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Abstract
The mechanism of action of brassinosteroids (BRs) in plant cells under stress has not been fully explained, despite ample 
evidence of their protective effects. The aim of this study was to investigate the significance of physicochemical proper-
ties of cell membranes during an interaction with BRs under stress conditions induced by a mycotoxin zearalenone (ZEA). 
Experiments were performed in in vitro cultures of wheat cells obtained from immature embryos of tolerant and sensitive 
genotypes. ZEA added to media (30 µM) accumulated in greater amounts in the cells of sensitive wheat, contrary to BRs, 
which accumulated in greater amounts by the tolerant genotype when added to media at 0.1 µM. Incorporation of 24-epi-
brassinolide (EBR) stimulated synthesis of casta- and homocastasterone, that is, endogenous BRs present in wheat cells, 
and enhanced the content of homocastasterone. When the cultures were supplemented with the mixture of ZEA and EBR, 
castasterone synthesis was stimulated to a higher degree in cells of the sensitive plant. EBR and ZEA added separately 
activated antioxidant enzyme systems in both genotypes but with preference for the sensitive one. In the cells treated with 
ZEA + EBR, the activation was close to that observed for EBR alone. The study discussed also the role of membrane perme-
ability, electrokinetic potential changes, and structural properties of native (plasmalemma) and model (DOPC) monolayers 
in the mechanism of EBR-induced protection, including the possibility of replacing ZEA absorbed in the membrane lipid 
layers by BR molecules, independently of the activation of the antioxidant system.
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Introduction

One of the highlights of plant physiology research in the last 
decade was studies focusing on identification, characteri-
zation, and description of brassinosteroids (BRs), a group 
of hormones ubiquitously distributed in the plant kingdom 
(Bajguz and Tretyn 2003). Demonstration of BRs’ capability 

of reducing stress-induced effects opened up a possibil-
ity for using these substances as natural plant-protection 
agents (Fariduddin and others 2014). Their properties are 
interesting from both agricultural and physiological points 
of view, as environmental stresses are still the main reason 
for reduced crop yield. Exogenous BRs have been so far 
applied to increase plant tolerance to chilling (Yu and oth-
ers 2002; Liu and others 2009, 2011; Janeczko and others 
2007), salt (Anuradha and Rao 2001; Ding and others 2012), 
heavy metals (Hayat and others 2014; Bajguz 2000; Bajguz 
and Hayat 2009), water stress (Yuan and others 2010), and 
pathogen infection (Nakashita and others 2003). However, 
the mechanism of their action is still not fully recognized. 
A variety of chemical structures of the so-far identified BRs 
(focused mainly on carbon and oxygen proportions) (Zullo 
and Adam 2002) suggested that they may stimulate differ-
ent metabolic pathways, depending upon inducing factors 
(stressors).
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Identification and molecular characterization of spe-
cific membrane receptors mean that BRs bound by these 
receptors may alter plant metabolism in a way similar to 
other hormones (Malinowski and others 2009; Schumacher 
and Chory 2000). It was postulated that an interaction of 
BRs-ligands with receptors induced the activity of suitable 
kinase-domains, enhanced the activity of either other kinases 
and/or a yet unknown protein, and finally initiated a signal-
ing system involved in stimulation of nucleic acid and new 
protein synthesis. However, the chemical similarity of BRs 
to membrane sterols suggests their direct localization in the 
hydrophobic part of lipid membranes and cooperation with 
sterols in modifying physical, chemical and structural prop-
erties of the membranes. On the other hand, BR stimula-
tion of antioxidant agents (Li and others 2016) indicated 
direct involvement of BRs in the mechanisms controlling 
cellular redox homeostasis. Increased activity of antioxidant 
enzymes responsible for deactivation of reactive oxygen spe-
cies (ROS) was observed in plants cultured in BR presence 
(Verma and others 2012). Excessive generation of ROS is 
characteristic of oxidative stress, the final symptom of all 
abiotic and biotic stresses (Sharma and others 2012). Our 
earlier studies showed that BRs may enhance antioxidant 
activity also in plants exposed to a fungal (Fusarium) plant 
mycotoxin—zearalenone (Filek and others 2017).

Zearalenone is responsible for numerous diseases in a 
wide range of crops of economic importance (Gromadzka 
and others 2008; Infantino and others 2011; Ioos and oth-
ers 2005). It is considered as one of the most destructive 
stressors difficult to reduce due to its persistence, wide range 
and broad geographical distribution (Doohan and others 
2003). Accumulation of mycotoxins in plants is of special 
importance for global food production. Thus, identifying the 
mechanisms controlling the plant cell’s ability to uptake this 
toxin could be helpful in choosing appropriate protective 
substances to use against this stressor.

Our previous studies demonstrated that a treatment 
with 24-epibrassinolide (EBR) diminished ZEA uptake by 
wheat seeds, and this protective effect of BR depended on 
plant genotype tolerance to oxidative stress (Filek and oth-
ers 2017). This indicated that EBR presence might either 
block the place of ZEA adsorption in the domains of specific 
membrane receptors and/or replace this toxin location in the 
hydrophobic part of lipid layers. As ZEA reveals hormonal 
properties at very low concentrations (Biesaga-Kościelniak 
and Filek 2010), some ZEA-specific membrane receptors 
similar to those found in animal cells (Turcotte and others 
2004) may also be present in plant cells. Our studies also 
showed that this toxin might penetrate membrane structure 
and enter the hydrophobic part of the membrane (Gzyl and 
others 2004; Gzyl-Malcher and others 2017). The similarity 
of the ZEA and BR chemical structure to sterols, essential 
membrane components, suggests similar mechanisms of BR 

and ZEA adsorption and transport into cells. Such a replace-
ment or displacement of molecules with a potential ability 
to enter the membrane may explain the protective effects 
of BRs against ZEA. The possibility of BR absorption into 
the lipid structure of model membranes was studied in our 
unpublished work.

