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Abstract: The aim of this work was to study the ability of 28-homobrassinolide (HBL) and 28-
homocastasterone (HCS) to increase the resistance of barley (Hordeum vulgare L.) plants to drought and
to alter their endogenous brassinosteroid status. Germinated barley seeds were treated with 0.1 nM
HBL or HCS solutions for two hours. A water deficit was created by stopping the watering of 7-day-old
plants for the next two weeks. Plants responded to drought through growth inhibition, impaired water
status, increased lipid peroxidation, differential effects on antioxidant enzymes, intense proline accu-
mulation, altered expression of genes involved in metabolism, and decreased endogenous contents of
hormones (28-homobrassinolide, B-ketones, and B-lactones). Pretreatment of plants with HBL reduced
the inhibitory effect of drought on fresh and dry biomass accumulation and relative water content,
whereas HCS partially reversed the negative effect of drought on fresh biomass accumulation, reduced
the intensity of lipid peroxidation, and increased the osmotic potential. Compared with drought stress
alone, pretreatment of plants with HCS or HBL followed by drought increased superoxide dismutase
activity sevenfold or threefold and catalase activity (by 36%). The short-term action of HBL and HCS
in subsequent drought conditions partially restored the endogenous B-ketone and B-lactone contents.
Thus, the steroidal phytohormones HBL and HCS increased barley plant resistance to subsequent
drought, showing some specificity of action.

Keywords: antioxidant enzymes; endogenous content of brassinosteroids; gene expression;
Hordeum vulgare L.; photosystem II; photosynthetic pigments; proline; water status

1. Introduction

Drought, as one of the main negative factors of global climate change, causes enormous
economic damage to agricultural production and thus makes it difficult to fight hunger [1,2].
For example, according to NOAA’s National Centers for Environmental Information (NCEI)
in the USA, from 1980 to 2020, there were 26 severe droughts in the U.S., with damage
totaling at least USD 249 billion [3].

Plants respond to water deficits through a range of morphological, physiological, and
molecular reactions [1]. It has been shown that the contents of the main photosynthetic
pigments, functional activity of photosystem II, and water status are reduced under drought
conditions [2]. Simultaneously, the generation of reactive oxygen species (ROS) increases,
the intensity of lipid peroxidation increases [4], and the activities of antioxidant enzymes

Plants 2024, 13, 1345. https://doi.org/10.3390/plants13101345 https://www.mdpi.com/journal/plants

https://doi.org/10.3390/plants13101345
https://doi.org/10.3390/plants13101345
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-7535-0441
https://orcid.org/0000-0002-3850-9860
https://orcid.org/0000-0002-9657-0790
https://orcid.org/0000-0001-8591-2794
https://orcid.org/0000-0001-9703-9304
https://doi.org/10.3390/plants13101345
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants13101345?type=check_update&version=1


Plants 2024, 13, 1345 2 of 19

and the levels of low-molecular-weight organic compounds with antioxidant properties
increase [5,6].

The development of effective technologies is necessary to protect plants from the
negative effects of drought. A very promising way to protect plants from abiotic stresses,
including drought, is the use of growth regulators. To date, methods for increasing plant
resistance to water deficit have been developed using glycine betaine [7], folic acid [6],
α-lipoic acid, cysteine [8], and others. It is widely known that the increase in plant resistance
is largely determined by factors of hormonal nature [9,10]. In this regard, brassinosteroids
(BRs) are of particular interest because they are involved in the regulation of plant growth
and ontogenesis and, by acting at extremely low concentrations, exhibit a pronounced
stress-protective effect [10–12].

To increase plant resistance to the action of damaging factors, hormonal treatment
is carried out during or before the action of the stressor [13–15]. Recently, short-term
pretreatment of seeds or plants with phytohormones that initiate a priming state has
attracted much interest [16,17]. Priming is defined as the process by which an organism
acquires the ability to increase stress tolerance in response to some damaging factor in
the future. Factors of different natures, including BRs, can serve as inducers of the plant
transition to the priming state [17–20].

Earlier, we showed that short-term root treatment of rape and potato plants with BRs
increased their stress tolerance to subsequent chloride salinization. Treatment of plants with
lactone-containing BRs (24-epibrassinolide (EBL) and 28-homobrassinolide (HBL)) induced the
transition of potato plants to the priming state, which was manifested in the ability of plants
to respond to subsequent salt stress by more effective accumulation of proline and carotenoids
with pronounced antioxidant and stress-protective properties [11,18]. Pretreatment of rape-
seed plants with lactone-containing EBL and ketone-containing 24-epicastasterone under
subsequent salt stress increased the activity of the antioxidant enzymes superoxide dismutase
(SOD) and guaiacol peroxidase. This pretreatment reduced the influx of sodium and chlorine
ions into the root system under saline conditions, the consequence of which was a decrease in
the osmotic potential of cells and maintenance of water status [21].

Despite the publication of a large number of articles on the protective role of BRs under
stress conditions, including drought, the data of different authors on the response of plants
to the action of BRs are very dynamic, if not contradictory, which is determined by the
specifics of the object, the nature of the BRs used, the intensity and duration of drought, and
the conditions of hormonal treatment [14]. At the same time, in the vast majority of cases,
EBL was used almost exclusively for plant treatment under drought conditions [13,14,20],
while the stress-protective effects of other groups of BRs still remain unclear [12]. This is
explained by the fact that lactone-containing compounds of a number of BRs (EBL, HBL)
are easily available to the scientific community and agricultural producers (in the form of
agropreparations), and the mechanism of their protective effect is being actively studied,
whereas ketone-containing BRs are currently much less available, and the mechanism of
their action is poorly understood.

It is also important to note that in response to drought and/or exogenous BRs with
subsequent water deficit, plants respond by changing the endogenous content of BRs,
which may be relevant to the realization of their protective effect [22,23]. As a rule, the total
content of BRs or the content of only brassinolide and/or castasterone has been studied,
although there are a few exceptions [14,24].

However, the response of plants, including monocotyledons such as barley, to the
action of steroidal phytohormones of different chemical structures at the physiological func-
tion and endogenous BR content levels has not been studied in practice. A demonstration
of the protective effect of ketone-containing BRs under drought conditions would allow us
to expand the range of practically relevant representatives of steroid phytohormones.

The aim of this work was to compare the ability of steroidal phytohormones with
different chemical structures, namely lactone-containing (HBL) and ketone-containing
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(28-homocastasterone, HCS) BRs, to increase drought tolerance in barley plants and to alter
the status of endogenous brassinosteroids.

