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Abstract: Cereals, which belong to the Poaceae family, are the most economically important group of
plants. Among abiotic stresses, temperature stresses are a serious and at the same time unpredictable
problem for plant production. Both frost (in the case of winter cereals) and high temperatures in
summer (especially combined with a water deficit in the soil) can result in significant yield losses.
Plants have developed various adaptive mechanisms that have enabled them to survive periods of
extreme temperatures. The processes of acclimation to low and high temperatures are controlled,
among others, by phytohormones. The current review is devoted to the role of brassinosteroids
(BR) in cereal acclimation to temperature stress with special attention being paid to the impact of
BR on photosynthesis and the membrane properties. In cereals, the exogenous application of BR
increases frost tolerance (winter rye, winter wheat), tolerance to cold (maize) and tolerance to a high
temperature (rice). Disturbances in BR biosynthesis and signaling are accompanied by a decrease
in frost tolerance but unexpectedly an improvement of tolerance to high temperature (barley). BR
exogenous treatment increases the efficiency of the photosynthetic light reactions under various
temperature conditions (winter rye, barley, rice), but interestingly, BR mutants with disturbances
in BR biosynthesis are also characterized by an increased efficiency of PSII (barley). BR regulate
the sugar metabolism including an increase in the sugar content, which is of key importance for
acclimation, especially to low temperatures (winter rye, barley, maize). BR either participate in
the temperature-dependent regulation of fatty acid biosynthesis or control the processes that are
responsible for the transport or incorporation of the fatty acids into the membranes, which influences
membrane fluidity (and subsequently the tolerance to high/low temperatures) (barley). BR may be
one of the players, along with gibberellins or ABA, in acquiring tolerance to temperature stress in
cereals (particularly important for the acclimation of cereals to low temperature).
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1. Introduction: Plant Steroid Hormones—Brassinosteroids

Brassinosteroids (BR) are plant steroid hormones that are structurally similar to the
steroid hormones that are found in animals (corticosteroids, estrogens, androgens, pro-
gesterone) and insects (ecdysteroids). BR were first isolated from rape pollen (Brassica
napus L.) in the 1970s. The first BR, which was called brassinolide, was then identified [1].
Currently, this group consists of 81 compounds that differ in their structure [2], which
in higher plants and algae occurs in both a free and bound form (conjugates with fatty
acids or sugars). BR are present in plants in amounts of nano- and picograms per gram
of fresh weight. The discussed chemical compounds are characterized by a polycyclic
carbon skeleton of 5x-cholestane and the differences in their structures result from the
presence of various functional groups and their location within the cyclic A and B rings
and the carbon chain [3,4]. Due to the number of carbon atoms in a molecule, there are
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three main BR groups: Cyy, Cag, and Cyg. The precursors in the biosynthesis of all BR are
sterols. In the case of BR Cy7, the precursor is cholesterol; for BR Cpg, it is campesterol and
24-B-methylcholesterol and for BR Cyy, it is sitosterol [5]. The structural formulas of the
selected BRs are presented in Figure 1.
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Figure 1. Structural formulas of the selected BR: Cy; (28-norcastasterone, 28-norbrassinolide), Cpg
(castasterone, brassinolide and 24-epicastasterone, 24-epibrassinolide) and Cy9 (homocastasterone,
homobrassinolide). Figure was prepared in ChemSketch program and is based on the chemical
structures of BR that are available in an article of Bajguz and Tretyn [3].

The first biosynthetic pathway was described for BR Cpg [6-8]. The intermediate metabo-
lites in this pathway are cathasterone, teasterone, typhasterol, and castasterone in the early
C6 oxidation pathway and 6-deoxocathasterone, 6-deoxoteasterone, 6-deoxotyphasterol and
6-deoxocastasterone in the late C6 oxidation pathway [7]. In the case of BR with different
structures, the pathways of their biosynthesis can be modified and their simplified versions
are presented in the publication of Sadura and Janeczko [5]. There are known mutants with
disturbances in BR biosynthesis, mainly in the Cpg biosynthetic pathway. These mutants are
characterized by a deficiency of BR, in particular, castasterone and brassinolide [4,9-12]. The
current work mainly discusses the results that were obtained for barley with disturbances in
BR biosynthesis (BW084 and 522DK) and BR perception (BW312).

BW084 and BW312 are Near-Isogenic Lines of the Bowman cultivar. BW084 (brh13.p)
carries the C2562T missense mutation in the HvCPD gene that encodes barley C-23x-
hydroxylase cytochrome P45090A1 (CYP90A1), which catalyzes the early stages of BR
biosynthesis. Point mutation C2562T causes the substitution of the highly conserved amino
acid residue (Pro-445 to Leu). Pro-445 is located within the highly conserved heme binding
site in the C-terminal part of the HvCPD [10]. The mutant is characterized by a lower
content of BR (brassinolide and castasterone can even be below the detection limits) [13].
The BW312 (ert-ii.79) NIL is defective in BR perception. The sequencing of HvBRI1 revealed
that it is characterized by a double substitution (C1760A and C1761A). The substituted
amino acid residue (Thr-573 to Lys) is located in the steroid-binding island domain of the
receptor BRI1. The charged Lys-573, which is introduced to the hydrophobic active site
surrounding the residues, destroys the charge neutrality and is suspected of preventing BR
binding [10]. As an effect of the mutation, BW312 is characterized by an increased content
of BR[13].

The 522DK mutant was obtained via the chemical mutagenesis of the cultivar Delisa.
The mutant is characterized by a G > A substitution at position 1130 of the HUDWARF
transcript [9], and at position 3031 in the gene sequence [14], which changes the valine-341



Int. J. Mol. Sci. 2022, 23, 342

3 0f24

residue into isoleucine. The substituted valine-341 is a highly conserved residue that is
present in a similar position in the homologous DWAREF polypeptides from barley, rice,
Arabidopsis, and tomato. The HvDWARF gene encodes the brassinosteroid Cé6-oxidase,
which is involved in BR biosynthesis (catalyzing biosynthesis of castasterone). That is the
reason for the lower content of castasterone [14] and other BR [13].

The enzymes that are responsible for BR biosynthesis belong to the cytochrome P450
family and are located in the endoplasmic reticulum membrane [15,16]. To date, it is known
that the BR signal transduction pathway starts from the transmembrane receptor BRI1
(Brassinosteroid insensitive-1) and it has been described quite well [17-21]. Although it
was found that exogenous treatment with BR stimulates stem elongation and cell division
in plants in the 1970s [1], they were considered to be a new class of phytohormones in the
1990s. The genes that are responsible, among others, for the biosynthesis and perception of
BR were discovered and it was found that the mutation that is associated with the loss of the
function of these genes leads to significant disturbances in plant growth (including a short
hypocotyl, dwarfism in seedlings and mature plants and dark green shortened leaves) [22].
However, it is already known that the action of BR is multidirectional and that it also
concerns the regulation of plant development and their response to stress factors [23-25].
The multidirectional activity of BR includes changes in the membrane physicochemical
properties (changes in the proportion of unsaturated fatty acids and the possibility of BR
incorporation into the membranes, which modifies its properties), regulates the expression
of some proteins and genes (HSP, COR) and regulates the plant metabolism through other
hormones or signaling molecules (ABA, JA, or hydrogen peroxide) [5,24-28]. BR are
also important factors in regulating photosynthesis, for example, they can influence PSII
efficiency [5,23,26,28].

