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    Abstract     Brassinosteroids (BRs) are steroidal hormones essential for plant growth 
and development. They are implicated in plant responses to abiotic environmental 
stresses such as low and high temperature, drought, salt, infection, pesticides, 
and heavy metals. BR-regulated stress response is a result of a complex sequence of 
biochemical reactions such as activation or suppression of key enzymatic reactions, 
induction of protein synthesis, and the production of various chemical defence 
compounds. However, the molecular mechanism of BR-induced plant abiotic stress 
tolerance remains poorly understood. The BR signalling is initiated by a ligand-
induced kinase activation followed by receptor oligomerisation. The signal trans-
duction in the cell is mediated through phosphorylation and transcription factors 
which directly bind to promoters of BR-responsive genes to regulate their expres-
sion. BRs that are biosynthesised using sterols as precursors are structurally similar 
to the cholesterol- derived, human steroid hormones and insect moulting hormones. 
The biosynthetic pathway of BRs is divided into multiple subunits. Depending on 
C-22 hydroxylation at campesterol, the BR pathway is further divided into the early 
and late C-22 oxidation pathways. Similarly, the C-6 position can be oxidised at 
campestanol or later at 6-deoxocathasterone stage, and thus these are called the 
early and late C-6 oxidation pathways, respectively. The pathways of BR biosynthesis 
in plants are well studied. Nevertheless, in order to understand properly the role of 
BRs during plant development under stress conditions, it seems essential to sum-
marise the experimental data, focusing on the biosynthesis and signal transduction.  
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        Introduction 

 Brassinosteroids (BRs), a group of plant hormones, have been found in a wide range 
of organisms from lower to higher plants. BRs have been detected at low concentra-
tions in all plant organs such as pollen, anthers, seeds, leaves, stems, roots, fl owers, 
and grain as well as unicellular green algae, pteridophytes, and bryophytes. Thus, it 
is conceivable that BRs are ubiquitous in the plant kingdom. They also occur in the 
insect and crown galls of  Castanea crenata ,  Distylium racemosum , or  Catharanthus 
roseus . These plants have higher levels of BRs than the normal tissues. Furthermore, 
young growing tissues contain higher levels of BRs than mature tissues. Pollen and 
immature seeds are the richest sources of BRs, while shoots and leaves usually have 
lower amounts. However, precise spatial and subcellular distribution of BRs still 
remains unknown (Bajguz and Tretyn  2003 ). 

 BRs are characterised by their polyhydroxylated sterol structure. They were fi rst 
isolated and purifi ed from  Brassica napus  pollen in 1979. The chemical structure of 
brassinolide (BL), the fi rst BR, and that of the second compound, castasterone (CS), 
discovered in 1982, was found to be similar to that of ecdysone, the insect moulting 
steroid hormone (ecdysteroids), and mammalian steroids (e.g. estrogens, andro-
gens, mineralocorticoids, and glucocorticoids). So far, more than 70 BL-related 
compounds have been identifi ed from plants. Natural BRs have 5α-cholestane skel-
eton, and their structural variations come from the kind and orientation of oxygen-
ated functions in A ring and B ring. They are divided into free (64) and conjugated 
(5) compounds. Among the 70 different BRs, BL was shown to possess the greatest 
growth-promoting activity. CS only exhibits about 10 % of the activity of BL. Other 
BRs are mainly intermediates of the BL biosynthetic pathway or inactivated prod-
ucts that resulted from various BR catabolic reactions. As inferred from the chemi-
cal structure of BL, it was hypothesised that active BRs should possess the following 
structural requirements. First, the A and B rings must be in the  trans  confi guration, 
which is determined by an α hydrogen at C-5. Second, the B ring should contain a 
6-oxo or a 6-oxo-7-oxa group. Third, the hydroxyl groups at C-2 and C-3 in ring A 
should be  cis  α-oriented. Fourth, the  cis  α-oriented hydroxyl groups at the C-22, 
C-23, and the C-24 positions should be occupied by either α-oriented methyl or 
ethyl groups (Fig.  1 ) (Bajguz and Tretyn  2003 ).

   BRs function in multiple developmental stages, including regulation of gene 
expression, cell division and expansion, differentiation, programmed cell death, and 
homeostasis. BRs are implicated in physiological and biochemical response in 
plants, like vascular differential, stem elongation, leaf bending, epinasty, pollen 
tube growth, root inhibition, induction of ethylene biosynthesis, activation of proton 
pumps, photosynthesis, regulation of gene expression, and nucleic acid and protein 
synthesis (Hayat et al.  2010b ). BRs also play a signifi cant role in amelioration of 
various environmental stresses. More recently, interactions of BRs with other plant 
hormones, such as abscisic acid (ABA), auxins, cytokinins, gibberellins, and ethyl-
ene, have also been found to play a major role in plant stress alleviation. Furthermore, 
ability of BRs to boost antioxidant system of plants is extensively used to confer 
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resistance in plants against a variety of abiotic stresses, such as drought, heavy 
metal, pesticides, salinity, and thermal. Although much has been learned about their 
roles in plant development, the mechanisms by which BRs control stress responses 
and regulate stress responsive gene expression in plants are not fully acknowledged. 
Since BRs crosstalk with other plant hormones, it is likely that the stress tolerance 
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conferring ability of BRs lies in part in their interactions and stimulation of other 
stress hormones. BRs are not only implicated in plant response to abiotic and biotic 
stresses but also have medicinal applications (Bajguz and Hayat  2009 ). At present, 
our knowledge of the effects of BRs in animals or human is still rather fragmentary. 
However, it is known that BRs have an anabolic action, anticancer, and antiprolif-
erative properties. BRs have also antiviral activities against herpes simplex viruses 
type I and II, arenaviruses, measles viruses, and vesicular stomatitis virus. BRs 
may prove to be promising leads for the development of new generation of drugs, 
especially against cancer or viral infection (Bajguz et al.  2013 ).  

    Brassinosteroid Biosynthesis 

 Campesterol, one of the major plant sterols, is the precursor of BRs, which is 
primarily derived from isopentenyl diphosphate (IPP). Sterols are synthesised via the 
non-mevalonate pathway in lower plants or the mevalonate pathway of isoprenoid 
metabolism in higher plants. In plants, IPP, the precursor of isoprenoids, is synthe-
sised from acetyl-CoA via mevalonic acid (mevalonate pathway) or by pyruvate and 
glyceraldehyde 3-phosphate (non-mevalonate pathway). Isoprenoids are synthesised 
in all living organisms in at least one of two pathways. Plants synthesise isoprenoids 
by both the mevalonate pathway and the non-mevalonate pathway, segregating 
these pathways into different compartments: the non-mevalonate pathway synthe-
sises IPP and dimethylallyl diphosphate in plastids, whereas the mevalonate path-
way synthesises cytosolic IPP. The non-mevalonate pathway exists in eubacteria, 
algae ( Chlorella ,  Chlamydomonas , and  Scenedesmus ) and higher plants ( Lemna  
and  Wolffi a ) (Bajguz and Asami  2004 ,  2005 ; Bajguz  2005 ; Choe  2006 ; Zhao and 
Li  2012 ). 

 The major pathway for BR biosynthesis has been established in  Catharanthus 
roseus  and  Arabidopsis thaliana  by conversion experiments using applied isotope- 
labelled BR intermediates. In this pathway, campesterol (the precursor of C 28  BRs) 
is converted to campestanol (Fig.  2 ), which is then converted into two biologically 
active BRs (castasterone and brassinolide) via two parallel pathways, the early and 
late C-6 oxidation pathways. These oxidative steps are performed by cytochrome 
P450-type monooxygenases belonging to the closely related CYP85 and CYP90 
families. While most of these enzymes were originally identifi ed in  Arabidopsis , 
several of their orthologs were soon recognised in other species, e.g. maize, rice, 
and tomato. BR biosynthesis mutants have defects in cytochrome P450 monooxy-
genases (P450s or CYPs) (Choe  2006 ). Enzymes of the BR biosynthetic pathway 
are summarised in Table  1 .