The aim of this study was to determine direct effects of 
both ZEA and BR on plant cells in in vitro cultures: (i) to 
indicate whether/to what concentration BR may be accumu-
lated in ZEA presence in the cells and to what extent this 
process may stimulate antioxidant activity against this myco-
toxin, and (ii) to verify the possibility of replacing ZEA with 
BR in lipid membranes. These findings may be helpful in 
explaining the mechanisms of BR protective actions in ZEA-
stressed plants. Membrane effects of both ZEA and EBR 
were determined in native and model membranes. Langmuir 
monolayers of model membranes allowed us to calculate 
physicochemical parameters of the membrane structure 
modified by the interactions with hydrophobic and hydro-
philic reagents (Rudolphi-Skórska and Sieprawska 2016).

Materials and Methods

Plant Material

Grains of tolerant (‘Parabola’) and sensitive (‘Raweta’) 
spring wheat were obtained from Polish Plant Breeding 
Stations (Radzików and Strzelce, Poland) and their stress 
tolerance was determined in our earlier studies (Grzesiak 
and others 2013; Sieprawska and others 2014). The grains 
were sown in pots with a mixture of soil:peat:sand (3:2:1; 
v/v/v) and cultured in a greenhouse at controlled conditions 
of temperature (20/17 °C; day/night), and light (16/8 h day/
night) photoperiod, 400 µmol (quantum m−2 s−1 light) until 
an appearance of anthers. Then, immature embryos were 
isolated and prepared for in vitro cultures, as described 
in details in another study (Filek and others 2009). After 
two months, stabilized cultures of undifferentiated cal-
lus cells were obtained on Murashige and Skoog (MS) 
(1962) medium supplemented with 2 mg ml−1 of 2,4-dichlo-
rophenoxyacetic acid. Every 20 days, the calli were trans-
ferred onto new medium. The calli were used to investigate 
direct effects of ZEA and EBR on wheat cells.

In earlier experiments, a stress-inducing effect of ZEA 
on wheat cells was observed at a concentration of 30 µmol 
(Gzyl-Malcher and others 2017) and the protective action 
of 24-epibrassinolide (EBR), a representative of BRs—at 
0.1 µM (Filek and others 2017). Thus, a similar amount of 
this mycotoxin was used in this study. Undifferentiated calli 
cells were cultured for 7 days on MS media supplemented 
with ZEA (30 µM), EBR (0.1 µM), or a mixture ZEA + EBR 
(30 µM + 0.1 µM). For each variant, 12 Petri dishes (c.a. 1 g 
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of callus fresh weight) were prepared. All treatments were 
repeated three times.

For selected experiments (ion leakage, electrokinetic 
potential, Langmuir monolayers), the control cells were 
shortly (0.5 h) incubated in media with ZEA, EBR, and 
ZEA + EBR at the same concentrations as used during 7 
days of in vitro cultures.

Chemicals

Zearalenone was obtained from Fermentek (Jerusalem, 
Israel), 24-epibrassinolide [24-epibrassinolide, (22R, 23R, 
24R)-2α,3α,22,23-tetrahydroxy-24-methyl-B-homo-7-oxa-
5α-cholestane-6-one] was purchased from Sigma Aldrich 
Company (St. Louis, MO, USA). DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine) was received from Avanti Polar 
Lipids (Alabbaster, AL, USA) and other chemicals from 
Merck (Darmstadt, Germany). Water used as a subphase 
for monolayer formation was purified by a HLP 5 apparatus 
Hydrolab (Poland) to the resistance of approximately 18.2 
MΩ cm−1.

Biochemical analysis

Determination of Zearalenone Concentration

Total content of ZEA in the callus cells was analyzed with an 
Ultra-High Performance Liquid Chromatography (UHPLC) 
apparatus (Infinity 1260, Agilent Technologies) coupled 
with a quadruple mass spectrometry detector (QQQ 6410), 
as described previously (Filek and others 2017; Gromadzka 
and others 2015). After extraction (2 g) with acetone:water 
(95:5; v:v), the samples were purified on a Bond Elut Myco-
toxin column (45 mm/1000 mg, Agilent Technologies) and 
injected (10 µl) onto an analytical column (Poroshell 120 
phenyl-hexyl), where the mobile phase was a mixture of 
acetonitrile, water, and methanol (46:46:8, v/v/v) eluted at 
0.3 ml min−1. A mass analyzer in monitoring ion mode with 
a positive ratio of atomic mass to charge was used.

Analysis of Brassinosteroid Content

BR analyses were performed according to Oklestkova and 
others (2017). Plant material (1 g fresh weight) was homog-
enized in ice-cold 80% methanol (20 ml). The samples were 
centrifuged (20 min, 4 °C, 2000×g) and the supernatant was 
enriched in deuterium labeled BRs. Then, they were passed 
through Discovery columns (Supelco, Bellefonte, PA, 
USA), evaporated under vacuum to 3 ml (Rotavapor R-215; 
BUCHI, Switzerland) and then to dryness under nitrogen 
at 40 °C. After resuspending in 1 ml of 7.5% methanol in 
phosphate buffered saline (50 mM NaH2PO4, 15 mM NaCl, 

pH 7.2), the samples were passed through an immunoaffin-
ity column (Laboratory of Growth Regulation, Olomouc, 
Czech Republic). Next, they were evaporated and dissolved 
in methanol. BRs were determined by UHPLC with tandem 
mass spectrometry (UHPLC-MS/MS), ACQUITY UPLCI-
Class System (Waters, Milford, MA, USA), in a triple quad-
rupole mass spectrometer Xevo™ TQ-S MS (Waters MS 
Technologies, Manchester, UK).

Antioxidant Enzyme Extraction and Assays

The callus samples of about 1 g were extracted with 1.5 cm3 
of 0.1 M potassium phosphate (KP) buffer containing 2 mM 
α-dithiothreitol, 0.1 mM ethylenediaminetetraacetic acid 
(EDTA), and 1.25 mM polyethylene glycol (pH 7.8), and 
after centrifugation at 14,000×g for 30 min at 4 °C (MPW 
260R, Warszawa, Poland) the supernatant was purified on 
a PD10 column (Amersham Biosciences, Sweden). The 
supernatant was used for determination of protein content 
and enzymatic activity. Protein content was analyzed by the 
Bradford method (1976) using bovine serum albumin as a 
standard.