2. Results
2.1. Growth Parameters, Water Contents, and Leaf Cell Sap Osmotic Potential

The effects of plant pretreatment with HBL and HCS on the physiological parameters
of barley during subsequent drought stress were evaluated. Under optimal growing
conditions, the pretreatment of plants with HCS slightly (by 8 and 18%) increased the
fresh and dry biomass of plants, respectively, relative to those of the control (Table 1,
Figure 1). Under drought conditions, decreases of 43% and 24% in plant fresh and dry
weight, respectively, and 20% in relative water content were observed compared with those
in the control. Pretreatment of plants with HBL significantly reduced the inhibitory effect of
drought on the accumulation of fresh and dry weight and relative water content of plants,
whereas the pretreatment of plants with HCS partially relieved the negative effects of water
deficit on plant fresh weight under subsequent drought conditions.

Table 1. Effect of drought and plant pretreatment with 28-homobrassinolide (HBL) and 28-
homocastasterone (HCS) on biomass accumulation and relative water content of barley plants.

Treatment
Fresh Biomass Dry Biomass Relative Water

Contentg % g %

Control 0.505 ± 0.016 a 100 0.042 ± 0.002 ac 100 1.0 ± 0.0 a

Drought 0.286 ± 0.014 b 57 0.032 ± 0.003 b 76 0.8 ± 0.1 b

HBL 0.488 ± 0.021 a 97 0.041 ± 0.004 ac 99 1.0 ± 0.0 a

HCS 0.545 ± 0.017 a 108 0.049 ± 0.003 a 118 0.9 ± 0.1 ac

HBL + drought 0.363 ± 0.012 c 72 0.039 ± 0.002 c 94 0.9 ± 0.0 cd

HCS + drought 0.325 ± 0.011 d 64 0.031 ± 0.003 b 73 0.9 ± 0.0 bd

Values are given as the mean ± SD for each treatment. Values not sharing a common or same alphabet letter (a–d),
and they differ significantly at p < 0.05 (Duncan’s multiple range test).
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Figure 1. Effect of short-term (2 h) plant pretreatment with HBL and HCS on biomass accumulation
by barley plants under normal conditions and under water deficit conditions (14 days).

Fundamentally important for plant survival under drought conditions is the preserva-
tion of the organism’s water status [25]. As follows from the data presented in Figure 2,
the osmotic potential of cell exudate of barley leaves under drought and in the case of
pretreatment of plants with HBL with subsequent drought decreased by 1.5 times relative to
the control. In the case of the pretreatment of HCS plants with subsequent drought, a slight
increase in osmotic potential was observed compared with plants exposed to only one
water deficit (Figure 2). At the same time, plants treated with BRs under normal conditions
slightly decreased the level of osmotic potential of cell contents compared with the control
(Figure 2).
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Figure 2. Effects of HBL, HCS, and drought on the osmotic potential of the cell contents of barley
plant leaves. Values are given as the mean ± SD for each treatment. Values not sharing a common or
same alphabet letter (a–d), and they differ significantly at p < 0.05 (Duncan’s multiple range test).

2.2. Contents of Basic Photosynthetic Pigments and Primary Photosynthetic Processes

In addition to the effect of water deficit on biomass accumulation, the negative effects
of drought were also reflected in the content of photosynthetic pigments (chlorophylls
a and b, carotenoids) in barley leaves, which decreased by 28–35% relative to that in the
control (Table 2). It cannot be excluded that the decrease in the level of pigments under
drought conditions can be associated not only with their degradation under stress but
also with the inhibition of their synthesis, which may be an adaptive response of plants to
minimize the formation of ROS in photosynthetic membranes under moisture deficiency, as
well as to optimize the use of light energy for photosynthetic processes [26]. Pretreatment
of plants with hormones under normal conditions had almost no effect on the levels of
major photosynthetic pigments, whereas the pretreatment of plants with HBL enhanced
the water-deficit-induced decrease in photosynthetic pigments. Moreover, the exposure of
plants to HCSs slightly ameliorated the inhibitory effect of drought on the chlorophyll a
and b contents but not on the carotenoid content.

Table 2. Effect of HBL, HCS, and drought on the content of photosynthetic pigments in leaves of
barley plants.

Treatment
Chlorophyll a Content Chlorophyll b Content Carotenoids Content

mg/Dry Weight % mg/Dry Weight % mg/Dry Weight %

Control 13.20 ± 0.36 a 100 3.33 ± 0.11 a 100 4.82 ± 0.17 a 100
Drought 9.28 ± 0.54 b 70 2.39 ± 0.15 b 72 3.11 ± 0.16 b 65

HBL 12.14 ± 0.29 c 92 3.08 ± 0.10 a 93 4.49 ± 0.26 a 93
HCS 12.75 ± 0.48 ac 97 3.25 ± 0.21 a 98 4.81 ± 0.37 a 100

HBL + drought 7.96 ± 0.33 d 60 1.97 ± 0.09 c 59 2.68 ± 0.12 c 56
HCS + drought 10.40 ± 0.29 e 79 2.69 ± 0.09 b 81 3.40 ± 0.30 b 70

Values are given as the mean ± SD for each treatment. Values not sharing a common or same alphabet letter (a–e),
and they differ significantly at p < 0.05 (Duncan’s multiple range test).

In addition to studying the effect of BRs on the content of the main photosynthetic
pigments under subsequent drought, the functional activity of the photosynthetic apparatus
was investigated by chlorophyll a fluorescence using a PAM fluorimeter. The parameters
Fv/Fm (maximum quantum efficiency of photosystem II, PS II); ETR (electron transport
rate); Y(II) (photochemical utilization of excitation energy in photosystem II under active
light); qP (photochemical fluorescence quenching coefficient); and NPQ (nonphotochemical
fluorescence quenching) were evaluated. As shown in Table 3, neither water deficit nor
prehormone treatment of plants followed by drought significantly affected the investigated
chlorophyll fluorescence parameters.



Plants 2024, 13, 1345 5 of 19

Table 3. Effects of HBL, HCS, and drought on chlorophyll a fluorescence parameters in the leaves of
barley plants.

Treatment
Chlorophyll a Fluorescence Parameters

Y(II) ETR qP NPQ Fv/Fm

Control 0.66 ± 0.00 a 24.98 ± 0.21 a 0.79 ± 0.02 a 0.83 ± 0.03 a 0.81 ± 0.01 a

% 100 100 100 100 100
Drought 0.66 ± 0.02 a 24.08 ± 1.21 a 0.75 ± 0.04 a 0.82 ± 0.03 a 0.83 ± 0.00 a

% 100 96 95 99 102
HBL 0.66 ± 0.00 a 25.01 ± 0.15 a 0.83 ± 0.02 a 0.77 ± 0.04 a 0.83 ± 0.01 a

% 100 100 105 93 101
HCS 0.67 ± 0.01 a 25.26 ± 0.28 a 0.80 ± 0.03 a 0.84 ± 0.05 a 0.83 ± 0.01 a

% 101 101 101 101 102
HBL + drought 0.67 ± 0.01 a 25.47 ± 0.41 a 0.76 ± 0.02 a 0.78 ± 0.07 a 0.82 ± 0.00 a

% 102 102 96 93 101
HCS + drought 0.66 ± 0.01 a 25.40 ± 0.46 a 0.73 ± 0.02 b 0.76 ± 0.04 a 0.83 ± 0.01 a

% 100 102 93 91 102

Values are given as the mean ± SD for each treatment. Values not sharing a common or same alphabet letter (a,b),
and they differ significantly at p < 0.05 (Duncan’s multiple range test).