The occurrence and physiological activity of BR in cereals are discussed in more detail in a
chapter in Janeczko [29]. On the other hand, the review of Sadura and Janeczko [5] discusses the
role of BR in the response of plants to temperature stress. However, the review of the literature
on BR and temperature stress that was conducted in the study of Sadura and Janeczko [5]
indicated the existence of a relatively small number of studies in which mutants with BR
biosynthesis or perception disturbances were used for the research [30-33]. Additionally, none
of these four works were about research on cereals. Thus, many conclusions about the
role of BR in the plant response to low /high-temperature stress in the case of cereals, have
been made according to a research model that uses exogenous BR. In some cases, this
state of knowledge may require some verification and/or confirmation, for example, in
research using mutants. This review focuses mainly on the achievements in the study of the
acclimation processes to frost and high temperature in barley (Hordeum vulgare L.) and its
mutants with an impaired BR biosynthesis (a reduced content of BR from the Cpg and Cypg
groups) and an impaired perception of BR (a defect of the BRI1 receptor and an increased
content of BR from the Cyg group) [13,34-37] in recent years. The knowledge that was
gained in these studies is discussed against the background of the results of other/previous
works on cereals, especially those that included experiments where BR were applied
exogenously. Although there are available research articles and reviews devoted to the
acclimation of the photosynthetic apparatus in heat/cold/frost-exposed cereals [38—45],
much less attention has been paid to the hormonal regulation (particularly regarding BR) of
the adjustment of photosynthetic apparatus to temperature stress. Similarly, the importance
of the cell membranes in the acclimation of cereals and other species is unquestionable [46-48],
while the impact of hormones on the membrane properties in these aspects has been less
described [49]. That is why our review is focused on the process of photosynthesis and
the physicochemical properties of membranes, which are extremely important for the
acclimation of plants to temperature stress and the possible regulatory role of the plant
hormones, brassinosteroids.
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2. Temperature Stress and Cereal Production—Significance of the Plant
Hardening/Acclimation Process

Plants are exposed to various environmental factors both biotic and abiotic [50].
Among the abiotic stresses, temperature stresses are a particularly serious problem for
plant production [50,51]. Cereal species such as corn are extremely sensitive to cold. In
turn, frost, especially with insufficient snow cover in the fields (and additionally preceded
by a period of higher temperatures with a dehardening effect), can cause significant yield
losses of winter cereals. According to Statistics Poland [52], in 2020, approx. 2.3 thousand
ha of winter cereals were qualified for plowing due to frost injuries in Poland. However, in
2016, many more winter cereals were qualified for plowing, i.e., approx. 400 thousand ha
of the winter cereals that had been sown. In 2020, in Europe, similar to Poland, the injuries
of winter cereals were estimated as being minor [53] due to a mild winter, while in 2012,
the injuries were estimated at a higher level [54].

In turn, the prolonged period of high temperatures and strong sunlight on crops
in recent years also had a decisive impact on the yield of cereal plants. Particularly,
drought conditions combined with high temperature is dangerous. The frequency and
intensity of droughts in Poland have become an increasingly important problem in recent
years [55]. Over the last hundred years, the average annual air temperature in Poland and
other countries in the world has increased [56,57]. In recent years, the monthly values
of the climatic water balance (CWB) in spring and early summer have exhibited a clear
downward trend, which coincides with the period of the maximum demand for water by
crops including cereals. These trends were manifested by the extreme drought in 2006 as
a result of which, the average national yields of some crops fell by as much as 30% and
the financial losses were estimated at several billion PLN [58]. This problem also concerns
other European countries [59-62]. Between 1976 and 2006, the number of areas and people
that were affected by droughts increased by 20% and the total costs of droughts were
estimated at EUR 100 billion [63]. In the case of cereals, the occurrence of drought during
the critical period—in the heading stage of the plants [64,65]—leads to particularly high
yield losses. As was mentioned above, this effect can be significantly intensified in the
event of extremely high temperatures during the same period.

Plants have developed various adaptive mechanisms that have enabled them to
survive periods of extreme temperatures. Frost tolerance in winter cereals (wheat, rye,
barley) increases as a result of the metabolic changes that occur during the cold hardening
(acclimation) period. Among others, in the European regions, cold periods during autumn
(especially temperatures of 2-5 °C) harden winter crops, which increases their tolerance to
frost during winter. Frost tolerance increases with the duration of the acclimation time [66]
and a cold period that lasts 3-6 weeks is considered to be sufficient. Spring cultivars
also have the ability for cold acclimation, which is useful in the event of temperature
anomalies (frost incidents) in the spring. On the other hand, some cereal species like maize,
which originate from warm regions of the world, have a poor ability to acclimate to low
temperatures and are even sensitive to a mild chill [67].

The metabolic changes that occur during the cold-hardening process are quite well
known and include the inhibition of plant growth, a decrease in tissue hydration, a change
in the lipid composition and membrane structure (an increase in the content of unsaturated
fatty acids in the membrane lipids), changes in the protein content, among others, an
increase in the accumulation of late embryogenesis abundant proteins (LEA), anti-freezing
proteins (AFP), and cold-shock proteins (CSP) [68]. Other changes include an increase
in the level/activity of enzymes, e.g., those that are associated with the biosynthesis of
the osmoprotectants and antioxidants [69] and an increase in the concentration of soluble
sugars [70-72]. During hardening, a low temperature causes the activation of the genes
that perform various functions, including the genes that are responsible for the signal
transduction that is caused by a low temperature. Among these genes are the C-repeat
Binding Factors (CBFs), GA20x1, GA20x3, and GA20x6, repressor of GA3 (RGL3) or Cold-
Responsive Genes (COR) [73-75]. The coordinated interplay between these genes and the
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environment enables the plant metabolism and morphology to be prepared for changing
temperature conditions. The transcription factor gene, which is crucial for hardening, i.e.,
C-repeat binding factor (CBF) is the most important. Cold-induced or the constitutive
expression of CBF1 reduces the level of bioactive gibberellins (accompanied by an increase
in GA20x3 and GA20x6 transcripts), which results in a change in the stability of the DELLA
proteins and their accumulation. Moreover, chill and CBF increase the transcription levels
of the Repressor of GA3 (RGL3). Low temperature also increases the GA20x1 expression
levels through a mechanism that is independent of CBF1. As a result of the accumulation
of DELLA, plant growth slows down, while an increase in the level of active gibberellins in
spring is responsible for promoting their growth [76,77]. CBF also induces the expression of
the cold-responsive genes (COR), which are important in the processes of plant acclimation
to low temperatures [73,74]. The fundamental role of the COR is to protect plant cells
against water loss [73]. Both the CBF and COR transcription factors help plants to achieve
frost tolerance, among others, by accelerating the osmolyte synthesis or remodeling the cell
membranes [73,75].

In turn, plants that are grown at higher temperatures (including acclimation, e.g., at
27 °C) may have an increased tolerance to the effects of a more extreme high temperature,
e.g., 40-45 °C. However, unlike hardening to low temperatures, an increased tolerance to
high temperature is acquired by plants (depending on the species) after a shorter period
of time, even as little as a few hours [78] to 7-14 days [38,79] of exposure to a higher
temperature. The mechanism of plant acclimation to a high temperature includes changes in
the composition and integrity of the membranes, including an increase in the saturated fatty
acid content that limits excessive increases in membrane fluidity [75,80,81]. Other changes
include the activation of the signaling pathways that involve the signaling molecules (e.g.,
calcium ions, nitric oxide, hydrogen peroxide) or the signaling pathways that are dependent
on the phytohormones. Signaling molecules/phytohormones contribute to the activation
of the heat shock transcription factors (HSF) that induce changes in the expression of the
heat-responsive genes (HR) [75].

As was mentioned earlier, the processes that plants have developed to acclimate
to low and high temperatures are controlled by various metabolic regulators, including
phytohormones such as cytokinins [32,82,83], gibberellins [32,76,83-85], and auxins [32,83,86].
Recently, much more is being revealed about the role of BR.