Activity of all enzymes was examined spectrometrically 
(Biochrom Ultrospec II, LKB, Sweden), using KINLAB 
software for determination of the reaction kinetics. Super-
oxide dismutase (SOD, EC 1.15.11) activity was registered 
at λ = 595 nm (McCord and Fridovich 1969); the activity 
of catalase (CAT, EC 1.11.16) was measured at λ = 240 nm 
(Aebi 1984); peroxidase (POD EC 1.11.1.7) activity was 
analyzed at λ = 485 nm (modified method of Lück 1965) and 
ascorbate peroxidase (APOX, EC 1.11.1.11) at λ = 290 nm 
(Nakano and Asada 1981). The activity of dehydroascorbate 
reductase (DHAR EC 1.8.5.1) was estimated at λ = 265 nM, 
according to a method of Dalton and others (1986); glu-
tathione reductase (GR, EC 1.8.1.7) activity was assayed at 
λ = 340 nm as described earlier by Carlberg and Mannervik 
(1975); glutathione S-transferase (GST, EC 2.5.1.13) activity 
was examined at λ = 340 nm (Habig and Jacoby 1981); glu-
tathione peroxidase (GPOX, EC 1.11.1.9) activity was estab-
lished at λ = 340 nm (Flohé and Günzler 1984) and poly-
phenol oxidase (PPO, EC1.10.3.1) activity at λ = 495 nm 
(Kumar and Khan 1982).

Lipid Extraction from the Callus Plasmalemma

Plasmalemma of the calli cells were obtained as described 
by Gzyl-Malcher and others (2007, 2017) in a solution of 
250 mM sucrose, 2.5 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride, 1M EDTA, and 10 mM Tris (pH 
7.5). Lipids were isolated according to the Blight and Dyer 
(1959) method with Filek and others (2005) modification in 
the chloroform:isopropanol (1:1) mixture. Fractions of polar 
lipids were divided using adsorptive and distributive column 
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chromatography and purified by thin-layer chromatography 
(Block and others 1983). Fatty acid analysis was performed 
by gas chromatography (Hewlett Packard, USA) equipped 
with a capillary column (30 m × 0.25 mm) and heptadeca-
noic (17:0) acid as an internal standard. Phospholipids, as 
the most abundant polar fraction, were used in model mem-
brane analysis.

Malondialdehyde (MDA) Determination

Callus cells (c.a. 1 g) were homogenized in 0.5% trichlo-
roacetic acid (TCA) and after centrifugation (10,000×g; 
10 min; Micro 185, Hettich, Tuttingen, Germany), MDA 
concentration was determined as described in detail by 
Dhindsa and others (1981) and Tobiasz and others (2014).

Electrolyte Conductivity Measurements

Membrane permeability was measured conductometrically 
based on electrolyte leakage from cells. About 3 g of calli 
from each studied media was washed twice and incubated 
in 0.6 M mannitol solution to preserve the same osmotic 
conditions as inside the cell, or in the same solution sup-
plemented with ZEA (30 µM), EBR (0.1 µM) or a mixture 
of ZEA + EBR (30 µM + 0.1 µM) to observe the immedi-
ate effects of these substances. After 0.5 h-incubation (at 
20 °C), electrolyte leakage was registered by a conductom-
eter (Elmenton CX 505, Zabrze, Poland) and denoted as the 
membrane permeability (L1). Next, the calli were boiled at 
100 °C for 15 min to determine total cellular leakage (L2). 
The values of ion leakage were calculated as relative per-
meability [EL (%) = (L1/L2) × 100] according to Filek and 
others (2004).

Electrokinetic Potential Measurements

Electrokinetic potentials were determined for protoplast 
membranes of callus cells as described earlier by Filek and 
others (2002). Electrokinetic potential measurements were 
made in a media of defined ionic strength (0.1 mM KCl) and 
constant osmotic pressure (0.6 M mannitol). For protoplasts 
obtained from calli cultured in control conditions, additional 
analyses were performed in which ZEA (30 µM) and EBR 
(0.1 µM) were added separately and as a mixture into the 
measuring media. The electrokinetic potential values were 
calculated from electrophoretic mobility data (according 
to Smoluchowski equation) using Zeta-PLUS apparatus 
(Brookhaven, USA).

Langmuir Monolayers

The model membranes were prepared in a Langmuir trough 
(NIMA, Coventry, UK) and physicochemical parameters of 

membrane monolayers were obtained from surface pressure 
(π) versus molecule area (A) dependence (Rudolphi-Skórska 
and others 2014; Gzyl-Malcher and others 2017). The mon-
olayers were obtained by spreading chloroform solution of 
appropriate phospholipids (PL) (extracted from calli cul-
tured on the media with EBR or/and ZEA) on the water sub-
phase. In the case of PL isolated from calli cultured in con-
trol conditions, lipids or lipid-EBR mixtures (4:1; mol:mol) 
were placed on water or ZEA (30 µM) aqueous solution as 
a subphase. Additionally, for pure DOPC monolayers, the 
mixtures of DOPC-ZEA and DOPC-EBR at a concentration 
of 0:1, 0.2:0.8, 0.4:0.6, 0.6:0.4, 0.8:0.2, and 1:0 were used to 
calculate thermodynamic function of the interaction of ZEA 
and EBR with PL layers (excess of free energy of mixing 
ΔGEXC) according to Birdi (1989)

where NA—Avogadro’s number, A1, A2, and A12—mean 
molecular area of components 1 and 2 and their mixture, 
respectively, x1 and x2—mole fractions of the mixture com-
ponents. The accuracy of π was ± 0.1 mN m−1. The experi-
ments were repeated three or four times to ensure high repro-
ducibility of the isotherms.

