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Abstract: Brassinosteroids (BRs) represent a group of plant signaling molecules with a steroidal
skeleton that play an essential role in plant adaptation to different environmental stresses, including
drought. In this work, the effect of pretreatment with 0.4 uM 24-epibrassinolide (EBR) on the
oxidant/antioxidant system in 4-day-old wheat seedlings (Triticum aestivum L.) was studied under
moderate drought stress simulated by 12% polyethylene glycol 6000 (PEG). It was revealed that
EBR-pretreatment had a protective effect on wheat plants as evidenced by the maintenance of their
growth rate, as well as the reduction in lipid peroxidation and electrolyte leakage from plant tissues
under drought conditions. This effect was likely due to the ability of EBR to reduce the stress-induced
accumulation of reactive oxygen species (ROS) and modulate the activity of antioxidant enzymes.
Meanwhile, EBR pretreatment enhanced proline accumulation and increased the barrier properties
of the cell walls in seedlings by accelerating the lignin deposition. Moreover, the ability of EBR to
prevent a drought-caused increase in the intensity of the total dark respiration and the capacity of
alternative respiration contributes significantly to the antistress action of this hormone.

Keywords: brassinosteroids; drought; reactive oxygen species; antioxidant enzymes; alternative
respiration; Triticum aestivum L.

1. Introduction

Terrestrial plants, being immobile organisms, constantly experience challenges by
different adverse conditions, in particular, water scarcity [1,2]. Throughout their ontogeny,
plants require large amounts of water for normal functioning; therefore, a water shortage
has a negative impact on multiple aspects of the whole plant metabolism [3,4]. Drought
stress impairs seed germination and seedling growth and retards subsequent plant de-
velopment, which ultimately results in growth reduction and a declined yield. Drought
adversely affects numerous physiological and biochemical processes in plants, including
cell elongation and division, water and nutrition uptake, osmotic adjustment, transpiration,
photosynthesis, and respiration [5,6]. Plants have to adapt to changing environments and
can develop a wide range of protective responses and adaptive mechanisms which allows
for the diminishing of the detrimental effects of drought stress [2,4,7].

Plant hormones are essential signaling molecules that have been known to play a major
role in the regulation of the metabolism of plant organisms and their adaptation to changing
environmental conditions. Substantial progress has been achieved in understanding the
role of brassinosteroids (BRs), a class of steroidal phytohormones, in the regulation of the
diverse developmental and physiological processes in plants [8-12]. BRs are considered
widespread across the plant kingdom and include more than 70 compounds found in nearly
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all parts and organs in free forms or conjugated with carbohydrates and fatty acids [13-15].
This group of plant hormones is involved in the regulation of various developmental and
physiological processes, including cell division and elongation, seed development and ger-
mination, vascular system differentiation, the development of root system and reproductive
organs, photomorphogenesis, flowering, and senescence [16-18]. Although BRs have been
known for their ability to promote plant growth in extremely low concentrations [9,14,19],
a lot of information has accumulated on the participation of BRs in the protective responses
of plants to a wide range of adverse environmental factors [10,20,21]. Moreover, multiple
studies have reported that the exogenous application of bioactive BRs improves plant
tolerance to various abiotic stresses, including drought [22,23]. It has been demonstrated
that the application of brassinosteroids led to the recovery of growth and yield parameters,
improved photosynthetic efficiency, maintenance of redox balance, and the stability of
membranes in wheat plants subjected to drought [24-26]. Thus, the exogenous application
of brassinolide and 24-epibrassinolide enhanced the different growth (maximum plant
height, spike length) and yield (grain yield, biological yield, harvest index) parameters of
wheat under drought stress conditions [25,26]. Moreover, the treatment of wheat with BRs
improved various physiological (relative water content, stomatal conductance, chlorophyll
content) and biochemical attributes (proline, soluble carbohydrates, macroelements con-
tents) [24-26]. It was shown that a BR-activated TaBZR2 transcription factor promoted the
drought tolerance of wheat plants [27]. Thus, the drought-treated TuBZR2-overexpressing
plants accumulated lower levels of reactive oxygen species (ROS) than the wild type plants.
In contrast, TaBZR2-silenced plants exhibited drought-sensitive phenotypes. Moreover,
it was found that the TaBZR?2 transcription factor improved wheat drought tolerance by
directly activating the expression of the glutathione S-transferase-1 (TuGST1) gene which
encodes a ROS-scavenging enzyme [27].