3. The Impact of Brassinosteroids on the Tolerance of Cereals to Low and
High Temperatures

One of the first studies concerning the role of BR in improving the cold and frost
tolerance in cereals was performed using an exogenous application of these hormones.
Singh et al. [87] reported that in cold-stressed seedlings of maize (Zea mays L.) (growing
in a net house—max. temp. 17.6-24.5 °C, min. temp. 2.8-7.4 °C, 21 days), there was
a decrease in both plant height (35%) and fresh mass (24%). The application of 1uM of
24-epibrassinolide increased plant height and fresh as well as dry biomass by about 15,
36, and 2%, respectively, compared to the plants that had not been subjected to steroid
treatment. As was mentioned earlier, in winter cereals, cold has a hardening effect that
improves their tolerance to frost. In this case, the application of BR before cold hardening
(acclimation) additionally increased the frost tolerance. Pociecha et al. [88] studied winter
rye plants (Secale cereale L.; cv. Darikowskie Ztote—winter-resistant and Stach—moderately
winter-resistant) that had been acclimated at 4 °C for three and six weeks. The plants
that had been sprayed with 24-epibrassinolide (0.25 mg-dm—2) before the six-week-cold
acclimation had fewer frost injuries and a better survival rate (better plant regrowth) than
the plants that had not been pretreated with the steroid (Figure 2A). The application of
BR also improved the frost tolerance in winter wheat (Triticum aestivum L.) [89]. Wheat
seedlings that had been sprayed with 24-epibrassinolide (0.25 or 0.05 mg dm~2), cold-
acclimated, and then exposed to —12 °C (24 h) also had a better survival rate than those
that had not been treated with the steroid (Figure 2B,C). Interestingly, another exogenously
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applied BR (castasterone) was not effective [89], which suggests a role of the chemical
structure of BR in their protective activity against frost.

i CONTROL

Figure 2. After-frost regrowth of the winter cereals that had been pretreated with brassinosteroids
(BR). (A) Winter rye plants of the cold-acclimated control after exposure to —17 °C (left) and plants
that had been sprayed with BR (24-epibrassinolide) before cold acclimation and then exposed to
—17 °C (right) (based on Pociecha et al. [88], photo courtesy of E. Pociecha). Winter wheat (cultivars
Nutka and Smuga): control plants that had been cold acclimated and then exposed to —12 °C (B),
plants that had been sprayed with BR (24-epibrassinolide) before cold acclimation and then exposed
to —12 °C (C) (based on Janeczko et al. [89]).

Based on the presented results, it can be presumed that if the increase in the amount of
BR (as a result of their exogenous application) increases the tolerance to low temperatures,
then in mutants with disturbances in the biosynthesis and perception of BR, the frost
tolerance should be weaker. In order to verify this assumption, studies were conducted
on barley plants of the Bowman cultivar (wild type) and its near-isogenic lines (NILs):
BWO084 (with disturbances in the early stage of the BR biosynthesis pathway), BW312
(with a disturbance in BR signaling) [10] as well as the Delisa cultivar (wild type) and
its mutant 522DK, which had been obtained via chemical mutagenesis and had proven
disturbances in the late stage of the BR biosynthesis pathway [9]. These studies proved the
occurrence of frost tolerance disorders in the cold-acclimated wild-type barley plants as
well as in the NILs or mutant [13]. After acclimation at 5 °C, the plants of the wild-type
Bowman and its NILs BW084 and BW312 and the wild-type Delisa and its mutant 522DK
were characterized by a similar, high survival rate at —6 °C (8.5-9.0 points on the 9-point
Larsen scale [13]). At —8 °C, the Bowman cultivar maintained a rather high survival rate
(7.5 points), while the Delisa cultivar was much less tolerant to frost (3 points). In the case
of the wild type with a higher frost tolerance (Bowman), a BR deficit or disturbances in the
perception of BR that occurred in the BW084 and BW312 lines were indeed associated with
a reduced survival rate in frost (up to approx. 4.5-6.0 points [13]). However, in the case of
the frost-sensitive wild-type Delisa, the BR deficiency had no effect on any further decrease
in the plant tolerance to frost [13].

As for the role of BR in the tolerance of cereals to a high temperature, one of the
first studies was conducted for the barley (cultivar Sezam) [90]. The leaves of seedlings
were injected with BR (24-epibrassinolide) and then exposed to heat shock (42 °C, 3 h). A
transient protective effect of BR was observed for photosynthesis (PSII efficiency) in the
seedlings. However, there was no after effect of BR (at a concentration of 0.05 mg dm~3)
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when combined with heat shock on plant yield compared to the control that had not been
treated with BR.

In another study on rice (Oryza sativa L.), a temperature of 40/30 °C (seven days)
reduced the shoot and root fresh weight and leaf area compared to the control that had
been grown at the optimal temperature. This effect was limited by 24-epibrassinolide
(10~8 M) [91]. In field research that was conducted on rice during the hot season (February
to May 2012, Thailand), 24-epibrassinolide increased the number of filled seeds per panicle
by 16% and increased the seed mass by 35% [79]. Additionally, for the same species, Fahad
et al. [92] reported that a temperature of 35/32 °C (d/n) (12 h/12 h) caused a reduction in
pollen fertility, anther dehiscence, germinated pollen on the stigma, and total pollen count
on the stigma compared to the non-stressed plants. The plants that had been treated with
a mixture of the regulators that also contained BR had significantly higher values of the
aforementioned parameters compared to the plants that were stressed, but that had not
been sprayed.

It could be supposed that if the exogenous application of BR increases the tolerance to
a high temperature, plants with a deficiency in BR or disturbances in BR signaling should
be more susceptible to that stress. Interestingly, the research on BR-defective barley plants
that was conducted by Sadura et al. [13] showed that after acclimation at 27 °C (seven
days), all of the barley plants with a BR deficiency or disturbances in the perception of
BR were significantly more tolerant to high-temperature stress (38 °C and 45 °C) than
their wild-type Bowman and Delisa cultivars [13]. After exposure to a high temperature,
these plants had significantly fewer injuries of their leaves as well as fewer cell membrane
injuries. Thus, the observed effect would be opposite to that of the experiments when the
BR were applied exogenously. However, it is worth noting that the model of the experiment
that was used by Sadura et al. [13] was different as a weekly acclimation period at 27 °C
was used. On the other hand, it is known that semi-dwarf plants might have a greater
tolerance to a high temperature because it is usually accompanied by a drought effect that
is associated with increased transpiration [93]. A smaller leaf area can limit this effect.

In conclusion, in the case of the studies on the importance of BR for the frost tolerance
of plants, both experiments with exogenously applied BR and studies on plants with
disturbances in the BR biosynthesis /perception agree that BR might be an important player
in the acquisition of frost tolerance in cereals. However, in the case of the role of BR
for the tolerance of cereals to a high temperature, the results of the tests on BR-mutants
are not consistent with the results that have been obtained in studies with exogenously
applied BR. This might suggest a different model of BR action on the plant metabolism
after the exogenous application than in the case of BR-mutants under high-temperature
stress (where other phenomena such as a mutant’s architecture might be dominant). In
this context, the results of the research on the BR barley mutants that were described in
the work Pociecha et al. [94] are worth discussing. As was previously mentioned, the
occurrence of warm breaks during autumn, which results from climate change has been
an increasing problem in recent years. Normally in autumn, winter cereals acquire frost
tolerance via their exposure to cold (cold acclimation). Warm breaks cause the reverse effect
(deacclimation/dehardening), which lowers the frost tolerance in cereals [95]. Pociecha
et al. [94] observed an interesting phenomenon that plants with decreased BR levels or a BR
receptor defect had a very high ‘tolerance to dehardening (deacclimation)’ and maintained
high frost tolerance after dehardening periods of warm weather. After deacclimation, the
BWO084 plants (BR biosynthesis defect) and BW312 (BR signaling defect) had a two-fold
higher frost tolerance than the wild-type Bowman. The BR biosynthesis mutant 522DK had
a several times higher frost tolerance than the wild-type Delisa [94].

Climate warming and the subsequent temperature fluctuations in winter are becom-
ing an increasingly serious problem for agriculture in the countries where winter cereals
are grown. This fact might create perspectives for cereals with disturbed BR biosynthe-
sis/signaling in breeding programs. This issue will also require further studies for winter
cereals other than barley.
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Changes in the tolerance of cereals to temperature stress as a result of manipulating the
BR level by both an exogenous application as well as by using mutants with a BR deficiency
made it necessary to take a more in-depth look into the endogenous changes of the BR
content in plant tissues in relation to temperature especially in relation to the processes of
hardening that enable plants to acquire a tolerance to more extreme temperatures.