    Although metabolic experiments with labelled C 27  BRs have not yet been per-
formed, the natural occurrence of C 27  BRs in plant tissues, e.g. tomato and 
 Arabidopsis  (6-deoxo-28-norcathasterone, 6-deoxo-28-norteasterone, 6-deoxo- 28-
nortyphasterol, 6-deoxo-28-norcastasterone, and 28-norcastasterone) suggests an in 
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vivo biosynthetic sequence of 28-nor-22-OH-campesterol → 28-nor-22-OH-4-en-3-
one → 28-nor-22-OH-3- one → 6-deoxo-28-norcathasterone. Based on these fi ndings, 
a biosynthetic pathway of C 27  BRs has been suggested: cholestanol → 6-deoxo-
28-norcathasterone (6-deoxo-28-norCT) → 6-deoxo-28-norteasterone (6-deoxo-28-
norTE) → 6-deoxo- 28-nor-3-dehydroteasterone (6-deoxo-28-nor-3DT) → 6-deoxo-
28-nortyphasterol (6-deoxo-28-norTY) →6-deoxo-28-norcastasterone (6-deoxo-28- 
norCS) → 28- norcastasterone (28-norCS) in tomato seedlings. In addition, the cell- 
free enzyme extract of tomato seedlings catalysed the conversion of cholesterol to 
cholestanol and 6-deoxo-28-norTE to 28-norCS via 6-deoxo-28-nor-3DT, 6-deoxo- 
28-norTY, and 6-deoxo-28-norCS. The reactions, named the late C-6 oxidation 
pathway for C 27  BRs, have been demonstrated in Figs.  2  and  3  (Fujioka and 
Yokota  2003 ; Kim et al.  2004 ,  2005 ,  2008 ; Choe  2006 ; Choudhary et al.  2012 ; 
Joo et al.  2012 ).

  Fig. 2    C-22 oxidation pathways of sterols and their connection established in brassinosteroid 
biosynthesis in  Arabidopsis thaliana  (adopted from Bajguz ( 2005 ), Ye et al. ( 2011 ), Zhao and 
Li ( 2012 ))       
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   The  Arabidopsis dwarf4  ( dwf4 ),  constitutive photomorphogenesis and dwarfi sm  
( cpd ) mutants are, through phenotypic rescue experiments using BR intermediates, 
thought to be blocked in the hydroxylation of C-22 and C-23, respectively. The 
 dwarf  ( d ) tomato mutant represents a new locus with the  Dwarf  gene ( D ) encoding 
a P450. It has been classifi ed as CYP85 with high homology to CPD and DWF4. 
The tomato mutant  dumpy  ( dpy ) has been suggested to be the equivalent of  cpd . 
DWARF acts as a C-6 oxidase, catalysing multiple C-6 oxidation reactions includ-
ing 6-deoxoteasterone (6-deoxoTE) to teasterone (TE), 6-deoxo-3- dehydroteasterone 
(6-deoxo-3DT) to 3-dehydroteasterone (3-DT), 6-deoxotyphasterol (6-deoxoTY) to 
typhasterol (TY), and 6-deoxocastasterone (CS) to CS. Most of these reactions were 
confi rmed in yeast using DWARF or its ortholog CYP85A1 (BR6ox1) from 
 Arabidopsis . It is the key step linking the late C-6 oxidation pathway to the early 
C-6 oxidation pathway. The double mutant of  CYP85A1  and  CYP85A2 (BR6ox2)  
displays a severe BR-defective phenotype, while the  CYP85A1  null mutant does not 
show any altered phenotypes and  CYP85A2  only exhibits subtle defective pheno-
types (Kim et al.  2005 ). CYP85A2 catalyses those steps of C-6 oxidation overlap-
ping with CYP85A1, but it is worth noting that only CYP85A2 (and not CYP85A1) 
is responsible for the Baeyer–Villiger oxidation step converting CS to BL (Clouse 
and Feldmann  1999 ; Bishop and Yokota  2001 ; Shimada et al.  2001 ; Bishop  2003 , 
 2007 ; Fujioka and Yokota  2003 ; Müssig and Altmann  2003 ; Kim et al.  2005 ; 
Choudhary et al.  2012 ). 

  Arabidopsis de-etiolated2  ( det2 ) was fi rst identifi ed as a mutant with a de- 
etiolated seedling phenotype when grown in the dark. Recessive mutation of  DET2  

   Table 1    Enzymes of the brassinosteroid biosynthetic pathway in  Arabidopsis thaliana  (Schneider 
 2002 ; Choe  2006 ; Ye et al.  2011 ; Zhao and Li  2012 )   

 Enzyme name  Description  Site of action 

 CYP85A1  BR C-6 oxidase  22-dihydroxyCR to 22,23-dihydroxy-4-en-3-one 
 CYP85A1, A2  BR C-6 oxidase  6-deoxoTE to TE, 6-deoxo-3DT to 3DT, 

6-deoxoTY to TY, 6-deoxoCS to CS 
 CYP85A2  BR C-6 oxidase  6-deoxo-28-norTE to 28-norTE, 6-deoxo-28-nor-

3DT to 28-nor-3DT, 6-deoxo-28-norTY to 
28-norTY, 6-deoxo-28-norCS to 28-norCS, CS 
to BL 

 CYP90A1/CPD  Putative BR 
hydroxylase 

 22-OHCR to 22-OH-4-en-3-one, 22-OH-3-one to 
6-deoxoCT 

 CYP90B1/DWF4  Steroid C-22 
hydroxylase 

 CR to 22-OHCR, (24 R )-24-ergost-4-en-3-one to 
22-OH-4-en-3-one, (24 R )-5α-ergostan-3-one to 
22-OH-3-one, CN to 6-deoxoCT, 6-oxoCN to 
CT 

 CYP90C1/ROT3  BR C-23 
hydroxylase 

 22-OHCR to 22-dihydroxyCR, 22-OH-4-en-3-one 
to 22-23-dihydroxy-4-en-3-one, 22-OH-3-one 
to 6-deoxo-3DT, 6-deoxoCT to 6-deoxoTE, CT 
to TE, 3-epi-6-deoxoCT to 6-deoxoTY 

 CYP90D1  BR C-23 
hydroxylase 

 DET2  Steroid-5α- 
hydroxylase  

 (24 R )-24-ergost-4-en-3-one to (24 R )-5α-ergostan- 
3-one, 22-OH-4-en-3-one to 22-OH-3-one, 
22,23-dihydroxy-4-en-3-one to 6-deoxo-3DT 
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exhibits a typical BR-defi cient phenotype including severe dwarfi sm, dark green 
colour, delayed fl owering, reduced male fertility, and constitutive photomorphogen-
esis in the dark (Li et al.  1996 ). Biochemical analyses indicated that DET2 is 
involved in converting (24 R )-ergost-4-en-3-one (4-en-3-one) to (24 R )-5 α -ergost-3- 
one (3-one), which is the second step in the BR-specifi c biosynthesis pathway 
(Fujioka et al.  1997 ; Noguchi et al.  1999a ,  b ). Subsequently, a new subpathway via 
early C-22 oxidation was found, and in the  det2  mutant, the step converting 
22-OH-4-en-3-one to (22 S , 24 R )-22-hydroxy-5 α -ergost-3-one (22-OH-3-one) is 
blocked (Fujioka et al.  2002 ).  det2  mutants have also been identifi ed in other plant 
species such as pea ( lk ), tomato, and  Pharbitis nil  (Suzuki et al.  2003 ; Nomura et al. 
 2004 ,  2005 ). DET2 is probably the only known non-P450 catalytic enzyme of the 
BR-specifi c biosynthesis pathway. 

