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Abstract: With the growing global population, abiotic factors have emerged as a formidable threat to
agricultural food production. If left unaddressed, these stress factors might reduce food yields by
up to 25% by 2050. Plants utilize natural mechanisms, such as reactive oxygen species scavenging,
to mitigate the adverse impacts of abiotic stressors. Diverse plants exhibit unique adaptations to
abiotic stresses, which are regulated by phytohormones at various levels. Brassinosteroids (BRs) play
a crucial role in controlling essential physiological processes in plants, including seed germination,
xylem differentiation, and reproduction. The BR cascade serves as the mechanism through which
plants respond to environmental stimuli, including drought and extreme temperatures. Despite
two decades of research, the complex signaling of BRs under different stress conditions is still being
elucidated. Manipulating BR signaling, biosynthesis, or perception holds promise for enhancing crop
resilience. This review explores the role of BRs in signaling cascades and summarizes their substantial
contribution to plants” ability to withstand abiotic stresses.

Keywords: abiotic stress; abscisic acid; brassinosteroids; ethylene; hydrogen peroxide; signaling
pathway

1. Introduction

The ability of plants to withstand abiotic stresses is enhanced through internal defense
mechanisms [1]. Abiotic stresses encompass nonliving environmental conditions detrimen-
tal to plant development, eliciting diverse physiological, molecular, and growth responses
in plants (Figure 1). These responses include gene regulation adjustments, altered protein
and metabolite production, hormone signaling changes, and increased antioxidant enzyme
activities [2]. Phytohormones, which are naturally occurring organic compounds, exert a
substantial influence on crucial plant life cycle processes at low concentrations [3]. Their
involvement in signal transduction networks enhances plant development and produc-
tivity in response to abiotic challenges [4]. Brassinosteroids (BRs) regulate a variety of
biological and cellular processes, including stem elongation, pollen tube development,
leaf morphology, root growth inhibition, fruit maturation, ethylene production, xylem
separation, chlorophyll production, and gene expression [5,6]. Furthermore, BRs have been
demonstrated to modify antioxidant enzyme and nonenzymatic defense mechanisms as
well as enhancing plant development and chlorophyll, sugar, and proline content [7,8]. Pre-
vious studies have highlighted BRs’ positive impact on Solanum nigrum L., enhancing sugar
and photosynthetic pigment accumulation, improving photosystem II (PSII) efficiency, and
reducing electrolyte leakage, malondialdehyde levels, and cadmium (Cd) accumulation [9].
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Additionally, BRs enhance rice growth and biomass under chromium (Cr) stress, influenc-
ing nutrient uptake and modulating antioxidant enzyme activity [7,9]. Furthermore, BRs
elevate enzymatic activity and mitigate oxidative damage in Raphanus sativus L. during
extreme reaction oxygen species (ROS) levels [10]. Similarly, exogenous BR administration
has been shown to increase rice biomass and overall growth [7]. BRs also mitigate abiotic
stressors, such high temperature, chilling stress, and metal stress [11-14]. Considering
their crucial role in protecting plants from environmental stresses, BRs also play a pivotal
role in sustainable crop production [8]. Therefore, adjusting BR signaling, biosynthesis
routes, or perceptions holds promise for crop improvement. This review aims to explore the
genuine role of BRs in signal cascades and outline their beneficial contributions to abiotic
stress resistance.
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Figure 1. Abiotic stresses affect different aspects of plant growth and development. This figure was
drawn using BioRender [https://www.biorender.com (accessed on 20 August 2023)].

2. Structure and Biosynthesis of BRs

BRs are a class of polyhydroxylated steroidal phytohormones that are found naturally
in plants and are essential to their regular growth and development. Depending on their C-
24 alkyl substituents, these steroids are classified as C27, C28, or C29 [15]. Brassinolide (BL),
the most physiologically active chemical of all the BRs discovered so far, is present in a wide
variety of plant species [16]. The primary emphasis of BR research is on BL, a 28-carbon
molecule with an S-methyl group at position C24 of the side chain of the 5x-ergastane
structure. According to Zhao and Li [17], other BRs are primarily inactivated metabolites
that come from different catabolic processes of BRs or intermediates of the BL biosynthesis
pathway. A detailed analysis of the biosynthesis of BL, a C28 BR, showed that the early and
late C-6 oxidation processes operate in tandem [18]. Campesterol (CR), the biosynthetic
precursor specific to BR, is first transformed to campestanol (CN), and then to BL by early or
late C-6 oxidation routes. Since the precursor, CN, is the starting point for both the early and
late C-6 oxidation processes, they are referred to as CN-dependent pathways. In crop plants
like tomato and tobacco, the late C-6 oxidation pathway appears to be the predominant
route because most of the endogenous BRs in these species comprise only members of
the late C-6 oxidation pathway. In the early C-6 oxidation pathway, C-6 oxidation takes
place before DWF4-mediated C-22 hydroxylation. In the early C-6 oxidation pathway,
CN is mainly converted to 6-oxocampestanol (6-oxoCN) and then to cathasterone (CT),
teasterone (TE), 3-dehydroteaserone (3DT), typhasterol (TY), and then to castasterone (CS),
in order. In the late C-6 oxidation pathway, C-22 hydroxylation takes place ahead of C-6
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oxidation. The intemediates undergo further modification and are included into the late C-6
oxidation pathway following CR’s hydroxylation by DWF4. To create 6-deoxocathasterone
(6-deoxoCT), CN is first hydroxylated at C-22. It is subsequently transformed to matching
intermediates, like those in the early C-6 oxidation pathway, but in a C-6 deoxy form [17].
The enzymes CYP85A1 and CYP85A2, respectively, catalyse the oxidation processes of
6-deoxoTY and 6-deoxoCS into TY and CS [16]. On the other hand, BR6ox connects the
early and late C-6 oxidation pathways in Arabidopsis at many locations. Additionally,
DWPF4 is CN-independent since it can operate on several biosynthetic intermediates in
the upstream pathways. An early C-22 hydroxylation pathway can be established by
the pathways branching at campesterol [15]. Figure 2 depicts the synopsis of the BRs
biosynthesis pathway.
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Figure 2. Biosynthetic pathways of BR. Different colours represent different pathways.

3. Role of BRs in Plant Growth and Development

BRs function as steroid hormones, influencing plant growth and development [19,20].
These compounds are implicated in diverse biological processes in addition to plant growth,
including stem cell maintenance, cell division, vascular growth, and flowering [21,22].
Hydroponically grown plants can leverage BRs to stimulate growth through activation of
the cell cycle during seed sprouting, cell cycle control, and leaf growth. BRs play a vital
role in regulating responses to both abiotic and biotic stresses as well as the formation of
stomata [20,23]. Furthermore, BRs govern the fertility of both female and male crops [24].
BRs influence etiolation, promote stigma elongation [25] and influence leaf size and angle,
responses to atmospheric pollution, and thermotolerance [26,27]. Exogenous BR application
or manipulation of BR biosynthesis and signaling pathways has the potential to enhance
crop yields [28]. Chen et al. [25] discovered that the regulation of Arabidopsis thaliana L.
growth is regulated by the BR-activated WRKY46, WRKY54, and WRKY70. In addition, the
histone lysine methyltransferase SDG8 emerged a critical regulator of BR-regulated gene
expression, with a knockout mutant exhibiting impaired BR response and reduced growth
in Arabidopsis [29].

In Arabidopsis, BR also modulates transcriptional pathways controlling seed and ovule
development, influencing their size, weight, and number [30]. BRs also regulate the re-
sponse to mild nitrogen deficits in Arabidopsis, mediating the elongation of primary roots
through the BSK3 gene [31]. In rice, BR controls plant structure and grain yield, with



Int. J. Mol. Sci. 2023, 24, 17246

40f17

BRD1 and D11, which influence plant height, implicated in BR biosynthesis [32]. OsD-
warf2/OsDwarfl, enzymes that contribute to BR biosynthesis, are known to negatively
affect second internode and seed size in rice [32]. During rice panicle development, an-
tioxidant system activation and energy charge are elevated, promoting spikelet growth in
response to nitrogen fertilization [33]. In wheat, exogenous BR application delays the transi-
tion from vegetative to generative states, whereas the BR inhibitor brassinazole accelerates
the transition and heading steps [34].

Winter rapeseed matures 4-8 days faster with BR application [31], and interactions
between BRs and other plant hormones enhance plant performance and adjust growth [35].
Disruption of BR signaling impacts seed formation, pollen development, flowering dura-
tion, and other developmental processes [36]. BR-deficient plants exhibit notable charac-
teristics such as short hypocotyls, petioles, and internodes as well as downward-curled
leaves, delayed flowering, altered stomatal development, lower male fertility, and reduced
plant structure due to decreased lamina inclination [36,37]. According to Zhu et al. [38], BR
deficiency results in smaller grains, less fertile seeds, fewer tillers, inappropriate stomatal
distribution, and decreased seed germination. BR-insensitive or BR-deficient mutants are
often referred to as late-flowering mutants owing to their slow growth [17]. Conversely,
plants accumulating excess BRs display enlarged petioles and hypocotyls, resulting in
increased height [39].

4. BRs and Redox Homeostasis

A high-rate redox metabolic process like photosynthesis is sensitive to abrupt changes
in its input factors. ROS, including singlet oxygen, superoxide anion radicals, and HyO,, are
generated during photosynthesis because of quick fluctuations in photon capture, electron
fluxes, and redox potentials. As a result, the photosynthesizing chloroplast serves as a
conditional source of crucial redox and ROS that is used to adjust processes within the
chloroplast as well as in the cytosol and nucleus after retrograde release or processing.
However, signaling proteins may be directly oxidized and modulated by ROS. H,O, and
the GSH:GSSG ratio did not significantly rise at very low BR concentrations. In cucumber
plants, there was a notable rise in both the H,O, content and the GSH:GSSG ratio upon
increasing BR. According to Jiang et al. [40], there is a possibility that markedly increased
H,0O; will serve as a signal for a greater decrease in GSSG to GSH, most likely due to
increased GR activity. HyO, concentrations rose in response to a rise in BR, which may
have led to oxidative stress. As a part of their cellular antioxidative reactions, plants
enhance their synthesis of glutathione in such circumstances, as seen by the elevated
GSH+GSSG concentration. Under high ROS concentrations, the ratio of GSH:GSSG also
dropped, most likely because of enhanced GSH oxidation for the scavenging of ROS or
other harmful chemicals. Because of this, the cellular redox state’s reaction to BR and H,O,
showed different phases and, as a result, the beneficial effects of both BR and H,O, on CO,
assimilation were only shown in cucumbers at moderate concentrations [40].