4. Accumulation of Brassinosteroids during the Hardening/Acclimation Processes in
Light of the Tolerance of Cereals to Frost or a High Temperature

4.1. BR Accumulation in the Leaf Tissue

In cereals, e.g., winter wheat, during cold hardening, the hormonal homeostasis
changes significantly, including the hormones from the group of cytokinins, gibberellins,
auxins as well as jasmonic acid (JA), salicylic acid (SA), and abscisic acid (ABA) in both
the leaves and roots [96]. Similarly, for example, in rice, high-temperature stress alters the
hormonal homeostasis, which has various consequences for the yield [97]. In some cases,
the phytohormone levels can be correlated with the level of plant tolerance to temperature
stress. An increase in the level of ABA occurred in maize as a defensive response to cold
stress, while more cold-tolerant cultivars were characterized by a higher content of this
hormone [98].

Studies related to changes in the level of BR in cereals during cold hardening are
rare. In winter rye plants that were grown at 18 °C, the BR castasterone was present in a
content of about 4-5 pmol-g~! EW. and its concentration increased during the process of
cold hardening to about 14-16 pmol-g~! EW. [88]. In cultivars of winter wheat, the main
BR that was present was homocastasterone (up to 1400 pmol-g~! FW.) [89]. Castasterone
and teasterone were only detected in amounts of less than 2 pmol-g~! EW. As a result of
the cold hardening, the BR content increased in the winter wheat leaves [89]. Importantly,
more BR (especially homocastasterone and teasterone) accumulated in the wheat cultivars
with a higher frost tolerance, while fewer BR were characteristic for the cultivars that were
more sensitive to frost [89].

Homocastasterone is also a dominant BR in spring barley [13]. During cold hardening
(5 °C), all of the tested plants (Bowman, Delisa, BW084, BW312, 522DK) generally accu-
mulated more BR (homocastasterone and also castasterone) compared to the plants that
had been grown at 20 °C. In Figure 3A,C, the relative percentage changes in the homocas-
tasterone and castasterone content in the barley plants that had been acclimated at 5 °C
relative to those that had been acclimated at 20 °C, respectively, are shown. An increased
accumulation of castasterone was already visible in almost all of the tested genotypes
(exception: BW084) after ten days of cold hardening. In the case of homocastasterone,
the effect was the most intense in all of the genotypes after 21 days. To summarize, the
cold-hardened barley accumulated more BR, while the opposite effect was observed in the
barley that had been exposed to a higher temperature. As a result of the acclimation of
plants at 27 °C, in the initial stage (three days), the homocastasterone content in the barley
leaves was lower than in the control plants that had been grown at 20 °C (Figure 3B). After
seven days, the content of this hormone returned to its normal level (control). The amount
of castasterone was more or less similar in plants at 20 °C and 27 °C.

In the context of the discussion of Figure 3, it should be very clearly emphasized
that the original results concerning the BR content that were published in the work of
Sadura et al. [13] for the reference cultivars (Bowman and Delisa), the NILs: BW312,
BW084, and the 522DK mutant enabled the relationship between the level of BR and
the level of tolerance to temperature stress to be observed. The Bowman cultivar, which
accumulated the highest amount of homocastasterone, was the most frost tolerant. The
NILs BW084 and BW312 as well as the Delisa cultivar and its 522DK mutant did not
perform as well as the Bowman in terms of their frost tolerance and they also had lower
levels of homocastasterone compared to Bowman. These results are consistent with those
that were obtained for winter wheat, where a higher content of BR after cold acclimation
was correlated with higher frost tolerance [89]. The opposite effect occurred in the case
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of tolerance to a high temperature. Both of the NILs, BW084, and BW312, and the 522DK
mutant had a lower level of homocastasterone after acclimation at 27 °C, and a higher
tolerance to temperature 38 °C and 45 °C than the reference Bowman and Delisa cultivars,
respectively [13].
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Figure 3. Relative percentage changes in the homocastasterone and castasterone content in the
barley plants that had been acclimated at 5 °C (A,C) and 27 °C (B,D) relative to plants that had
been acclimated at 20 °C. The results that were obtained for the plants that had been grown at
20 °C were considered to be 100% and are indicated by the horizontal black line. Original data of
BR accumulation are available in [13]. Bowman—a reference cultivar for two NILs: BW084—plants
with disturbances in the early stage of the BR biosynthetic pathway and BW312—plants with a BRI1
receptor defect. Delisa—reference cultivar for the 522DK mutant (plants with disturbances in the late
stage of the BR biosynthesis pathway).

The presented results might indicate a special role of homocastasterone in the temper-
ature acclimation of barley (as well as wheat), where its higher level is more favorable for
frost tolerance while a lower level (tests in the case of barley) seem to be more beneficial
for tolerance to a high temperature. In the case of rye, the only BR that was present was
castasterone and its level increased in the cold. However, for this species, the number of
tested cultivars was insufficient to unambiguously correlate the level of this hormone with
the level of the frost tolerance of the cultivars.

In conclusion, in cereal crops such as wheat, barley, or rye, BR that do not have an ox-
alactone ring in the molecule (compare Figure 1) might be important for the development of
tolerance to temperature stress. Although the only well-described BRI1 receptor is believed
to bind both castasterone and brassinolide equally well [99,100], in some cereals (rice),
castasterone, but not brassinolide, is an end product of the BR biosynthetic pathway [101].
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No brassinolide was identified in the tested rye and wheat plants. Brassinolide was present
in the barley, but interestingly, only at 20 °C. At lower and higher temperatures, its content
was below the detection limit, which might indicate that it is only marginally important in
barley temperature acclimation [13].

Finally, it is worth mentioning that the defect of the BRI1 receptor in the BW312 plants
at both high and low temperatures resulted in an increased accumulation of both BRI1
receptor ligands—castasterone and brassinolide [13]. However, this phenomenon did
not apply to homocastasterone—BR was present in the highest amount in both barley
and wheat. Therefore, in cereals (barley), can homocastasterone be a ligand of a different
BR-binding protein than the only BRI1 receptor that has been characterized to date? Earlier
studies by Xu et al. [102] showed the binding of various BRs in both the membrane and
cytoplasmic fractions and at the same time the possibility of the presence of different
BR-binding proteins and, what is more important, temperature-dependent changes in
the accumulation of these proteins (e.g., modified by cold). The more detailed role of
homocastasterone, its binding, and participation in the signaling that is associated with
temperature stress in cereals will require further research.

4.2. Subcellular Location of BR: Chloroplasts

BR biosynthesis enzymes, which belong to the cytochrome P450 family, are located in
the endoplasmic reticulum membrane [15,16]. As for the cell fractions, an accumulation
of BR was found in wheat and barley chloroplasts [37,103]. The presence of BR in the
chloroplasts in some way suggests that they might perform physiological functions such
as regulating the transcription of the chloroplast genes [104]. Wheat chloroplasts contain
castasterone, homocastasterone, and also 24-epibrassinolide [103]. More BR are accumu-
lated by the wheat cultivar that is more tolerant to oxidative stress than the oxidative
stress-sensitive cultivar. The use of exogenous 24-epibrassinolide causes an accumula-
tion of additional amounts of BR from various groups including homocastasterone in the
chloroplasts. This phenomenon is more intense in the oxidative stress-tolerant cultivar
than in the sensitive cultivar. In turn, eight BRs were found in chloroplasts that had been
isolated from barley leaves [37]. In the studies of Sadura et al. [37] in which the BR-deficient
mutant 522DK and its reference cultivar Delisa were analyzed, it was observed, among
others, that although the level of individual BR (mainly Cyg brassinolide, castasterone)
in the leaf tissues was lower in the mutant than in the wild type, this regularity did not
occur in the chloroplasts. In the chloroplasts of the 522DK mutant that had been grown
at 20 °C, the content of homocastasterone and 28-norcastasterone was decreased while
homodolicholide and homodolichosterone was increased compared to the wild-type chloro-
plasts. The chloroplasts of the mutant and wild type contained comparable amounts of
24-epibrassinolide, castasterone, brassinolide, and dolicholide. Thus, it can be presumed
that there are unknown mechanisms of BR accumulation in the chloroplasts, which results
in maintaining the BR level regardless of the general BR level in the tissue (and despite
any disturbances in the BR biosynthesis), which especially concerns BR Cyg because the
disturbances in the BR biosynthesis in this group have been clearly confirmed in the tested
BR-mutant 522DK [9].