 A T-DNA-tagged dwarfed mutant  dwf4  can only be rescued by BRs but not by 
other phytohormones (Azpiroz et al.  1998 ). Feeding experiments have suggested 

  Fig. 3    Biosynthetic pathways for C 27 - and C 28 -brassinosteroids in  Arabidopsis thaliana  (adopted 
from Choe ( 2006 ), Ye et al. ( 2011 ), Joo et al. ( 2012 ), Zhao and Li ( 2012 ))       
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that DWF4 may contribute to multiple C-22 hydroxylation steps in the BR biosynthetic 
pathway because only 22 α -hydroxylated BRs can rescue the  dwf4  defective pheno-
types (Choe et al.  1998 ). In the early C-22 oxidation pathway, DWF4 was found to 
catalyse steps like campesterol (CR) to 22-OHCR, 4-en-3-one to 22-OH-4- en-3-
one, and 3-one to 22-OH-3-one (Fujioka et al.  2002 ). In tomato, these steps are cata-
lysed by CYP724B2 and CYP90B3, both of which share a high sequence identity 
with DWF4 from  Arabidopsis  and rice (Ohnishi et al.  2006b ). 

 In  Arabidopsis  seedlings,  CPD/CYP90A1  and  CYP85A2  transcripts were 
detected mainly in shoots,  ROTUNDIFOLIA3  ( ROT3 )/ CYP90C1  and  CYP90D1  
transcripts preferentially in roots, while  DET2  and  DWF4 / CYP90B1  mRNAs were 
found in comparable amounts in both the seedling parts (Bancoş et al.  2002 ). Similar 
partitioning of the orthologous  CYP90A9 ,  CYP90A10 ,  CYP85A1 ,  CYP85A6 , 
 CYP90D7 ,  LK , and  CYP90B8  transcripts was observed in pea seedlings (Nomura 
et al.  2007 ). The enzyme encoded by the  CPD  (At5g05690) gene was shown to be 
required for the synthesis of C-23-hydroxylated BRs (Szekeres et al.  1996 ); gene 
construct was highly active in expanding rosette leaves, particularly in the adaxial 
parenchimatic tissues, axillary leaves, and sepals. 

 Of the  ROT3  ( At4g36380 ) and  CYP90D1  ( At3g13730 ) genes, which encode 
functionally redundant C-23 hydroxylases (Ohnishi et al.  2006a ), only the expres-
sion of the  ROT3  was studied with a  GUS  fusion construct. Early analyses have 
suggested that ROT3 and its homologue CYP90D1 catalyse different steps in the 
BR biosynthetic pathway. In young plants, it was found ubiquitous and almost equal 
in all vegetative organs.  CYP85A1  ( At5g38970 ) encodes the C-6 oxidase, and 
 CYP85A2  (At3g30180) the C-6 oxidase and BL synthase that produce the bioactive 
BR forms CS, or CS and also BL, respectively (Shimada et al.  2001 ,  2003 ; Kim 
et al.  2005 ; Nomura et al.  2005 ). A very similar expression pattern was observed 
with  Dwarf , the  CYP85A1  gene of tomato, which was also most active in meriste-
matic regions and developing organs (Montoya et al.  2005 ). A quantitative compari-
son of mRNA levels in organs of mature  Arabidopsis  indicated that each of the BR 
biosynthetic P450 genes has a unique organ-specifi c expression pattern (Shimada 
et al.  2003 ). 

 Inhibitors of the biosynthesis and metabolism of BRs have complementary roles 
in the analysis of the functions of BRs in plants to BR-defi cient mutants. The P450 
inhibitors, clotrimazole and ketoconazole, have been found to suppress the 
25-hydroxylation of 24-epiBL (24-epibrassinolide) and BL in tomato cell suspen-
sion cultures, indicating that the 25-hydroxylation is catalysed by a P450 enzyme. 
Recently, the fi rst specifi c BR biosynthesis inhibitor, brassinazole (Brz), has been syn-
thesised. The application of Brz, a triazole derivative, to plants resulted in growth 
inhibition or dwarfi sm but exogenous brassinolide reversed the negative effect. 
 Arabidopsis  seedlings treated by Brz show a typical BR-defi cient mutant phenotype 
similar to those of  det2  and  cpd.  Brz blocks the conversion of campestanol to 
6-deoxoCT, 6-deoxoCT to 6-deoxoTE, 6-oxocampestanol to cathasterone (CT), and CT 
to TE in BR biosynthetic pathways (Asami and Yoshida  1999 ; Asami et al.  2003 ). 

 The cell cultures produced representatives of C 28  BRs, such as CT, TE, 3-DT, 
TY, CS, and BL. The levels of BRs in cell cultures of  C. roseus  have been found to 
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be comparable to those of BR-rich plant tissues such as pollen and immature seeds. 
The occurrence of 6-deoxoBRs such as 6-deoxoCS, 6-deoxoTE, and 6-deoxoTY in 
several plants suggested that the parallel or/and alternative BR biosynthetic route 
exists. This late C-6 oxidation pathway for C 28  BRs in  A. thaliana ,  C. roseus ,  L. 
esculentum ,  Chlorella vulgaris , and  Marchantia polymorpha  has been investigated. 
The conversion of 6-deoxoCS to CS via 6α-hydroxyCS has been found in  A. thali-
ana . In addition to the early and late C-6 oxidation pathways of C 28  BRs, cross-links 
between both branches also exist. The two pathways converge at CS, which ulti-
mately leads to the biosynthesis of BL. Conversion of CS to BL is the fi nal biosyn-
thetic step of BRs. Unfortunately, the biosynthesis of C 29  BRs is still unclear. 
An early C-22 oxidation branch, also called the CN-independent pathway, was 
demonstrated to occur alongside the previously reported CR to CN pathway, and it 
could be the dominant upstream BR biosynthesis pathway (Fig.  2 ). Campestanol 
plays an important intermediate in the BRs biosynthetic pathway. The biosynthetic 
sequence between campesterol and campestanol leads to completion of the carbon 
skeleton including trans stereochemistry of the A/B ring junction. The following 
conversions, campesterol → (24 R )-ergost-4-en-3β-ol (4-en-3β-ol) → (24 R )-ergost-
4-en-3-one (4-en-3-one) → (24 R )-5α-ergostan-3-one (3-one) → campestanol, named 
the late C-22 oxidation pathway, led to 6-deoxoCT. On the other hand, the conver-
sion of campesterol to 6-deoxoCT via intermediates such as (22 S )-22-
hydroxycamesterol, (22 S ,24 R )-22-hydroxyergost-4-en-3-one (22-OH-4-en-3-one), 
and (22 S ,24 R )-22-hydroxy- 5α-ergostan-3-one (22-OH-3-one) is now generally 
accepted as the early C-22 oxidation pathway. Furthermore, the conversion of 
(22 S ,24 R )-22-hydroxy-5α- ergostan-3-one to 3-epi-6-deoxocathasterone also exists. 
Recently, Ohnishi et al. ( 2006a ) reported C-23 hydroxylation shortcuts, leading (22 S , 
24 R )-22-hydroxy-5- ergost-3-one (22-OH-3-one) and 3- epi -6-deoxocathasterone 
(3-epi-6-deoxoCT) to be directly converted to 3-dehydro-6-deoxoteasterone (6-deoxo-
3DT) and 6- deoxotyphasterol (6-deoxoTY), respectively. In addition, the existence 
of high levels of 6-deoxoCT and 6-deoxoCS in different species analysed suggests 
that the late C-6 oxidation pathway probably is the predominant BR biosynthesis 
branch (Fig.  3 ) (Nomura et al.  2001 ; Bishop and Yokota  2001 ; Schneider  2002 ; 
Fujioka and Yokota  2003 ; Choe  2006 ; Bajguz  2009b ; Choudhary et al.  2012 ).  