5. BRs as Regulators of Abiotic Stress Responses

For many years, researchers have investigated the impact of abiotic stress on phyto-
hormone levels and their signaling status. These changes reveal that growth regulators
act as mediators of various upstream signals rather than as early transducers of stress
signals. With the aim of meeting the evolving needs of plants, this review explores the
effects of BRs, as a class of environmentally safe hormones, on crop responses. Using BRs
could facilitate a marked improvement in plants’ abilities to withstand stress, resulting in
improved quality and increased yield. Numerous studies conducted over several years
have suggested the involvement of BRs and related chemicals in plant responses to diverse
abiotic stresses. Table 1 summarizes the current findings regarding the role of BRs in
regulating such responses in plants.
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Table 1. Role of BRs in plant tolerance to abiotic stresses.

Abiotic Stress

Plant Species Responses References

Cd

Arabidopsis root system is protected from Cd-induced

Arabidopsis thaliana L. stress by BRs, as they reverse its harmful morphogenic [41]

effects on apices of all root types

Low temperatures

Lycopersicon esculentum L.

BR-mediated enhancement of the photosynthetic

.. 42
apparatus and antioxidant system 421

Drought

BRs increase root and shoot growth as well as chlorophyll
Zea mays L. content, in addition to compensating for harmful [43]
drought-induced changes in maize genotypes

Water stress

Enhanced levels of free proline, SOD, CAT, and APX,
Raphanus sativus L. required to mitigate the repressive effects of water stress [44]
on seedlings

Drought and salinity

Increased CAT, POX, and SOD activity, leading to

Pisum satiounm L. improved seedling growth

Enhanced photosynthesis-related attributes and

Cu Lycopersicon esculentum L. antioxidant capacity
EBL possesses distinct regulatory systems for mitigating
Cr Capsicum annuum L. Cr stress, including interactions between plant hormones, [45]
MAPK signaling, and ROS scavenging
High temperatures Triticum aestivum L. Increased CAT, POX, and SQD activity, resulting in [13]
enhanced seedling growth
Ni Brassica juncea L. Increased ant10x1c.1ant enzyme activity, reducing [46]
Ni-related stress

Cu and NaCl Cucumis satious L. Increased CAT, POX, and SOD activity, enhancing growth, [47]

carbonic anhydrase activity, and photosynthetic efficiency

6. BRs and Drought

Drought, resulting from insufficient rain or water, drastically reduces crop yield, affect-
ing various physiological processes through absorption, extrusion, retention, and osmotic
stress, which disturb redox balance [48]. Drought resistance is associated with abscisic
acid (ABA) accumulation. Exogenous BR treatment elevates ABA levels, mitigating the
adverse effects of drought on plants. In challenging environments, BR dosage in tomatoes
promotes drought resistance by improving photosynthetic machinery, leaf hydration, and
antioxidant defense [49]. Khamsuk et al. [50] revealed that exogenous BRs enhance light use
and stimulation intensity in pepper seedlings during drought, thus increasing resistance to
drought-induced dehydration through foliar application [50]. The long-term consequences
of drought can be alleviated with BR interventions [51]. Despite drought inducing excessive
amounts of ROS, the presence of BRs significantly reduces ROS, malondialdehyde, and
lipid peroxidation levels [52].

Exogenous BR administration promotes drought resistance, as observed in mutants
with increased stress tolerance, including both BR-deficient and BR-insensitive mutants [53].
In tomatoes, increased BR levels, rather than BR signaling potency, enhance drought toler-
ance; whereas, BRI1 overexpression negatively impacts tomato drought tolerance, revealing
the dual role of the BR network in stress tolerance [54]. Furthermore, BRs and ABA are
involved in mostly antagonistic physiological processes [52,53]. BIN2 inhibits BR signaling,
whereas ABA-mediated stress responses are enhanced by 5nRK2 phosphorylation, which
activates ABA-sensitive genes [55]. Exogenous BR inhibits ABA-induced transcriptional
activation of RD26, a transcriptional activator of stress-induced genes [56]. Reciprocal
antagonistic interactions between BR signaling and ABA-responsive transcription factors
in Arabidopsis contribute to plant development and drought tolerance. RD26 targets BES1,
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allowing for BR to suppress RD26 under drought conditions, modulating transcription of
BES1-controlled genes, consequently diminishing BR function [57].

Research suggests that autophagy pathways, interacting with BR signaling via BIN2,
regulate drought stress and malnutrition [58] (Figure 3). BIN2 activates a phosphorylated
DSK2 ubiquitin receptor protein, directing it to degrade BES1 through autophagy [58].
Collectively, these findings highlight the complexity of BR-mediated drought responses.

Drought BR

<A NADPH oxidase
W 0 m

Drought
responsive genes

Drought stress tolerance

Figure 3. BRs control the plant development-stress response equilibrium. Depending on cellu-
lar and environmental settings, interactions between BR and stress signaling pathways can occur
through their receptors, downstream kinases (such as BIN2), and/or transcription factors (such as
BZR1/BES1). This figure was drawn using BioRender [https:/ /www.biorender.com accessed on 29
September 2023)].

7. BRs in Plant Response to Extreme Temperature Stresses

Chilling or freezing damage from low temperatures notably impedes the produc-
tion of agricultural products worldwide, particularly affecting thermophilic plants [59].
Under cold stress, plants face mechanical constraints, membrane fluidity differences, macro-
molecule interactions, and osmotic pressure changes. Cold exposure adversely impacts
plant photosynthetic activity, leading to decreased CO; assimilation, photoinhibition of PSI
and PSII, and reduced enzyme activity [60].

Enhanced cold tolerance, induced by BRs, affects not only entire plants but also the
quality of harvested products, such as fruit. Postharvest management requires compar-
atively larger amounts of BRs relative to those needed for stress responses across the
entire plant. Cold stress compromises the integrity of tomato fruit, whereas mango fruit
exhibits increased concentrations of protective proteins, including remorin and temperature-
induced lipocalin, which protect the fruit against cold-related damage [61]. Additionally,
BRs reduce phase transition temperatures and increase fluidity under cold conditions
by augmenting unsaturated fatty acids in the phospholipids of the mango fruit plasma
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membranes [61]. Various BR levels influence the freshness of peppers at low temperatures.
Raza et al. [62] found that BRs effectively mitigated chilling damage in green sweet peppers,
enhancing antioxidant activity, photosynthetic pigments, and L-ascorbic acid levels. It
was hypothesized that this would lessen oxidative damage and electrolyte leakage during
cold stress.

Regarding heat stress, in terms of physiological activity, the photosynthetic apparatus
is particularly sensitive. Moreover, high temperatures markedly affect the connection be-
tween PSII and photochemical activities, resulting in decreased net photosynthetic rates [63].
BR pretreatment in tomato plants reduces heat-induced losses in photosynthesis by enhanc-
ing antioxidant enzyme activity, thereby mitigating oxidative damage under stress. Intrigu-
ingly, BRs play a role in regulating thermotolerance in both heat-tolerant and heat-sensitive
plant cultivars [64]. For instance, BR pretreatment significantly enhances photosynthetic
rate, net CO, absorption rate, stomatal closure, PSI photodegradation activity, and wa-
ter use efficiency in both heat-tolerant and heat-sensitive melons [62]. In eggplant, BRs
boost antioxidant capacity, reducing ROS accumulation and alleviating heat stress [65]. BR
signaling also regulates plant growth under high-temperature stress (Figure 4). BZR1 accu-
mulation in the nucleus during an increase in temperature regulates thermomorphogenesis
by inducing gene expression that promotes growth or binding to PIF4 promoters [66].
High temperatures lead to active PIF4 accumulation, favoring BES1-PIF heterodimers in
nuclear protein complexes rather than BES1 homodimers [67]. This reduces the available
active BES1 homodimers, depressing BR biosynthesis and inhibiting BR signaling. High
concentrations of BES1-PIF4 centers activate thermomorphogenesis-related genes [67].
Moreover, the kinase-defective BRI1 protein from bri1-301 mutants exhibits decreased sta-
bility and biochemical activity under high temperature, suggesting temperature-enhanced
misfolding and degradation of this protein in the mutant [68]. Thus, these studies reveal
the involvement of BR receptors and downstream signaling elements in regulating growth
responses to temperature changes.

High Y \

temperature —|m‘

BR responsive
genes

ot

Growth and development

Figure 4. BR signaling amid high-temperature stress and growth responses. BZR1 accumulation
in the nucleus during an increase in temperature regulates thermomorphogenesis by inducing
gene expression that promotes growth or binding to PIF4 promoters. High temperatures lead to
active PIF4 accumulation, favouring BES1-PIF heterodimers in nuclear protein complexes rather
than BES1 homodimers. High concentrations of BES1-PIF4 centres activate thermomorphogenesis-
related genes. This figure was drawn using BioRender [(https:/ /www.biorender.com (accessed on 15
September 2023)].
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8. Interaction of BRs with Other Hormonal Pathways

Plants respond to various environmental cues and developmental signals through
crosstalk between the BR pathway and other hormonal pathways. Both plant hormones and
BRs play pivotal roles in regulating plant development, growth, and stress responses. In
the following sections, examples illustrating the crosstalk between BRs and other hormonal
pathways are provided.

8.1. BRs and Ethylene

BRs and ethylene, as vital plant hormones, orchestrate various aspects of plant devel-
opment and responses to environmental signals. Despite primarily using distinct signaling
pathways, evidence suggests that crosstalk between these two hormone pathways co-
ordinates plant responses and optimizes growth under changing conditions. Ethylene,
a fundamental gaseous plant hormone produced by nearly all plant tissues, influences
critical physiological processes and stress responses. A previous study showed that BRs
impede stem elongation, increase lateral expansion, and exacerbate the apical hook curve
in Pisum sativum L. seedlings exposed to BRs [69]. Additionally, BRs were found to boost
endogenous ethylene synthesis, with ethylene mediating BRs’ inhibitory impact [69]. In
Solanum lycopersicum L., the fruit of SICYP90B3-OE transgenic lines exhibited higher ethy-
lene content compared with control fruit, demonstrating increased ethylene production
through the upregulation of ethylene biosynthesis genes (SIACS2, SIACS4, and SIACO1)
and signaling genes (SIETR3 and SICTR1) [70].