The characteristic response of plants to environmental stresses is the shift in the balance
of oxidants and antioxidants in favor of the increased production of oxidants [28-30]. Oxi-
dants, the so-called reactive oxygen species, are normally generated during cell metabolism
but are overproduced in excessive amounts under adverse conditions [31]. ROS are known
to exert a dual action on plant metabolism which can be beneficial or harmful depending
on the ROS concentration [32-34]. Thus, low levels of ROS exert beneficial effects on plant
cells modulating redox state and signaling cascades. Environmental stresses cause the
excessive production of ROS such as the superoxide anion (O,° ™), hydroxide anion (OH™),
and hydrogen peroxide (H,O;), which at high levels become supertoxic and actively cap-
ture electrons from biomacromolecules causing their destruction and the disturbance of
plant metabolism which leads to cell death and plant growth inhibition or even its cessa-
tion [28,33,35-37]. ROS neutralization in plants is carried out by the antioxidant protection
system, including antioxidant enzymes: superoxide dismutase, catalase, peroxidase and
non-enzymatic components: glutathione, ascorbic acid, tocopherols [28,30,31,33,38].

At the same time, numerous studies have demonstrated the beneficial effects of BRs
on the basic energy transformation processes in plants [39]. It has long been known that
BRs exert a stimulating effect on photosynthesis, including an increase in the number and
size of grana and thylakoids, the activity and quantity of Rubisco, and the quantum yield
of PSII [40-42]. At the same time, the formation of the weight of plants depends not only
on photosynthesis, but also on the intensity of the respiratory exchange. Despite a large
number of publications on the positive effects of BRs on photosynthesis, there are, however,
only a few studies that have reported the influence of BRs on plant respiration [43,44].
Respiration has a special role in plant adaptation to adverse conditions as the major source
of energy for plant metabolic processes [45-48]. In addition to the cytochrome respiratory
pathway common to all eukaryotes, plants contain the cyanide-insensitive alternative
respiratory pathway catalyzed by the alternative oxidase (AOX) [49-51]. Several studies
have reported the involvement of AOX in the neutralization of an excessive amount
of ROS, as well as the critical role of alternative respiratory pathway in the adaptation
of plants to different stresses [52,53]. Thus, cyanide-insensitive respiration was shown



Plants 2024, 13, 148

3o0f17

to be involved in plant protection against thermogenesis in the flowering of the sacred
lotus [54] and Araceae plants [55]. Alternative oxidase is an enzyme that also has a crucial
role in neutralization of the excessive amounts of ROS and the maintenance of redox
homeostasis under different stresses [56]. Thus, overexpression of the alternative oxidase
AOXI1a gene in Arabidopsis plants reduced ROS production in response to aluminum
treatment. Interestingly, the reduced aluminum toxicity in AOX1Ia-overexpressing plants is
associated with the enhanced expression of several protective genes. Meanwhile, several
studies have shown that phytohormones can regulate oxidative metabolism through the
cyanide-resistant respiratory pathway [57]. Interestingly, several studies have reported the
relationship between the BR signaling and AOX function under stress conditions. Thus, it
has been demonstrated that plant hormones, including brassinosteroids, may enhance the
AOX function under adverse environments [43,58].

In our previous study, it was found that 24-epibrassinolide (EBR) applied in a concen-
tration of 0.4 uM had a strong promoting effect on wheat seedling growth [59]. Moreover,
pretreatment with 0.4 uM EBR alleviated the injurious action of abiotic stress on wheat
metabolism [60]. Drought-induced oxidative stress causes serious damage to different
cellular components [37,61], and EBR’s ability to activate antioxidant defense mechanisms
can contribute significantly to EBR-induced protection against water stress in wheat plants.
In the present research, we have analyzed the effects of EBR on ROS generation and the
activities of antioxidant enzymes, as well as on respiratory metabolism in wheat seedlings
under drought stress. The obtained data suggested that treatment with EBR could improve
the tolerance of wheat seedlings to drought stress and mitigate stress-induced oxidative
injury. In addition, we have revealed that EBR is involved in the regulation of individual
pathways of respiration (glycolysis, cytochrome oxidase and alternative pathways) that
might contribute to EBR-induced drought tolerance.