    Brassinosteroids and Abiotic Stress 

 Brassinosteroids are steroidal plant hormones implicated in the promotion of plant 
growth and development. One of the most interesting infl uences of BRs is their ability 
to confer resistance to plants against various abiotic stress (Fig.  4 ) (Bajguz and 
Hayat  2009 ; Hayat et al.  2010b ). Plant responses to different types of stresses are 
associated with generation of reactive oxygen species (ROS), suggesting that ROS 
may function as a common signal in signalling pathways of plant stress responses. 
It was shown that exogenous application of BRs is involved in plant response to 
oxidative stress (Bajguz  2011 ). For example, when maize ( Zea mays ) seedlings 
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treated with BL were subjected to water stress, the activities of superoxide dis-
mutase (SOD), catalase (CAT), ascorbate peroxidase (APX) as well as ascorbic acid 
and carotenoid contents increased (Li et al.  1998 ). Rice seedlings exposed to saline 
stress and treated with BR showed a signifi cant increase in the activities of CAT, 
SOD, glutathione reductase (GR), and a slight increase in APX (Núñez et al.  2003 ). 
 C. vulgaris  responds to heavy metals (cadmium, copper, and lead) by inducing sev-
eral antioxidants, including several enzymatic systems and the synthesis of low-
molecular- weight compounds, such as phytochelatins (PCs). Treatment with BL 
was effective in increasing the activity of antioxidant enzymes (CAT, GR, and APX) 
and the content of ascorbic acid, carotenoids, and glutathione (Bajguz  2011 ). The 
infl uence of 24-epiBL on some enzymatic antioxidants in tomato leaf disc under 
high (40 °C) temperature was reported (Mazorra et al.  2002 ). Studies on cucumber 
( Cucumis sativus ) indicate that BR levels are positively correlated with the toler-
ance to photooxidative and cold stresses and resistance to  cucumber mosaic virus . 
The BR treatment enhanced NADPH oxidase activity and elevated H 2 O 2  levels in 
apoplast. BR-induced H 2 O 2  accumulation was accompanied by increased tolerance 
to oxidative stress (Xia et al.  2009 ). However, it is still unclear whether BRs directly 
or indirectly modulate the responses of plants to oxidative stress.

   Drought-, salinity-, and freeze-induced dehydration constitute direct osmotic 
stresses, whereas chilling and hypoxia can indirectly cause osmotic stress via effects 
on water uptake and loss. Water-stress-induced decline in root nodulation is associ-
ated with increase in ABA and decline in cytokinin contents in the nodulated roots 
(Kang et al.  2009 ). BRs have the potential to improve root nodulation and pod yield 
in the irrigated and water-stressed plants, an effect that could be mediated through 
an infl uence on cytokinin content in the nodulated roots of  Phaseolus vulgaris . BR 
application also resulted in the enhancement of seedling growth, which was evident 
in terms of seedling length, seedling fresh, and dry weights of sorghum ( Sorghum 
vulgare ) under osmotic stress (Vardhini and Rao  2003 ; Upreti and Murti  2004 ). 
Similar results have been shown in sugar-beet plants under drought stress, in which 
a reduction of taproot weight was correlated to stress severity. Treatment with BR 

  Fig. 4    Effects of brassinosteroids on plants exposed or subjected to abiotic stresses (adopted from 
Bajguz and Hayat ( 2009 ))       
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fully compensated for the reduction in biomass caused by mild drought stress. 
On the other hand, increases in biomass was correlated with increases in acid inver-
tase activity in young leaves, which could have likely provided more assimilates to 
the plant due to their larger sizes (Schilling et al.  1991 ). Furthermore, osmotic stress 
resulted in a considerable reduction in the protein contents in all the three varieties 
of sorghum. However, BRs not only restored but also stimulated the level of protein 
and free proline (Vardhini and Rao  2003 ). 28-homobrassinolide (28-homoBL) also 
had a stimulatory effect on the growth of drought-tolerant and drought-susceptible 
wheat ( Triticum aestivum ) varieties under stress conditions. Application of 
28-homoBL resulted in increased relative water content, nitrate reductase activity, 
chlorophyll content, and photosynthesis under both conditions. It also improved 
membrane stabilisation. These benefi cial effects resulted in higher leaf area, bio-
mass production, grain yield, and yield-related parameters in the stress-treated 
plants. Results obtained by Fariduddin et al. ( 2009a ) indicate that BRs may alleviate 
drought stress through activation of enzymatic antioxidant system such as CAT, 
APX, and SOD as well as stimulation of photosynthesis process in  Brassica juncea  
plants. In drought-stressed  Chorispora bungeana  plants, BRs inhibited lipid peroxi-
dation, measured in terms of malondialdehyde content, and stimulated antioxidant 
enzyme activity, chlorophyll content, and photosynthesis. These results suggested 
that BRs could improve plant growth under drought stress (Li et al.  2012 ). 

 Water stress led to oxidative damage. BR treatment of  Zea mays  leaves increased 
the content of ABA and upregulated the expression of the ABA biosynthetic gene in 
maize leaves. Moreover, BR treatment induced increases in the generation of nitric 
oxide (NO) in mesophyll cells of maize leaves, and treatment with the NO donor 
sodium nitroprusside up-regulated the content of ABA and the expression of ABA 
biosynthetic gene in maize leaves. These results suggest that BR-induced NO pro-
duction and NO-activated ABA biosynthesis are important mechanisms for 
BR-enhanced water stress tolerance in leaves of maize plants (Zhang et al.  2011 ). 