BRs contribute to the ethylene biosynthetic pathway by controlling signaling and
ethylene biosynthesis-related genes, For example, the expression of ACO, and endogenous
ethylene levels in Arabidopsis thaliana L. are controlled through the BR transcriptional compo-
nent BES1 [71]. Alternative oxidase (AOX) may be employed to protect photosystems from
BL-mediated ROS accumulation in Nicotiana benthamiana L., enhancing the plants’ ability to
withstand abiotic stress [72]. BL, a BR, increases ethylene production and AOX expression
in Cucumis sativus L. seedlings subjected to dehydration, salt, and freezing stresses [73].
Ethylene was shown to restore BL-induced negative effects; however, pretreatment with
aminooxy acetic acid, which inhibits ethylene biosynthesis, markedly reduced seedling
resistance to BL-induced photooxidation [73]. BR pretreatment increases ethylene produc-
tion and signaling during salt stress by enhancing 1-aminocyclopropane-1-carboxylate
synthase activity, an enzyme implicated in ethylene synthesis [74]. However, limiting
ethylene production and/or signaling elements reduces salt sensitivity and antioxidant
enzyme activity produced by BR [74].

BRI1, a membrane-bound BR signaling center, may play a role in regulating salt stress
tolerance, as indicated by Bril-9 mutants” partial recovery from salt hypersensitivity when
their endoplasmic reticulum-associated protein degradation pathway is suppressed [75].
Bin2-1 mutants, characterized by the activation of fewer stress-responsive genes, exhibit
heightened sensitivity to salt stress [76]. High salinity promotes root growth quiescence by
preventing BZR1 nuclear accumulation and subsequent BR signaling functions [77].

Overall, ethylene-BR crosstalk fine-tunes plant development and responses to di-
verse environmental inputs; however, the molecular mechanisms underlying this crosstalk
are complex and remain the subjects of ongoing research. Various interactions can af-
fect the plant, its growth stage, and its environment. BRs promote the expression of 1-
aminocyclopropane-1-carboxylic acid oxidase and 1-aminocyclopropane-1-carboxylic acid
to synthesize ethylene (Figure 5). BRs control the transcriptional and post-transcriptional
regulation of ethylene production by lengthening the half-life of the ACS5 protein [78].
Ethylene biosynthesis is either negatively or positively controlled by BR, depending on
the dose [21]. Exogenous BR application accelerates banana ripening by regulating the ex-
pression of genes associated with ethylene production, including MaACS1, MaACO13, and
MaACO14 [79]. In tomato plants, BR increases the post-transcriptional expression of ACS2
and ACS4 [80]. In addition to ACS6, ACS9, and ACS5, BR stabilizes other ACS proteins
by degrading 26S proteasomes [78]. Indirect evidence suggests that BR increases ethy-
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lene synthesis by regulating the ROT3/CYP90C1 gene, which in turn controls hyponastic
growth [81].

LOW BR

NADPH @zdil

| L g v

BZR1/BES1 a
+ P ‘
prOtEﬂSOmB <
degradation

Activated H.0,
ACO and ACS signalling
genes

ey (p)
# b SNRK2-3 BIN2

ET signalling
ABA synthesis

ABIOTIC STRESS RESPONSE

Figure 5. Interactions of BRs with other hormonal pathways. ET: BRs promote the expression of
1-aminocyclopropane-1-carboxylic acid oxidase (ACO) and 1-aminocyclopropane-1-carboxylic acid
synthase (ACS) to synthesize ethylene. BRs control the transcriptional and post-transcriptional
regulation of ethylene production by lengthening the half-life of the ACS protein. Ethylene biosyn-
thesis is either negatively or positively controlled by BR, depending on the dose. BR accelerates the
expression of genes associated with ethylene production, including ACS. Moreover, BR stabilizes
ACS proteins by breaking down 265 proteasomes and promotes the post-transcriptional production
of ACS. ABA: By encouraging the phosphorylation and activation of SnRKs, ABA is recognized
by PYR/PYL/RCAR receptors and releases SnRKs from PP2C-mediated repression. Subsequently,
SnRKs phosphorylate downstream transcription factors, like ABI1/2, which control the transcription
of several genes that respond to stress. In addition to directly phosphorylating and activating SnRKs
and ABI1/2, BIN2, a negative regulator of BR signalling, can also be inactivated by PP2C BZR1
and also directly targets ABI, suppressing its transcription to adversely affect the expression of
stress-responsive genes. H,O,: BR-encouraged H,O, levels were initiated by an NADPH-dependent
pathway. When BR binds to receptor kinase BRI, it not only raises the cellular level of H,O,, which
oxidizes BZR1 at a conserved cysteine residue, but also suppresses the kinase activity of BIN2 to
induce dephosphorylation of BZR1. The transcriptional activity of BZR1 is enhanced by this oxida-
tion. ET= ethylene; ABA= abscisic acid; H;O, = hydrogen peroxide, PP2C = protein phosphatase
2C; ABI = abscisic acid-insensitive; SNRK = SNF1-regulated protein kinase; ABRE = abscisic acid
responsive element. This figure was drawn using BioRender [(https:/ /www.biorender.com (accessed
on 26 August 2023)].

8.2. BRs and Hydrogen Peroxide

The interplay between BRs and hydrogen peroxide (H,O,) is essential for numerous
physiological processes and responses to environmental stimuli. Investigating this crosstalk
offers valuable insights into plant growth, development, and stress responses. H,O,, an
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ROS, serves as a signaling molecule in plants [82]. It is produced in response to various en-
vironmental cues and stresses, such as pathogen attacks, drought, high light intensity, and
mechanical damage. Serving as a secondary messenger, H,O, regulates crucial processes,
including the cell cycle, apoptosis, and stress adaptation. A previous study revealed that
introducing H>O, to tomato plants during drought stress increased root respiration, chloro-
phyll levels, and yield [83]. Although high concentrations of H,O, can lead to an oxidative
burst that damages protein structures and impairs cell signaling, low concentrations may
enhance plant tolerance to stress induced by high temperature [13], low temperature [12],
copper exposure, and heavy metal toxicity [84]. A study on Cucumis sativus L. revealed
interactions between BRs and H,O, in relation to sugar uptake and the Calvin cycle, in-
dicating that H,O, controls photosynthesis via BRs [40]. Another study demonstrated
that BR treatment significantly elevated HyO; levels in A. thaliana L. seedlings through an
NADPH-dependent mechanism, thereby influencing seedling development [85]. The study
also showed that diphenylene iodonium treatment significantly reduced the effects of BRs
on hypocotyl elongation and significantly lowered H,O, levels.

By affecting BRs and H,O,, when combined, they show promising effects in enhanc-
ing crop productivity through their impact on photosynthesis and sugar metabolism. In
response to cold stress, Lycopersicon esculentum L. exhibited increased SPAD chlorophyll
levels, net photosynthetic rate, carbonic anhydrase activity, and other antioxidant enzyme
activities [12]. Nazir et al. [14] explored the possibility of reducing Cu toxicity in Lycopersi-
con esculentum L. through combined BR and H,O, treatment, finding that this combination
considerably improved chlorophyll levels and the Fv/Fm ratio compared with individual
treatments. BRs and H,O, reduced electrolyte leakage while increasing net photosynthetic
rate and associated attributes. The interaction also impacted total protein content, antioxi-
dant enzyme activities, and carbonic anhydrase activity as well as chloroplast ultrastructure
and stomatal performance in Cu-treated tomato seedlings. Therefore, the BR-H,O, interac-
tion may improve total protein content and photosynthetic capacity while sustaining the
antioxidant system and plasma membrane, thereby enhancing plants’ ability to withstand
abiotic stress. Additionally, the BR-H,O, interaction has been shown to elevate lycopene
and p-carotene levels in fruit [12]. Furthermore, BRs and/or H,O, have been shown to
improve cell water relations, e.g., membrane stability and leaf water potential, and reduce
electrolyte leakage, contributing to the maintenance of normal cellular metabolism [12,86].
Tian et al. [85] demonstrated that BR treatment dramatically increased the H,O, content
in Arabidopsis thaliana L. seedlings, and that BR-encouraged H,O, levels were initiated by
an NADPH-dependent pathway (Figure 5). Then, they looked at any potential involve-
ment of H,O, in BR-facilitated seedling growth. They demonstrated that treatment with
diphenylene iodonium (DPI), an inhibitor of NADPH oxidase, reduced Hy,O; levels and
hypocotyl elongation was greatly reduced by BRs. High DPI concentrations, however,
made Arabidopsis thaliana L. seedlings less sensitive to BRs [85].

In summary, the complex crosstalk between BRs and H,O, in plants integrates hor-
monal and oxidative signals to regulate diverse physiological processes. This interaction
serves as a mechanism for plants to optimize growth, development, and responses to
environmental stresses, ultimately enhancing their adaptability and survival.

8.3. BRs and Abscisic Acid

Plants use abscisic acid (ABA) as a stress sensor to combat abiotic stresses [87]. In
response to salt stress, plants regulate ABA levels to mitigate its effects. Rapid ABA
accumulation leads to swift closure of stomata, reducing transpirational water loss [88].
Leaf tissues with elevated ABA concentrations facilitate salt adaptation by modulating
stomatal activity, adjusting osmotic levels, and increasing stress protein production [88].
ABA significantly improves freezing, chilling, drought, and salt tolerance in a various
plants [89]. Heavy metals, such as aluminum, zinc, cadmium, and nickel, have been shown
to elevate ABA levels in plants [90]. Among these, Cd, a hazardous divalent heavy metal, is
rapidly absorbed by bacteria, inducing detrimental symptoms, such as stunted growth. [91].
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Cd also adversely affects plant photosynthesis by lowering chlorophyll levels and inhibiting
stomatal opening [92]. In Phragmites and Typha plants, Cd-induced ABA accumulates in
roots but not shoots [90].

