
Vol.:(0123456789)1 3

Journal of Plant Growth Regulation (2019) 38:1255–1259 
https://doi.org/10.1007/s00344-019-09930-z

The Role of SV Ion Channels Under the Stress of Mycotoxins Induced 
in Wheat Cells—Protective Action of Selenium Ions

Mateusz Koselski1 · Halina Dziubińska1 · Kazimierz Trębacz1 · Apolonia Sieprawska2  · Maria Filek2,3

Received: 29 October 2018 / Accepted: 7 January 2019 / Published online: 11 March 2019 
© The Author(s) 2019

Abstract
Mycotoxin stress, one of the currently intensively studied, was stimulated in wheat hypocotyl cells through the application 
of zearalenone, produced by Fusarium fungi. The differences of reactions in the activation of the SV ion channels between 
stress-tolerant (Parabola) and sensitive (Raweta) wheat cultivars have been studied by the patch-clamp technique. No impact 
of zearalenone on SV channel activity was observed in Parabola. However, in the sensitive cultivar, mycotoxin (30 µmol L−1) 
evoked a significant decrease in the unitary conductance of the channels—from 22 ± 0.4 pS (n = 5) in the control to 18 ± 0.5 
pS (n = 7) in zearalenone-treated vacuoles (potential clamped at 100 mV). A combined treatment of zearalenone and selenium 
(5 µmol  L−1 of  Na2SeO4) abolished this effect totally, indicating the importance of this element in the defense mechanism 
of cells under the stress of mycotoxins. The role of differences in the membrane structure between tolerant and sensitive 
cultivars induced in stress conditions, as one of the main factors in mechanical stability of channels, has been discussed.
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Introduction

The increasing interest in healthy food imposes on farm-
ers and biotechnologists the necessity to study the mecha-
nisms of mycotoxin action to diminish their stressful effects 
in cells, especially crops. Zearalenone (ZEA) is one of the 
toxins synthesized during pathogen (Fusarium) infections 
of crops, and may interact with cell membranes via binding 
to estrogen receptors as was indicated in animal cells (Kow-
alska et al. 2018). Being lipophilic, ZEA may also directly 
interact with membranes, like other sterols, influencing 
structural and physicochemical changes in lipid mono- and 
bilayers (Gzyl-Malcher et al. 2017; Hac-Wydro et al. 2007). 

Thus, the participation of the lipid membrane structure 
seems to be key in ZEA uptake into cells.

The ZEA presence in cells, at hormonal concentrations, 
stimulates the flowering induction of plants (Biesaga-
Kościleniak and Filek 2010). However, at higher than hor-
monal amounts, it may stimulate oxidative stress and gen-
eration of oxygen radicals, which result in destruction of 
biologically important molecules, such as proteins, lipids, 
and DNA (Filek et al. 2017, 2018). Thus, searching for 
substances that reduce this toxin accumulation and dimin-
ish the biochemical consequences of its action is of special 
importance. Given their antioxidant properties revealed dur-
ing various environmental stresses, selenium (Se) ions can 
protect cells against ZEA effects (Sieprawska et al. 2015; 
Filek et al. 2017). Moreover, the engagement of Se ions in 
modification of membrane permeability (Tobiasz et al. 2014) 
and modulation of the activity of slow-activating vacuolar 
channels (SV) has been indicated (Dziubińska et al. 2010).

SV channels belong to non-selective cation-permeable 
channels and are abundant in all vascular plants studied. The 
activity of SV channels adapts to changes in cytoplasmic and 
vacuolar  Ca2+ concentrations, pH, heavy metals, and many 
others (van den Wijngaard et al. 2001; Dziubińska et al. 
2010; Gutla et al. 2012). The understanding about the struc-
ture–function coupling of SV channels is intensively studied 
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(Schulze et al. 2011; Jaslan et al. 2016), which resulted in 
the discovery of the crystal structure (Guo et al. 2016) and 
gene (TPC1—two-pore channel 1) encoding of the channel 
protein (Peiter et al. 2005).