2. Results
2.1. Effect of EBR Application on the Growth of Wheat Seedlings under Drought Stress

It has long been known that brassinosteroids promote plant growth and improve plant
stress tolerance to different abiotic stresses, including drought [60]. The data presented
in Figure 1A demonstrate that the application of 0.4 uM 24-epibrassinolide stimulated
markedly the growth of wheat seedlings. Plants grown on medium with EBR were distin-
guished by a higher relative growth rate (RGR) compared to control plants (Figure 1A). The
exposure of seedlings to polyethylene glycol 6000 (PEG) resulted in a significant reduction
in their growth (Figure 1B). EBR pretreatment considerably reduced the injurious effect of
drought stress on wheat plants, as was evident from the effect of the hormone on the RGR
parameter (Figure 1). Thus, a low concentration of EBR (0.4 pM) was found to exert both a
promoting effect and a protective action on wheat seedlings exposed to drought stress.

2.2. Effect of EBR on O,°~ and HyO, Production and the Activity of Antioxidant Enzymes under
Normal and Drought Conditions

The incubation of seedlings in the medium containing 0.4 uM EBR resulted in a slight
reversible acceleration of O,*~ production (Figure 2A) followed by an insignificant in-
crease in H,O, content (Figure 2B). Simultaneously with the ROS generation, there was
light activation of antioxidant enzymes—superoxide dismutase (SOD) which catalyzed
O,°~ conversion into HyO, and peroxidase which is involved in the scavenging of HyO,
(Figure 2C,D). The exposure of seedlings to PEG solution caused a rapid almost 4-fold
enhancement in the O,*~ content (Figure 3A). Then, a significant rise in HyO, levels was
observed during PEG application, and the hydrogen peroxide concentration in drought-
stressed plants was higher than that of the control ones until the end of the stress treatment
(Figure 3B). As shown in Figure 3, elevated ROS production was accompanied by a signifi-
cant increase in SOD and then in peroxidase activity in seedlings under drought stress. The
concentrations of O,*~ and HyO; in seedlings pretreated with EBR and incubated in 12%
PEG solution were substantially less than in hormone-untreated drought-stressed seedlings
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(Figure 3A,B). In addition, pretreatment with EBR significantly reduced the stress-induced
rise in SOD and peroxidase activities (Figure 3C,D). Although 12% PEG also caused an
increase in the activity of antioxidant enzymes in EBR-pretreated seedlings, the magnitude
of this effect was much smaller than that of the hormone-untreated seedlings (Figure 3C,D).
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Figure 1. The effect of EBR on the relative growth rate and visual appearance of wheat seedlings
under normal (A) and drought conditions (B). Three-day-old seedlings were placed for a day in
0.4 uM EBR solution and then were transferred to 12% PEG solution for a day. The data shown are the
mean values and their standard errors (1 = 3). Different letters indicate that means are significantly
different at p < 0.05 (ANOVA, LSD test).

2.3. Effect of EBR on Proline under Normal and Drought Conditions

Exogenous application of EBR induced the changes in the content of proline under
both normal and drought conditions (Figure 4). The proline concentration was increased
in wheat seedlings in response to the hormone (Figure 4A). Drought caused a significant
enhancement in the proline level, which increased almost 2-fold by 3 h of stress treatment
(Figure 4B). Further accumulation of this osmoprotectant was observed by the end of the
experiment. Seedling pretreatment with EBR led to a considerable decline in the proline
level under drought conditions as compared to the seedlings exposed to polyethylene
glycol alone (Figure 4B).

2.4. Effect of EBR on the Respiration Parameters of Wheat Seedlings under Normal and
Drought Conditions

The incubation of wheat plants in EBR solution for 24 h caused a decrease in the rate
of glycolysis (Figure 5A). The EBR treatment also reduced the rate of total dark respiration
(Figure 5B). It should be noted that the decline in total respiration was accompanied by a
decrease in the share of energetically less effective alternative respiration (by 50%) and of
residual respiration (by 39%) (Figure 5C).
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Figure 2. The effect of 0.4 uM EBR on O,°~ (A) and H,O, (B) generation, SOD (C) and peroxidase
(D) activity in 4-day-old wheat seedlings under normal conditions. Three-day-old seedlings were
placed for a day in 0.4 uM EBR solution and then were transferred to 12% PEG solution. The data

shown are the mean values and their standard errors (1 = 3).
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Figure 3. The effect of 0.4 ptM EBR on O,°~ (A) and H,O; (B) generation, SOD (C) and peroxidase
(D) activity in 5-day-old wheat seedlings under drought conditions. Three-day-old seedlings were
placed for a day in 0.4 uM EBR solution and then were transferred to 12% PEG solution. The data

shown are the mean values and their standard errors (n = 3).
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Figure 4. The proline content in wheat seedlings pretreated and untreated with EBR under normal
(A) and drought (B) conditions. Three-day-old seedlings were placed for a day in 0.4 uM EBR solution
and then were transferred to 12% PEG solution for a day. The data shown are the mean values and
their standard errors (n = 3). Different letters indicate that the means are significantly different at
p < 0.05 (ANOVA, LSD test).