Although ABA and BRs generally have distinct functions, evidence suggests that they
can interact and crosstalk in specific physiological processes. ABA slows seed sprouting
and improves seed dormancy through embryo development, whereas BR accelerates seed
sprouting [93]. Furthermore, BR and ABA play contrasting roles in modulating seed
germination and post-germinative development [92]. Hussain et al. [94] found that the
exogenous administration of ABA, BRs, and ABA + BRs enhanced agronomic indicators and
photosynthetic qualities in rice plants exposed to varying levels of salt stress. Additionally,
exogenous hormone treatment improved pollen viability, spikelet source-to-sink capacity,
and leaf area as well as net photosynthetic rate and SPAD values, in rice flag leaves.
Additionally, the joint application of BRs and ABA increased grain weight under salt stress
in rice [94].

The interaction between BR and ABA involves gene expression regulation and protein
activity modulation. In the presence of BR, a complex involving topless (TPL/TPR), BRI1-
EMS suppressor 1, and histone deacetylase 19 suppresses the expression of the gene ABI3
through its effects on the E-box promoter. BZR1 transcription factor binding to the ABI5
G-Box promoter regions suppresses ABI3 and ABI5 gene expression, mitigating the stress
response (Figure 5). At low BR levels, BIN2 increases 5nRK2/3 activation, triggering stress
responses. BIN2 phosphorylates the ABI5 transcription factor, upregulating the expression
of genes associated with ABA [93]. In some studies, the autostimulation of ABA-associated
SnRK2s genes and kinase activity was observed [95,96]. Researchers are actively exploring
the molecular mechanisms underlying this crosstalk to deepen our understanding of how
plants integrate diverse hormonal signals for optimized growth and adaptive responses to
changing environments.

9. BR Signaling Pathway

The molecular and metabolic aspects of BR signaling in plants have been extensively
investigated. The importance of the BR hormone signalling pathway in growth control and
the regulation of many genes related to the cell wall are highlighted, as is the discovery of a
receptor-like protein (RLP44) that is essential for triggering BR signalling through direct
interaction with the BR coreceptor BAK1. This interplay combines hormone signalling
and cell wall surveillance to maintain cell wall integrity and homeostasis, which in turn
affects plant development [97]. However, the BR signal transduction pathway in Arabidopsis
thaliana L. starts with ligand detection on the cell membrane and ends with gene expression
in the nucleus. Upon BR binding to the plasma membrane-anchored leucine rich repeat
receptor-like kinase (BRI1) receptor, a signal cascade activates the expression of genes
through nuclear and cytosolic transcription kinases and phosphatases [98]. BRI1 enhances
its kinase activity through successive transphosphorylation with BAK1 and autophospho-
rylating multiple times upon BR detection. In this process, BRI1 promptly releases BKI1, a
negative regulator at the C-terminus [99]. BKI1 improves BRs signaling by degrading 14-3-3
proteins, which maintain the cytoplasmic retention of two master transcription factors:
BZR1 and BESI [100,101]. BRI1 activation induces the activation of BSUI phosphatase
through the phosphorylation of BSKs. Activated BSU1, in turn, dephosphorylates BIN2,
rendering it inactive [102].

The master transcription factors BZR1 and BES] are released from suppression due
to BIN2 inactivation. Activated BZR1 and BES1 translocate into the nucleus to directly
control the expression of BR-related genes or interact with other transcription factors [103].
BKI1 maintains BRI1 in an inactive state when BRs are absent [101,104]. Both BZR1 and
BZR2/BES] are nuclear transcription factors that are phosphorylated by the GSK3 kinase
repressor protein BIN2, present throughout the nucleus, cytoplasm, and plasma membrane.
Consequently, the activity of these two transcription factors is restricted. BIN2 prevents
BZR1 and BZR2/BES1 from becoming functional transcription factors by impeding their
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interaction with other proteins or transcription factors [105]. Figure 6 depicts the BR
signaling scheme.
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Figure 6. BR signalling pathway. The perception of BR begins at the plasma membrane. The BR
receptor complex consists of the receptor kinase BRASSINOSTEROID-INSENSITIVE 1 (BRIT) and
its co-receptor BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAKI). When BRs bind to the BRI1
receptor, they induce a conformational change in the receptor, leading to the activation of its kinase
domain. Activated BRI1 phosphorylates itself and phosphorylates BAKI. The activated BRI1-BAK1
complex initiates a phosphorylation cascade involving several downstream components, including
BR-SIGNALING KINASE 1 (BSK1), CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1), and
others. BIN2 (BRASSINOSTEROID-INSENSITIVE 2), a GSK3-like kinase, is a negative regulator of
the BR signalling pathway. Activated BRII inhibits BIN2 through phosphorylation. Inhibition of BIN2
leads to the stabilization and nuclear translocation of BZR1 (BRASSINAZOLE-RESISTANT 1) and
BES1 (BRI1-EMS-SUPPRESSOR 1), which are transcription factors that regulate the expression of BR-
responsive genes. BZR1 and BES1 bind to specific DNA sequences in the promoters of target genes,
regulating their expression. This figure was drawn using BioRender [https://www.biorender.com
(accessed on 28 August 2023)].

10. Conclusions

BRs are considered pivotal in abiotic stress responses as they regulate a specific set
of genes to mediate abiotic stress tolerance responses. BRs regulate the transcription of
these genes, encoding essential proteins and enzymes, thereby safeguarding plants and pre-
venting them from succumbing to stress. Notably, BRs and related compounds have been
implicated in stabilizing responses to various abiotic stimuli, including drought and tem-
perature fluctuations. The exploration of BRs will undoubtedly reach new levels once the
fundamental mechanisms of homeostasis and their crosstalk with diverse phytohormones
are understood. A complex regulatory network is formed by the interactions between ABA,
ethylene, HyO,, and BR signaling pathways and this network affects critical processes, such
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as seed germination, root growth, stomatal closure, and stem elongation. These interactions
enhance plant resilience to abiotic stressors, such as drought and temperature variations.
Previous research has explored the mechanisms underlying BR signaling transduction
pathways and the roles played by BZR1/BES]1 transcription factors in response to stressful
conditions. Thus, the intricate pathway involving the activation of transcription factors
BZR1/BES1 emerges as a key determinant in BR-mediated enhancement of plant tolerance
to abiotic stressors.

Author Contributions: Conceptualization, T.A. K., L.-S.P.T. and M.A.G.; methodology, TA.K,, L.-S.PT.
and M.A.G.; writing—original draft preparation, T.A.K. and M.A.G.; writing—review and editing,
T.A K, SK. (Sajeesh Kappachery), S.K. (Sameera Karumannil), M.A., N.A,, H A, M.Y,, L.-S.PT. and
M.A.G,; supervision, L.-S.P.T. and M.A.G. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the UAE University grants UPAR [125114], AUA [12R172]
and SDG Research Program [Grant no. G00004050] to M.A.G.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Kanwar, M.K.; Bhardwaj, R.; Arora, P.; Chowdhary, S.P.; Sharma, P.; Kumar, S. Plant Steroid Hormones Produced under Ni Stress
Are Involved in the Regulation of Metal Uptake and Oxidative Stress in Brassica juncea L. Chemosphere 2012, 86, 41-49. [CrossRef]
[PubMed]

Shahzad, B.; Tanveer, M.; Che, Z.; Rehman, A.; Cheema, S.A.; Sharma, A.; Song, H.; ur Rehman, S.; Zhaorong, D. Role of
24-Epibrassinolide (EBL) in Mediating Heavy Metal and Pesticide Induced Oxidative Stress in Plants: A Review. Ecotoxicol.
Environ. Saf. 2018, 147, 935-944. [CrossRef] [PubMed]

Rhaman, M.S; Imran, S.; Rauf, F; Khatun, M.; Baskin, C.C.; Murata, Y.; Hasanuzzaman, M. Seed Priming with Phytohormones:
An Effective Approach for the Mitigation of Abiotic Stress. Plants 2021, 10, 37. [CrossRef] [PubMed]

Muhammad, HM.D.; Abbas, A.; Ahmad, R. Fascinating Role of Silicon Nanoparticles to Mitigate Adverse Effects of Salinity in
Fruit Trees: A Mechanistic Approach. Silicon 2022, 14, 8319-8326. [CrossRef]

Bajguz, A. Brassinosteroids—Occurence and Chemical Structures in Plants. Brassinosteroids A Class Plant Horm. 2011, 1-27.
[CrossRef]

Ahammed, G.J.; Choudhary, S.P; Chen, S; Xia, X.; Shi, K.; Zhou, Y.; Yu, J. Role of Brassinosteroids in Alleviation of Phenanthrene—
Cadmium Co-Contamination-Induced Photosynthetic Inhibition and Oxidative Stress in Tomato. J. Exp. Bot. 2013, 64, 199-233.
[CrossRef]

Basit, F.; Bhat, ].A.; Dong, Z.; Mou, Q.; Zhu, X.; Wang, Y.; Hu, ].; Jan, B.L.; Shakoor, A.; Guan, Y.; et al. Chromium Toxicity Induced
Oxidative Damage in Two Rice Cultivars and Its Mitigation through External Supplementation of Brassinosteroids and Spermine.
Chemosphere 2022, 302, 134423. [CrossRef]

Yusuf, M.; Saeed, T.; Almenhali, H.A.; Azzam, F; Hamzah, AL A-H.; Khan, T.A. Melatonin Improved Efficiency of 24-
Epibrassinolide to Counter the Collective Stress of Drought and Salt through Osmoprotectant and Antioxidant System in
Pea Plants. Sci. Hortic. 2023, 323, 112453. [CrossRef]

Anwar, A.; Liu, Y;; Dong, R.; Bai, L.; Yu, X,; Li, Y. The Physiological and Molecular Mechanism of Brassinosteroid in Response to
Stress: A Review. Biol. Res. 2018, 51, 46. [CrossRef]

Kapoor, D.; Rattan, A.; Gautam, V.; Kapoor, N.; Bhardwaj, R. 24-Epibrassinolide Mediated Changes in Photosynthetic Pigments
and Antioxidative Defence System of Radish Seedlings under Cadmium and Mercury Stress. |. Stress Physiol. Biochem. 2014, 10,
110-121.