2.3. The Content of Lipid Peroxidation Products

The magnitude of lipid peroxidation in barley plants was estimated by the content of
products active in reaction with thiobarbituric acid (TBARS) during heating. Under optimal
growth conditions, pretreatment of plants with HBL and HCS reduced the TBARS content
by 16% and 24%, respectively, compared with that of the control (Figure 3). Under drought
conditions, the TBARS content in leaves exceeded the control level by 19%. Pretreatment
of plants with hormones followed by stress resulted in a 20% increase in TBARS levels in
the case of HBL and, in contrast, in the removal of the drought-induced increase in TBARS
content in the case of HCS (Figure 3).
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2.4. Activity of Antioxidant Enzymes

To reduce ROS levels and prevent the development of oxidative stress in plants, an-
tioxidant defense systems are activated, the action of which is aimed at quenching reactive
oxygen species. SOD, CAT, guaiacol-dependent peroxidase, and ascorbate-dependent
peroxidase are important enzymes involved in antioxidant defense. As shown in Figure 4,
in response to drought, there was a 3-fold decrease in SOD activity, a 3.2-fold increase
in ascorbate-dependent peroxidase activity, and a 60% increase in guaiacol-dependent
peroxidase activity in barley leaves relative to those in the control. Pretreatment of plants
with HCSs followed by drought increased SOD activity sevenfold, did not affect catalase
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activity, and slightly decreased peroxidase activity relative to those under water deficit
conditions. Pretreatment of plants with HBL increased SOD activity threefold, increased
catalase activity by 36%, and decreased peroxidase activity relative to the effect of one
drought (Figure 4).
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Figure 4. Effect of HBL, HCS, and drought on superoxide dismutase (A), catalase (B), guaiacol-
dependent peroxidase (C), and ascorbate peroxidase (D) activities in leaves of barley plants. Values
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2.5. Accumulation of Proline and Expression of Genes Related to Proline Metabolism

One of the mechanisms of plant defense against abiotic stress is the accumulation of
low-molecular-weight organic compounds, such as the imino acid proline, which acts as
a chemical chaperone, osmoprotectant, metal chelator, and antioxidant [27,28]. Our data
showed that pretreatment of plants with BRs did not affect the level of proline in leaves
when barley was grown under normal moisture conditions (Figure 5). Under conditions
of water deficit, the increase in proline content in barley leaves was 57.9 times greater
than that in the control. Pretreatment of plants with BRs followed by drought resulted in
significant inhibition of proline accumulation induced by water deficit. However, even in
this case, its content was 16.4-fold and 9.5-fold greater in plants pretreated with HBL or
HCS followed by drought, respectively, than in the control plants (Figure 5).
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Plants 2024, 13, 1345 7 of 19

The key enzymes of the glutamate pathway of proline synthesis are pyrroline-5-
carboxylate synthase (P5CS1) and pyrroline-5-carboxylate reductase (P5CR). Proline degra-
dation is carried out by proline dehydrogenase (PDH). Evaluation of the transcript levels
of proline metabolism genes revealed that in response to drought, plants respond by stimu-
lating the expression of proline biosynthesis genes (P5CS1 and P5CR) and inhibiting the
activity of its degradation gene (PDH), resulting in intensive stress-dependent proline
accumulation. HBL under normal growth conditions activated the accumulation of P5CS1
gene transcripts, whereas HCS increased the levels of P5CS1 and P5CR gene transcripts
relative to those in control plants. Under the effect of subsequent drought, HCS-treated
plants showed less accumulation of P5CS1 transcripts but greater P5CR. Pretreatment of
plants with HBL followed by drought reduced the level of P5CR gene transcripts but had
no effect on P5CS1 gene expression (Table 4, Table S1).

Table 4. The effects of drought and pretreatment with brassinosteroids on the expression of genes
involved in proline metabolism in shoots of barley plants.

P5CS1 P5CR PDH P5CDH

Control 1.00 a 1.00 a 1.00 a 1.00 a

Drought 4.38 b 2.51 b 0.34 b 4.96 b

HBL 2.06 c 1.23 ac 0.64 a 3.12 c

HCS 3.84 b 1.41 c 1.05 a 2.27 d

HBL + drought 3.43 bc 1.50 c 0.24 b 0.94 a

HCS + drought 2.68 c 3.01 d 0.37 b 2.93 d

The value in the control plants was taken as 1.0. Values are given as the mean ± SD for each treatment. Values
not sharing a common or same alphabet letter (a–d), and they differ significantly at p < 0.05 (Duncan’s multiple
range test).

Next, we evaluated the expression level of the P5CDH gene encoding pyrroline-5-
carboxylate dehydrogenase. This enzyme is involved in proline degradation following
proline dehydrogenase. Contrary to expectations about unidirectional changes in the
intensity of expression of two proline degradation genes (P5CDH and PDH), an increase in
the level of P5CDH gene transcripts was observed under drought (5-fold), as well as under
BR pretreatment of plants under normal growing conditions (two–threefold). However,
when plants were pretreated with HBL and HCS followed by a 2-week drought, the level of
P5CDH gene transcripts relative to water deficit was downregulated, possibly contributing
to proline accumulation (Table 4, Table S1).

2.6. Brassinosteroid Content under Drought Conditions and BR Pretreatment

The contents of endogenous BRs of 28-homobrassinosteroids (HBL, HCS, 6-deoxo-
HCS), B-lactones (brassinolide, 24-epibrassinolide, HBL, 28-norbrassinolide), and B-ketones
(castasterone, HCS, 24-epicastasterone, 28-norcasterone) were determined (Figure 6). Under
drought conditions, a decrease in the level of all determined BRs relative to the control was
observed: for 28-homobrassinosteroids, it was the most significant and amounted to 40%,
and for B-lactones and B-ketones, it was 25–26%. Treatment with HBL at a concentration of
0.1 nM resulted in a decrease in the level of 28-homobrassinosteroids (10%) relative to the
control, B-lactones and B-ketones (33 and 14%, respectively). HCS treatment resulted in a
more dramatic decrease in 28-homobrassinosteroids (33%), while the content of B-lactones
was practically unchanged, and B-ketones slightly increased (6%). Pretreatment of plants
with HBL and HCS followed by drought did not significantly change the level of BRs in
the 28-homobrasinosteroid series, increasing the content of B-ketones compared with that
under drought conditions by 15 and 28%, respectively, and the content of B-lactones by
56%, respectively, in the case of pretreatment of plants with HCS, fully compensating for
the negative effect of drought.
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3. Discussion

Brassinosteroids are involved in the regulation of differential genome expression,
cellular metabolism, and integral physiological processes. Of particular interest is their
ability to increase plant resistance to damaging abiotic factors of various physical natures,
such as drought. The protective effect of exogenous BRs under conditions of water deficit
has been convincingly demonstrated in many plant species [10,29]. However, whether the
stress-protective effect of steroidal phytohormones depends on their chemical structure
remains poorly investigated. The experimental data obtained allowed us to discuss the
specificity of the action of BRs with different chemical structures (HBL and HCS) on barley
plants under conditions of soil drought and whether BRs affect the endogenous content of
28-homoBS, B-ketones, and B-lactones.