As shown in Figure 5D-F, drought considerably increased the rates of glycolysis and
total respiration whereas the share of alternative respiration was doubled in comparison
with the control. Pretreatment with EBR for 24 h prevented the stress-induced increase in
glycolysis and reduced the rate of total respiration (Figure 5D,E). Under drought conditions,
the proportion of the cyanide-resistant pathway remained at a low level in EBR-pretreated
plants compared to hormone-untreated (Figure 5F).

2.5. Lignin Deposition in EBR-Pretreated and EBR-Untreated Wheat Seedlings under Normal and
Drought Conditions

It is known that the enhanced synthesis and deposition of lignin in the cell walls
considerably contributes to the improvement of plant barrier properties under stress
conditions [62]. As shown in Table 1, the treatment of seedlings with EBR for 24 h stimulated
lignification of the root cell walls. In the stele of PEG-treated wheat roots, the cell walls were
found to be more lignified than those of control seedlings. Meanwhile, EBR-pretreatment

caused further enhancement of the lignification in seedling roots induced by drought stress
(Table 1).

Table 1. Qualitative analysis of lignin staining by Wiesner (phloroglucinol-HCI) test in root sections
of 5-day-old wheat seedlings pretreated and untreated with EBR and exposed to 12% PEG *.

Variant 5th Day
Control -
EBR +
12% PEG +
EBR + 12% PEG ++

* Three-day-old seedlings were incubated in 0.4 uM EBR solution for a day and then were exposed to 12% PEG
solution for a day; “~” indicates the absence of staining by phloroglucinol-HCI; the number of “+” displays the
extent of staining intensity.

2.6. Influence of Drought Stress on Membrane Lipid Peroxidation and Electrolyte Leakage of Wheat
Seedlings Untreated and Pretreated with EBR

Table 2 shows that the treatment of wheat seedlings with 0.4 uM EBR led to insignifi-
cant changes in the concentration of malondialdehyde (MDA), one of the final products of
lipid peroxidation, and electrolyte leakage from the tissues. Drought exerted a damaging
effect on plant membranes as evidenced by a strong increase in the indices for lipid peroxi-
dation and the membrane permeability of seedlings (Table 2). Pretreatment with EBR for
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Figure 5. The effect of 0.4 tM EBR on the glycolysis rate, total respiration rate, and capacity of
individual pathways of respiration—cytochrome oxidase (C), alternative (cyanide-resistant) (A), and
residual respiration (R)—in wheat seedlings under normal (A—C) and drought (D-F) conditions.
Three-day-old seedlings were placed for a day in 0.4 uM EBR solution and then were transferred to
12% PEG solution for a day. The data shown are the mean values and their standard errors (1 = 3).
Different letters indicate that the means are significantly different at p < 0.05 (ANOVA, LSD test).
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Table 2. The impact of drought stress on malondialdehyde content and electrolyte leakage of 5-day-
old wheat seedlings pretreated and untreated with EBR *.

Variant MDA Content, mol g1 Electrolyte Leakage, uS/g
Fresh Weight Fresh Weight
Control 40.8+20c 201+13c¢
EBR 422+19c¢ 219+ 14c
12% PEG 955+42a 478 £23a
EBR + 12% PEG 651+31b 323+17b

* Three-day-old wheat seedlings were placed in 0.4 uM EBR solution for a day and then were subjected to 12%
PEG for a day. The data shown are the mean values and their standard errors (1 = 3). Different letters indicate that
means in the same column are significantly different at p < 0.05 (ANOVA, LSD test).

3. Discussion

Various environmental stresses cause an imbalance in the oxidant/antioxidant home-
ostasis in plant cells which is associated with the overproduction of reactive oxygen species
(ROS) causing the growth inhibition, the damage to cell membrane structures, and an
increase in membrane permeability [28,38]. In this work, it was demonstrated that the incu-
bation of wheat seedlings in the 12% PEG medium resulted in a significant increase in ROS
generation (Figure 3A,B) followed by significant increase in SOD and peroxidase activities
(Figure 3C,D). The drought-induced oxidative stress exerted an injurious effect on wheat
seedlings as indicated by the enhanced MDA and electrolyte leakage values (Table 2) and a
substantial decrease in the relative growth rate observed in stressed plants (Figure 1B).