Khan, T.A.; Fariduddin, Q.; Yusuf, M. Low-Temperature Stress: Is Phytohormones Application a Remedy? Environ. Sci. Pollut.
Res. 2017, 24, 21574-21590. [CrossRef] [PubMed]

Khan, T.A.; Yusuf, M.; Ahmad, A.; Bashir, Z.; Saeed, T.; Fariduddin, Q.; Hayat, S.; Mock, H.-P.; Wu, T. Proteomic and Physiological
Assessment of Stress Sensitive and Tolerant Variety of Tomato Treated with Brassinosteroids and Hydrogen Peroxide under
Low-Temperature Stress. Food Chem. 2019, 289, 500-511. [CrossRef] [PubMed]

Hussain, M.; Khan, T.A.; Yusuf, M.; Fariduddin, Q. Silicon-Mediated Role of 24-Epibrassinolide in Wheat under High-Temperature
Stress. Environ. Sci. Pollut. Res. 2019, 26, 17163-17172. [CrossRef] [PubMed]

Nazir, F.; Fariduddin, Q.; Hussain, A.; Khan, T.A. Brassinosteroid and Hydrogen Peroxide Improve Photosynthetic Machinery,
Stomatal Movement, Root Morphology and Cell Viability and Reduce Cu- Triggered Oxidative Burst in Tomato. Ecotoxicol.
Environ. Saf. 2021, 207, 111081. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chemosphere.2011.08.048
https://www.ncbi.nlm.nih.gov/pubmed/21959144
https://doi.org/10.1016/j.ecoenv.2017.09.066
https://www.ncbi.nlm.nih.gov/pubmed/29029379
https://doi.org/10.3390/plants10010037
https://www.ncbi.nlm.nih.gov/pubmed/33375667
https://doi.org/10.1007/s12633-021-01604-4
https://doi.org/10.1007/978-94-007-0189-2_1
https://doi.org/10.1093/jxb/ers323
https://doi.org/10.1016/j.chemosphere.2022.134423
https://doi.org/10.1016/j.scienta.2023.112453
https://doi.org/10.1186/s40659-018-0195-2
https://doi.org/10.1007/s11356-017-9948-7
https://www.ncbi.nlm.nih.gov/pubmed/28831664
https://doi.org/10.1016/j.foodchem.2019.03.029
https://www.ncbi.nlm.nih.gov/pubmed/30955642
https://doi.org/10.1007/s11356-019-04938-0
https://www.ncbi.nlm.nih.gov/pubmed/31001773
https://doi.org/10.1016/j.ecoenv.2020.111081
https://www.ncbi.nlm.nih.gov/pubmed/32927154

Int. . Mol. Sci. 2023, 24, 17246 14 of 17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Fujioka, S.; Yokota, T. Biosynthesis and Metabolism of Brassinosteroids. Annu. Rev. Plant Biol. 2003, 54, 137-164. [CrossRef]
[PubMed]

Kim, B.K.; Fujioka, S.; Takatsuto, S.; Tsujimoto, M.; Choe, S. Castasterone Is a Likely End Product of Brassinosteroid Biosynthetic
Pathway in Rice. Biochem. Biophys. Res. Commun. 2008, 374, 614-619. [CrossRef] [PubMed]

Zhao, B.; Li, J. Regulation of Brassinosteroid Biosynthesis and Inactivation. J. Integr. Plant Biol. 2012, 54, 746-759. [CrossRef]
[PubMed]

Fujioka, S.; Noguchi, T.; Yokota, T.; Takatsuto, S.; Yoshida, S. Brassinosteroids in Arabidopsis Thaliana. Phytochemistry 1998, 48,
595-599. [CrossRef]

Fang, P.; Yan, M.; Chi, C.; Wang, M.; Zhou, Y.; Zhou, J.; Shi, K,; Xia, X.; Foyer, C.H.; Yu, ]J. Brassinosteroids Act as a Positive
Regulator of Photoprotection in Response to Chilling Stress. Plant Physiol. 2019, 180, 2061-2076. [CrossRef]

Lin, WH. Designed Manipulation of the Brassinosteroid Signal to Enhance Crop Yield. Front. Plant Sci. 2020, 11, 854. [CrossRef]
Lv, B,; Tian, H.; Zhang, F,; Liu, J.; Lu, S.; Bai, M.; Li, C.; Ding, Z. Brassinosteroids Regulate Root Growth by Controlling Reactive
Oxygen Species Homeostasis and Dual Effect on Ethylene Synthesis in Arabidopsis. PLoS Genet. 2018, 14, e1007144. [CrossRef]
[PubMed]

Wang, Q.; Yu, E,; Xie, Q. Balancing Growth and Adaptation to Stress: Crosstalk between Brassinosteroid and Abscisic Acid
Signaling. Plant Cell Environ. 2020, 43, 2325-2335. [CrossRef] [PubMed]

Ackerman-Lavert, M.; Savaldi-Goldstein, S. Growth Models from a Brassinosteroid Perspective. Curr. Opin. Plant Biol. 2020, 53,
90-97. [CrossRef] [PubMed]

Makarevitch, I; Thompson, A.; Muehlbauer, G.J.; Springer, N.M. Brd1 Gene in Maize Encodes a Brassinosteroid C-6 Oxidase.
PLoS ONE 2012, 7, €30798. [CrossRef] [PubMed]

Li, Z.; He, Y. Roles of Brassinosteroids in Plant Reproduction. Int. J. Mol. Sci. 2020, 21, 872. [CrossRef] [PubMed]

Jaillais, Y.; Vert, G. Brassinosteroids, Gibberellins and Light-Mediated Signalling Are the Three-Way Controls of Plant Sprouting.
Nat. Cell Biol. 2012, 14, 788-790. [CrossRef] [PubMed]

Zhu, X.; Liang, W.; Cui, X.; Chen, M; Yin, C,; Luo, Z.; Zhu, J.; Lucas, W.J.; Wang, Z.; Zhang, D. Brassinosteroids Promote
Development of Rice Pollen Grains and Seeds by Triggering Expression of Carbon Starved Anther, a MYB Domain Protein. Plant
J. Cell Mol. Biol. 2015, 82, 570-581. [CrossRef]

Jaiswal, S.; Baga, M.; Chibbar, R.N. Brassinosteroid Receptor Mutation Influences Starch Granule Size Distribution in Barley
Grains. Plant Physiol. Biochem. 2020, 154, 369-378. [CrossRef]

Wang, X.; Chen, ].; Xie, Z.; Liu, S.; Nolan, T.; Ye, H.; Zhang, M.; Guo, H.; Schnable, P.S.; Li, Z.; et al. Histone Lysine Methyltrans-
ferase SDGS8 Is Involved in Brassinosteroid-Regulated Gene Expression in Arabidopsis Thaliana. Mol. Plant 2014, 7, 1303-1315.
[CrossRef]

Huang, H.Y,; Jiang, W.B.; Hu, YW.; Wu, P; Zhu, ].Y,; Liang, W.Q.; Wang, Z.Y.; Lin, W.H. BR Signal Influences Arabidopsis Ovule
and Seed Number through Regulating Related Genes Expression by BZR1. Mol. Plant 2013, 6, 456—469. [CrossRef]

Jia, Z.; Giehl, R.EH.; Meyer, R.C.; Altmann, T.; von Wirén, N. Natural Variation of BSK3 Tunes Brassinosteroid Signaling to
Regulate Root Foraging under Low Nitrogen. Nat. Commun. 2019, 10, 2378. [CrossRef] [PubMed]

Hong, Z.; Ueguchi-Tanaka, M.; Fujioka, S.; Takatsuto, S.; Yoshida, S.; Hasegawa, Y.; Ashikari, M.; Kitano, H.; Matsuoka, M.
The Rice Brassinosteroid-Deficient Dwarf2 Mutant, Defective in the Rice Homolog of Arabidopsis DIMINUTO/DWARF]I, Is
Rescued by the Endogenously Accumulated Alternative Bioactive Brassinosteroid, Dolichosterone. Plant Cell 2005, 17, 2243-2254.
[CrossRef] [PubMed]

Zhang, W.; Zhu, K.; Wang, Z.; Zhang, H.; Gu, J.; Liu, L.; Yang, J.; Zhang, J. Brassinosteroids Function in Spikelet Differentiation
and Degeneration in Rice. J. Integr. Plant Biol. 2019, 61, 943-963. [CrossRef]

Janeczko, A.; Oklestkova, J.; Novak, O.; Sniegowska-éwierk, K.; Snaczke, Z.; Pociecha, E. Disturbances in Production of
Progesterone and Their Implications in Plant Studies. Steroids 2015, 96, 153-163. [CrossRef]

Trevisan, S.; Forestan, C.; Brojanigo, S.; Quaggiotti, S.; Varotto, S. Brassinosteroid Application Affects the Growth and Gravitropic
Response of Maize by Regulating Gene Expression in the Roots, Shoots and Leaves. Plant Growth Regul. 2020, 92, 117-130.
[CrossRef]

Ye, Q.; Zhu, W.; Li, L.; Zhang, S.; Yin, Y.; Ma, H.; Wang, X. Brassinosteroids Control Male Fertility by Regulating the Expression of
Key Genes Involved in Arabidopsis Anther and Pollen Development. Proc. Natl. Acad. Sci. USA 2010, 107, 6100-6105. [CrossRef]
[PubMed]

Gudesblat, G.E.; Schneider-Pizon, J.; Betti, C.; Mayerhofer, J.; Vanhoutte, I.; Van Dongen, W.; Boeren, S.; Zhiponova, M.; De Vries,
S.; Jonak, C.; et al. SPEECHLESS Integrates Brassinosteroid and Stomata Signalling Pathways. Nat. Cell Biol. 2012, 14, 548-554.
[CrossRef]

Zhu, ].-Y,; Sae-Seaw, J.; Wang, Z.-Y. Brassinosteroid Signalling. Development 2013, 140, 1615-1620. [CrossRef]

Rozhon, W.; Akter, S.; Fernandez, A.; Poppenberger, B. Inhibitors of Brassinosteroid Biosynthesis and Signal Transduction.
Molecules 2019, 24, 4372. [CrossRef]

