69±0.1 0.30±0.08 0.16±0.06

PAVLA 0.92±0.12 0.89±0.11 0.59±0.1 0.35±0.07 0.11±0.02 0.10±0.02

Data are the means of three replicates. Variability is expressed as standard deviation

0   1  2 4 8 24 

Treatment [h]

P
av

la
Lu

ci
a

-ZEN

+ZEN

-ZEN

+ZEN

Fig. 7 Kinetics of NBT reduction activity in the roots of two
maize cultivars exposed to 10 μg cm−3 ZEN. Control roots were
treated with distilled water. At the time points indicated, NBT
reduction was performed by incubating roots in 0.5 % aqueous
solution NBT for 2 min followed by fixation with 37 % formal-
dehyde for 4 min
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10 μg cm−3 were detected. The critical discrimination
limit in the sensitivity of the both maize cultivars is
apparently at 10 μg cm−3 β-ZEL.

Discussion

The plasma membrane is not only a barrier providing a
selective transport of nutrients but it is also a target of
toxic metabolites produced by fungi. Some authors re-
ported that changes in protein or lipid composition of
membranes caused by some Fusarium spp. toxins in-
duce structural alterations in cell membrane properties
(Lemmens et al. 1997; Marrè et al. 1993; Santini et al.
2008). The alterations of root plasma membrane prop-
erties by ZEN have been documented by Vianello and
Macri (1978, 1981), but results about impact of α-ZEL
and β-ZEL on plant roots are lacking.

In our present work we demonstrate some of tempo-
ral course of fast- and short-term changes of the plasma

membrane immediately after exposition of root cells to
elevated concentrations of ZEN, α-ZEL and β-ZEL in
the culture medium. According to our results, ZEN-, α-
ZEL- and β-ZEL-induced changes in root plasma mem-
brane occur in the intervals of minutes to hours. These
toxins in dependence on their concentrations induced
fast changes of the membrane status. Basically they are
represented by initial depolarization and subsequent
repolarization in case of α-ZEL and β-ZEL but not in
case of ZEN application. The magnitude of the two
alternations in the EM was concentration-dependent
and membranes in the depolarized state were able to
repolarize in the presence of α-ZEL and β-ZEL. The
ability to repolarize the plasma EM spontaneously seems
to be a non-specific electrical reaction that indicates that
α-ZEL and β-ZEL probably induced changes in the
charge at the cytoplasmic face of the plasma membrane.
If the changes in EM are induced by a certain stimulus, it
may be considered as a primary signal leading to acti-
vation of a relevant intercellular signalling cascade. For
different biotic and abiotic stresses, changes in the plas-
ma transmembrane potential and related alterations in
the ion fluxes at the plasma membrane are usually
scored as the earliest cellular responses (Novacky 1980).

The reaction of root cells to higher concentrations of
ZEN-, α-ZEL- or β-ZEL was clearly cultivar-specific.
The typical pattern was the initial depolarization and
subsequent repolarization of EM in both maize cultivars.
At the highest α-ZEL and β-ZEL concentrations (up to
50 μg cm−3), the lack of repolarization discriminated
between the maize cultivars. The rate and magnitude of
repolarization by the concentrations (50 μg cm−3) in
susceptible cv. Pavla did not exceed 6 mV in contrast
to tolerant cv. Lucia, where the magnitude of the repo-
larization was about 22 mV. However, the depolariza-
tion of the plasma membrane may be a consequence of
the inhibition of the plasma membrane H+-ATPase
activity, particularly at higher concentrations of
toxins, as it was suggested for example for fusaric
acid in tomato root cells (D’Alton and Etherton
1984). To characterize the immediate effect of ZEN
and its derivates on the root PM-H+-ATPase, which
is responsible for the active component of EM, we
performed a set of experiments with FC. The results
show that the function of the H+-ATPase is not
directly influenced by the toxin treatment due to
the fact that ZEN, α-ZEL, β-ZEL at concentrations
lower than 100 μg cm−3 do not counteract the FC-
caused hyperpolarization. The response may indicate

0 10 50 100  

Mycotoxin concentration [µgcm-3]

Mycotoxin concentration [µgcm-3]

0 10 50 100  

P
A

V
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C
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β-ZEL
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α-ZEL

β-ZEL

Fig. 8 Concentration-dependent effect of ZEN and its derivatives
on cell death progression in two maize cultivars. The roots were
treated for 24 h with the mycotoxins at the final concentrations
indicated and then stained with propidium iodide. Representative
pictures of five roots per treatment. Bar = 30 μm
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independent sites or mode of action for alteration of
H+-ATPase activity by toxins and FC.

These differences recorded in electrophysiological
measurements were fully consistent with the conducto-
metric analysis and anoxia experiments. The decrease in
the EM (Fig. 2a) and ED (Fig. 2b) was accompanied by
the loss of electrolytes from the root cells treated by
ZEN, α-ZEL or β-ZEL (Fig. 3). The loss of solutes
from plant tissues invaded by pathogenic microorgan-
isms, or those treated with metabolic pathogen products,
appears in several host pathogen systems earlier than
some other detectable alterations (Pavlovkin et al. 1986;
Santini et al. 2008).