3.1. Plant Growth and Photosynthesis under Drought and 28-Homobrassinosteroid Pretreatments

One of the main negative effects of drought is the inhibition of plant growth, which is
based on the development of water deficit and a decrease in water potential. The application
of exogenous BRs is known to contribute to the maintenance of water potential in plants
under stress conditions [30]. This effect depends on the method of plant hormonal treatment.
For example, treatment of flax-folk plants with HBL during drought did not affect the level
of plant water potential, but pretreatment of the plants with hormones before sowing led
to an increase in the water-holding capacity of the leaves of the flax seedlings [31].

Interestingly, the water status of plants depends not only on the method of hormone
treatment but also on the endogenous level of BRs. Chen et al. [32] showed that the
brassinosteroid-deficient cotton pag1 mutant was characterized by low productivity and
drought tolerance, which was due to its extremely poor tissue water-holding capacity,
apparently due to reduced ABA levels and inability to regulate the transpiration rate.
Treatment of sorghum plants with brassinosteroids stimulated the growth of the root
system and thus increased its water-holding capacity and reduced water loss through
transpiration [33].
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In our study, drought resulted in a 43% and 24% decrease in the fresh and dry weight
of the aboveground parts of barley plants, respectively, and a 20% decrease in the relative
water content compared with that of the control. A significant decrease in the osmotic
potential of the cellular exudate in the leaves was observed (Table 1). Pretreatment of
plants with BRs resulted in partial removal of the negative effects of drought on the
biomass accumulation and relative water content of barley plants. Moreover, these effects
depend on the chemical structure of the BRs used. Thus, HBL reduced the inhibitory
effect of drought on the accumulation of wet and dry biomass and relative water content
without affecting the water potential of leaf cells. Moreover, pretreatment of plants with
HCS partially relieved the negative effect of drought on fresh biomass accumulation and
increased the osmotic potential by 40% but had no effect on plant dry mass or relative
water content (Table 1, Figure 2). This effect could be due to hormonal regulation of ion
accumulation in different parts of plants.

It could not be excluded that the stress-protective effect of BRs on plant biomass
accumulation could be due to their effect on photosynthetic rate under drought conditions.
We studied the effects of drought and hormone pretreatment of barley plants followed by
drought stress on the photochemical activity of PSII and the content of main photosyn-
thetic pigments.

The data obtained showed that neither drought nor pretreatment of plants with BRs
followed by drought had a significant effect on the parameters of PSII photochemical
processes (Table 3), although Fv/Fm values have been successfully used in many cases to
assess “stress” in plants, reflecting the high sensitivity of PSII to environmental stimuli [34].
However, the interpretation of this index is not always unambiguous, because inactivation
of PSII reaction centers is usually associated with heat loss and a decrease in Fv/Fm.
Moreover, the optical properties of a leaf can change under certain stress conditions such as
drought, which means that Fm and Fo values may be the result of changes in leaf absorptive
capacity [34]. According to Baker and Rosenqvist (2004), stomatal closures did not correlate
to Fv/Fm under mild drought conditions, and Fv/Fm itself is not a good indicator for
detecting plant drought response at mild soil water deficit [35]. It was also found that
Fv/Fm values do not change with elevated carbon dioxide under drought conditions [36].
It should be noted that in recent years, the hypothesis of relative resistance to water stress
of both PSI and PSII has been experimentally confirmed. Thus, under the influence of
soil drought, the ratio between the accumulation of photochemically inactive reaction
centers of PSI and PSII practically does not change, which indicates the stability of the
electron-transport chain of photosynthesis [37].

We also cannot exclude that the absence of Fv/Fm changes in barley under water
deficit may reflect the specificity of this plant. This is evidenced by our preliminary
experiments on the barley cultivar used in this work, the results of which indicate the
stability of PSII photochemical processes under salt stress (unpublished data). This is also
supported by the fact that in different barley cultivars, Fv/Fm values are independent of the
intensity of light stress [38]. According to the literature, barley and oilseed rape seedlings
that are exposed to exogenous BRs under optimal growth conditions showed no change
in the efficiency of energy flow in PSII during prompt fluorescence measurements [39].
The above analysis suggests that the functional stability of PSII of young barley plants
under drought is determined by the specificity of this species and/or the intensity of
water stress.

It is known that plant productivity can be determined by the photosynthetic activity of
the assimilation apparatus, which in turn depends on the content of the main photosynthetic
pigments [40]. In the present work, a 28–35% decrease in pigment content relative to that
of the control was observed against the background of drought, which was previously
demonstrated in other plants [41]. Pretreatment of plants with HCS did not affect the
content of chlorophylls and carotenoids under subsequent drought, whereas pretreatment
with HBL resulted in a slight (10–15%) decrease in the content of photosynthetic pigments
(Table 2). These data allow us to discuss the question of how BR, without increasing
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the content of photosynthetic pigments, reduces the negative effect of drought on plant
biomass accumulation.

In answering this question, first of all, it should be noted that there is no direct relation-
ship between pigment content and photosynthetic rate in plants, as evidenced by a number
of facts. Tang et al. (2023) obtained mutants of Setaria italic that had significantly decreased
Chl b content but increased photosynthetic rate; another group of mutants showed a pos-
itive correlation between increased stomatal conductance and increased photosynthetic
rate and a weak correlation between decreased Chl b content and decreased photosynthetic
rate [42]. BR treatment of rhododendron plants under drought was accompanied by an in-
crease in photosynthetic rate, stomatal conductance, excitation energy capture efficiency of
the reaction center, photochemical efficiency of PSII, photochemical quenching, and electron
transport rate without significant effects on photosynthetic pigment content [43]. The BS
mimic αDHECD was shown to increase photosynthetic rate under normal temperature
conditions. Under heat stress conditions, αDHECD increased photosynthetic rate, stomatal
conductance, and transpiration rate, while decreasing intercellular CO2 concentration and
water use efficiency. Finally, the light absorbed by the mutant rice with reduced chlorophyll
content was more efficiently partitioned to photosynthesis and could be used to improve
photosynthetic efficiency [44].