 High concentrations of all metals in environment, including those essential for 
growth and metabolism, exert toxic effects on the metabolic pathways of plants. 
Plant responds to heavy metal toxicity in different ways, such as by enhancement of 
the content of PCs, upregulation of antioxidants, accumulation of compatible 
solutes, accumulation of low-molecular-weight metabolites, and changes in the 
ABA, auxin, cytokinin, and gibberellin levels. However, BRs are not involved by 
synthesising de novo in response of algal growth under heavy metal stress but might 
interact via increasing the contents of other plant hormones (e.g. auxin, cytokinin, 
and ABA) (Atici et al.  2005 ; Hsu and Kao  2003 ; Sharma and Kumar  2002 ; Bajguz 
 2011 ). A recent study indicated that in  C. vulgaris  cultures treated with heavy met-
als, the endogenous level of BL was very similar to that of control. This fi nding 
suggests that the activation of BR biosynthesis is not essential for the growth and 
development of  C. vulgaris  cultures in response to heavy metal stress (Bajguz 
 2011 ). BRs stimulate the synthesis of PCs that are directly involved in detoxifi ca-
tion of heavy metals in  C. vulgaris  cells treated with lead. The stimulatory activity 
of BRs on PC synthesis was arranged in the following order: brassinolide (BL) > 24- 
epiBL > 28-homoBL > castasterone (CS) > 24-epiCS > 28-homoCS (Bajguz  2002 ). 
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The cultures of  C. vulgaris  treated with BRs and heavy metals show a lower 
bioaccumulation of heavy metals than the cultures treated with metals alone. 
Application of BRs to  C. vulgaris  cultures reduced the impact of heavy metal stress 
on growth; prevented chlorophyll, sugar, and protein loss; as well as stimulated the 
activity of enzymatic and nonenzymatic antioxidant system (Bajguz  2000 ,  2002 , 
 2010 ). BRs also reduced the content of cadmium in the seedlings of winter rape 
(Janeczko et al.  2005 ) and copper in Indian mustard (Sharma and Bhardwaj  2007 ). 
BRs eliminate the toxic effect of cadmium on photochemical pathways in rape 
cotyledons, mainly by diminishing the damage in reaction centres and O 2  evolving 
complexes as well as maintaining effi cient photosynthetic electron transport 
(Janeczko et al.  2005 ). Moreover, Bilkisu et al. ( 2003 ) reported that BL during 
aluminium-related stress stimulated growth of  Phaseolus aureus . It was shown that 
changes in the metal content were infl uenced by 24-epiBL and were dependent on 
the stage of plant development when the seeds were treated. The application of BRs 
also improved the performance of mustard (Hayat et al.  2007a ), chickpea (Hasan 
et al.  2008 ), and tomato (Hayat et al.  2010a ) subjected to cadmium stress and also 
of mung bean (Ali et al.  2008 ) and mustard (Alam et al.  2007 ) to aluminium and 
nickel, respectively. Hasan et al. ( 2008 ) reported that BRs enhanced activity of the 
antioxidant enzymes (CAT, SOD, peroxidase) and proline content in chickpea, 
which resulted in the improvement of nodulation, nitrogen fi xation, and pigment 
composition, as well as carbonic anhydrase and nitrate reductase activities. A simi-
lar pattern of response together with an elevation in the photosynthesis was observed 
in the plants of mustard and tomato exposed to cadmium through nutrient medium 
(Hayat et al.  2007a ,  2010a ,  b ). The plants treated with 24-epiBL or 28-homoBL 
showed signifi cantly enhanced growth, photosynthesis, antioxidant enzyme activi-
ties, and proline content in aluminium-stressed mung bean plants (Ali et al.  2008 ) 
and in  Brassica juncea  that was exposed to different levels of copper (Fariduddin 
et al.  2009b ). In another independent study, the activities of the CAT, peroxidase, 
carbonic anhydrase, and nitrate reductase enzymes were found to exhibit a signifi -
cant enhancement by BL treatment in mustard plants grown under nickel stress 
(Alam et al.  2007 ). Additionally, these BL-treated and nickel-stressed plants exhib-
ited an elevation in the relative water content and photosynthetic performance. 
 Raphanus sativus  treated with 24-epiBL in combination with copper enhanced level 
of phytohormones such as indole-3-acetic acid (IAA) and ABA as well as poly-
amine contents which may be involved in plant adaptation to the stress factors 
(Choudhary et al.  2010 ). 

 BRs have been reported to alleviate salinity stress on seed germination and seed-
ling growth in many plants. The application of 24-epiBL resulted in substantial 
improvement in the seed germination and seedling growth of  Eucalyptus camaldu-
lensis  under saline stress (Sasse et al.  1995 ). BRs removed the salinity-induced 
inhibition of seed germination and seedling growth in case of rice ( Oryza sativa ). 
BRs also restored the level of chlorophylls and increased nitrate reductase activity 
under salt stress. The activity of this enzyme plays a pivotal role in the supply of 
nitrogen and the growth and productivity of plants, especially in cereals (Anuradha 
and Rao  2003 ). The 28-homoBL-treated plants also possessed higher seed yield in 
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comparison to the plants subjected to NaCl stress, at harvest. Similarly, the spray of 
28-homoBL to the foliage or supply through roots of  B. juncea  plants generated 
from the seeds soaked in NaCl enhanced the growth, nucleic acid content, ethylene, 
and seed yield (Hayat et al.  2007b ). 

 BRs may also induce tolerance to temperature stress in many plants. For exam-
ple, leaf spraying of BRs on the rice seedlings at the 4th leaf stage increased plant 
height and the fresh weights of tops and roots under chilling stress (Fujii and Saka 
 2001 ). Extreme temperatures (7 and 34 °C) increased stress symptoms, i.e. necrotic 
areas on the leaves of bananas. However, in plants treated with a trihydroxylated 
spirotane, an analogue of BR, the effects of thermal stress were signifi cantly reduced 
(González-Olmedo et al.  2005 ). Cool temperature affected leaf emergence with a 
signifi cant reduction in their number, but application of BR analogue had marked 
positive effect. Plant height was also signifi cantly reduced by both temperature 
extremes, whereas the application of BR analogue was effective only in plants 
exposed to the warmer temperature (González-Olmedo et al.  2005 ). Application of 
24-epiBL minimally increased freezing tolerance of brome grass ( Bromus inermis ) 
cells by 3–5 °C but markedly enhanced cell viability following exposure to high 
(40–45 °C)-temperature stress (Wilen et al.  1995 ). 

 Treatment of  B. napus  and tomato seedlings with 24-epiBL led to an increase 
in the basic thermotolerance associated with the higher accumulation of four 
major classes of heat-shock proteins (hsps): hsp100, hsp90, hsp70, and low-
molecular- weight hsps. The higher level of hsps in 24-epiBL-treated seedlings did 
not correlate with hsp mRNA levels during the recovery period. This fi nding sug-
gests that 24-epiBL treatment limits the loss of some of the components of the 
translational apparatus during a prolonged heat stress and increases the level of 
expression of some of the components of the translational machinery during 
recovery. The higher hsp synthesis during heat stress resulted in a more rapid 
resumption of cellular protein synthesis following heat stress and a higher sur-
vival rate (Dhaubhadel et al.  1999 ,  2002 ). 24-epiBL also induced the expression 
of mitochondrial small hsps in tomato leaves. BR-treated tomato plants had better 
photosynthetic effi ciency. Signifi cantly higher in vitro pollen germination, 
enhanced pollen tube growth, and low pollen bursting have been observed in the 
presence of 24-epiBL at 35 °C, a temperature high enough to induce heat-stress 
symptoms in tomato, indicating a possible role of BRs during plant growth and 
reproduction. The benefi cial effect of BR application was also observed in fruit 
yield, which was increased during heat- stressed conditions. This increase in fruit 
yield was mainly due to increase in fruit number by 24-epiBL application (Singh 
and Shono  2005 ). 

 The exogenously applied BL can also stimulate ABA content in  C. vulgaris  
cultures subjected to short-term heat stress (30–40 °C). In parallel, under these con-
ditions treatment with BL resulted in growth levels very similar to those of control 
cell cultures (nontreated). BL had no signifi cant effect on the content of chlorophyll 
or sugar in  C. vulgaris  cells. Only a slight effect of BL on the protein content was 
observed. Under normal growth conditions (25 °C), BL showed a minor increase in 
the ABA content in  C. vulgaris  cells (Bajguz  2009a ).  

Brassinosteroids Implicated in Growth and Stress Responses



176

    Signal Transduction of Brassinosteroids 

    Brassinosteroid Receptor 

 Recently by developing genetics, genomics, proteomics, and many other approaches 
performed mainly in  A. thaliana , a model of BRs signal transduction pathway has 
been established. The process is commenced by the perception of the hormone 
ligand by the cell membrane-associated receptor complex, which initiates a relay 
mediated by phosphorylation/dephosphorylation cascade leading to changes in target 
gene expression (Gruszka  2013 ). 