Numerous experiments with different plant species showed the efficiency of BR ap-
plication either by seed priming or treatment during vegetative phases with the aim of
increasing plant productivity and tolerance under the action of adverse environmental
conditions, including dehydration [24,63-65]. A lot of studies have reported the ability
of brassinosteroids to modulate the activity of antioxidant enzymes under adverse en-
vironments thus maintaining the oxidant/antioxidant homeostasis in plants [10,24,65].
We demonstrated that EBR application mitigated the drought-induced oxidative stress in
wheat seedlings (Figure 3). Indeed, the concentrations of O,°*~ and H,O; and activities of
SOD and peroxidase in seedlings pretreated with EBR and incubated in 12% PEG solution
were noticeably less than in hormone-untreated stressed seedlings (Figure 3A,B). Moreover,
under drought conditions, EBR-pretreated seedlings had reduced levels of membrane lipid
peroxidation and electrolyte leakage (Table 2) and were distinguished by the recovery of
growth (Figure 1B).

It is noteworthy that the application of EBR under normal conditions resulted in a
minor transient ROS accumulation, as well as an insignificant increase in the activities of
antioxidant enzymes (Figure 2). However, EBR-induced low levels of ROS did not cause
oxidative damage to seedlings, which is illustrated by the absence of noticeable changes
in the concentration of MDA and electrolyte leakage from tissues (Table 2) and by the
pronounced growth-promoting effect of EBR on plants (Figure 1A). At the same time, a low
level of ROS generation may play an important role in the EBR-induced preadaptation of
wheat seedlings to subsequent stress because, at low concentrations, ROS are known to act
as secondary messengers triggering an acclimation response [38] that would ameliorate
the effects of drought on metabolism and eliminate the overproduced ROS. Thus, the EBR-
induced acclimation response, which may include the activation of antioxidant enzymes,
enhancement of lignin deposition, and accumulation of the defense compound proline,
would promote an effective neutralization of the forthcoming drought-induced oxidative
stress. Indeed, present research has demonstrated that EBR-pretreated drought-stressed
seedlings experience less oxidative damage than hormone-untreated plants as evidenced by
lower levels of ROS, MDA accumulation, and leakage of electrolytes (Figure 3A,B, Table 2).

Plant species respond to environmental stressors, including drought, by accumulating
osmoprotectants such as proline which enable plants to overcome adverse conditions [66].
Many studies have shown that the proline content is modulated by phytohormones, includ-
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ing brassinosteroids [24,67]. In the present study, EBR treatment was shown to increase
proline content in wheat seedlings under normal conditions (Figure 4) suggesting that
elevated levels of proline may contribute considerably to EBR-induced tolerance of wheat
plants against oxidative stress. Indeed, a strong correlation between elevated levels of pro-
line and enhanced antioxidant responses has been reported under different stresses [68,69].
Proline is also involved in plant protection from oxidative stress by detoxification of harm-
ful ROS like superoxide ions, hydrogen peroxide, and other free radicals [70,71]. Moreover,
proline participates in cellular osmotic adjustment and stabilization of macromolecules and
membrane structures of plants under the adverse action of a wide range of abiotic stresses.
A lot of studies have shown that the exogenous application of proline can considerably
reduce ROS levels and the membrane damage induced by abiotic stresses [70]. Thus, foliar
application of proline significantly improved the growth and yield characteristics of cowpea
plants under drought stress by reducing the MDA content and improving biochemical
attributes such as SOD, peroxidase, and catalase activities [72]. Moreover, transgenic plants
with an overexpression of proline biosynthesis genes are characterized by reduced ROS
levels and lipid peroxidation [73]. It should be noted, however, that EBR-pretreated stressed
seedlings had a reduced level of drought-induced proline accumulation as compared to the
proline level in stressed seedlings untreated with the hormone (Figure 4B). This finding
may be explained by the assumption that EBR-pretreated seedlings have experienced
lower levels of drought damage as confirmed by their improved relative growth rate
compared to that of untreated stressed seedlings (Figure 1B). Earlier, it was demonstrated
that EBR pretreatment had a protective effect on rice seedlings under salinity stress. The
stress-induced proline accumulation in EBR-pretreated seedlings was also below that of in
hormone-untreated salt-stressed seedlings [74].