Statistical Analysis

All experiments were repeated at least three to four times, 
and each experiment included at least triplicate treatments. 
The data are presented as mean ± SE and were analyzed sta-
tistically using a SAS ANOVA procedure. Comparisons of 
mean values were analyzed using Duncan’s multiple range 
tests with PC SAS 8.0. Differences with p values lower than 
0.05 were considered significant.

Results

Zearalenone and 24‑Epibrassinolide Content

Callus cells of both Parabola and Raweta genotypes cul-
tured on the control media (without ZEA and EBR sup-
plementation) contained ZEA in similar, trace amounts 
(Fig. 1). Application of ZEA increased repeatedly accumu-
lation of this toxin in both types of cells. In the presence 
of EBR + ZEA-supplemented media, the uptake of ZEA 
decreased by about 40% in Parabola cells and by about 35% 
in Raweta cells as compared with the cells treated with ZEA 
alone.

The analysis of BR content showed that in the control 
conditions the calli contained mainly homocastasterone and 

ΔG
EXC

= NA

�2

∫
0

(

A12 − x1A1 − x2A1

)

d�,



1089Journal of Plant Growth Regulation (2018) 37:1085–1098	

1 3

castasterone (Table 1). The level of these BRs was simi-
lar in both genotypes, with about threefold higher level of 
homocastasterone. EBR introduced into the media increased 
mainly homocastasterone content. This effect was more pro-
nounced in Raweta cells despite lower uptake of EPR in 
this genotype. The ratio of homo-/castasterone was about 
threefold higher in Raweta in comparison with Parabola, 
and the level of castasterone was similar in both varieties. 
When ZEA was added to the media together with EBR, 
accumulation of EBR decreased in the cells of both geno-
types, whereas the ratio of homo-/castasterone decreased in 
Parabola, and increased in Raweta, as compared with EBR 
only treatment (Fig. 2).

Activity of Antioxidant Enzymes

EBR supplementation activated all investigated enzymes 
in both types of calli, except for POD, where an inhibitory 
reaction was observed (Fig. 3). Generally, the induction 
was stronger in Raweta cells. When ZEA was present in the 

Fig. 1   Concentration of zea-
ralenone (ZEA) in calli cells of 
tolerant (Parabola) and sensitive 
(Raweta) wheat cultured for 7 
days at MS media (control) and 
at media supplemented addi-
tionally with 24-epibrassinolide 
(EBR), ZEA and the mixture 
of ZEA + EBR. The data are 
the means of three independent 
biological replications ± SE. 
Different letters indicate signifi-
cant differences between used 
treatments (p ≤ 0.5)

Table 1   Content of 
brassinosteroids in calli cells of 
tolerant (Parabola) and sensitive 
(Raweta) wheat cultured for 
7 days at MS media (control) 
and at media supplemented 
with 24-epibrassinolide (EBR), 
zearalenone (ZEA), and the 
mixture of ZEA + EBR

ND not detected
Data are averages from three independent biological replications ± SE. The same letters indicate not signifi-
cant differences between treatments for the individual brassinosteroids, registered separately for each wheat 
genotype (p ≤ 0.5)

Treatment (µM) 24-Epibrassi-
nolide (pM/g FW)

Castasterone (pM/g FW) Homocastasterone 
(pM/g FW)

Homocastas-
terone/castas-
terone

Parabola
 Control ND 0.30 ± 0.05b 1.10 ± 0.06c 3.67 ± 0.25b

 EBR 209.27 ± 7.95a 0.35 ± 0.07b 3.11 ± 0.39a 8.88 ± 0.14a

 ZEA + EBR 153.17 ± 5.47b 0.49 ± 0.08a 2.11 ± 0.04b 4.31 ± 0.23b

Raweta
 Control ND 0.30 ± 0.03a 1.08 ± 0.05b 3.60 ± 0.21c

 EBR 121.72 ± 6.59a 0.38 ± 0.05a 9.86 ± 0.98a 25.94 ± 1.09b

 ZEA + EBR 117.29 ± 6.75a 0.28 ± 0.04ab 9.29 ± 1.02a 33.18 ± 1.20a

Fig. 2   A descriptive model of EBR and ZEA + EBR action on castas-
terone and homocastasterone synthesis in cells of tolerant and sensi-
tive wheat calli
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media, SOD and CAT activities were also enhanced signifi-
cantly especially in Reweta where they increased more than 
two times as compared with control (Fig. 3a, b). POD activ-
ity was higher than in the control cells by about 22 and 30% 
for Parabola and Raweta variants, respectively (Fig. 3c). The 
presence of ZEA more intensively enhanced other enzyme 
activity in Raweta than in Parabola cells; however, the 
changes were at slightly lower levels than those registered 
for EBR only treatment (Fig. 3d, e, f, g, h, i). Application 
of both ZEA + EBR activated mainly SOD in Parabola cells 
and this response was strongest when EBR was present sepa-
rately in the media. Enhanced SOD activity (in comparison 
with control and EBR) was also observed in Raweta cells 
but this effect was weaker than for the ZEA only variant. 
CAT activity was at a similar level to EBR treatment in 
both Parabola and Raweta cells. As for other enzymes, their 

activity in Parabola cells grown on ZEA + EBR media was 
similar (for POD), or higher than in controls. In Raweta, 
the changes in DHAR, GSH, GST, GPOX, and PPO activ-
ity were similar to the media supplemented only with ZEA 
or EBR separately, and greater than those in control cells. 
POD activity was similar to that in the control cells of both 
genotypes.