In reference to the process of acclimation in the cold and at 27 °C, it is worth noting
that the level of individual BR in the chloroplasts also changed [37]; however, in a different
way than in the leaves. After acclimation at 5 °C, in the leaves of the 522DK mutant, the
content of homocastasterone significantly increased to approximately 7000 pg-g~! FEW.,
whereas the castasterone level increased to approximately 500 pg-g~! EW. [13]. There
was an opposite tendency in the chloroplasts. The content of castasterone significantly in-
creased to approximately 5000 pg-g~! FW. and exceeded the content of homocastasterone
(1000 pg-g~! FW.) and the other detected BR [37]. Therefore, it can be suspected that
a higher accumulation of castasterone in the chloroplasts, which is the dominant BR in
chloroplasts, is more desirable and may be associated with the physiological function
that this BR might perform in these organelles during cold acclimation; however, under-
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standing this requires further research (see also Chapter 6.1). In the case of acclimation at
27 °C, the total BR concentration (despite some differences in the level of individual BR)
was unchanged (Delisa) or slightly decreased (mutant 522DK) compared to the plants at
20 °C [37], which was a trend that was similar to the observations of leaf tissues [13].

5. The Effect of Brassinosteroids on Photosynthesis during the Acclimation of Cereals
to Low and High Temperatures

5.1. Light Reactions of Photosynthesis

The regulation of photosynthesis during the process of cold hardening/acclimation
is a well-explored scientific field. Regarding the light reactions of photosynthesis, the
efficiency of the most often characterized efficiency of PSII is usually lower in cold. In the
winter and spring cultivars of oat (Avena sativa L.), four weeks of cold acclimation ((4/2 °C)
(d/n)) decreased the values of the maximum quantum efficiency of PSII photochemistry
(expressed by Fy /F, parameter), although over time the effect was more and more reversed,
which indicated the adaptive abilities of plants [105]. In barley plants, the maximum
quantum efficiency of the PSII photochemistry (F, /Fp, parameter) decreased after 14 days
of acclimation at 2 °C [106], and the general PSII efficiency (expressed by P.I. aps index)
was also lower in the barley cultivars Bowman and Delisa that had been acclimated at
5 °C (three weeks) [13]. In the other plants from the same cereal family (Poaceae), perennial
ryegrass, cold hardening (4 °C, three to six weeks) increased the loss of energy as heat
(the NPQ parameter) [107]. More information about the reaction of the photosynthetic
apparatus in cold-exposed cereals can be also found in the review by Hassan et al. [108].

The application of BR limits the effects of low temperature on the efficiency of the
light reactions of photosynthesis, especially when it concerns the energy flow in PSII [88].
In cold-acclimated frost-tolerant winter rye (cultivar Daftkowskie Zlote) that had been
treated exogenously with 24-epibrassinolide, the energy flow from the photosynthetic
antennas to the electron transport chain was more effective than in the untreated control.
Simultaneously, the energy that was lost as heat was lower. However, the results that were
obtained for the moderately winter-tolerant cultivar Stach revealed a slightly different
pattern of changes, BR still decreased the energy losses as heat [88]. Although the positive
effects of exogenously applied BR on the photosynthetic light reactions in cereals during
cold acclimation were observed, studies on the cereal BR-mutants reveal rather opposite
information. BR-barley mutants with defects in BR biosynthesis or signaling (BW084,
BW312, 522DK) maintained a higher efficiency of PSII (expressed by the Performance Index
P.I.Ags) than the reference cultivars after three weeks of cold acclimation [13]. This is the
opposite effect of what might be expected from studies with the exogenous application
of BR. The link between BR biosynthesis and the biosynthesis of chlorophyll in cereals
was shown by Liu et al. [109]. The authors noted that the BR-deficient mutant of rice
(mutation [hdd10) had a higher level of chlorophyll and a higher accumulation of the
transcripts of the chlorophyll biosynthetic genes than the wild type. According to the
authors, lhdd10 negatively regulated the expression of the chlorophyll biosynthetic genes,
which reduced the chlorophyll content. Considering the fact that in the cold-exposed
cultivars of cereals, photosynthetic efficiency decreases [13,105,106], while the level of
endogenous BR increases [13,89], it is likely that in natural environmental conditions, one
of the functions of BR could be limiting the photosynthetic efficiency during the cold
acclimation of winter cereals. Additionally, this thesis might be supported by the results
that were obtained in an experiment in which the frost tolerance of BR-mutants of barley
was tested [13]. The BR-biosynthetic mutants generally accumulated less BR than the wild-
type plants, however, their photosynthetic efficiency was higher, which was accompanied
by a lower frost tolerance of the mutants than that of the reference cultivars. To conclude,
BR might be negative regulators of the photosynthetic light reactions during cold hardening,
which might be a part of the plant acclimation mechanisms that are associated with, i.e.,
reducing growth in low temperatures. Why, then, in experiments using exogenous BR, was
there an improvement in frost tolerance and an accompanying higher PSII efficiency [88]?
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This is probably because the large amounts of BR that were delivered to the leaf surface
also had other beneficial metabolic effects, including improving the stability of the cell
membranes in frost [110].

Higher temperatures also affect the functioning of PSII. However, the negative effects
are mainly associated with temperatures that significantly exceed the physiological opti-
mum for cereals, for example, 4045 °C. Temperatures of about 25-30 °C, which can be
the basis for acclimation, do not necessarily have such an effect. As was shown for seven
genotypes of rice, at temperatures between 20 °C and 27 °C, there were no differences in the
maximum quantum efficiency of photosystem II (F, /Fy,) [111]. Moreover, no significant
differences were observed in the PSII efficiency (expressed as P.I.ops) in barley (Bowman
and Delisa) at 20 °C or after seven days at 27 °C, while the values of energy absorption by
the photosynthetic antennas were even higher at 27 °C (compared to 20 °C) [13]. In rice,
the tolerance of temperatures between 27 °C and 37 °C was more genotype dependent—
the values of Fy /Fp, varied more strongly between the genotypes at 37 °C compared to
20 °C[111]. The growth of winter wheat cultivars at temperatures of 35/20 °C d/n (15 days)
caused a gradual decrease in the PSII effective quantum yield (®PSII), especially from the
11th day of stress [112]. Treatment with more extreme temperatures (40 °C) rapidly reduced
the values of Fy /Fy, in rice by half and finally at 50 °C to zero [111]. Other studies on rice
also confirmed that temperatures of 40/30 °C (d/n) caused a gradual decrease in the value
of the maximum quantum efficiency of the PSII photochemistry (Fy /Fp, parameter) [79,91].
A decrease in PSII efficiency was also observed for a few cultivars of barley that had been
grown at temperatures higher than 40 °C [13]. Although the protective effect of exogenous
BR on the efficiency of the light reactions of light photosynthesis should also be observed
in this context, it was only described for more extreme temperature treatments of around
40 °C, e.g., in barley and rice [79,90,91]. A better performance of the photosynthetic light
reactions (mainly within PSII) was usually accompanied by a higher chlorophyll content
that was caused by the application of BR [79,91].