 BRs are perceived by a plasma-membrane-localised leucine-rich-repeat (LRR) 
receptor-like kinase (RLK), standing for brassinosteroid-insensitive 1 (BRI1) (Li 
 2011 ). BRI1 was isolated and cloned following the identifi cation of a large number 
of recessive mutant alleles on a single locus (Clouse et al.  1996 ; Li and Chory 
 1997 ). Recent structural studies have confi rmed the role of BRI1 as a plasma mem-
brane receptor for BRs (She et al.  2013 ). BRI1 protein possesses three major 
domains with unique function in BR perception and receptor activation: a large 
extracellular domain, a small transmembrane domain, and an intracellular kinase 
domain (Fig.  5 ). The extracellular domain of BRI1 contains an amino  N -terminal 
signal peptide, a leucine-zipper motif, 24 LRRs, and an island domain located 
between the 20th and 21st LRRs (Vert et al.  2005 ; Yang et al.  2011 ). Further dissec-
tion of the extracellular domain of BRI1 revealed a minimal BR-binding region 
consisting of a 70-amino-acid island domain and its carboxyl  C -terminal fl anking 
LRR21, which together defi ne a novel steroid-protein-binding element (Kinoshita 
et al.  2005 ). The intracellular domain can be further divided into a small intracel-
lular juxtamembrane region (JM), a kinase catalytic domain, and a  C -terminal tail. 
The JM domain is required for transducing signal from the outside to the inside of 
a cell (Wang et al.  2005 ). Experiments performed on  A. thaliana  plants indicated 
several Ser/Thr phosphorylation sites within the catalytic domain critical for BR 
signalling, which include Thr-1049, Ser-1044, and Thr-1045. BRI1 kinase with 
mutation of Ser-1049A or Ser-1044A/Thr-1045A completely lost its activity in 
vitro, and transgenic plants carrying these mutated BRI1 also failed to rescue the 
dwarf phenotype of  bri1-5  (Wang et al.  2005 ; Yang et al.  2011 ; Hao et al.  2013 ).

   Given that BRI1 forms homodimer in the absence and presence of BRs, it was 
proposed that an auto-regulatory mechanism is involved in the activation of BRI1. 
Without BRs, BRI1 homodimer is kept at quiescent state by its  C -terminal tail. BR 
binding induces the conformational change of its kinase domain, and subsequent 
auto-phosphorylation at a number of sites, including several Ser/Thr residues in 
the  C -terminal tail to release its auto-inhibition (Wang et al.  2005 ). In addition, a 
specifi c negative regulator, called BKI1 (BRI1 kinase inhibitor 1), is also required 
to keep BRI1 at low and basal activity by preventing the interaction of BRI1 with 
other positive regulators (Wang and Chory  2006 ; Gruszka  2013 ). 

 In the BR receptor complex, besides BRI1, another receptor kinase BAK1 
(Fig.  5 ) (LRR-RK BRI1-associated receptor-like kinase) was also reported to be 
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required in the activation of BRI1. BRI1 and BAK1 can interact with each other 
through their kinase domains (Wang et al.  2005 ). After BR perception by the extra-
cellular domain of BRI1, the kinase domain of BRI1 fi rst phosphorylates and par-
tially activates BAK1, then BAK1 in turn transphosphorylates BRI1 to further 
enhance the kinase activity of each other (Wang et al.  2008 ). Before BR binding, 

  Fig. 5    The structure of BRI1 and BAK1.  LRR  leucine-rich repeats,  ID  island domain,  TM  single- 
pass transmembrane region,  JM  juxtamembrane region,  KD  kinase domain,  CT  C-terminal region, 
 LZ  leucine zippers,  pro-rich  proline-rich region,  AL  activation loop of kinases. The putative signal 
peptide region has been shown as a black box and unassigned regions have been shown as  grey boxes . 
The confi rmed phosphorylation sites have been marked with  circles , and putative phosphorylation 
sites have been marked with  squares  containing the  letter P . The activation phosphorylation sites 
have been shown in red, inhibitory sites in  blue , and residues without signifi cant effect on the kinase 
activity or not examined experimentally in  yellow  (adopted from Kim and Wang ( 2010 ))       
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BRI1 is kept inactive by auto-inhibition of its  C -terminal region and by a negative 
regulator BKI1. Upon BR perception, BRs induce a conformational change of the 
intracellular domain of BRI1 playing role as Ser/Thr kinases to autophosphorylate 
its  C -terminal tail and phosphorylate BKI1 to release their inhibition on BRI1 activity 
(Wang and Chory  2006 ). The pre-activated BRI1 will recruit BAK1 to its proximity 
to enhance each other’s kinase activity via transphosphorylation and to form a fully 
activated receptor complex (Oh et al.  2009 ; Hao et al.  2013 ). 

 In addition to its critical role in BR signalling for plant growth, BAK1 has been 
discovered to impact plant MICROBIAL ASSOCIATED MOLECULAR PATTERN 
(MAMP)-/PATHOGEN-ASSOCIATED MOLECULAR PATTERN (PAMP)-
triggered immunity (PTI) through the formation of heterodimers with other pattern- 
recognition receptors (PRRs) such as fl agellin-sensing 2 (FLS2) in a BR-independent 
manner. Therefore, BAK1 plays key roles in multiple independent pathways by 
enhancing the signalling output of distinct LRR-RLKs that bind different ligands 
(Chinchilla et al.  2007 ).  

    Substrates of BRI1 Kinase 

 One of BRI1’s substrates is BKI1. BKI1 acts as a negative regulator of BR signalling 
as indicated by overexpression of BKI1 causing a  bri1 -like dwarf phenotype and 
inhibiting BR-signalling outputs (Fig.  6 ) (Wang and Chory  2006 ). In vitro pull- 
down assays revealed that the interaction between BRI1 and BAK1 was severely 
reduced by additional BKI1 protein, suggesting that BKI1 inhibit BR signalling by 
preventing positive regulators, such as BAK1, from accessing BRI1. Interestingly, 
BR treatment can rapidly induce the dissociation of BKI1 from plasma membrane, 
and this process is dependent on a kinase-active BRI1. BKI1 can be phosphorylated 
by BRI1 kinase, which may lead to the dissociation of BKI1 from BRI1 and plasma 
membrane through unknown mechanisms (Wang and Chory  2006 ).

   Another BRI1 substrate is polypeptide transthyretin-like protein (TTL) 
(Nam and Li  2002 ). TTL is a tetrameric, bifunctional protein with decarboxylase 
and hydrolase activity, which is phosphorylated by BRI1 and functions as a negative 
regulator of BR signalling. The exact role of TTL in regulation of this process is not 
known; however, it has been recently reported that TTL binds kinase-active BRI1 
with higher affi nity than kinase-inactive BRI1, indicating that TTL may inhibit 
BRI1 signalling after its activation (Gruszka  2013 ). 

 A proteomic analysis led to the identifi cation of other components of the BR 
receptor complex—BR-signalling kinases (BSKs) belonging to the subfamily of 
the receptor-like cytoplasmic kinases (RLCK-XII) and functioning as positive 
regulators of BR signalling. The members of BSK family transmit the signal 
between membrane-bound receptor complex and cytoplasmic regulators of BR 
signalling. Two paralogous proteins, BSK1 and BSK3, interact directly with 
BRI1 in the absence of BR, whereas upon the ligand binding to BRI1, this kinase 
phosphorylates BSK1 on Ser-230, inducing its activation and release from the 
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receptor complex. The activated BSK1 interacts with BRI1-supressor1 (BSU1) 
phosphatase promoting its interaction with the main negative regulator of BR 
signalling pathway—brassinosteroid-insensitive 2 (BIN2) (Fig.  6 ) (Tang et al. 
 2008 ; Gruszka  2013 ).  