The lack of a direct relationship between pigment content and photosynthetic rate
suggests that HBL and HCS affect photosynthetic rate not through the stimulation of chloro-
phyll synthesis but through effects on other processes, such as stomatal conductance, which
accelerates carbon dioxide uptake and increases photosynthetic rate. This assumption is en-
tirely plausible, as there are many published articles showing, for example, that BS-induced
improvements in CO2 assimilation under drought conditions are mainly due to stomatal
events [45]. This is also supported by data from Junior et al. (2020), who found that BR
treatment increased the photosynthetic rate and stomatal conductance to be involved in
drought stress response in Eucalyptus urophylla [46].

3.2. Plant Oxidative Status under Drought and 28-Homobrassinosteroid Pretreatments

Plants respond to unfavorable environmental conditions, including drought, by ac-
cumulating ROS and developing oxidative stress [47]. The formation of ROS is caused by
the “overload” of the electron-transport chain of chloroplasts under conditions of water
deficit, which is associated with a decrease in the intensity of CO2 fixation and activation
of the respiration process [48]. ROS cause the degradation of proteins and nucleic acids,
oxidation of membrane lipids, breakdown of photosynthetic pigments, and inactivation of
enzyme systems. BRs can reduce the negative effects of drought by activating the cellu-
lar antioxidant system, which includes antioxidant enzymes and low-molecular-weight
organic compounds that exhibit antioxidant properties [49].

In response to drought, barley plants responded to increasing TBARS levels, indicating
an increase in the intensity of membrane lipid peroxidation (Figure 3). Simultaneously, a
3-fold decrease in SOD activity, a 3.2-fold increase in ascorbate peroxidase activity, and a
60% increase in guaiacol-dependent peroxidase activity were observed in barley leaves
relative to the control (Figure 4). Pretreatment of plants with HBL slightly (by 20%)
stimulated TBARS accumulation, while HCS, on the contrary, relieved the drought-induced
increase in TBARS content (Figure 3), i.e., at the level of the lipid peroxidation process,
lactone- and ketone-containing BRs had opposite effects on plants under drought conditions.
Pretreatment of wheat plants with 24-epibrassinolide followed by PEG6000-induced water
deficit also resulted in a reduction in lipid peroxidation and electrolyte leakage from
tissues [15]. Pretreatment of barley plants with HCS followed by drought increased SOD
activity sevenfold, had no effect on catalase activity, and slightly decreased peroxidase
activity relative to water deficit. Compared with drought alone, pretreatment of plants with
HBL increased SOD activity threefold, increased catalase activity by 36%, and decreased
peroxidase activity (Figure 4). Hence, one of the manifestations of the protective effect of
pretreatment of plants with HBL and HCS under subsequent drought conditions is the
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significant activation of SOD, a key antioxidant defense enzyme. It was previously shown
that the treatment of tobacco plants and cut flowers of Dendrobium with 24-epibrassinolide
under drought conditions resulted in increased resistance by increasing the activities of
several antioxidant enzymes [13,20]. According to Yang et al. [37], the dynamics of changes
in SOD activity during drought are highly complex. For example, with increasing stress
intensity, SOD activity often decreases or remains unchanged. This behavior of antioxidant
enzymes, particularly SOD, is clearly explained by the fact that plants respond to tissue
water deficit rather than to water deficit per se.

Interestingly, the ability of BRs to increase plant tolerance to drought through the
activation of antioxidant enzymes depends on the treatment method. For example, pre-
treatment of tomato plants with brassinosteroids followed by drought stress resulted in the
activation of several antioxidant enzymes, including catalase [50], whereas treatment of
plants during stress was accompanied by the inhibition of catalase activity [51].

The nonenzymatic components of antioxidant defense include carotenoids, phenolic
compounds, proline, sugars, etc. [49]. It is known, for example, that carotenoids are
involved in the quenching of 1O2 and peroxide, which are generated when chlorophyll
is overexcited [52] due to a decrease in the turgor of the closing cells and a reduction, as
a consequence, in carbon dioxide entry into the plant. This adaptation strategy aimed
at reducing the intensity of oxidative stress by accumulating carotenoids is characteristic
mainly of halophytic plants [53]. It is likely that glycophyte barley plants accumulate other
antioxidant compounds, which may be the reason for the lack of a stimulating effect of
BRs on carotenoid content under water deficit. Other studies have shown that treatment of
plants with BRs under drought conditions leads to an increase in soluble sugar content and
superoxide dismutase, peroxidase and catalase activities [13,54].

Barley plants responded to drought by intensive (57.9-fold) proline accumulation
(Figure 5). This was achieved by stimulating the expression of the key gene for synthesis
P5CS1 and simultaneously inhibiting the activity of expression of the key gene for proline
degradation PDH (Table 4 and Table S1). Proline, as a “chemical chaperone”, maintains
the native conformation of proteins and enzymes such as RUBISCO, exhibits antioxidant
properties, and is involved in osmoregulation [27,28,55]. Proline accumulation in drought-
stressed plants has been observed many times previously [56,57]. BR treatment of plants is
also known to stimulate proline accumulation under water deficit [13,15,20]. At the same
time, we showed that pretreatment of barley plants with BRs followed by drought partially
reduced stress-induced proline accumulation, despite the fact that in this case there was
stimulation of P5CS1 gene expression of proline synthesis and inhibition of its degradation
gene expression (Table 4). In this case, proline content was 16.4-fold and 9.5-fold higher
in plants pretreated with HBL or HCS followed by drought compared with the control,
respectively (Figure 5).

The question arises as to whether the BR inhibition of proline accumulation during
water deficit is a unique event. The answer to this question is in the negative. A decrease in
proline content in cotton and velvet plants treated with BRs and exposed to drought stress
has also been shown previously [58,59]. Evidence is known that BRs reduced salt-stress-
induced proline accumulation in rapeseed [24], rice [60], and pepper [61] plants. It is also
impossible not to mention the recently published data, according to which exogenous BRs
increase drought tolerance in soybean plants; however, it is not involved in the adaptation
of plants to water deficit, since the proline level in plants decreases as the BR concentration
increases [62]. Interesting results were reported by Cai et al. (2020) [43], according to which
an increase in the level of endogenous BRs in rhododendron plants was accompanied by
an increase in leaf water potential and a decrease in malonic dialdehyde, proline, and
soluble protein. We have shown that pretreatment of barley plants with BRs followed by
drought stress resulted in an increase in the content of endogenous steroid phytohormones
(Figure 6). This finding makes it more or less likely that endogenous BRs are involved in
our observed decrease in hormone-dependent proline accumulation during drought.
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Another reason for the BR downregulation of proline accumulation under water deficit
may be related to the antioxidant properties exhibited by proline. We are well aware that BR,
like other hormones, are specialized metabolic regulators that optimize cellular metabolism,
including antioxidant status. Recently, BRs in rice plants have been shown to act as inducers
of melatonin synthesis, which is one of the most effective antioxidants [63]. Moreover, barley
plants are characterized by a high endogenous content of melatonin and its derivatives [64].
Under these conditions, BRs, by stimulating melatonin synthesis, partially downregulate
proline accumulation as an “excess” antioxidant under these conditions, resulting in energy
conservation under stress. Moreover, the contribution of proline to cellular osmoregulation
is rather low, since its concentration in cytoplasm does not exceed the micromolar level.