The positive effect of exogenously applied BR on the photosynthetic efficiency of
heat-exposed cereals could lead to the conclusion that disturbances in BR biosynthesis
or defects in BR signaling would result in a worse efficiency of the light reactions of the
photosynthesis of BR mutants at higher temperatures. Surprisingly, in barley BR mutants
or near-isogenic lines (NILs) with the aforementioned defects, the efficiency of the light
reactions of photosynthesis was better than in wild types not only at 20 °C or 27 °C but
also after exposure to 38 °C and 45 °C [13]. One explanation for this phenomenon might be
that BR-mutants have darker green leaves, which affects the photosynthetic measurements
using fluorescence methods [37]. A second likely cause might be that high-temperature
stress is often accompanied by the drought stress that results from a significantly intensified
transpiration. Plants with a disturbed BR biosynthesis/perception are semi-dwarf and
have a smaller leaf area than the wild-type cultivars and therefore they lose less water
when exposed to high temperatures.

Unlike the cold-induced changes in the efficiency of the light reactions of photosyn-
thesis (and the BR level), the acclimation of cereals to higher temperatures (understood as
treatment of plants with temperatures of around 27-30 °C) is not associated with significant
changes in the efficiency of the light reactions of photosynthesis compared to 20 °C. That is
why the role of BR also seems to be less important in this context. Its role might increase
when plants are exposed to more extreme temperatures of around 40 °C. Interestingly,
however, both plants that had been treated with exogenous BR (with a higher level of BR)
and the BR-defective mutants exhibited higher tolerance to a high temperature, which in
both cases was often accompanied by a higher chlorophyll accumulation and a higher PSII
efficiency. Thus, the mechanisms of BR action must be different in these two models of
studies but they lead to the same effect.
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5.2. Dark Reactions of Photosynthesis and Sugar Accumulation

Regarding the dark reactions of photosynthesis, after six weeks of the cold acclimation
of winter rye and perennial ryegrass, the activity of the CO,-binding enzyme (Rubisco)
was higher than before cold acclimation [88,107]. The increase in the Rubisco activity was
more or less associated with the increased need for sugars. The phenomenon of the higher
accumulation of soluble sugars, including glucose, fructose, and especially sucrose during
cold exposition is very well known [113]. A higher sucrose concentration reduces the
freezing point of a cell aqueous solution; thus, it generally contributes to a higher tolerance
to low temperatures. This phenomenon has been observed as the mechanism of the cold
response for a few winter species such as rye [88] or wheat [114], in grass—perennial
ryegrass [107], and even in cold-sensitive maize [87]. As was described in the chapter
about the light reactions of photosynthesis, the results of experiments with the exogenous
treatments of BR and BR-deficient mutants were not very compatible. By contrast, the
results of the studies of the impact of BR on the Rubisco activity or sugar accumulation in
plants that had been treated with BR or mutants/transgenic plants were more compatible.
Treating winter rye with BR (24-epibrassinolide), together with the plants” exposure to
cold, stimulated the Rubisco activity and the accumulation of soluble sugars, although
some cultivar dependency was observed [88]. The effect of cold on sugar management
was also described for maize (inbred line LM-17) by Singh et al. [87]. Seedlings that had
been exposed to cold stress (in a net house) exhibited a slight increase in the amount of
glucose, starch, and also sucrose compared to the control plants that had been cultured in
the controlled conditions of a greenhouse. The application of 24-epibrassinolide (1uM) also
increased the concentrations of glucose, starch, and sucrose by about 15%, 45%, and 28%,
respectively, compared to the stressed maize without the BR treatment.

An increase in the content of BR can also be achieved in transgenic cereals. In trans-
genic rice, expressing maize, rice, or the Arabidopsis thaliana genes encoding sterol C-22 hy-
droxylases, which control the BR level, the concentration of, among others,
6-deoxocatasterone, 3-epi-6-deoxocatasterone, 6-deoxoteasterone, 6-deoxotyphasterol and
typhasterol was higher in leaves [115]. A microarray and photosynthetic analysis showed
an increase in CO, assimilation together with enlarged glucose pools in the flag leaves
as well as an increase in the assimilation of glucose to starch in the seeds. According to
the authors, BR might not only stimulate synthesis but also the flow of the assimilates.
Simultaneously, the BR-deficient mutants 522DK and 527DK with a lower BR content,
which were grown in optimal conditions, were characterized by a lower Rubisco activity
and a lower accumulation of sucrose, which was accompanied by a higher accumulation of
fructose and glucose [116].

High temperatures also restrict the dark reactions of photosynthesis [117-119]. How-
ever, studies of the role of BR in alleviating the negative effects of high temperatures on
the dark reactions of photosynthesis are rather concentrated on the effects of extreme tem-
peratures not on the acclimation processes. Unlike low temperatures, a high temperature
(40 °C) caused only a slight decrease in the Rubisco activity (by about 10%) in cereals
(wheat) compared to the control, which had not been subjected to a high temperature [120].
24-Epibrassinolide reduced this effect and as a result the total Rubisco activity was higher
compared to the BR-untreated plants [120]. 24-Epibrassinolide was also active in reduc-
ing the negative effects of high temperature on the dark reactions of photosynthesis in
rice [79,91]. After heat stress, the plants that had been pretreated with BR had higher
values of net photosynthesis (Py) compared to the untreated and heat-exposed plants of the
control [79,91]. This was probably one of the factors that also contributed to the increased
accumulation of total soluble sugars in the BR-pretreated and heat-exposed plants [91]. A
marked decrease in the total soluble sugar content was found in rice plants (cv. Pathum
Thani 1) that had been subjected to heat stress (40/30 °C; seven days) compared to the
plants that had not been exposed to a high temperature [91]. An increase in the total soluble
sugar content (by about 23%) was recorded in the plants that had been pretreated with
24-epibrassinolide compared to the plants that had been exposed to heat without BR being
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applied. In the same cultivar, which was grown in field conditions during the hot season
(February to May 2012, Thailand), 24-epibrassinolide increased the total soluble sugar
content in the straw (by 107%), husk (by 5%), and seeds (by 8%) [79]. In other cultivars of
rice—IR-64 and Huanghuazhan—that had been exposed to temperatures of 35/32 °C (d/n)
for 12/12 h, there was a decrease in the soluble sugar content, which was significantly
reduced by a mixture of plant growth regulators containing BR [92].

To summarize, when it comes to the widely understood process of photosynthesis
and its final effects (production of carbohydrates), it can be concluded that in the case
of cold acclimation (hardening), BR has a positive effect that is mainly associated with
the accumulation of soluble sugars. This is a well-known and important phenomenon of
adaptation to this stress and—what is particularly important in the case of winter cereals—
it improves frost tolerance. High temperatures essentially reduce the light reactions of
photosynthesis while at the same time, the dark respiration processes are intensified, which
can finally result in reducing the sugar resources. The action of BR in plants is manifested by
smaller losses of sugars, which enables them to preserve their resources for other metabolic
processes as well as for growth.

6. The Effect of Brassinosteroids on the Cell Membrane—Its Importance for the
Process of Acclimation to Low and High Temperatures in Cereals

6.1. Membrane Lipids

Cell membranes play an important role in the plant-developed strategies for dealing
with the negative effects of abiotic stresses, including the effects of temperature stress [121].
According to Horvath et al. [122], cell membranes can be considered to be “thermal sensors”
and modifications in membranes may be a prelude to many metabolic changes in cells,
including the expression of specific genes. During acclimation to lower or higher tempera-
tures, the changes in the fluidity of the cell membranes are associated with a modification in
the proportion of unsaturated/saturated fatty acids, which results in a rearrangement of the
membrane structure and in a change in its properties [47]. Typically, during cold hardening,
the incorporation of unsaturated fatty acids is beneficial for the functioning of cellular
membranes at a low temperature, while the reverse phenomenon (more saturated fatty
acids) is associated with acclimation to a higher temperature [110,123,124]. The properties
of membranes might also be modified as a result of incorporating various components into
them: sterols, tocopherols, and carbohydrates [75,125]. When investigating the potential
role of BR in modifying the properties of the cell membranes (as part of the acclimation
process to low or high temperatures), it is well-founded to focus on the possible effect of
BR on the biosynthesis of fatty acids (FA) or the possibility of BR being incorporated into
the membranes.