Jiang, Y.; Cheng, F.; Zhou, Y.; Xia, X.; Mao, W.; Shi, K.; Chen, Z.; Yu, J. Cellular Glutathione Redox Homeostasis Plays an Important
Role in the Brassinosteroid-induced Increase in CO, Assimilation in Cucumis Sativus. New Phytol. 2012, 194, 932-943. [CrossRef]


https://doi.org/10.1146/annurev.arplant.54.031902.134921
https://www.ncbi.nlm.nih.gov/pubmed/14502988
https://doi.org/10.1016/j.bbrc.2008.07.073
https://www.ncbi.nlm.nih.gov/pubmed/18656444
https://doi.org/10.1111/j.1744-7909.2012.01168.x
https://www.ncbi.nlm.nih.gov/pubmed/22963251
https://doi.org/10.1016/S0031-9422(98)00065-X
https://doi.org/10.1104/pp.19.00088
https://doi.org/10.3389/fpls.2020.00854
https://doi.org/10.1371/journal.pgen.1007144
https://www.ncbi.nlm.nih.gov/pubmed/29324765
https://doi.org/10.1111/pce.13846
https://www.ncbi.nlm.nih.gov/pubmed/32671865
https://doi.org/10.1016/j.pbi.2019.10.008
https://www.ncbi.nlm.nih.gov/pubmed/31809963
https://doi.org/10.1371/journal.pone.0030798
https://www.ncbi.nlm.nih.gov/pubmed/22292043
https://doi.org/10.3390/ijms21030872
https://www.ncbi.nlm.nih.gov/pubmed/32013254
https://doi.org/10.1038/ncb2551
https://www.ncbi.nlm.nih.gov/pubmed/22854813
https://doi.org/10.1111/tpj.12820
https://doi.org/10.1016/j.plaphy.2020.05.043
https://doi.org/10.1093/mp/ssu056
https://doi.org/10.1093/mp/sss070
https://doi.org/10.1038/s41467-019-10331-9
https://www.ncbi.nlm.nih.gov/pubmed/31147541
https://doi.org/10.1105/tpc.105.030973
https://www.ncbi.nlm.nih.gov/pubmed/15994910
https://doi.org/10.1111/jipb.12722
https://doi.org/10.1016/j.steroids.2015.01.025
https://doi.org/10.1007/s10725-020-00626-z
https://doi.org/10.1073/pnas.0912333107
https://www.ncbi.nlm.nih.gov/pubmed/20231470
https://doi.org/10.1038/ncb2471
https://doi.org/10.1242/dev.060590
https://doi.org/10.3390/molecules24234372
https://doi.org/10.1111/j.1469-8137.2012.04111.x

Int. . Mol. Sci. 2023, 24, 17246 15 of 17

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Della Rovere, E.; Piacentini, D.; Fattorini, L.; Girardi, N.; Bellanima, D.; Falasca, G.; Altamura, M.M.; Betti, C. Brassinosteroids
Mitigate Cadmium Effects in Arabidopsis Root System without Any Cooperation with Nitric Oxide. Int. . Mol. Sci. 2022, 23, 825.
[CrossRef] [PubMed]

Saeed, T.; Khan, T.A.; Ahmad, A.; Yusuf, M.; Kappachery, S.; Fariduddin, Q.; Mudgal, G.; Gururani, M.A. Exploring the Effects of
Selenium and Brassinosteroids on Photosynthesis and Protein Expression Patterns in Tomato Plants under Low Temperatures.
Plants 2023, 12, 3351. [CrossRef] [PubMed]

Gillani, S.FA.; Zhuang, Z.; Rasheed, A.; Haq, I.U.; Abbasi, A.; Ahmed, S.; Wang, Y.; Khan, M.T.; Sardar, R.; Peng, Y. Brassinos-
teroids Induced Drought Resistance of Contrasting Drought-Responsive Genotypes of Maize at Physiological and Transcriptomic
Levels. Front. Plant Sci. 2022, 13, 961680. [CrossRef] [PubMed]

Mabhesh, K.; Balaraju, P.; Ramakrishna, B.; Ram Rao, S.S. Effect of Brassinosteroids on Germination and Seedling Growth of
Radish (Raphanus Sativus L.) under PEG-6000 Induced Water Stress. Am. J. Plant Sci. 2013, 04, 2305-2313. [CrossRef]

Mumtaz, M.A.; Hao, Y.; Mehmood, S.; Shu, H.; Zhou, Y,; Jin, W.; Chen, C,; Li, L.; Altaf, M.A.; Wang, Z. Physiological and
Transcriptomic Analysis Provide Molecular Insight into 24-Epibrassinolide Mediated Cr(VI)-Toxicity Tolerance in Pepper Plants.
Environ. Pollut. 2022, 306, 119375. [CrossRef] [PubMed]

Kanwar, M.K,; Bhardwaj, R.; Chowdhary, S.P.; Arora, P.; Sharma, P.; Kumar, S. Isolation and Characterization of 24-Epibrassinolide
from Brassica juncea L. and Its Effects on Growth, Ni Ion Uptake, Antioxidant Defense of Brassica Plants and in Vitro Cytotoxicity.
Acta Physiol. Plant. 2013, 35, 1351-1362. [CrossRef]

Fariduddin, Q.; Khalil, R.R.A.E.; Mir, B.A,; Yusuf, M.; Ahmad, A. 24-Epibrassinolide Regulates Photosynthesis, Antioxidant
Enzyme Activities and Proline Content of Cucumis Sativus under Salt and /or Copper Stress. Environ. Monit. Assess. 2013, 185,
7845-7856. [CrossRef] [PubMed]

Kaya, C.; Ashraf, M.; Wijaya, L.; Ahmad, P. The Putative Role of Endogenous Nitric Oxide in Brassinosteroid-Induced Antioxidant
Defence System in Pepper (Capsicum annuum L.) Plants under Water Stress. Plant Physiol. Biochem. PPB 2019, 143, 119-128.
[CrossRef]

Kaya, C.; Ashraf, M.; Alyemeni, M.N.; Ahmad, P. The Role of Nitrate Reductase in Brassinosteroid-Induced Endogenous Nitric
Oxide Generation to Improve Cadmium Stress Tolerance of Pepper Plants by Upregulating the Ascorbate-Glutathione Cycle.
Ecotoxicol. Environ. Saf. 2020, 196, 110483. [CrossRef]

Khamsuk, O.; Sonjaroon, W.; Suwanwong, S.; Jutamanee, K.; Suksamrarn, A. Effects of 24-Epibrassinolide and the Synthetic
Brassinosteroid Mimic on Chili Pepper under Drought. Acta Physiol. Plant. 2018, 40, 106. [CrossRef]

Nawaz, F.; Naeem, M.; Zulfiqar, B.; Akram, A.; Ashraf, M.Y.; Raheel, M.; Shabbir, R.N.; Hussain, R.A.; Anwar, I.; Aurangzaib, M.
Understanding Brassinosteroid-Regulated Mechanisms to Improve Stress Tolerance in Plants: A Critical Review. Environ. Sci.
Pollut. Res. Int. 2017, 24, 15959-15975. [CrossRef] [PubMed]

Sirhindi, G.; Kaur, H.; Bhardwaj, R.; Sharma, P.; Mushtaq, R. 28-Homobrassinolide Potential for Oxidative Interface in Brassica
Juncea under Temperature Stress. Acta Physiol. Plant. 2017, 39, 228. [CrossRef]

Samancioglu, A.; Kocacinar, F.; Demirkiran, A.R.; Korkmaz, A. Enhancing Water Stress Tolerance in Pepper at Seedling Stage by
24-Epibrassinolid (EBL) Applications. Acta Hortic. 2016, 1142, 409-416. [CrossRef]

Lv, J.; Zong, X.; Shakeel Ahmad, A.; Wu, X;; Wu, C; Li, Y;; Wang, S. Alteration in Morpho-Physiological Attributes of Leymus
Chinensis (Trin.) Tzvelev by Exogenous Application of Brassinolide under Varying Levels of Drought Stress. Chil. ]. Agric. Res.
2020, 80, 61-71. [CrossRef]

Cai, Z,; Liu, J.; Wang, H.; Yang, C.; Chen, Y,; Li, Y,; Pan, S.; Dong, R.; Tang, G.; De Dios Barajas-Lopez, J.; et al. GSK3-like Kinases
Positively Modulate Abscisic Acid Signaling through Phosphorylating Subgroup III SnRK2s in Arabidopsis. Proc. Natl. Acad. Sci.
USA 2014, 111, 9651-9656. [CrossRef]

Chung, Y.; Kwon, S.I; Choe, S. Antagonistic Regulation of Arabidopsis Growth by Brassinosteroids and Abiotic Stresses. Mol.
Cells 2014, 37, 795-803. [CrossRef]

Ye, H.; Liu, S.; Tang, B.; Chen, J.; Xie, Z.; Nolan, TM.; Jiang, H.; Guo, H.; Lin, H.Y,; Li, L.; et al. RD26 Mediates Crosstalk between
Drought and Brassinosteroid Signalling Pathways. Nat. Commun. 2017, 8, 14573. [CrossRef]

Nolan, T.M.; Brennan, B.; Yang, M.; Chen, J.; Zhang, M.; Li, Z.; Wang, X.; Bassham, D.C.; Walley, J.; Yin, Y. Selective Autophagy of
BES1 Mediated by DSK2 Balances Plant Growth and Survival. Dev. Cell 2017, 41, 33-46.e7. [CrossRef]

Dong, H.; Chen, Q.; Dai, Y.; Hu, W.; Zhang, S.; Huang, X. Genome-Wide Identification of PbrbHLH Family Genes, and Expression
Analysis in Response to Drought and Cold Stresses in Pear (Pyrus Bretschneideri). BMC Plant Biol. 2021, 21, 86. [CrossRef]

Ma, M.; Chen, Q.; Dong, H.; Zhang, S.; Huang, X. Genome-Wide Identification and Expression Analysis of the bZIP Transcription
Factors, and Functional Analysis in Response to Drought and Cold Stresses in Pear (Pyrus Breschneideri). BMIC Plant Biol. 2021,
21, 583. [CrossRef]

Li, YH,; Liu, YJ.; Xu, X.L,; Jin, M.; An, L.Z.; Zhang, H. Effect of 24-Epibrassinolide on Drought Stress-Induced Changes in
Chorispora Bungeana. Biol. Plant. 2012, 56, 192-196. [CrossRef]