  Fig. 6    The model of brassinosteroid signalling in plants (adopted from Bajguz et al. ( 2013 )). 
Brassinosteroid (BR) signal is perceived by BR-insensitive1 (BRI1) which is a plasma membrane 
localised leucine-rich repeat (LRR) receptor-like kinase. In the absence of BRs, BRI1 is inactive 
as a homodimer, due to its binding with the negative regulator BRI1 KINASE INHIBITOR 1 
(BKI1) through its cytoplasmic domain. In the presence of BRs, BR binding activates BRI1 kinase 
activity, through association with its co-receptor kinase BRI1-ASSOCIATED RECEPTOR 
KINASE 1 (BAK1)/SOMATIC EMBRYOGENESIS RECEPTOR KINASE3 (SERK3) and phos-
phorylation of BKI1, leading to the disassociation of BKI1 from the plasma membrane. Activated 
BRI1 phosphorylates the receptor-like cytoplasmic kinases (RLCKs), BR SIGNALLING 
KINASE1 (BSK1) and CONSTITUTIVE DIFFERENTIAL GROWTH 1 (CDG1), which then 
activate a phosphatase, BRI1-SUPPRESSOR 1 (BSU1). BSU1 positively regulates BR signalling 
by dephosphorylating the negative regulator brassinosteroid-insensitive 2 (BIN2). This process 
facilitates accumulation of unphosphorylated brassinazole-resistant 1 (BZR1) and bri1-EMS- 
Suppressor 1 (BES1) in the nucleus. BES1 binds to E-box by interacting with BIM1 or MYB30 
(TFs) to promote target gene expression. BZR1 could also bind to E-box and BES1 to BRRE, so 
the functions of the family members may overlap. These are key TFs activating the BR-signalling 
pathway in plants. Protein phosphatase 2A dephosphorylates BZR1 and also BRI1 in mediating 
BR signalling. BRI1 degradation depends on PP2A-mediated dephosphorylation that is specifi ed 
by methylation of the phosphatase, thus leading to the termination of BR signalling       
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    Downstream Events of Brassinosteroid Signalling 

 A crucial role in BR signalling is played by the serine-threonine kinase BIN2, which 
is another negative regulator of BR signalling, phosphorylating and thus inhibiting 
transcription factors regulating expression of target genes (Fig.  6 ) (Vert and Chory 
 2006 ; Yan et al.  2009 ). The  Arabidopsis BIN2  belongs to a multigene family encod-
ing glycogen synthase kinase 3 (GSK3). GSK3-encoding genes are present in all 
land plants and in algae, and protists, raising questions about possible ancestral 
functions in eukaryotes. Studies have revealed that plant GSK3 proteins are actively 
implicated in hormonal signalling networks during development (e.g. development 
of generative organs) and as well as in biotic and abiotic stress responses (salinity 
stress and wounding). BIN2 is encoded by a member of the subfamily of ten related 
genes— Arabidopsis  shaggy-like kinases (ASKs) (Vert and Chory  2006 ). The level 
of BIN2 protein can be regulated by BR signal likely through a proteasome- mediated 
protein degradation system, because the exogenously applied BRs can lead to a 
reduction of BIN2 proteins, and treatment with a proteasome inhibitor, MG132, can 
promote the accumulation of BIN2 (Peng et al.  2010 ). In the absence of BR, BIN2 
autophosphorylates on Tyr-200 residue, which is required for its kinase activity. 
BIN2 kinase activity is suppressed by dephosphorylation of the Tyr-200 residue 
after perception of BR molecule by the BRI1-BAK1/SERK3 receptor complex and 
initiation of the signalling cascade. BIN2 activity is directly inhibited by BSU1 
phosphatase, which dephosphorylates the Tyr-200 residue of BIN2 kinase (Ye et al. 
 2011 ; Hao et al.  2013 ). 

 A protein phosphatase, BSU1 (BRI1 suppressor protein 1), is a constitutively 
nuclear-localised Ser/Thr phosphatase (Mora-Garcia et al.  2004 ; Ryu et al.  2010 ). 
BSU1 plays a crucial role in positive regulation of BR signalling by repressing the 
activity of BIN2 kinase (Fig.  6 ). BSU1 contains  N -terminal Kelch-repeat domain 
and  C -terminal phosphatase domain and shows basal level of BIN2-binding and 
dephosphorylation. Activated BSU1 interacts with BIN2 kinase and inactivates it 
through dephosphorylation of Tyr-200, which is crucial residue for BIN2 activity. 
BSU1 phosphatase is localised in both the cytoplasm and nucleus; however, it was 
reported that BR response is mediated mainly by the cytoplasmic fraction of this 
enzyme. On the contrary, BIN2, which is the direct target of BSU1 phosphatase, 
operates mainly in the nucleus (Ryu et al.  2010 ). Therefore, BR perception can 
activate BRI1, BSKs, and BSU1 to inactive BIN2, resulting in the activation of 
downstream transcription factors (Kim and Wang  2010 ).  

    A Class of Brassinosteroid-Activated Transcription 
Factors and Their Regulation 

 The expression of many BR-responsive genes is directly regulated by a class of 
plant-specifi c transcription factors including BES1 (BRI1-EMS-suppressor 1), 
BZR1 (brassinazole-resistant 1) (Fig.  7 ), and BES1/BZR1 homologues 1–4 (BEH1–4) 
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that bind to the promoters of BR-regulated genes, and they are dephosphorylated in 
response to BR (Gruszka  2013 ).

   BES1 and BZR1 are two major transcription factors that are regulated by BIN2 
and mediate BR-regulated gene expression (Fig.  6 ) (Wang et al.  2002 ). BES1 and 
BZR1 are 88 % identical and are composed of DNA-binding domain (DBD), BIN2 
phosphorylation domain with more than 20 putative BIN2 phosphorylation sites 
(Ser/ThrxxxSer/Thr, where x is any amino acid), and a  C -terminal domain (CTD). 
The CTD is required for BES1 function as deletion of this domain leads to accumu-
lation of inactive BES1 that acts as a dominant-negative form (Yin et al.  2005 ). 
The  C -terminal domain of BES1 most likely acts as a transcription activation 
domain as it activates reporter gene expression in yeast. In addition, the  C -terminal 
domain also contains a 12-amino-acid docking motif (DM) that binds BIN2, allowing 
BIN2 to phosphorylate BZR1. Since the same domain is conserved in BES1, it is likely 
that BIN2 interacts with DM to phosphorylate BES1 as well (Peng et al.  2010 ). 

 BIN2 phosphosphorylates BES1 and BZR1 at their central phosphorylation 
domain and inhibits their function likely through several different but non-exclusive 
mechanisms, including targeted protein degradation, nuclear export, and cytoplas-
mic retention by the phosphoprotein-interacting 14-3-3 proteins (Fig.  6 ). 
Polypeptides belonging to the group 14-3-3 function as another components of the 
BR signalling with dual role in regulation of this process. Recently, it has been 
reported that the 14-3-3 proteins may play a positive role in BR signalling by pro-
moting BKI1 dissociation from the plasma membrane, what in consequence results 
in repressing of the BKI1 inhibitory effect on the BRI1 receptor (Lillo et al.  2006 ; 
Wang et al.  2011 ; Hao et al.  2013 ). 

 BZR1 can bind to a CGTG(T/C)G element, called BR-response element (BRRE) 
with its  N -terminal domain to negatively feedback regulating the expression of 
genes involved in BR biosynthesis, such as  CPD ,  DWF4 ,  ROT3 , and  BR6ox  
(He et al.  2005 ). Apparently, BES1 may have a similar function in the feedback 
regulation of genes encoding BR biosynthetic enzymes (Yin et al.  2005 ; Vert and 
Chory  2006 ). Using transcript profi ling and chromatin-immunoprecipitation 

  Fig. 7    The structure of the transcription factor BZR1.  AR  an alanine-rich domain,  NLS  nuclear 
localization signal,  DB  DNA binding domain,  PEST  proline, glutamic acid, serine, threonine rich 
domain, 14-3-3, binding motif. Putative BIN2 phosphorylation sites (as  blue box ) have been indi-
cated by  asterisks. Yellow circles  containing the  letter P  indicate sites phosphorylated by BIN2 in 
vitro, and  red circles  indicate in vivo phosphorylation sites (adopted from Kim and Wang ( 2010 ))       
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microarray experiments, Sun et al. ( 2010 ) reported 953 BR-regulated BZR1 target 
genes, which function in BR promotion of cell elongation and crosstalk between BR 
and other hormonal and light-signalling pathways at multiple levels. 