3.3. Endogenous Contents of Brassinosteroids under Drought and
28-Homobrassinosteroid Pretreatments

Many studies have shown that under drought conditions, there are changes in the
levels of endogenous BRs in plants such as pea, soybean, rice, tobacco, maize, and tomato
plants (cited by [14]). These changes are characterized by species specificity. Most stud-
ies have analyzed either total brassinosteroid content or castasterone and/or brassino-
lide content. It was previously observed that in the barley cultivar “Bowman” and in
plants of five brassinosteroid biosynthesis mutant lines, an increase in castasterone and 24-
epibrassinolide content was observed in response to drought [65]. The effect of exogenous
BRs on the endogenous content of various groups of steroid phytohormones under stress
conditions was first investigated in rape plants under salinity conditions [24]. It should be
noted that at present, there are practically no data on the changes in the profile of BRs under
drought in response to the treatment of plants with exogenous steroid phytohormones [14].

Our results indicate that barley plants responded to drought not by increasing but,
on the contrary, by decreasing the levels of all analyzed BRs—28-homobrassinosteroids,
B-lactones, and B-ketones (Figure 6). Pretreatment of barley plants with BRs followed
by drought treatment allowed us to show that both HBL and HCS partially restored the
content of B-ketones in the aboveground part of barley plants, whereas HCS completely
reversed the inhibitory effect of drought on the content of B-lactones (Figure 6). The data
obtained are extremely important because they indicate the ability of plant pretreatment
with HBL and HCS to partially restore endogenous B-ketone and B-lactone contents during
subsequent drought. A number of studies have shown that the level of endogenous BRs
largely determines the drought tolerance of plants. In particular, ref. [23] found that the
content of BRs in different maize lines correlated with the level of drought tolerance,
i.e., highly tolerant genotypes were characterized by the highest content of BRs. Analysis of
a brassinosteroid-deficient mutant of cotton showed that it was characterized by increased
sensitivity to drought, which is due to the extremely low water-holding capacity of tissues
and poor water-absorbing function of the root [32].

4. Materials and Methods
4.1. Plant Materials and Experimental Design

To study the resistance of monocotyledonous plants to water deficit conditions, barley
of the Biom variety was used. Barley seeds were sterilized with 70% ethanol for 5 min,
washed with distilled water, and stratified at 4 ◦C for three days. The seeds were then
germinated for two days (in the light, in a phytotron with a 16-h photoperiod at 19–21 ◦C)
on moist filter paper. Germinated seeds were treated for two hours in Petri dishes with
0.1 nM HBL or 0.1 nM HCS while shaking (Figure 7). The control seeds were watered for
2 h under the same conditions as the experimental seeds. These hormone concentrations
were selected based on previously obtained results (Table S2) [11]. After the end of the
treatment, the seeds were sown 10 at a time into 1-L vessels with soil (Garant soil, Temp-
2 soil coarse plant, Tomsk, Russia) according to the following treatments: (1) control,
(2) drought, (3) 0.1 nM HBL, (4) 0.1 nM HCS, (5) 0.1 nM HBL + drought, and (6) 0.1 nM
HCS + drought. Each variant contained 5 vessels. In the first week of the experiment, all
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plants were grown under the same soil moisture conditions. Water deficit was created
by discontinuing watering a portion of 7-day-old plants for the next two weeks. Plants
that did not experience water deficit were watered two days later on the third day. After
2 weeks, the biomass of the aboveground plant parts, water content in the tissues of the
aboveground organs, relative water content in the leaves, photosynthetic pigment content,
and photochemical activity parameters of PS II were measured. For further analyses, plant
samples were fixed in liquid nitrogen and stored at 70 ◦C.

Plants 2024, 13, x FOR PEER REVIEW  13  of  20 
 

 

reversed the inhibitory effect of drought on the content of B‐lactones (Figure 6). The data 

obtained are extremely important because they indicate the ability of plant pretreatment 

with HBL  and HCS  to  partially  restore  endogenous  B‐ketone  and  B‐lactone  contents 

during subsequent drought. A number of studies have shown that the level of endoge‐

nous BRs largely determines the drought tolerance of plants. In particular, ref. [23] found 

that the content of BRs in different maize lines correlated with the level of drought tol‐

erance, i.e., highly tolerant genotypes were characterized by the highest content of BRs. 

Analysis of a brassinosteroid‐deficient mutant of cotton showed that it was characterized 

by  increased  sensitivity  to drought, which  is due  to  the  extremely  low water‐holding 

capacity of tissues and poor water‐absorbing function of the root [32]. 

4. Materials and Methods 

4.1. Plant Materials and Experimental Design 

To  study  the  resistance  of monocotyledonous  plants  to water  deficit  conditions, 

barley of the Biom variety was used. Barley seeds were sterilized with 70% ethanol for 5 

min, washed with distilled water, and stratified at 4 °C  for  three days. The seeds were 

then germinated  for  two days  (in  the  light,  in a phytotron with a 16‐h photoperiod at 

19–21  °C) on moist  filter paper. Germinated  seeds were  treated  for  two hours  in Petri 

dishes with 0.1 nM HBL or 0.1 nM HCS while shaking (Figure 7). The control seeds were 

watered  for 2 h under  the  same conditions as  the experimental  seeds. These hormone 

concentrations were selected based on previously obtained results (Table S2) [11]. After 

the  end of  the  treatment,  the  seeds were  sown  10  at  a  time  into  1‐L vessels with  soil 

(Garant soil, Temp‐2 soil coarse plant, Tomsk, Russia) according to the following  treat‐

ments:  (1)  control,  (2)  drought,  (3)  0.1  nM HBL,  (4)  0.1  nM HCS,  (5)  0.1  nM HBL  + 

drought, and  (6) 0.1 nM HCS + drought. Each variant  contained 5 vessels.  In  the  first 

week of the experiment, all plants were grown under the same soil moisture conditions. 

Water deficit was created by discontinuing watering a portion of 7‐day‐old plants for the 

next two weeks. Plants that did not experience water deficit were watered two days later 

on the third day. After 2 weeks, the biomass of the aboveground plant parts, water con‐

tent in the tissues of the aboveground organs, relative water content in the leaves, pho‐

tosynthetic pigment content, and photochemical activity parameters of PS II were meas‐

ured. For further analyses, plant samples were fixed in liquid nitrogen and stored at 70 

°C. 