Raza, A.; Charagh, S.; Najafi-Kakavand, S.; Abbas, S.; Shoaib, Y.; Anwar, S.; Sharifi, S.; Lu, G.; Siddique, KH.M. Role of
Phytohormones in Regulating Cold Stress Tolerance: Physiological and Molecular Approaches for Developing Cold-Smart Crop
Plants. Plant Stress 2023, 8, 100152. [CrossRef]

Li, T; Xu, X,; Li, Y.; Wang, H,; Li, Z; Li, Z. Comparative Transcriptome Analysis Reveals Differential Transcription in Heat-
Susceptible and Heat-Tolerant Pepper (Capsicum Annum L.) Cultivars under Heat Stress. J. Plant Biol. 2015, 58, 411-424. [CrossRef]


https://doi.org/10.3390/ijms23020825
https://www.ncbi.nlm.nih.gov/pubmed/35055009
https://doi.org/10.3390/plants12193351
https://www.ncbi.nlm.nih.gov/pubmed/37836091
https://doi.org/10.3389/fpls.2022.961680
https://www.ncbi.nlm.nih.gov/pubmed/36388543
https://doi.org/10.4236/ajps.2013.412285
https://doi.org/10.1016/j.envpol.2022.119375
https://www.ncbi.nlm.nih.gov/pubmed/35500717
https://doi.org/10.1007/s11738-012-1175-8
https://doi.org/10.1007/s10661-013-3139-x
https://www.ncbi.nlm.nih.gov/pubmed/23443638
https://doi.org/10.1016/j.plaphy.2019.08.024
https://doi.org/10.1016/j.ecoenv.2020.110483
https://doi.org/10.1007/s11738-018-2682-z
https://doi.org/10.1007/s11356-017-9163-6
https://www.ncbi.nlm.nih.gov/pubmed/28540554
https://doi.org/10.1007/s11738-017-2524-4
https://doi.org/10.17660/ActaHortic.2016.1142.62
https://doi.org/10.4067/S0718-58392020000100061
https://doi.org/10.1073/pnas.1316717111
https://doi.org/10.14348/molcells.2014.0127
https://doi.org/10.1038/ncomms14573
https://doi.org/10.1016/j.devcel.2017.03.013
https://doi.org/10.1186/s12870-021-02862-5
https://doi.org/10.1186/s12870-021-03356-0
https://doi.org/10.1007/s10535-012-0041-2
https://doi.org/10.1016/j.stress.2023.100152
https://doi.org/10.1007/s12374-015-0423-z

Int. . Mol. Sci. 2023, 24, 17246 16 of 17

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zhang, X.D.; Wang, R.P; Zhang, EJ.; Tao, EQ.; Li, W.Q. Lipid Profiling and Tolerance to Low-Temperature Stress in Thellungiella
Salsuginea in Comparison with Arabidopsis Thaliana. Biol. Plant. 2013, 57, 149-153. [CrossRef]

Neha; Twinkle; Mohapatra, S.; Sirhindi, G.; Dogra, V. Seed Priming with Brassinolides Improves Growth and Reinforces
Antioxidative Defenses under Normal and Heat Stress Conditions in Seedlings of Brassica Juncea. Physiol. Plant. 2022, 174, e13814.
[CrossRef] [PubMed]

Ibafiez, C.; Delker, C.; Martinez, C.; Biirstenbinder, K.; Janitza, P.; Lippmann, R.; Ludwig, W.; Sun, H.; James, G.V.; Klecker, M.;
et al. Brassinosteroids Dominate Hormonal Regulation of Plant Thermomorphogenesis via BZR1. Curr. Biol. CB 2018, 28, 303-310.
[CrossRef]

Martinez, C.; Espinosa-Ruiz, A.; de Lucas, M.; Bernardo-Garcia, S.; Franco-Zorrilla, ] M.; Prat, S. PIF4-Induced BR Synthesis Is
Critical to Diurnal and Thermomorphogenic Growth. EMBO ]. 2018, 37, €99552. [CrossRef]

Zhang, Y.P; Zhu, X.H.; Ding, H.D.; Yang, S.J.; Chen, Y.Y. Foliar Application of 24-Epibrassinolide Alleviates High-Temperature-
Induced Inhibition of Photosynthesis in Seedlings of Two Melon Cultivars. Photosynthetica 2013, 51, 341-349. [CrossRef]
Jiroutova, P.; Mikulik, ].; Novék, O.; Strnad, M.; Oklestkova, ]J. Brassinosteroids Induce Strong, Dose-Dependent Inhibition of
Etiolated Pea Seedling Growth Correlated with Ethylene Production. Biomolecules 2019, 9, 849. [CrossRef]

Hu, S; Liu, L,; Li, S.; Shao, Z.; Meng, F,; Liu, H.; Duan, W,; Liang, D.; Zhu, C.; Xu, T,; et al. Regulation of Fruit Ripening by
the Brassinosteroid Biosynthetic Gene SICYP90B3 via an Ethylene-Dependent Pathway in Tomato. Hortic. Res. 2020, 7, 163.
[CrossRef]

Jiang, W.; Zhang, X.; Song, X.; Yang, J.; Pang, Y. Genome-Wide Identification and Characterization of APETALA2/Ethylene-
Responsive Element Binding Factor Superfamily Genes in Soybean Seed Development. Front. Plant Sci. 2020, 11, 56647. [CrossRef]
[PubMed]

Deng, X.G.; Zhu, T.; Zhang, D.W,; Lin, H.H. The Alternative Respiratory Pathway Is Involved in Brassinosteroid-Induced
Environmental Stress Tolerance in Nicotiana Benthamiana. J. Exp. Bot. 2015, 66, 6219-6232. [CrossRef] [PubMed]

Wei, L].; Deng, X.G.; Zhu, T.; Zheng, T,; Li, P.X.; Wu, J.Q.; Zhang, D.W.; Lin, H.H. Ethylene Is Involved in Brassinosteroids
Induced Alternative Respiratory Pathway in Cucumber (Cucumis Sativus L.) Seedlings Response to Abiotic Stress. Front. Plant Sci.
2015, 6, 982. [CrossRef] [PubMed]

Zhu, T,; Deng, X.; Zhou, X.; Zhu, L.; Zou, L.; Li, P; Zhang, D.; Lin, H. Ethylene and Hydrogen Peroxide Are Involved in
Brassinosteroid-Induced Salt Tolerance in Tomato. Sci. Rep. 2016, 6, 35392. [CrossRef] [PubMed]

Cui, F; Liu, L.; Zhao, Q.; Zhang, Z; Li, Q.; Lin, B.; Wu, Y,; Tang, S.; Xie, Q. Arabidopsis Ubiquitin Conjugase UBC32 Is an ERAD
Component That Functions in Brassinosteroid-Mediated Salt Stress Tolerance. Plant Cell 2012, 24, 233-244. [CrossRef] [PubMed]
Zeng, H.; Tang, Q.; Hua, X. Arabidopsis Brassinosteroid Mutants Det2-1 and Bin2-1 Display Altered Salt Tolerance. . Plant
Growth Regul. 2010, 29, 44-52. [CrossRef]

Geng, Y,; Wu, R.; Wee, CW,; Xie, F.; Wei, X.; Chan, PM.Y.; Tham, C.; Duan, L.; Dinneny, ].R. A Spatio-Temporal Understanding of
Growth Regulation during the Salt Stress Response in Arabidopsis. Plant Cell 2013, 25, 2132-2154. [CrossRef]

Hansen, M.; Chae, H.S.; Kieber, ].J. Regulation of ACS Protein Stability by Cytokinin and Brassinosteroid. Plant J. Cell Mol. Biol.
2009, 57, 606—614. [CrossRef]

Guo, Y.F; Shan, W,; Liang, S.M.; Wu, C.J.; Wei, W.; Chen, J.Y.; Lu, W.].; Kuang, ].F. MaBZR1/2 Act as Transcriptional Repressors of
Ethylene Biosynthetic Genes in Banana Fruit. Physiol. Plant. 2019, 165, 555-568. [CrossRef]

Zhu, T,; Tan, WR; Deng, X.G.; Zheng, T.; Zhang, D.W.; Lin, H.H. Effects of Brassinosteroids on Quality Attributes and Ethylene
Synthesis in Postharvest Tomato Fruit. Postharvest Biol. Technol. 2015, 100, 196-204. [CrossRef]

Polko, J.K.; Pierik, R.; Van Zanten, M.; Tarkowska, D.; Strnad, M.; Voesenek, L.A.C.].; Peeters, A.].M. Ethylene Promotes
Hyponastic Growth through Interaction with ROTUNDIFOLIA3/CYP90C1 in Arabidopsis. J. Exp. Bot. 2013, 64, 613-624.
[CrossRef] [PubMed]

Noctor, G.; Mhamdi, A ; Foyer, C.H. The Roles of Reactive Oxygen Metabolism in Drought: Not so Cut and Dried. Plant Physiol.
2014, 164, 1636-1648. [CrossRef] [PubMed]

Abd Elhady, S.A.; El-Gawad, H.G.A ; Ibrahim, M.EM.; Mukherjee, S.; Elkelish, A.; Azab, E.; Gobouri, A.A.; Farag, R.; Ibrahim,
H.A.; El-Azm, N.A. Hydrogen Peroxide Supplementation in Irrigation Water Alleviates Drought Stress and Boosts Growth and
Productivity of Potato Plants. Sustainability 2021, 13, 899. [CrossRef]

Fariduddin, Q.; Khan, T.A.; Yusuf, M. Hydrogen Peroxide Mediated Tolerance to Copper Stress in the Presence of 28-
Homobrassinolide in Vigna Radiata. Acta Physiol. Plant. 2014, 36, 2767-2778. [CrossRef]

Tian, Y.; Fan, M.; Qin, Z.; Lv, H.; Wang, M.; Zhang, Z.; Zhou, W.; Zhao, N.; Li, X.; Han, C.; et al. Hydrogen Peroxide Positively
Regulates Brassinosteroid Signaling through Oxidation of the BRASSINAZOLE-RESISTANT1 Transcription Factor. Nat. Commun.
2018, 9, 1063. [CrossRef] [PubMed]