The aim of this study was to test (i) the ZEA interaction 
with SV channels in wheat cells and check whether such 
reaction is dependent on the potential tolerance of plants to 
stress action, and (ii) the possibility of Se ions to reduce the 
ZEA effects. Involvement of steroid-like substances (from 
the class of brassinosteroids) in regulation of cation chan-
nel activity in wheat cells was shown by Straltsova et al. 
(2015). Therefore, it was expected that zearalenone, with a 
hydrophobic–hydrophilic structure and physiological prop-
erties (incorporation into the membrane structure) similar to 
brassinosteroids, may also influence the disorder in the acti-
vation of ion channels. Demonstration of SV channel reac-
tion after this mycotoxin application into the tested cultivars, 
and the possibility of their modification by the additional of 
Se, will provide important data for a more precise descrip-
tion, especially, of the mechanisms involved in the initial 
stages of the stressful/protective actions of these substances.

Material and Method

Grains of spring wheat (Triticum aestivum) cultivars: Parab-
ola—tolerant and Raweta—sensitive to oxidative stress were 
chosen. After sterilization, grains were germinated in Petri 
dishes in the following solutions: (a) distilled water (con-
trol), (b) ZEA (30 µmol  L−1), (c) ZEA (30 µmol L−1) + Se 
(5 µmol  L−1) in a dark room at 24 ± 1 °C. After 3 days, 
10–15 mm long coleoptiles were excised and designated for 
testing of vacuolar channel activity.

The vacuoles were isolated according to the method 
described in detail by Trębacz and Schönknecht et al. (2000). 
Channel activity was measured by the patch-clamp method 
in the whole-vacuole and cytoplasm-out configurations. In 
the cytoplasm-out configuration, the cytoplasm side of the 
tonoplast was oriented outside the patch pipette. SV chan-
nel activities were recorded in symmetrical (in the bath and 
in the pipette) 100 mmol  L−1  Na+. To prevent activation 
of channels different from SV, the recordings were per-
formed in the presence of  Mg2+ (suppressor of fast vacu-
olar (FV) channels) and gluconate as the main anion. The 
bath medium contained (in mmol  L−1) 100 NaGlu, 2  MgCl2, 
0.1  CaCl2, and 15 Hepes, pH 7.2 (buffered by Tris) and the 
pipette contained 100 NaGlu, 2  MgCl2, 0.1  CaCl2, and 15 
Mes, pH 5.5 (buffered by Tris). The osmolarity of the pipette 
and medium was 260 mOsm  kg−1, as determined with a 
cryoscopic osmometer (Osmomat 030; Gonotec, Berlin, 
Germany). The pipettes were made from borosilicate tubes. 
An Ag/AgCl reference electrode was made from tubes filled 
with 100 mmol  L−1 KCl connected with the bath medium 

by a porous tip. The recordings were made by an EPC-10 
amplifier (Heka Electronik, Lambrecht, Germany) which 
operated with the Patchmaster software (Heka Electronik). 
The sampling rate was 10 kHz and a 1 kHz filter was used. 
The results were presented according to the convention 
proposed by Bertl et al. (1992). The number of repeats “n” 
denote the number of vacuole patches tested.

Results and Discussion

Under the conditions used in our study, whole-vacuole cur-
rents typical for the SV channel were recorded. The char-
acteristic for the currents was slow activation observed at 
positive voltages and virtual lack of negative currents (Fig. 1 
Ia and b). The cytoplasm-out recordings showed similar con-
ductance of SV channels in both genotypes tested. The val-
ues of this parameter obtained at 100 mV reached 22 ± 0.4 
pS, n = 5 (Fig. 1 IIe) for Raweta and 19.5 ± 0.3 pS, n = 6 
(Fig. 1 IIf) for Parabola. The similarity was also found in 
the open probability which at 60 mV reached 0.16 for Raw-
eta (Fig. 1 IIc upper panel) and 0.11 for Parabola (Fig. 1 
IId upper panel). Current/voltage, I/V curves obtained from 
single channel analysis of both cultivars were not linear and 
displayed inward rectification typical for single SV channel 
recordings (Fig. 1 IIe and IIf).

Obvious effects of ZEA were recorded in Raweta, because 
SV channels possessed lower conductance than those of 
seedlings cultivated in distilled water (Fig. 1 II). A decrease 
in the conductance was confirmed from the amplitude histo-
grams (Fig. 1 IIc) and from I/V curves (Fig. 1 IIe). The dif-
ferences in the conductance increased together with positive 
voltages applied and the maximal reduction of this param-
eter (to 18 ± 0.5 pS, n = 7) was recorded at 100 mV (Fig. 1 
IIe). The effects were not observed in Parabola (Fig. 1 IIf).