Based on these results, we can conclude that ZEN,α-
ZEL and β-ZEL in long-term experiments induce per-
manent changes of ED, in membrane permeability, and
may be responsible for the typical visible symptoms of
ZEN, α-ZEL and β-ZEL toxicity especially in suscep-
tible cv. Pavla.

All measured parameters, including root EM,
underlined the sensitivity of cv. Pavla and higher toler-
ance of cv. Lucia.

In order to characterise the impact of ZEN and its
derivates on the energy metabolism of root cells, we
analysed O2 uptake by excised root segments. The toxin
treatment (30 min) of maize root resulted in case of ZEN
in a significant decrease of root respiration representing
ca. 50 % of that of the control. This inhibition could be
caused by ZEN affecting the electron transport through
the cytochrome pathway or oxidative phosphorylation.
Experiments with isolated pea stem and maize root
mitochondria showed that ZEN causes an inhibition of
the oxidative phosphorylation, uncoupling and mito-
chondrial ATPase activity inhibition (Vianello and
Macri 1978, 1981). On the other hand, no significant
differences were registered in root segments treated with
α-ZEL or β-ZEL in comparison to the control.

To understand the mechanisms by which mycotoxins
induce their toxicity is important for prediction, preven-
tion, and cure of mycotoxin-induced harmful effects on
plants. Numerous studies have demonstrated that the
response to pathogens generally involves an oxidative
burst involving H2O2 or the free radical O2

– within the
first 4 h of interaction (Hammond-Kosack and Jones
1996; Lamb and Dixon 1997; Wojtaszek 1997). Our
results focused on ROS production in maize roots
exposed to ZEN show that ZEN and its derivatives
prevent, although to a different extent, a high NBT
reducing activity found in the root tips of control

plants. Pre-treatment of root tips with SOD and various
pharmacological inhibitors clearly demonstrated that
mycotoxin-induced inhibition of NBT reducing activity
is SOD insensitive and depends on an enzyme system.
However, it is important to mention that, at the lower
(10 μg cm−3) mycotoxin concentration the ability to
revert the inhibition of NBT reduction after 24 h of
treatment was found in both maize cultivars. The NBT
reducing activity that recovered after 24 h of ZEN
exposure in both maize cultivars showed the same sen-
sitivity to NaN3 and KCN than before mycotoxin treat-
ment, and was still insensitive to SOD, IMI and DPI.
This indicates that the enzyme involved in the recovery
of NBT reduction activity is similar to the one observed
before mycotoxin exposure. Since it has not been direct-
ly proved experimentally, this recovery process may be
either associated with an increased expression of a
mycotoxin-sensitive enzyme allowing a partial restora-
tion of the activity or it may be due to the production of a
new isoform of the enzyme or of an element involved in
its regulation.

Recent studies demonstrated that in animal cells ZEN
induces ROS-mediated cell death (Yu et al. 2011). The
present study shows that ZEN, α-ZEL or β-ZEL treat-
ment reduces the viability of maize root cells in a dose-
and mycotoxin-dependent manner, and induces cell
death by to date unknown process. Many mechanisms
have been proposed to explain the signalling pathways
involved in ZEN-mediated cell death, in which mito-
chondria are considered to play a critical role (Ayed-
Boussemaet et al. 2008; Chayma et al. 2009). This is in
good accordance with earlier results describing the ef-
fect of ZEN (F-2) substance on isolated animal and plant
mitochondria (Vianello and Macri 1981). Actually, re-
cent studies revealed the ZEN-mediated loss of intracel-
lular ATP levels triggers the release of proapoptotic
molecules through mitochondrial alterations of Bcl-2/
Bax protein levels and finally induces cell death (Yu
et al. 2011). Unfortunately, to date there is no relevant
information about the induction of cell death induced by
ZEN derivatives,α-ZEL andβ-ZEL. However, our data
presented here clearly indicate that both ZEN deriva-
tives possess the ability to trigger cell death. A very
interesting finding from our study is that the cell death
inducing capacity of β-ZEL was greater than that of
ZEN and α-ZEL. So, in the future, it will be of the
interest to investigate mycotoxin-induced progression
of cell death to identify the triggers and signalling path-
ways leading to the overall mycotoxin phytotoxicity.
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Based on our results we can conclude that maize
roots exposed to ZEN and its derivates show some
common early and late responses representing rapid
EM changes, inhibition of O2 uptake, inhibition of oxi-
dative burst involving O2

– radical especially in the mer-
istematic/distal transition zones of roots, and stimulated
progression of cell death.

This occurs when concentration of mycotoxins over-
steps the limits of naturally occurring mycotoxin con-
centrations especially in case of ZEN which toxicity is
considerable higher than the toxicity of its derivates.
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