Yan, Z.; Guo, S.; Shu, S; Sun, |.; Tezuka, T. Effects of Proline on Photosynthesis, Root Reactive Oxygen Species (ROS) Metabolism
in Two Melon Cultivars (Cucumis Melo L.) under NaCl Stress. Afr. J. Biotechnol. 2011, 10, 18381-18390. [CrossRef]

Fujii, H.; Zhu, ] K. Arabidopsis Mutant Deficient in 3 Abscisic Acid-Activated Protein Kinases Reveals Critical Roles in Growth,
Reproduction, and Stress. Proc. Natl. Acad. Sci. USA 2009, 106, 8380-8385. [CrossRef]

Vishwakarma, K.; Upadhyay, N.; Kumar, N.; Yadav, G.; Singh, J.; Mishra, R K.; Kumar, V.; Verma, R.; Upadhyay, R.G.; Pandey, M.;
et al. Abscisic Acid Signaling and Abiotic Stress Tolerance in Plants: A Review on Current Knowledge and Future Prospects.
Front. Plant Sci. 2017, 8, 161. [CrossRef]


https://doi.org/10.1007/s10535-012-0137-8
https://doi.org/10.1111/ppl.13814
https://www.ncbi.nlm.nih.gov/pubmed/36326060
https://doi.org/10.1016/j.cub.2017.11.077
https://doi.org/10.15252/embj.201899552
https://doi.org/10.1007/s11099-013-0031-4
https://doi.org/10.3390/biom9120849
https://doi.org/10.1038/s41438-020-00383-0
https://doi.org/10.3389/fpls.2020.566647
https://www.ncbi.nlm.nih.gov/pubmed/33013987
https://doi.org/10.1093/jxb/erv328
https://www.ncbi.nlm.nih.gov/pubmed/26175355
https://doi.org/10.3389/fpls.2015.00982
https://www.ncbi.nlm.nih.gov/pubmed/26617622
https://doi.org/10.1038/srep35392
https://www.ncbi.nlm.nih.gov/pubmed/27739520
https://doi.org/10.1105/tpc.111.093062
https://www.ncbi.nlm.nih.gov/pubmed/22214659
https://doi.org/10.1007/s00344-009-9111-x
https://doi.org/10.1105/tpc.113.112896
https://doi.org/10.1111/j.1365-313X.2008.03711.x
https://doi.org/10.1111/ppl.12750
https://doi.org/10.1016/j.postharvbio.2014.09.016
https://doi.org/10.1093/jxb/ers356
https://www.ncbi.nlm.nih.gov/pubmed/23264517
https://doi.org/10.1104/pp.113.233478
https://www.ncbi.nlm.nih.gov/pubmed/24715539
https://doi.org/10.3390/su13020899
https://doi.org/10.1007/s11738-014-1647-0
https://doi.org/10.1038/s41467-018-03463-x
https://www.ncbi.nlm.nih.gov/pubmed/29540799
https://doi.org/10.5897/AJB11.1073
https://doi.org/10.1073/pnas.0903144106
https://doi.org/10.3389/fpls.2017.00161

Int. . Mol. Sci. 2023, 24, 17246 17 of 17

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.
105.

Hsu, Y.T.; Kao, C.H. Role of Abscisic Acid in Cadmium Tolerance of Rice (Oryza sativa L.) Seedlings. Plant Cell Environ. 2003, 26,
867-874. [CrossRef]

Fediuc, E.; Lips, S.H.; Erdei, L. O-Acetylserine (Thiol) Lyase Activity in Phragmites and Typha Plants under Cadmium and NaCl
Stress Conditions and the Involvement of ABA in the Stress Response. J. Plant Physiol. 2005, 162, 865-872. [CrossRef]

Tripathi, D.K.; Singh, V.P.; Kumar, D.; Chauhan, D.K. Rice Seedlings under Cadmium Stress: Effect of Silicon on Growth,
Cadmium Uptake, Oxidative Stress, Antioxidant Capacity and Root and Leaf Structures. Chem. Ecol. 2012, 28, 281-291. [CrossRef]
Zhang, D.P. (Ed.) Abscisic Acid: Metabolism, Transport and Signaling. In Abscisic Acid: Metabolism, Transportand Signaling;
Springer: Dutch, The Netherlands, 2014; pp. 1-465. [CrossRef]

Zhang, L.-Y.; Bai, M.-Y,; Wu, J.; Zhu, ].-Y,; Wang, H.; Zhang, Z.; Wang, W.; Sun, Y.; Zhao, J.; Sun, X.; et al. Antagonistic HLH/bHLH
Transcription Factors Mediate Brassinosteroid Regulation of Cell Elongation and Plant Development in Rice and Arabidopsis.
Plant Cell 2009, 21, 3767-3780. [CrossRef] [PubMed]

Hussain, S.; Nanda, S.; Ashraf, M.; Siddiqui, A.R.; Masood, S.; Khaskheli, M.A.; Suleman, M.; Zhu, L.; Zhu, C.; Cao, X; et al.
Interplay Impact of Exogenous Application of Abscisic Acid (ABA) and Brassinosteroids (BRs) in Rice Growth, Physiology, and
Resistance under Sodium Chloride Stress. Life 2023, 13, 498. [CrossRef] [PubMed]

Belin, C.; De Franco, P.O.; Bourbousse, C.; Chaignepain, S.; Schmitter, ].M.; Vavasseur, A.; Giraudat, J.; Barbier-Brygoo, H.;
Thomine, S. Identification of Features Regulating OST1 Kinase Activity and OST1 Function in Guard Cells. Plant Physiol. 2006,
141, 1316-1327. [CrossRef] [PubMed]

Yunta, C.; Martinez-Ripoll, M.; Zhu, ].K; Albert, A. The Structure of Arabidopsis Thaliana OST1 Provides Insights into the Kinase
Regulation Mechanism in Response to Osmotic Stress. J. Mol. Biol. 2011, 414, 135-144. [CrossRef]

Wolf, S.; van der Does, D.; Ladwig, E; Sticht, C.; Kolbeck, A.; Schiirholz, A.-K.; Augustin, S.; Keinath, N.; Rausch, T.; Greiner, S,;
et al. A Receptor-like Protein Mediates the Response to Pectin Modification by Activating Brassinosteroid Signaling. Proc. Natl.
Acad. Sci. USA 2014, 111, 15261-15266. [CrossRef]

Li, J.; Chory, J. A Putative Leucine-Rich Repeat Receptor Kinase Involved in Brassinosteroid Signal Transduction. Cell 1997, 90,
929-938. [CrossRef]

Wang, X.; Chory, J. Brassinosteroids Regulate Dissociation of BKI1, a Negative Regulator of BRI1 Signaling, from the Plasma
Membrane. Science 2006, 313, 1118-1122. [CrossRef]

Jaillais, Y.; Hothorn, M.; Belkhadir, Y.; Dabi, T.; Nimchuk, Z.L.; Meyerowitz, E.M.; Chory, J. Tyrosine Phosphorylation Controls
Brassinosteroid Receptor Activation by Triggering Membrane Release of Its Kinase Inhibitor. Genes Dev. 2011, 25, 232-237.
[CrossRef]

Choudhary, S.P; Oral, H.V,; Bhardwaj, R.; Yu, ].-Q.; Tran, L.-S.P. Interaction of Brassinosteroids and Polyamines Enhances Copper
Stress Tolerance in Raphanus Sativus. J. Exp. Bot. 2012, 63, 5659-5675. [CrossRef]

Kim, T.-W.; Wang, Z.-Y. Brassinosteroid Signal Transduction from Receptor Kinases to Transcription Factors. Annu. Rev. Plant Biol.
2010, 61, 681-704. [CrossRef] [PubMed]

Luo, X.-M,; Lin, W.-H.; Zhu, S.; Zhu, ].-Y,; Sun, Y,; Fan, X.-Y; Cheng, M.; Hao, Y,; Oh, E.; Tian, M.; et al. Integration of Light- and
Brassinosteroid-Signaling Pathways by a GATA Transcription Factor in Arabidopsis. Dev. Cell 2010, 19, 872-883. [CrossRef]
[PubMed]

Gudesblat, G.E.; Russinova, E. Plants Grow on Brassinosteroids. Curr. Opin. Plant Biol. 2011, 14, 530-537. [CrossRef] [PubMed]

Vert, G.; Chory, J. Downstream Nuclear Events in Brassinosteroid Signalling. Nature 2006, 441, 96-100. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1046/j.1365-3040.2003.01018.x
https://doi.org/10.1016/j.jplph.2004.11.015
https://doi.org/10.1080/02757540.2011.644789
https://doi.org/10.1007/978-94-017-9424-4
https://doi.org/10.1105/tpc.109.070441
https://www.ncbi.nlm.nih.gov/pubmed/20009022
https://doi.org/10.3390/life13020498
https://www.ncbi.nlm.nih.gov/pubmed/36836855
https://doi.org/10.1104/pp.106.079327
https://www.ncbi.nlm.nih.gov/pubmed/16766677
https://doi.org/10.1016/j.jmb.2011.09.041
https://doi.org/10.1073/pnas.1322979111
https://doi.org/10.1016/S0092-8674(00)80357-8
https://doi.org/10.1126/science.1127593
https://doi.org/10.1101/gad.2001911
https://doi.org/10.1093/jxb/ers219
https://doi.org/10.1146/annurev.arplant.043008.092057
https://www.ncbi.nlm.nih.gov/pubmed/20192752
https://doi.org/10.1016/j.devcel.2010.10.023
https://www.ncbi.nlm.nih.gov/pubmed/21145502
https://doi.org/10.1016/j.pbi.2011.05.004
https://www.ncbi.nlm.nih.gov/pubmed/21802346
https://doi.org/10.1038/nature04681

	Introduction 
	Structure and Biosynthesis of BRs 
	Role of BRs in Plant Growth and Development 
	BRs and Redox Homeostasis 
	BRs as Regulators of Abiotic Stress Responses 
	BRs and Drought 
	BRs in Plant Response to Extreme Temperature Stresses 
	Interaction of BRs with Other Hormonal Pathways 
	BRs and Ethylene 
	BRs and Hydrogen Peroxide 
	BRs and Abscisic Acid 

	BR Signaling Pathway 
	Conclusions 
	References