Barley with defects in BR-biosynthesis and BR-signaling is characterized by a temperat
ure-dependent altered molar percentage of fatty acids (from 14:0 to 20:1) in their phospho-
lipid and galactolipid fractions compared to the reference cultivar [36]. Specifically, the
mutants had a lower molar percentage of 18:3 FA in their phospholipid fraction and this
regularity was maintained at 5 °C while the reverse effect was observed at 27 °C. In barley,
the phospholipid fraction is the main fraction that is present in the plasmalemma [126].
On the other hand, unsaturated FA 18:3 in barley is the main FA in the phospholipid
fraction (about 50%) [36]. The content of 18:3 in this fraction increased naturally during the
acclimation to a low temperature (up to 56%), while it decreased during plant growth at
27 °C (to 46%) in the barley cultivar Bowman [36], which is connected to an adjustment
of the cell membrane fluidity (higher or lower, respectively) to various temperature con-
ditions. As was mentioned earlier, in barley with BR biosynthesis and signaling defects
at a temperature of 5 °C, the molar percentage of this FA was lower while it was higher
at 27 °C, which correlated well with the fluidity of the membrane, which is expressed as
the limiting area per molecule (A}, )—measured in Langmuir bath studies. The mutations
are connected with lower values of Ay, at 5 °C, while there is a higher Ay, at 27 °C [36].
Because the plasmalemma is important in the process of acclimation to temperature, this
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direction of changes could be one of the many reasons for the lower tolerance of the mutants
to frost and a higher tolerance to heat stress [13]. On the other hand, a reverse effect is
observed in the case of the monogalactolipid fraction (more characteristic for the chloro-
plast membranes [127,128]) compared to the phospholipid fraction. In the BR mutants
at 5 °C, 18:3 was higher (and fluidity as well) while at 27 °C (and 20 °C), it was lower
(together with a decreased fluidity, which was expressed by Ay, ). Such a phenomenon
in the chloroplast membranes might provide better conditions for the functioning of the
photosystems (and the light reactions of photosynthesis) at 5 °C and 27 °C [13]. Generally,
however, we must remember that the cell membranes are composed of various proportions
of the fractions that have been mentioned and that their physicochemical properties will
be the result of this mosaic system and therefore, the results of studies on pure fractions
should be treated with some caution. Moreover, it can be assumed that BR either participate
in the temperature-dependent regulation of FA biosynthesis or control the processes that
are responsible for the transport or incorporation of FA into the membranes. The issue
requires further detailed studies that are devoted to the mechanisms of the BR-induced
changes in the lipid composition.

As was mentioned earlier, the membrane properties can be modified via the incorpo-
ration of various compounds into the membranes. Sterols are especially known to be such
modifiers in both animals and plants [129]. Brassinosteroids have a structure that is similar
to that of sterols and in order to describe the BR-lipid membrane interactions, model studies
have been conducted using the Langmuir technique [110]. Membrane lipids have been
isolated from winter wheat plants (control and cold hardened) with varying frost tolerances.
The monolayers of phospholipids and monogalactolipids, which were isolated from the
cultivar that was the most frost tolerant (Smuga) after cold acclimation (5 °C), were charac-
terized by the highest fluidity compared to the moderately tolerant Nutka and the sensitive
Bystra. When BR (24-epibrassinolide and 24-epicastasterone) were added to the lipid frac-
tions, changes in the fluidity of those monolayers were observed. The interaction of specific
BR (24-epibrassinolide/24-epicastasterone) with a specific monolayer (phospholipids and
monogalactolipids) was slightly different. 24-Epibrassinolide increased the fluidity of the
monolayers of the phospholipids while 24-epicastasterone decreased it. 24-Epibrassinolide
only slightly increased the fluidity of the monolayers from the monogalactolipids while
24-epicastasterone clearly increased it. Differences in the BR structure (the presence of an
oxygen bridge in the B-ring of 24-epibrassinolide, but not in 24-epicastasterone) might be
responsible for the differently modified structure of the monolayers and their properties.
The higher polarity of BR (24-epibrassinolide) probably favors its placement closer to the
polar part of the membrane and the formation of the so-called liquid-disordered ‘rafts’ in
the phospholipid-containing membranes. On the other hand, the BR that are characterized
by a lower polarity (24-epicastasterone) could be closer to the hydrophobic part of the mem-
brane, thereby stabilizing the monolayer in the more liquid-ordered phases. At this point,
it is worth mentioning that the studies of Janeczko et al. [89] showed that when applied
exogenously to the leaf surface of winter wheat, 24-epibrassinolide increased the tolerance
of plants to frost while castasterone decreased it. It is likely that one of the mechanisms
here might be the different effect that these two compounds have on membrane fluidity
(more unequivocal in the case of 24-epibrassinolide).

Because the influence of BR on the physicochemical properties of the monolayers has
been observed in model studies [110], in the next step, natural chloroplast membranes
were used to verify the effect of BR on their molecular dynamics [37]. First of all, it was
established that BR are present in the chloroplasts of wheat [103] and barley [37]. In the
case of the barley chloroplasts, BR were detected in four-fold higher amounts than in the
leaves [13]. The temperature-dependent accumulation of mostly large amounts of BR in
the chloroplasts was an indication that these compounds might perform physiological
functions in these organelles including regulating membrane fluidity. The most abundant
BR in the chloroplasts was castasterone [37]. In the case of the cultivar Delisa, its level
was almost tripled after cold acclimation while it was slightly lower after acclimation to
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27 °C (compared to the chloroplasts at 20 °C). Since it was previously noted that a similar
compound (24-epicastasterone) increased the fluidity of the monogalactolipid monolay-
ers [110] (and galactolipids are the main component of the chloroplast membranes [130],
an increase in the level of castasterone in cold led us to suppose that one of the functions of
this hormone could be regulating the fluidity of the chloroplast membranes.

Interestingly, despite the decreased level of BR (castasterone) in the leaf tissue of the BR-
deficient barley mutant (522DK) [13], the concentration of this hormone in the chloroplasts
remained at the level that was observed in the plants of the reference cultivar Delisa [37].
The mechanisms that are responsible for the accumulation of BR in the chloroplasts of
cereals are currently unknown. How this mechanism works can only be hypothesized by
paying attention to the steroid hormones that are found in animals such as progesterone,
testosterone, or estradiol. Due to their hydrophobicity, these hormones are able to freely
diffuse across the membranes in animal cells [131]. At the same time, different functional
groups of these hormones affect their affinity for the lipid bilayer as well as the rate of
their diffusion through the membrane. The presence of polar groups in the tail (side chain)
of a steroid in animals is believed to introduce a barrier to this free diffusion through the
hydrophobic core of a membrane [132]. It can be assumed that it might look similar in the
case of BR, which are polyhydroxysteroids. Depending on the number of hydroxyl groups
and their presence in the side chain, these compounds can be incorporated into a membrane
or, if there are fewer polar groups, the BR can be diffused. Thus, the highest content of
castasterone in the chloroplast membranes might result from the lower hydrophobicity
of its structure compared to, for example, homocastasterone, which additionally has an
ethyl group in the C24 position. Homocastasterone was also detected in chloroplasts, but
interestingly, in the leaves, it was present in a much larger amount than castasterone [13,37].
Therefore, homocastasterone is allowed to remain outside of the chloroplasts to a greater
extent while castasterone has a greater ability to pass through a membrane. The chemical
composition of the lipid bilayer may also play an important role as it may favor, for example,
a faster diffusion or inhibit it.