Properties of the Natural Membranes

Chromatographic analysis indicated that the main fatty acids 
in the PL fraction isolated from plasmalemma of Parabola 
cells cultured on the control media were, at mol % con-
centration, palmitic acid (16:0) at 13.9 ± 0.2%, stearic acid 
(18:0) at 1.2 ± 0.1%, oleic acid (18:1) at 25.4 ± 0.3%, lin-
oleic acid (18:2) at 36.1 ± 0.4%, and linolenic acid (18:3) 

Fig. 3   Effect of 24-epibrassinolide (EBR), zearalenone (ZEA), and 
the mixture of ZEA + EBR treatment on the antioxidants activity (U/g 
of protein) in calli cells of tolerant (Parabola) and sensitive (Raw-
eta) wheat cultured at MS media. Control—not treatment cells. SOD 
superoxide dismutase (a), CAT catalase (b), POD peroxidase (c), 

APOX ascorbate peroxidase (d), DHAR dehydroascorbate reductase 
(e), GSH reduced glutathione (f), GST glutathione S-transferase (g), 
GPOX glutathione peroxidase (h), PPO polyphenol oxidase (i). The 
data are the means of ten replicates ± SE. Different letters indicate 
significant differences between used treatments (p ≤ 0.5)
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at 23.4 ± 0.4%. Plasmalemma of Raweta cells contained 
16:0 acid at 14.1 ± 0.1%, 18:0 acid at 2.6 ± 0.1%, 18:1 acid 
at 27.5 ± 0.4%, 18:2 acid at 36.2 ± 0.2%, and 18:3 acid at 
19.6 ± 0.4%. EBR and ZEA separately added to the media 
reduced unsaturation of plasmalemma fatty acids (a ratio 
of un-/saturated fatty acids; U/S) in both wheat genotypes 
(Fig. 4a). This relation was more visible for ZEA treatment 

and in Raweta cells. When EBR was added together with 
ZEA, unsaturation increased in the membranes of both types 
of calli to the level close to that found for EBR.

MDA content, a parameter denoting the degree of mem-
brane lipid peroxidation, was higher for Parabola than for 
Raweta cells in all treatments (Fig. 4b). When used sepa-
rately, the investigated substances increased MDA amount 

Fig. 4   Effect of 24-epibrassinolide (EBR), zearalenone (ZEA), and 
the mixture ZEA + EBR treatment on cells of tolerant (Parabola) and 
sensitive (Raweta) wheat. The lipid unsaturation calculated as a ratio 
of un- to saturated fatty acids, U/S (a), malondialdehyde (MDA) con-
tent (b), membrane permeability after 0.5-h treatment (c) or after 7 

days culture (d) and electrokinetic potential after 0.5-h treatment (e) 
or after 7 days culture (f). Control—not treatment cells. The data are 
the means of three independent biological replications ± SE. Differ-
ent letters indicate significant differences between used treatments 
(p ≤ 0.5)
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in comparison with control. The mixture of ZEA + EBR 
reduced MDA content in comparison to that registered dur-
ing addition of individual substances, but in Raweta cells 
the content of MDA was still slightly higher than in control.

Membrane permeability, calculated as a percentage of 
total ion leakage from cells, was greater in Raweta than 
in Parabola cells (Fig. 4c, d). Both short (0.5 h) (Fig. 4c) 
and long (7 days) (Fig. 4d) treatments with EBR and ZEA 
separately decreased the permeability with greater effect 
in Parabola and in ZEA presence. When the reagents were 
added together, values similar to those obtained for EBR 
alone were registered. Generally, greater effects of the inves-
tigated substances were visible after their shorter (0.5 h) 
presence in the media.

Similarly, more pronounced changes after shorter 
treatment with EBR and ZEA were found for electroki-
netic potential (Fig. 4e, f). Plasmalemma of Raweta calli 
had slightly higher negative electrokinetic potentials than 
Parabola in all cases. Separate application of EBR and ZEA 
directly to the measuring medium (0.5 h) lowered the elec-
trokinetic potential, especially in Raweta cells and in the 
presence of ZEA (Fig. 4E). When the cells were treated with 
a combination of ZEA + EBR, their electrokinetic potential 
was close to that recorded for EBR alone.

Model Membranes

Changes related to the interaction of the investigated sub-
stances with phospholipids present in membranes were 
measured in model lipid-monolayers by the Langmuire 
technique. Figure 5a presents example isotherms obtained 
for PL fraction isolated from Parabola calli cultured with 

ERB, ZEA, and ZEA + EBR. The isotherm shapes were the 
same as those registered for PL of the control calli, with an 
exception of those received for PL of the calli cultured on 
ZEA + EBR media, where a plateau on π versus A was vis-
ible. The isotherms were used to calculate physicochemical 
parameters of the membrane surface, that is, limiting area 
(Alim) representing the minimal area occupied by a molecule 
in the monolayer, and Cs

−1 which denoted dπ/dA relationship 
describing membrane compressibility (Table 2). In Parabola 
control cells, the values of Alim were slightly higher than in 
Raweta (by about 1.8 Å2). When EBR and ZEA were added 
separately to the culture media, this surface parameter of 
lipids increased (in comparison with control) by about 1.5 
and 0.9 Å2 for Parabola and Raweta, respectively, in EBR 

Fig. 5   Examples of the surface pressure (π)—area per molecule (a) 
isotherms recorded for phospholipids extracted from plasmalemma 
of Parabola calli cells cultured at control (MS) and MS media with 
EBR, ZEA, and the mixture of ZEA + EBR (a). b DOPC (1,2-dio-

leoyl-sn-glycero-3-phosphocholine) and DOPC + EBR monolayers 
spread on water and water supplemented with ZEA subphases. Inset: 
Cs

−1 versus π 

Table 2   Physiochemical parameters of structure of the phospholipid 
monolayers obtained from plasmalemma of tolerant (Parabola) and 
sensitive (Raweta) wheat calli cells

Calli were cultured at MS media (control) and at media supple-
mented with 24-epibrassinolide (EBR), zearalenone (ZEA), and 
mixture ZEA + EBR for 7 days. Alim—limiting area, Cs

−1—maxi-
mum of monolayer compression. For more details see “Material and 
Methods.” Data are averages from three independent biological rep-
lications ± SE. The same letters indicate not significant differences 
between treatments separately for each wheat genotype (p ≤ 0.5)

Treatment Alim (Å2) Cs
−1 (mN m−1)