 

Figure 7. Chemical structure of brassinosteroids. 

4.2. Synthesis of Brassinosteroids 

The synthesis of 28‐HBR for these studies was carried out in 12 stages from available 

stigmasterol according to our previously described method [66]. 

4.3. Determination of Plant Biomass and Water Content 

Plant biomasses were determined gravimetrically. For  fresh weight estimation, an 

analytical balance with an accuracy of 1 mg  (Sartorius CP 622”  (Göttingen, Germany)) 

was used, whereas for dry weight estimation, an analytical balance with an accuracy of 

0.1 mg (AB54‐S, Mettler Toledo, Greifensee, Switzerland) was used. In the latter case, the 

Figure 7. Chemical structure of brassinosteroids.

4.2. Synthesis of Brassinosteroids

The synthesis of 28-HBR for these studies was carried out in 12 stages from available
stigmasterol according to our previously described method [66].

4.3. Determination of Plant Biomass and Water Content

Plant biomasses were determined gravimetrically. For fresh weight estimation, an
analytical balance with an accuracy of 1 mg (Sartorius CP 622” (Göttingen, Germany)) was
used, whereas for dry weight estimation, an analytical balance with an accuracy of 0.1 mg
(AB54-S, Mettler Toledo, Greifensee, Switzerland) was used. In the latter case, the plant
samples were predried to a constant weight at 70 ◦C. The water content is expressed as a
percentage of fresh biomass. The relative water content (RWC) was calculated using the
following formula [67]: RWC % = (fresh weight − dry weight)/(swollen weight − dry
weight) × 100%, where fresh weight is the weight of leaves after cutting them at the base of
the lamina. Swollen weight was determined after soaking the leaves in distilled water for
24 h at 60% relative humidity, +4 ◦C, and low light. The dry weight is the weight of the
plant material after drying the leaves at 70 ◦C for 24 h to a constant weight.

4.4. Determining the Osmotic Potential

The osmotic potential of the cell exudates was determined using an Osmomat 030
cryoscopic osmometer (Gonotec, Berlin, Germany) according to the manufacturer’s instruc-
tions. Cell sap was squeezed from defrosted leaf samples.

4.5. Determination of Chlorophyll Fluorescence

The photochemical activity parameters of PS II were measured using a RAM fluorime-
ter (MINI-PAM-II, Heinz-Walz, Effeltrich, Germany). The fluorescence coefficients and rela-
tive electron transport rates were calculated using MINI-PAM-II software WinControl-3 Soft-
ware (https://www.walz.com/products/chl_p700/monitoring-pam/wincontrol-3.html
accessed on 20 February 2023). The parameters evaluated were Fv/Fm (maximum quan-
tum efficiency of photosystem II, PS II), ETR (electron transport rate), Y(II) (photochemical
utilization of excitation energy in photosystem II under active light), qP (photochemical
fluorescence quenching coefficient), and NPQ (nonphotochemical fluorescence quenching).

4.6. Evaluating Lipid Peroxidation Levels

The level of lipid peroxidation was evaluated by the formation of a stained complex
between thiobarbituric acid and thiobarbituric-acid-reactive substances (TBARS) upon
heating according to Buege and Aust [68]. The TBARS content was determined spec-
trophotometrically by estimating the absorbance of the solutions at wavelengths of 532 and

https://www.walz.com/products/chl_p700/monitoring-pam/wincontrol-3.html
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600 nm using a Genesys 10S UV—Vis Genes spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

4.7. Determination of Photosynthetic Pigments

The Lichtenthaler method was used to estimate the content of chlorophyll a (Chl a),
chlorophyll b (Chl b), and carotenoids (Car) [55]. For this purpose, leaf samples (70 mg)
were ground in liquid nitrogen, after which the resulting material was transferred to a
tube with 96% ethanol (1.5 mL) and calcium carbonate and vigorously vortexed, after
which the homogenate was centrifuged for 10 min at 8000× g using a MiniSpin centrifuge
(Eppendorf, Hamburg, Germany). This extraction was performed three times. The extracts
were combined, and the total volume was 5 mL. To estimate the concentration of pigments
in the alcoholic extract, the Lichtenthaler formula was used after measuring the optical
density of the extract at wavelengths of 470, 648, 664, and 720 nm on a Genesys 10S UV—Vis
spectrophotometer [69].

4.8. Determination of the Free Proline Content

Free proline was extracted and determined according to Bates et al. [70], and the
optical density of the solution was measured at a wavelength of 520 nm on a Genesys 10S
UV—Vis Genes spectrophotometer (Thermo Fisher Scientific, USA).

4.9. Determination of the Activity of Antioxidant Enzymes

Total superoxide dismutase (EC 1.15.1.1.1), guaiacol-dependent peroxidase (EC 1.11.1.7)
(PO), ascorbate-dependent peroxidase (APX; EC 1.11.1.11), and catalase (EC 1.11.1.6) activi-
ties were determined in fresh extracts of leaf tissues. Leaf samples (200 mg) were ground
in liquid nitrogen with insoluble polyvinyl pyrrolidone, extracted in 0.066 M potassium–
phosphate buffer (pH 7.4) containing 0.5 mM dithiothreitol (Sigma-Aldrich, Darmstadt,
Germany) and 0.1 mM phenylmethylmethylsulfonyl fluoride in dimethyl sulfoxide (Sigma-
Aldrich, Germany) and then centrifuged for 20 min at 8000 rpm and 4 ◦C using a 5430R
centrifuge (Eppendorf, Hamburg, Germany). Total SOD activity was determined according
to the methods of Beauchamp and Fridovich [71]. The reaction medium (2 mL) contained
10 µL of supernatant, 1.75 mL of 50 mM Tris-HCl buffer (pH 7.8), 0.2 mL of 0.1 M DL-
methionine (Sigma-Aldrich, Germany), 0.063 mL of 1.7 mM nitro blue tetrazolium (Fer-
mentas, Waltham, MA, USA), 0.047 mL of 1% Triton X-100 (Sigma-Aldrich, Germany), and
0.060 mL of 0.004% riboflavin (Sigma-Aldrich, Germany). The reaction proceeded under
LED lamps (I = 232 µmol photons/m−2 s−1) for 30 min. The absorption was measured at
560 nm using a Genesys 10S UV—Vis spectrophotometer (Thermo Fisher Scientific, USA).