Lignin is a highly branched polymer composed of phenylpropanoid compounds
deposited in plant cell walls. Lignin has an important role in plant adaptation to different
stress factors, including drought stress. It enhances the rigidity and hydrophobic properties
of plant cell walls, thus markedly strengthening their barrier properties. Moreover, lignin
accumulation retains the normal functioning of tracheary elements in the xylem, thus
maintaining water transport under drought conditions [75-77]. In this study, EBR-treated
wheat seedlings exhibited an increased lignin deposition in their cell walls (Table 1). At the
same time, drought-stressed plants also show enhanced lignin content. Importantly, under
drought stress, additional lignification was revealed within the cell walls of EBR-pretreated
seedlings in comparison with that of hormone-untreated seedlings (Table 1). The ability of
EBR to enhance lignin deposition may help to reduce the harmful effects of drought stress
on plant cells. This is evidenced by the lowered indices of MDA and electrolyte leakage
in EBR-pretreated wheat seedlings compared to the hormone-untreated seedlings under
drought conditions (Table 2). These data indicate that the additional accumulation of lignin
may confer the protection of cells from the adverse effects of drought stress.

It has long been known that respiration is a multicomponent process including several
pathways differing in energetic efficiency [45,78]. The changes in the growth rate and oxi-
dant/antioxidant balance are considered to be energetically costly processes directly related
to respiration. It should be noted that the observed effect of EBR on the oxidant/antioxidant
homeostasis of wheat seedlings suggested the ability of this hormone to actively influence
the energy balance of seedlings which underlies their growth-stimulating action in nor-
mal conditions and a protective effect under drought stress. Using inhibitory analysis,
we investigated the capacity of individual pathways of dark respiration in EBR-treated
wheat seedlings: cytochrome oxidase pathway, alternative (cyanide-resistant) pathway, and
residual respiration, which in turn allowed us to indirectly estimate the energy efficiency
of respiration.

It should be noted that the seedlings treated with EBR were characterized by a decrease
in the intensity of total respiration and glycolysis (Figure 5A,B). It may be suggested that
reduced respiration promotes the maintenance of energy equivalents that subsequently
may provide additional energy under adverse conditions. Moreover, a decrease in total res-
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piration was accompanied by a 2-fold decrease in the share of an energetically less effective
alternative cyanide-resistant respiratory pathway (Figure 5C) which was accompanied by
the growth-promoting action of the hormone (Figure 1A). Thus, the growth stimulation of
wheat seedlings has occurred on the background of suppression of an energetically less
effective alternative respiration pathway and residual respiration that is not associated
with the formation of energy equivalents.

Drought evoked a noticeable increase in the total respiration and the intensity of
glycolysis (Figure 5D,E) accompanied by the inhibition of the growth rate of seedlings
(Figure 1B). Respiration is believed to have an essential role in plant adaptation to stress
conditions as the source of energy for plant metabolism [45]. By inhibiting metabolic
activity and plant growth, adverse factors can enhance respiration for reparation processes
providing resources for the synthesis and accumulation of protective compounds [78,79].
Moreover, stress-induced enhanced respiration is associated with additional respiratory
costs for stress adaptation and dissipation processes under stress [78,79]. Indeed, drought
exposure is thought to lead to elevated energy requirements and increased respiration [80].
It should be noted that stressed wheat plants were distinguished by a two-fold increase
in the capacity of the alternative respiratory pathway relative to the control (Figure 5F),
which, apparently, is important for plants under oxidative stress due to the detection of
antioxidant activity in cyanide-resistant oxidase [81]. Moreover, alternative oxidase has
been considered to have a role in improving plant tolerance to multiple environmental
stresses [52,53]. Indeed, it was shown that the alternative respiration rate was significantly
increased in stressful conditions, for instance, under salt [82], cold [83], aluminum [84], and
drought [85] stresses. Alternative oxidase was shown to be involved in the development
of cold tolerance in winter wheat seedlings [86]. Several studies have reported a role for
alternative respiration in plant responses against Cd stress [87,88]. Moreover, changes in
the AOX activity in A. thaliana plants can affect plant protective responses by modulating
redox homeostasis under Cd toxicity [89].