Parabola Raweta Parabola Raweta

Control 72.8 ± 0.1d 71.0 ± 0.1d 117.6 ± 0.5a 120.3 ± 0.4a

EBR 74.3 ± 0.2c 71.9 ± 0.1c 107.2 ± 0.4b 115.5 ± 0.4b

ZEA 75.9 ± 0.3a 74.5 ± 0.2a 78.9 ± 0.2d 89.1 ± 0.3d

ZEA + EBR 74.9 ± 0.1b 72.4 ± 0.2b 91.7 ± 0.2c 90.4 ± 0.3c
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supplemented media, and by about 3.1 and 3.5 Å2 for these 
types of calli, respectively, in ZEA-supplemented media. 
In the cells treated with ZEA + EBR, the values of Alim 
decreased to those close to EBR. The opposite tendency was 
perceived for Cs

−1 values, indicating an increase of mem-
brane packing in the cells cultured in the presence of the 
investigated substances. Major changes calculated for the 
membranes of Parabola cells indicated greater effect of these 
substances on structural properties of this genotype.

To calculate a simultaneous reaction of ZEA and EBR 
with phospholipids, the monolayers were also prepared from 
DOPC (Fig. 5b). This phospholipid was chosen as a repre-
sentative model of the lipid that is present in the highest pro-
portion in natural cellular membranes of plants and animals 
(Hac-Wydro and others 2007). In comparison to pure DOPC 
being in contact with the water phase, ZEA presence in the 
water increased the monolayer surface of this lipid by about 
10 Å (Table 3). When DOPC was mixed with EBR (4:1 
mol:mol) and its chloroform solution was spread on the sur-
face, the area of such monolayer decreased by about 1.5 Å 
(compared to that created with DOPC alone). After ZEA 
addition to the water subphase, the area of DOPC + EBR 
mixture was greater by about 3 Å than when such a mixture 
was spread on pure water.

To determine the possibility of an interaction between 
ZEA and EBR inside lipid membranes, monolayers of 
DOPC + EBR (4:1 mol:mol) and DOPC + ZEA (4:1 
mol:mol) were mixed in different proportions from 
DOPC + EBR (1:0) through DOPC + EBR:DOPC + ZEA 
(0.8:0.2, 0.6:0.4, 0.4:0.6, and 0.2:0.8) to DOPC + ZEA (0:1) 
and spread on the water subphase. ZEA added alone into the 
lipid monolayer increased Alim to a greater extent than EBR 
alone (Table 4). Increasing EBR content in the monolayer 
(as compared with ZEA) enhanced compression of the mon-
olayer as indicated also by Cs

−1 values.
Experiments with the preparation of DOPC monolay-

ers in different mixtures of EBR and ZEA at four values 
of surface pressure (5, 10, 20, and 30 mN m−1) allowed 

us to calculate the excess free energy of mixing ΔGMIX 
(Fig.  6). The values of this parameter increased with 
increasing ZEA content in the ZEA + EBR mixture and 
with the increasing of surface pressure. Positive effects 
were obtained for all mixed monolayers, except for the one 
when negative values were obtained for low EBR content 
in the ZEA + EBR mixture. In general, lower values of 
ΔGMIX were achieved for smaller area pressures of the 
monolayers (5 and 10 mN m−1), corresponding to weaker 
interactions between lipids.

Table 3   Physiochemical parameters of structure monolayers of diole-
oyl l-α-phosphatidylcholine (DOPC) and the mixture of DOPC with 
EBR (4:1; mol:mol) spread on the pure water subphase and on the 
water solution of zearalenone (ZEA, 15 µM)

Alim—limiting area, Cs
−1—maximum of monolayer compression

For more details see “Material and Methods.” Data are averages from 
three independent biological replications ± SE. Different letters indi-
cate significant differences between used treatments (p ≤ 0.5)

Monolayer/subphase system Alim (Å2) Cs
−1 (mN m−1)

DOPC/water 70.7 ± 0.2c 98.3 ± 0.2a

DOPC/ZEA solution 80.6 ± 0.2a 83.6 ± 0.2c

DOPC + EBR/water 71.2 ± 0.1d 89.9 ± 0.2b

DOPC + EBR/ZEA solution 73.6 ± 0.2b 79.3 ± 0.1d

Table 4   Physiochemical parameters of monolayers of DOPC in the 
mixture with EBR (A) and with ZEA (B), both in 4:1 (mol:mol) pro-
portions, spread on the water subphase

The additional monolayer systems were obtained by the mixing of A 
and B, in the adequate proportion, to obtain monolayers with various 
amounts of EBR and ZEA in lipid phase. For more details see "Mate-
rial and Methods." Data are averages from three independent biologi-
cal replications ± SE. Different letters indicate significant differences 
between used treatments (p ≤ 0.5)

Monolayer system of the 
mixtures A:B

Alim (Å2) Cs
−1 (mN m−1)

0:1 66.8 ± 0.1e 73.5 ± 0.2e

0.2:0.8 66.2 ± 0.1d 83.3 ± 0.3d

0.4:0.6 67.1 ± 0.2c 87.7 ± 0.2c

0.6:0.4 69.0 ± 0.1b 92.7 ± 0.3a

0.8:0.2 69.6 ± 0.2a 91.3 ± 0.2b

1:0 69.6 ± 0.2a 91.8 ± 0.3b

Fig. 6   The variation of excess free energy of mixing (ΔGEXC) versus 
molar fractions of ZEA presented in different molar ratios in the mix-
ture of DOPC + ZEA and DOPC + EBR spread on water at four sur-
face pressures: 5, 10, 20, and 30 mN m−1
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Discussion