Fig. 1  I Patch clamp recordings of slow-activating vacuolar channel 
activity recorded in wheat cultivars–Raweta (a, c) and Parabola (b, 
d). a and b Whole-vacuole currents obtained by application of 0.5 s 
holding voltage (0 mV), then 3 s test voltages from 100 to − 80 mV 
with 20  mV steps and 0.3  s pulse (0  mV). c and d Cytoplasm-out 
traces. The values of holding voltages are presented on the left side. 
Solid lines indicate closed states of the channels and dashed—open 
states. II Activity of SV channels from the sensitive Raweta (a, c and 
e) and the tolerant Parabola (b, d and f) grown in water, ZEA, Se or 
a ZEA + Se. a and b Cytoplasm-out traces recorded at + 60  mV in 
Raweta and Parabola, respectively. c and d The amplitude histograms 
obtained from traces presented in a and b, respectively. The values 
of the open probability  (PO), the number of events (vertical line), and 
the current amplitude (distances between maxima in the amplitude 
histograms in pA) were indicated. e and f I/V curves (plotted from 
means ± standard error) obtained from seedlings cultivated in water 
(closed circles, n = 5 for Raweta and n = 6 for Parabola), ZEA (open 
circles, n = 7 for Raweta and n = 5 for Parabola), Se (closed triangle, 
n = 6 for Raweta and n = 4 for Parabola) and ZEA + Se (open squares, 
n = 3 for Raweta and n = 4 for Parabola)

▸
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For ZEA+Se treated objects, the decrease in the conduct-
ance of SV channels registered for Raweta in ZEA presence 
was abolished by Se (Fig. 1 IIa, c and e). The values of this 
parameter recorded in seedlings cultivated in the presence of 
Se together with ZEA were similar to controls. For instance, 
at 100 mV, the conductance of SV channels was only slightly 
reduced to 21.4 ± 0.7 pS.

Interestingly, in the presence of selenium alone, a slight 
decrease in SV channel conductance was recorded in Raweta 
(the value of this parameter at 100 mV reached 20.4 ± 0.3 
pS, n = 6; see Fig. 1 IIe). It seems that the reduction of the 
ZEA effect after the application of selenium is not a result 
of the difference between conductance values recorded 
after selenium and ZEA applied alone. In other words, the 
effects of selenium and ZEA are not synergistic. The slight 
decrease in the channel conductance after selenium can be 
compared to the results obtained in rape (Brassica napus) 
by Dziubińska et al. (2010). In the work by Dziubińska et al. 
(2010), the examples of single SV current traces indicate 
reduction of channel conductance by selenium at positive 
voltages (Fig. 1).

The results presented in this study clearly demonstrate 
that ZEA differentially affects SV ion channels in vacuoles 
of tested wheat cultivars, caused a significant decrease in 
the ion channel conductance only of the sensitive one and 
that this change was reversed by Se. This is the first indica-
tion of the role of these channels in the stress mycotoxin 
mechanism of the sensitive genotypes. Actually, there is no 
possibility to compare sequences of TPC1 genes of the two 
wheat cultivars because they are not yet deposited in public 
databases. Thus, one can assume that the differences in SV 
channel activity observed in the wheat cultivars stem from 
different regulation mechanisms upstream of SV channels 
located in the tonoplast or from ZEA-presence modifica-
tion of lipid structure of tonoplast membranes. Presumably, 
the differences in the structure of the lipid bilayer between 
the sensitive and tolerant variety (Filek et al. 2012) are the 
reasons for various reactions in the activation of channels 
under the influence of ZEA. The presence of more unsatu-
rated fatty acids in the membranes of Raweta, in compari-
son to Parabola, can favor the localization of ZEA in the 
hydrophobic–hydrophilic layer, influencing the limitation of 
mobility of proteins located in them and mechanical block-
ing of the activity of channels. Moreover, SV channels may 
be inhibited by  H2O2 (Pottosin et al. 2009) generated under 
ZEA-stimulated oxidative stress (Filek et al. 2017). Thus, 
the observed result—reduction in the unitary conductance 
in sensitive Raweta genotype—might be explained by the 
involvement of reactive oxygen species (ROS) in SV regu-
lation. This is corroborated by the impact of Se, which has 
antioxidant properties (Dziubińska et al. 2010; Sieprawska 
et al. 2015; Filek et al. 2017). Recently, an interplay between 
ROS,  Ca2+ and SV/TPC1 channels was demonstrated in 

long-distance signal transmission (Kiep et al. 2015; Gilroy 
et al. 2016). This, rather unexpected, role of SV channels 
is so far the best-documented function of these channels in 
plant physiology.
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