At the same time, pretreatment with EBR prevented the stress-induced increase in
total respiration, markedly reduced the rate of glycolysis, and halved the proportion of the
cyanide-resistant respiratory pathway (Figure 5D-F). Based on these facts, it can be assumed
that the EBR-pretreated plants were likely to experience a less negative effect under drought
stress than hormone-untreated seedlings. Indeed, EBR-pretreated seedlings appeared to
be more tolerant as evidenced by a decrease in drought-induced ROS production and
maintenance of the oxidant/antioxidant balance and growth at a level close to the control
in these seedlings. It is assumed that more tolerant plants may be able to control their
respiration rate or use more efficient respiratory pathways [90,91]. For instance, high
temperature led to a 30% rise in respiration rates in two species, Dactylis glomerata and Poa
annua, but Bellis perennis plants better acclimated to hyperthermia maintained a slower
respiration rate than the other two species [90]. Thus, the experiments have revealed
the activation of an alternative respiration pathway in the response of plants to drought-
induced oxidative stress, while pretreatment with EBR promoted a two-fold reduction in
the capacity of the energetically less favorable alternative respiration pathway (Figure 5F).
This might be a part of the mechanism of BR-induced drought tolerance of wheat plants.
Earlier experiments with A. thaliana plants have revealed the participation of alternative
oxidase in the BR-mediated adaptation response to drought-induced oxidative stress [43].

Thus, EBR treatment improved the drought tolerance of wheat plants by modulating
the oxidant/antioxidant homeostasis and increasing respiratory efficiency by lowering the
capacity of the alternative respiration pathway under drought conditions.

4. Materials and Methods
4.1. Plant Material and Experimental Design
The seeds of spring wheat (Triticum aestivum L.) cv. Ekada 70 were supplied by

Chishminsky Breeding Station, Bashkortostan, Russia. The wheat seeds were subjected
to surface sterilization with 96% ethanol and then washed thoroughly with tap water.
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After that, seeds were germinated for 3 days on filter paper moistened with tap water
at an irradiance of 200 pmol m~2 s~!, a 16 h photoperiod, and a 22-24 °C temperature.
After the removal of endosperm, one group of 3-day-old seedlings was placed into 2%
sucrose solution for a day. Thereafter, 4-day-old seedlings were incubated in 2% sucrose
solution supplemented with 0.4 uM EBR for different time intervals. The stock solution of
hormone (2 mM EBR in 96% ethanol) was diluted to obtain the effective EBR concentration
at 0.4 uM which was selected previously [92]. For the stress assay, another group of the
3-day-old seedlings was incubated in 2% sucrose solution supplemented with 0.4 uM EBR
for a day. After that, EBR-pretreated 4-day-old seedlings were grown in a drought-causing
medium containing 2% sucrose and 12% polyethylene glycol 6000 (PEG) for different time
intervals [93]. Wheat seedlings grown in a 2% sucrose solution were used as a control.

4.2. Growth Rate Analysis

The growth was estimated by the increments in fresh weight of wheat plants pretreated
with EBR and subjected to 12% PEG for a day. The relative growth rate (RGR, g g~ ! day ')
was calculated by the following formula: RGR = (In FW2 — In FW1)/At, where FW1 = fresh
weight at the beginning of the treatment, and FW2 = final fresh weight, and At = time of
treatment. Growth assays were conducted in three biological repeats; 50 seedlings were
used for each variant.

4.3. Determination of Superoxide Radical and Hydrogen Peroxide Production

The production of superoxide anion (O,°*~) was detected by monitoring the oxidation
of epinephrine (Sigma-Aldrich, St. Louis, MO, USA) to adrenochrome as previously stated
in [94]. For this purpose, 1 mL of 10~ M solution of epinephrine was added to both
control and experimental samples (10 seedlings each) after they had been incubated for
60 min at 30 °C in a 0.025 mM solution of CaCl,. The reaction of epinephrine conversion to
adrenochrome was halted after 15 min of seedling incubation by adding 0.05 M HCL The
absorbance of samples was detected spectrophotometrically at 490 nm.

The content of hydrogen peroxide (H,O;) was measured as described in [95]. For this
purpose, seedling samples were homogenized in 50 mM sodium phosphate buffer (pH 6.2),
after which homogenates were centrifuged at 10,000 x g for 15 min. The concentration of
H,0; in the supernatant was detected spectrophotometrically at 560 nm.

4.4. Determination of Antioxidant Enzymes Activities

The activity of superoxide dismutase (EC: 1.15.1.1.) was measured using the nitroblue
tetrazolium photoreduction method [96]. For the analysis of total SOD activity, 0.25 g
of frozen sample was ground in 0.005 M Tris-HCl buffer (pH 7.4) at 20 °C to obtain a
homogenate. After centrifugation of the homogenate at 10,000 g for 15 min at 5 °C, the
supernatant was used for the assay of SOD. One unit (U) of SOD activity was defined as
the amount of enzyme required for the inhibition of nitroblue tetrasolium photoreduction
by 50%. The peroxidase (EC: 1.11.1.7) activity assay was carried out according to Yusupova
et al. [97]. Control and experimental seedling samples (0.25 g) were ground using 0.01 M
Na-phosphate buffer (pH 6.0), then the obtained enzyme extracts were centrifuged at
14,000 g for 10 min. The supernatant was incubated in 0.5 mg/mL o-phenylendiamine
solution. After that, H,O, was added to the mixture for 1 min and the reaction was stopped
by the addition of 2 M H,SO4, and the absorbance value was measured at 492 nm. The
protein concentration was assayed following the method of Bradford [98].