Studies of direct interaction of ZEA with cell membranes 
of wheat cells performed in in vitro indicated that the tol-
erant genotype (Parabola) accumulated smaller amounts 
of this toxin than the sensitive one (Raweta) but this dif-
ference was not as significant as that found in the grains 
of both genotypes (Filek and others 2017). This demon-
strated that the seed coat is a barrier preventing this toxin 
uptake by wheat grains, and that it was more effective in 
the tolerant than in the sensitive genotype. Choosing the 
specific biological object (non-organized cells) allowed us 
to expose the importance of physicochemical properties 
of the membranes in the interaction with both ZEA and 
EBR. It was interesting that EBR, despite some similar-
ity in its chemical structure to ZEA, was more effectively 
absorbed by tolerant wheat than ZEA. The most abundant 
BRs in control calli of both genotypes were casta- and 
homocastasterone, with a significant dominance of the lat-
ter. Castasterone was also detected in a study by Janeczko 
and Swaczynova (2010) and Janeczko and others (2010) 
in wheat seedlings; however, they detected other BRs (not 
homocastasterone), such as EBR and brassinolide, in their 
plant material. Moreover, they observed that the presence 
and content of different BRs in wheat seedlings depended 
on the plant tissue (different BRs levels in various leaves; 
Janeczko and Swaczynova 2010). Castasterone is a prod-
uct of brassinosteroid biosynthesis from campesterol that 
may be oxidized in various pathways depending on the 
stimulated genes (Chung and Choe 2013). This BR was 
indicated as a precursor of brassinolide, the most oxidized, 
and the most biologically active form among BRs (Suzuki 
and others 1993; Kim and others 2005). Homocastasterone 
is synthesized from sitosterol and may be converted to 
castasterone (Joo and others 2015). EBR-induced increase 
of only homocastasterone content (without changes in 
castasterone levels) observed in wheat calli suggested that 
EBR presence may particularly stimulate synthesis of this 
BR. It is worth pointing out that this process was acti-
vated to a considerably greater degree in the sensitive cells 
than in the tolerant calli. This suggests stress tolerance-
related differences in the activation of these BR-pathways 
(Fig. 2). When ZEA was added with EBR, a synthesis of 
both native BRs was stimulated in a similar way in toler-
ant calli (resulting in the same homo-/castasterone ratio 
as in control), whereas in the sensitive calli a decrease in 
their synthesis was observed in comparison with EBR-
treatment. This indicates the differences in the stimulation 
of both BR synthesis pathways that depend also on the 
presence of stress factors.

Accumulation of greater amounts of BRs in the cells 
of the tolerant genotype seems to be beneficial for the 

plants. Presumably, the presence of such organic mole-
cules potentially undergoing oxidation is an alternative to 
oxidation of proteins and lipids (physiologically important 
structures), and may serve as acceptors of electrons from 
ROS generated in stress conditions. The importance of 
biomolecules containing groups capable of “trapping” free 
electrons (such as polysaccharides), in the mechanism of 
oxidative stress tolerance (so-called “long-lived radicals”), 
was indicated by Łabanowska and others (2013). Thus, 
higher amounts of EBR and castasterone in the tolerant 
genotype may serve as potential “long-lived radicals” for 
deactivation of ROS generated in ZEA-induced oxida-
tive stress, as suggested before (Filek and others 2017). 
Smaller changes in the activation of antioxidant enzymes, 
the indirect factors in the estimation of ROS generation 
intensity, observed in cells of tolerant calli may be the con-
sequence of partial stabilization of ROS by BR structures.

Another possibility of BRs reaction with ROS, and par-
ticularly with H2O2, is an involvement of this ROS molecule 
in transcriptional induction of defense/antioxidant genes 
stimulated by these hormones (Xia and others 2009). This 
concept is based on the research claiming that low levels of 
ROS may play regulatory functions in plant stress responses 
(Gill and Tuteja 2010). Detailed studies of the relation-
ships between BRs treatment and the activity of antioxi-
dant enzymes in wheat calli indicated a stimulation of these 
antioxidant reactions in response to EBR presence. Greater 
changes in enzyme activity registered in the sensitive calli, 
where BRs were present in smaller amounts than in the 
tolerant cells, suggested indirect ROS–BR relationships. 
However, the increase in CAT, APOX, and POD levels and 
associated increase in DHAR mediating a reduction in H2O2 
content (mainly by ascorbic–glutathione pathway) suggested 
EBR-induced stimulation of hydrogen peroxide synthesis. 
Also, the activation of other enzymes, such as GST and 
GPOX participating in H2O2 detoxification using the GSH 
pool (Noctor and others 2014) confirmed this ROS–BRs 
relationship. PPO catalyzes oxidation of molecules with 
phenolic groups and is activated during heavy metal detoxi-
fication (Zheng and others 2010). The participation of EBR 
in the activation of oxidative stress-related genes was indi-
cated by Müssig and others (2002). In Ahammed and others 
(2012) studies, the EBR-stimulated expression of detoxifica-
tion genes (such as CYP90b3, GSH1, and GST1), responsi-
ble for reduced glutathione (GSH) content and glutathione 
S-transferase activity, confirm the significance of BR in 
regulation of antioxidative enzymes synthesis.

The increase in this enzyme activity in wheat calli may 
be a reaction to the presence of BRs that contain phenolic 
groups in their structure.

Significant increases in SOD, CAT, and POD activity fol-
lowing ZEA treatment and mainly in cells of sensitive wheat 
indicated generation of ROS and was anticipated as a result 
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of oxidative stress induction in this mycotoxin presence sim-
ilarly as it was found in other stressful conditions (Abedi and 
Pakniyat 2010; Caverzan and others 2012; Sofo and others 
2015). Thus, it was expected that the mixture of EBR and 
ZEA might induce additional rise in antioxidant activity in 
the calli cells. The observed decrease in the activity of all 
investigated enzymes to the values obtained for EBR alone 
confirms that in ZEA-induced stress conditions EBR mol-
ecules might serve as antioxidants that limit ROS presence.