 Nuclear accumulation of dephosphorylated BES1/BZR1 plays important roles in 
directly regulating the expression of BR-responsive genes. Studies on the subcel-
lular localisation of BES1 and BZR1 using green fl uorescent protein (GFP) in 
 Arabidopsis  showed that, without BRs, BES1 and BZR1 are distributed in both the 
nucleus and cytoplasm, while BR treatment can rapidly promote the accumulation 
of BES1/BZR1 in nucleus in  Arabidopsis  hypocotyl cells (Wang et al.  2002 ; Yin 
et al.  2002 ). Later, another study showed that proteins BES1 and BZR1 labelled 
with GFP (BES1-GFP, BZR1-GFP) can be localised in both the cytoplasm and 
nucleus, and BR treatment can signifi cantly induce the accumulation of dephos-
phorylated BES1-GFP and BZR1-GFP in the nucleus (Gampala et al.  2007 ; Ryu 
et al.  2010 ). 

 When BR levels are low, the GSK3-like kinase BIN2 phosphorylates and inac-
tivates the BZR1 transcription factor to inhibit growth in plants. Brassinosteroid 
promotes growth by inducing dephosphorylation of BZR1 by protein phosphatase 
2A (PP2A). PP2A is a heterotrimeric Ser/Thr phosphatase, which contains as 
scaffolding subunit A, catalytic subunit C, and a regulatory B subunit that interacts 
with substrates. Members of the B′ regulatory subunits of PP2A directly interact 
with BZR1’s putative PEST domain containing the site of the  bzr1-1D  mutation. 
Interaction with and dephosphorylation by PP2A are enhanced by the  bzr1-1D  
mutation, reduced by two intragenic  bzr1-1D  suppressor mutations, and abolished 
by deletion of the PEST domain. Therefore, PP2A plays a crucial function in 
dephosphorylating and activating BZR1 and completes the set of core components 
of the brassinosteroid-signalling cascade from cell surface receptor kinase to gene 
regulation in the nucleus (Tang et al.  2011 ). 

 In addition, BZR1 modulates the expression levels of many light-signalling 
components. Genome-wide protein-DNA interaction analysis revealed BZR1 bind-
ing to the promoters of a signifi cant portion of light-regulated genes, suggesting that 
BR and light signals converge at the promoters of common target genes through 
direct interaction between BZR1 and some light-signalling transcription factors. 
BZR1 may also directly interact with phytochrome-interacting factors 4 (PIF4), 
which is accumulated in the dark to promote morphogenesis. BZR1 and PIF4 inter-
act with each other in vitro and in vivo, bind to nearly 2,000 common target genes, 
and synergistically regulate many of these target genes, including the PRE family 
helix-loop- helix factors required for promoting cell elongation. Genetic analysis 
indicates that BZR1 and PIFs are interdependent in promoting cell elongation in 
response to BR, darkness, or heat. These results show that the BZR1-PIF4 interac-
tion controls a core transcription network, enabling plant growth co-regulation by 
the steroid and environmental signals (Lillo et al.  2006 ; Oh et al.  2012 ). 

 Brassinazole    (Brz), a specifi c inhibitor of BR biosynthesis, was used in experi-
ments performed by Bekh-Ochir et al. ( 2013 ) to identify Brz-insensitive-long hypo-
cotyls 2-1D ( bil2-1D ) mutant of  Arabidopsis . The  BIL2  gene encodes a 
mitochondrial-localised DnaJ/heat-shock protein 40 (DnaJ/Hsp40) family, which is 
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involved in protein folding.  BIL2 -overexpression plants ( BIL2-OX ) showed cell 
elongation under Brz treatment, increasing the growth of plant infl orescence and 
roots, the regulation of BR-responsive gene expression, and the suppression against 
the dwarfed  BRI1 -defi cient mutant.  BIL2-OX  also showed resistance against the 
mitochondrial ATPase inhibitor oligomycin and higher levels of exogenous ATP 
compared with wild-type plants. BIL2 participates in resistance against salinity 
stress and strong light stress. The results indicate that  BIL2  induces cell elongation 
during BR signalling through the promotion of ATP synthesis in mitochondria 
(Bekh-Ochir et al.  2013 ). 

 In addition, AtMYB30, another transcription factor, is also positively involved in 
BR signalling by promoting a subset of BR-responsive gene expression (Li et al. 
 2010 ). BES1 can interact with AtMYB30 both in vitro and in vivo to promote the 
expression of downstream target genes. It was discovered that BES1 can also physi-
cally interact with interacts-with-Spt6 (IWS1), which participates in RNA poly-
merase II (RNAPII) post-recruitment and transcriptional elongation processes 
(Li et al.  2010 ). 

 Apart from these transcription factors, BIN2 phosphorylates CESTA transcription 
factor belonging to the basic helix-loop-helix (bHLH) family. CESTA positively 
regulates expression of the BR-biosynthesis  CPD  gene by heterodimerisation 
with the close homologue of CESTA, BRI1-enhanced expression 1 (BEE1). BIN2- 
mediated phosphorylation of CESTA is assumed to regulate the nuclear localisation 
of this transcription factor. Based on the results derived from several different 
approaches, it has been suggested that BIN2 operates both in the nucleus and 
cytoplasm, and the exact mechanism may depend on developmental stage, tissue 
type, and BIN2 gene expression level (Clouse  2011 ; Poppenberger et al.  2011 ; 
Hao et al.  2013 ).  

    Brassinosteroid Signalling and Stress Tolerance 

 The molecular mechanisms of BR-induced plant stress tolerance remain poorly 
understood. Cui et al. ( 2012 ) reported that an endoplasmic reticulum (ER)-localised 
 Arabidopsis  ubiquitin-conjugating enzyme UBC32 is an essential factor involved in 
both BR-mediated growth promotion and salt stress tolerance. In vivo data in 
 Arabidopsis  showed that UBC32 is a functional component of the ER-associated 
protein degradation (ERAD) pathway, which is an important ubiquitin-proteasome 
system regulating plant growth and development, known to contribute to plant salt 
tolerance (Liu et al.  2011 ). UBC32 affects the accumulation of BRI1 and connects 
the ERAD pathway to BR-mediated growth promotion and salt stress tolerance. 
A recent study in tomato revealed one possible mechanism of BR-induced abiotic 
stress tolerance, especially for oxidative and heat stress (Nie et al.  2012 ). BRs 
trigger apoplastic H 2 O 2  accumulation generated by NADPH oxidase, which is 
encoded by the RESPIRATORY BURST OXIDASE HOMOLOG 1 ( RBOH1 ) gene. 
The  RBOH s are involved in plant ROS production and plant response to various 
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abiotic stresses (Marino et al.  2012 ). NADPH oxidase in turn activates MAPKs, 
which play critical roles in plant signal transduction during stress responses (Mittler 
et al.  2004 ), giving rise to increased stress tolerance (Hao et al.  2013 ).   

    Conclusion Remarks 

 Brassinosteroids (BRs) are plant hormones implicated in a wide array of fundamental 
processes in plants ranging from triggering the cell cycle, genome expression, 
signalling, and plant growth and development to plant adaptation toward abiotic 
stresses. However, molecular mechanisms underlying BR participation in plant 
adaptation to stress are not completely understood. Understanding the signal trans-
duction of BRs during abiotic stress is vital in developing plants for stress tolerance. 
There is an urgent need to identify the signalling components related to the biosyn-
thesis and degradation and their coordination in gene expression events under 
stress conditions. The characterisation of the molecular mechanisms regulating 
hormone synthesis, signalling, and action is facilitating the modifi cation of BR 
biosynthetic pathways for the generation of transgenic crop plants with enhanced 
abiotic stress tolerance.     
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