4.5. Evaluation of Lignin Deposition

The lignification of cell walls was estimated by the intensity of lignin staining with
phloroglucinol-HCI [99]. Histochemical tests were made with hand-cut sections (0.5 mm
thickness) prepared from the basal parts of wheat seedling roots. The Wiesner reaction
was performed by soaking the sections in phloroglucinol-ethanol solution for 3 min, and
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adding one drop of concentrated HCIl. The intensity of lignin deposition was assayed on a
scale of staining intensity.

4.6. Estimation of Malondialdehyde and Electrolyte Leakage

The content of malondialdehyde, one of the main products of lipid peroxidation, was
measured according to [21]. For this purpose, 1 g of seedling sample was ground in 10%
trichloroacetic acid (TCA). After centrifugation of the extracts at 12,000x g for 20 min,
thiobarbituric acid in 20% TCA was added to an equal volume of the supernatant, and the
mixture was boiled for 30 min, followed by centrifugation at 8000 g for 15 min. After
centrifugation, the optical density of the supernatant was recorded at 532 nm. Estimation
of electrolyte leakage from the seedlings tissues is a well-known method for evaluating the
membrane permeability [100]. For this purpose, 1 g of fresh seedling sample was washed
by tap water, cut, and incubated in distilled water at 27 °C during 1 h. After filtration, the
electrolyte leakage of the water extract was detected with the conductivity meter HI8733
(Hanna Instruments, Inc., Woonsocket, RI, USA).

4.7. Proline Determination

The concentration of proline was evaluated following Bates et al. [101]. Briefly, seedling
samples (0.5 g) were ground in 5 mL of 3% sulphosalicylic acid and the mixture was
centrifuged at 12,000x g for 15 min. Then, 2 mL of acid-ninhydrin and 2 mL of glacial
acetic acid were added to 2 mL of supernatant. The mixture was heated in a water bath at
100 °C for 60 min and cooled at room temperature. The absorbance was detected at 520 nm.
A previously obtained calibration curve was used for the evaluation of proline content.

4.8. Determination of Respiration Parameters

The rates of glycolysis and total dark respiration were determined manometrically in a
Warburg apparatus [102]. For this purpose, whole wheat seedlings were cut into fragments
of 2-3 mm in length. Average samples (300 mg of fresh material) were taken from 30 to
50 plants and placed in manometric vessels.

Inhibitory analysis was utilized to examine the functioning of the individual pathways
of dark respiration: cytochrome oxidase and alternative pathways, and residual respiration.
Cytochrome oxidase and alternative pathways were inhibited by 2 mM NaN3 (pH 4.5) and
15 mM salicylhydroxamic acid (pH 4.5), respectively. Residual respiration was estimated
in the presence of both inhibitors. The concentrations of each inhibitor were selected
earlier [78].

4.9. Statistical Analysis

All experiments were performed in triplicate and the experimental data were subjected
to a one-way analysis of variance (ANOVA) using the SPSS 13.0 software (SPSS Inc.,
Chicago, IL, USA). The data shown in Figures and Tables are the mean values and their
standard errors (n = 3). The significance of differences between the mean values was
evaluated by the least significant difference (LSD) test at p < 0.05.

5. Conclusions

The present study has shown that the exogenous application of 24-epibrassinolide
efficiently alleviated PEG-induced drought stress in wheat seedlings. Pretreatment with
EBR improved the growth rate and reduced the MDA and electrolyte leakage indices under
drought conditions. This beneficial effect of EBR was achieved due to the ability of the
hormone to diminish the drought-induced rise in ROS levels by modulating the activity
of antioxidant enzymes. Moreover, EBR pretreatment induced proline accumulation and
accelerated lignin deposition, thus enhancing the barrier properties of the cell walls in
seedlings. Moreover, the application of EBR was found to increase the respiratory efficiency
of wheat seedlings by lowering the capacity of the alternative respiration pathway that
contributes significantly to the protective action of EBR against drought stress.
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