The influence of both ZEA and EBR on ROS synthesis 
was also confirmed in the analysis of MDA concentration. 
This parameter characterizing lipid peroxidation was slightly 
higher in control cells of the tolerant genotype as a result of 
greater lipid unsaturation (ratio U/S). Much more visible 
changes registered in the cells of sensitive wheat, especially 
under ZEA treatment indicated that lipid membranes of 
this genotype were oxidized to a higher degree as a conse-
quence of greater ROS generation. The association between 
the increase in lipid peroxidation expressed by MDA con-
centration and ROS synthesis under stress conditions was 
indicated as an effect of many stressors (Moore and Roberts 
1998; Xu and others 2014). The decrease of MDA content 
observed in the cells of both investigated genotypes in the 
presence of EBR in ZEA-supplemented media suggested an 
interaction between these substances also in the hydrophobic 
environment of a cell membrane.

The measurements of membrane permeability, electro-
kinetic potential changes, and physiochemical properties 
of Langmuir monolayers demonstrated that both EBR and 
ZEA might be absorbed and located in lipid membranes. 
The decrease of membrane permeability after treatment 
with the investigated substances may suggest that EBR 
and ZEA interact with the plasmalemma either by direct 
blocking of ion channels (receptors) activity or indirectly, 
by inducing changes in membrane structure (as a result 
of entering the hydrophobic part of the lipid bilayer). The 
latter assumption was confirmed by the results obtained in 
the experiments in model membrane systems. However, 
major changes in membrane permeability observed in the 
control cells treated with both substances for only 0.5 h (as 
compared with 7-day treatments) suggested that additional 
effects of their interaction with membrane surfaces (in the 
first minutes of the reaction) could be an immediate bind-
ing with specific protein receptors. Moreover, the changes 
in electrokinetic potential, yielded by adsorption studies 
of the substances on the membrane surface, were also 
greater for short rather than for long treatment. A decrease 
in electrokinetic potential of the membrane surface is usu-
ally the effect of enhanced adsorption of molecules with 
negatively charged groups that are exposed to the environ-
ment. Our earlier studies showed that in the presence of 
positively charged ions (Ca cations) in a medium, ZEA 

interaction with callus membranes affected the changes in 
electrokinetic potential towards more negative values, as 
compared with non-treated control cells (Filek and others 
2002). A similar effect for ZEA presence in the measuring 
media (containing K cations) was expected in this study. 
The same direction of changes in electrokinetic potential 
values observed after EBR addition suggested a similar-
ity between ZEA and EBR interaction with plasmalemma 
surface. The values of electrokinetic potential obtained for 
the mixture of ZEA + EBR were close to those of EBR, 
despite significantly lower concentration of EBR. This 
indicated that the presence of BRs was an important ele-
ment in modeling the interactions of these molecules with 
cellular membranes.

Detailed studies on the interaction of lipid membranes 
with the investigated substances in monolayer systems 
allowed us to conclude that both ZEA and EBR may be 
localized in the hydrophobic part of membranes, similarly 
to other steroids (Hac-Wydro and others 2007). This loca-
tion was confirmed by the increase in the distance between 
lipids (Alim), accompanied by higher compressibility of the 
lipid layer observed in native membranes obtained from 
callus cells (as well as in model phospholipid monolay-
ers). More pronounced effects found in sensitive wheat, 
especially under ZEA treatment, may result from greater 
accumulation of this molecule in the membrane structure. 
Such an effect may partly explain lower tolerance of these 
plants to the mycotoxin. The increase in the membrane 
compressibility in EBR presence may protect cells against 
incorporation of ZEA.

Both ZEA and EBR added separately did not change 
the physical state of the membranes defined as liquid-con-
densed monolayers (based on isotherm progression). The 
plateau registered for DOPC isotherms for ZEA + EBR 
presence indicated an appearance of specific solid-con-
densed domains (Pichot and others 2013) as an effect of 
interaction between both substances in the membranes. 
Additional information on the collaboration of ZEA with 
EBR in lipid monolayers, derived from the calculations 
of free energy of mixing, may indicate that these relation-
ships differ depending on the ratio of these two substances. 
The strongest interactions between them, observed when 
the ZEA concentration was low in comparison with EBR, 
were manifested as negative values of the free energy 
of mixing. For more compressed monolayers (higher π 
values), which characterize cell membranes of sensitive 
wheat (lower U/S ratio), the possibility of ZEA replace-
ment with EBR seems to be less effective due to a strong 
interaction between them. In more loose membranes of 
tolerant wheat (higher U/S ratio), EBR may more prob-
ably eliminate ZEA from monolayers as their interactions 
are weaker.
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Conclusions

The study carried out in in vitro cultures allowed us to specu-
late on direct reactions of EBR and ZEA with the wheat cells. 
We found that:

•	 Non-differentiated cells were characterized by similar 
quantitative and qualitative content of BRs independent of 
genotypic tolerance of plants from which in vitro cultures 
were initiated. For Parabola and Raweta cells these BRs 
were casta- and homocastasterone,

•	 the amount of EBR accumulated in the cells depended 
on the genotype and it was lower in the sensitive cells. 
However, EBR present in the cells stimulated the same 
pathways of native BRs synthesis in both genotypes,

•	 the presence of ZEA (mycotoxin) together with EBR 
changed the activation of native BRs synthesis pathways 
in the cells of sensitive wheat towards greater accumulation 
of castasterone,

•	 the protective action of EBR in ZEA-induced stress condi-
tions based on a reduction of ZEA uptake was confirmed. 
The cells of tolerant genotype absorbed greater amounts of 
EBR and smaller amounts of ZEA (also in EBR presence), 
and a contrary situation was observed in the sensitive cells 
(accumulation of higher ZEA and lower EBR amounts),

•	 EBR presence in the cells may stimulate generation of 
hydrogen peroxide, a signaling molecule activating spe-
cific genes (involved also in a protection against myco-
toxins), and

•	 EBR protection against ZEA involves an activation of the 
antioxidant system and changes of the physicochemical 
properties of membranes. EBR, by entering the structure 
of cell membranes in the tolerant plants (characterized 
by higher level of unsaturated lipids as compared with 
sensitive ones), may block ZEA absorption in the lipid 
layers more effectively than in sensitive plants with more 
saturated membranes.
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