Guaiacol-dependent peroxidase activity was determined as previously described [11].
The reaction mixture contained 50 µL of supernatant, 1.95 mL of 0.066 M potassium-
phosphate buffer (pH 7.4), 200 µL of 7 mM guaiacol (Sigma-Aldrich, Germany), and 250 µL
of 0.01 M H2O2. The absorption was measured at 470 nm using a Genesys 10S UV—
Vis spectrophotometer (Thermo Fisher Scientific, USA). To estimate catalase activity (EC
1.11.1.6) according to the method of Chance and Maehly [72], plant samples were ground in
liquid nitrogen with insoluble polyvinylpyrrolidone (Sigma-Aldrich, Germany), extracted
with 0.066 M potassium phosphate buffer (pH 7. 8) containing 0.5 M dithiothreitol and
0.1 M phenylmethylsulfonyl fluoride in dimethyl sulfoxide, and then centrifuged for 20 min
at 10,000 rpm and 4 ◦C (Eppendorf 5430R, Hamburg, Germany). The reaction mixture
contained 50 µL of supernatant, 1.9 mL of 0.066 M potassium phosphate buffer (pH 7.8),
and 50 µL of 0.05 M H2O2. The absorbance of the solution was measured at 240 nm on a
spectrophotometer (Genesys 10S UV—Vis, ThermoScientific, USA).

For the determination of ascorbate peroxidase (AP, KF 1.11.1.11.) activity, fresh plant
material was homogenized at 4 ◦C in 0.05 M Tris-HCl1 buffer (pH 7.8) containing 1 mM
EDTA, 1 mM ascorbic acid (AA), 5% (weight/weight) polyvinylpyrrolidone (PVP) (Dia-M,
Moscow, Russia), and 10% (weight/volume) sorbitol (Sigma-Aldrich, Germany). The re-
sulting extract was filtered through 2 layers of Capron cloth and centrifuged at 12,000× g
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for 30 min. The activity of ascorbate peroxidase was determined spectrophotometrically by
the decrease in light absorption at 290 nm caused by the oxidation of ascorbate. The reac-
tion mixture (1 mL) contained 0.06 M sodium phosphate buffer (pH 7.0), 0.1 mM EDTA
(Sigma-Aldrich, Germany), 0.5 mM AA, 100 µL of extract, and 0.1 mM H2O2 [73,74].

4.10. Determination of Total Protein Content

The Esen method was used to determine the protein content of the plant material [75].

4.11. Determination of the Content of Endogenous Brassinosteroids

The contents of B-lactones, B-ketones, and 28-homobrassinosteroids were determined
with previously developed test systems [76] using a two-stage method [77]. A detailed descrip-
tion of the method used for the analysis of BRs is presented in the Supplementary Materials.

4.12. Selection of Target Genes for qRT—PCR Analysis and Primer Design

The PCR conditions and primer sequences for the reference genes were obtained
from Nicot et al. [78]. The primary structures of the proline synthesis and degradation
genes (P5CS1, P5CR, PDH, and P5CDH) were obtained from the NCBI database (http:
//www.ncbi.nlm.nih.gov/, accessed on 20 February 2023). The primer-BLAST [79] and
Vector NTI 11.0 programs were used to design the gene-specific primers. The inventory
numbers of the target genes, primer sequences, and PCR product sizes are presented in the
Supplementary Materials (Table S3).

4.13. Quantitative RT—PCR Analysis of Target Gene Expression

Leaf samples were ground in liquid nitrogen, and RNA was extracted with the method
proposed by Bilgin D. [80]. Samples were treated with RNase-free DNAse I (Thermo Fisher
Scientific, USA) to remove genomic DNA. MMLV-RevertAid reverse transcriptase (Evrogen,
Moscow, Russia) was used for cDNA synthesis.

Gene transcript levels were determined by real-time PCR on a LightCycler® 96 system
(Roche, Switzerland) using SYBR Green I (Evrogen, Russia). The reaction mixture contained
the HS SYBR qPCR mix (Evrogen, Russia), cDNA, PCR primers (Evrogen, Russia), and
ddH2O. Three technical replicates of each sample were treated, and ddH2O was used as a
negative control. The amplification conditions were as follows: 95 ◦C for 5 min, followed
by 40 cycles of 95 ◦C for 15 s, Tm◦C (Table S3) for 30 s, and 72 ◦C for 15 s. The transcript
levels of target genes were normalized to ARF1 gene expression. Transcript levels were
calculated using MS Excel according to the manufacturer’s instructions.

4.14. Statistical Analysis

The experiments were conducted at least three times. One biological replicate included
9 to 12 plants. The values are expressed as mean ± SD. The results were evaluated
using one-way analysis of variance (ANOVA) followed by Duncan’s multiple range test
(DMRT), using the SPSS 26 software package. p-values less than 0.05 were regarded as
statistically significant.

5. Conclusions

Drought is one of the leading negative factors of global climate change. It reduces the
yield of the most important crops, which makes it urgent to develop methods to reduce the
negative effects of water deficit on plants. BRs are a class of steroidal phytohormones that
regulate plant growth, development, and defense responses to abiotic stresses, including
drought. To date, virtually no research has investigated the stress-protective effects of
BRs with different chemical structures. In this work, we studied the ability of HBL and
HCS to increase the drought tolerance of barley (Hordeum vulgare L.) plants and to alter
the endogenous status of BRs. Germinated barley seeds were treated with solutions of
0.1 nM (HBL) and 0.1 nM (HCS) for two hours. A water deficit was created by stopping the
watering of 7-day-old plants for the next two weeks. Plants respond to drought through

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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growth inhibition, water disturbance, increased lipid peroxidation, and differential effects
on antioxidant enzyme activities, intense proline accumulation, altered expression of genes
involved in metabolism, and decreased levels of endogenous hormones (B-ketones BRs and
B-lactones BRs). Pretreatment of barley with steroidal phytohormones of different chemical
structures increased plant resistance to subsequent drought, which was manifested in
a partial reduction in the inhibitory effect of water deficit on the accumulation of fresh
biomass in the case of HCS and fresh and dry biomass in the case of HBL. Moreover, HCS
increased the osmotic potential, which may be explained by the partial suppression of
proline accumulation and a decrease in the intensity of lipid peroxidation. The latter was
manifested by a sevenfold increase in SOD activity compared with the effect of drought
alone. Short-term pretreatment of barley seedlings with HBL increased SOD activity and
catalase activity threefold (by 36%) under water deficit conditions. At the same time, the
hormones did not affect the functional activity of PSII but partially restored the endogenous
content of B-ketones and B-lactones, which often correlates with an increase in plant
resistance. Demonstration of the protective effect of lactone- and ketone-brassinosteroids of
the 28-homobrassinolide series on barley plants under water deficit may attract the interest
of researchers to this problem and expand the range of practically relevant brassinosteroids.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/plants13101345/s1, Table S1: Transcript levels of proline metabolism
genes; Table S2: Effect of different concentrations of BS on accumulation of fresh and dry biomass of
barley plants under normal conditions and under water deficit; Table S3: List of genes, gene-specific
primers, and PCR conditions; analysis of endogenous BRs level.
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