To verify the results of earlier studies, which were conducted using a Langmuir bath
regarding the possibility that BR have an impact on the molecular dynamics of membranes,
electronic paramagnetic resonance (EPR) was used to compare the molecular dynamics of
the chloroplast membranes that had been isolated from a barley mutant with a disturbed
biosynthesis of BR (522DK) and one that had been isolated from its reference cultivar Delisa
(plants were growing at 20 °C and at 5 °C and 27 °C) [37]. The EPR method consists in
incorporating the so-called spin labels/spin probes, which are molecules with permanent
paramagnetic centers, mostly in the form of the nitroxyl groups. Depending on where (e.g.,
at which carbon atom) the spin label has its paramagnetic center, after its incorporation
into a membrane, it is possible to draw a conclusion about its molecular dynamics at a
given depth. To date, in this kind of study, exogenous BR were used, for example, in the
case of mango fruits [133]. The molecular dynamics of barley chloroplast membranes is
naturally dependent on temperature [37]. However, only slight differences in the molecular
dynamics were obtained between the 522DK mutant and the reference cultivar, which had
most likely resulted from the comparable total BR content (and the content of the most
abundant castasterone) in the mutant and the reference cultivar [37]. That is why in the
next step, studies in which the BR were incorporated into the membranes (prepared from
egg yolk lecithin) at various physiological concentrations, which were calculated based on
the BR content in the chloroplasts (0.278 pM of brassinolide and 0.43 nM of castasterone)
and at higher concentrations of up to 0.1 mM of each BR were also performed. However,
the studies also did not permit the effect of BR at such concentrations to be proven on the
molecular dynamics of the studied membranes (Sadura and Latowski, unpublished data;
Figure 4). In the next studies, membranes with a composition of fatty acids that were more
similar to the natural membranes that are present in plant cells (containing 18:3 FA) were
used, and once again higher concentrations of BR were tested [4:1 (lipids: BR)] [134]. In the
case of such a high proportion of lipids vs. BR, it was again confirmed that the differences
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Figure 4. Dependence of the order parameter S of the model membranes that had been prepared
from egg yolk lecithin (EYL) with incorporated spin labels SASL-5 (A) or SASL-16 (B) and BR (BL—
brassinolide; CS—castasterone at sample concentrations corresponding to their natural concentrations
in chloroplasts) on the measurement temperature of the spectra using the EPR method. (C) Model of
the prepared model membrane. The liposomes were prepared according to the modified method
described earlier in work Sadura [135]. Briefly, spin labels (SASL-5 or SASL-16) (0.1 mM) and BR
(BL or CS) (at a certain concentration) were added to EYL (10 mM). Next, it was shaken on a vortex
and centrifuged and the methanol (in which all ingredients were suspended) was evaporated under
N3 in order to obtain a film on the test tube walls. After that, a CIB buffer (pH 7.5) (described in
Sadura et al. [37]) was added to the sample and it was shaken for one minute on a vortex. Next,
the sample was placed in a capillary, and the EPR spectra were measured in a temperature range of
0 °C to 40 °C at intervals of 5 °C (the process of the measurements is described in Sadura et al. [37]).
The presented dependence enabled a conclusion to be drawn about the molecular dynamics of the
membranes. Order parameter S was calculated according to the equations presented in the work of
Sadura et al. [37]. The graphs show the mean values of two measurements + SD.

To summarize, BR were found in the chloroplasts (chloroplast membranes), and their
level changed as a result of the acclimation to low and high temperatures. The amount of the
main BR (castasterone) increased at 5 °C and was lower at 20 °C and 27 °C. The molecular
dynamics of the membranes (measured using EPR) was however similar in both the mutant
with a disturbed BR biosynthesis and in the reference cultivar. The administration of BR in
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the physiological amounts (characteristic for chloroplasts) did not change the molecular
dynamics of the model membranes from egg yolk lecithin. Both the molecular dynamics of
the membranes and their physicochemical properties that were determined in the studies
with the Langmuir bath changed after using BR but at higher concentrations (1:4—BR:lipid).
This may suggest a local effect of BR in the cellular membrane in the so-called ‘rafts’, where
hormones would be concentrated in higher amounts. This is more likely as the amount
of BR in the chloroplast membranes compared to, e.g., the content of sterols therein, was
small. The issue requires further detailed studies.

6.2. Membrane Proteins

Membrane proteins play a role in membrane functioning and are important elements
in dealing with temperature stress. Examples of these proteins are the heat shock proteins
(HSP), the water transporting proteins (aquaporins), and the proton pump (H*-ATPase).
HSP are characterized by their different molecular weights, namely, HSP100, HSP90,
HSP70, HSP60, and small heat-shock proteins (sHSP). The main role of HSP is to act as
the molecular chaperones of other proteins, and although their name derives from the fact
that they were found in plants that had been exposed to high temperatures, these proteins
are commonly found in plants that have been grown at both “room temperature” and
in cold conditions. They are responsible, among others, for regulating protein folding as
well as its accumulation, location, translocation, and degradation in all plant and animal
species [136,137]. Aquaporins are transmembrane proteins, which were discovered as the
water channels that transport water through the cell membranes. The main function of
the plasma membrane intrinsic proteins (PIP) in plants is to regulate the transmembrane
water transport when the water flow needs to be modified or when it is very low [138].
Attention should be paid to this protein in terms of adapting plants to different temperatures
because the dehydration and hydration of cells are crucial in both adapting to frost and
surviving high temperatures by a plant [139-141]. H*-ATPase is a membrane-bound
protein that is called a membrane proton pump, which is responsible for the active transport
of cations or other compounds across the membranes and this process is coupled with
ATP hydrolysis and, consequently, for generating the proton motor force and driving the
secondary transport processes [142]. Generally, in barley, the accumulation of the HSP, PIP,
and ATPase transcripts is dependent on the temperature of growth. The cold acclimation of
barley (21 days) increased the accumulation of transcript HSP70 and decreased ATPase and
HvPIP, while HSP90 was unchanged and sHSPs were not detectable compared to the plants
at 20 °C [34,35]. In the barley cultivars that had been acclimated at 27 °C (seven days), the
levels of the HSP70 and ATPase proteins were unchanged, HvPIP and sHSPs increased,
and HSP90 decreased. Barley with defects in the BR biosynthesis or signaling generally
had a lower level of these transcripts, which suggests that these hormones are positive
regulators of the transcription of HSP, ATPase, or aquaporins (which is not dependent on
temperature). However, the accumulation of these proteins in the BR mutants was different,
which indicates that the control of their biosynthesis under various temperature conditions
is more complex and is not only dependent on the cultivar or BR but also probably on
many other factors [34,35].

7. Conclusions

The directions of brassinosteroid activity that are described in this paper suggest
that BR are one of the players, in addition to gibberellins or ABA, that are important in
acquiring a tolerance to a high temperature and especially to frost in cereals. The influence
of BR on increasing the production of sugars or increasing the fluidity of the membranes is
certainly a significant contribution of these hormones to the acquisition of tolerance to a
low temperature. However, more in-depth, genetic studies are also required to explain the
molecular mechanism of the effect of BR on sugar and fatty acid metabolism. Endogenous
BR (mainly homocastasterone or castasterone) are accumulated in cereal tissues during
the cold-hardening process. The cultivars that are tolerant to frost are characterized by
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a higher accumulation of BR (mainly homocastasterone, in some cases, also castasterone
or teasterone) during cold hardening/acclimation than those that are susceptible to frost.
This might suggest that in cereal crops such as wheat, barley, or rye, the BR that do not
have an oxalactone ring in the molecule might be important for developing a tolerance
to temperature stress. Interestingly, however, in the case of the exogenous application
of BR, BR with oxalactone rings in the molecule (24-epibrassinolide) are more effective
protectants. This might be explained by other mechanisms of the action of the endogenous
and exogenous BR, and this matter requires further in-depth research. Nevertheless, the
protective activity of the selected exogenous BR against more extreme temperatures offers
the possibility of using them as special agrochemicals in order to improve the tolerance of
cereals to temperature stress.
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