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Abstract

Plants are faced with a barrage of stresses in their environment and must constantly balance their
growth and survival. As such, plants have evolved complex control systems that perceive and
respond to external and internal stimuli in order to optimize these responses, many of which are
mediated by signaling molecules such as phytohormones. One such class of molecules called
Brassinosteroids (BRs) are an important group of plant steroid hormones involved in numerous
aspects of plant life including growth, development and response to various stresses. The
molecular determinants of the BR signaling pathway have been extensively defined, starting with
the membrane-localized receptor BRI1 and co-receptor BAK1 and ultimately culminating in the
activation of BES1/BZR1 family transcription factors, which direct a transcriptional network
controlling the expression of thousands of genes enabling BRs to influence growth and stress
programs. Here, we highlight recent progress in understanding the relationship between the BR
pathway and plant stress responses and provide an integrated view of the mechanisms mediating
cross-talk between BR and stress signaling.

Introduction

As sessile organisms, plants have the exquisite challenge to perceive and withstand the
environmental conditions they encounter while optimizing their growth. Stress conditions
arise as the consequence of environmental perturbations such as changes in temperature,
light, water availability and solute concentrations as well as through interactions of plants
with pathogens. Plants employ an array of signaling molecules including phytohormones
and peptide regulators to co-ordinate their development and responses to the environment.
Among growth-promoting hormones, Brassinosteroids (BRs) are a group of
polyhydroxylated plant steroid hormones that have emerged as key agonists and antagonists
of pathways controlling growth and stress responses. Mutants deficient in BR signaling or
biosynthesis exhibit marked defects in plant growth and reproduction and have altered stress
responses [1-4]. Research over the last several decades has defined the BR biosynthesis and
signaling pathways, which have been extensively reviewed elsewhere [5-7]. Subsequently,
emerging research is characterizing the role of BRs in a tissue- and context-specific manner
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[8-10], including the way by which BR signaling is co-ordinated with stress and defense
responses [11]. In this review, we focus our discussion on two important stresses that BRs
have been implicated in: drought and response to pathogens.

Overview of BR signaling

BRs are perceived by BRI1 (BR-INSENSITIVE 1) and its homologs BRL1 (BRI1-LIKE 1)
and BRL3 (BRI1-LIKE 3), which are a family of plasma membrane-localized leucine-rich
repeat receptor kinases [4,12,13] along with the co-receptor BAK1 (BRI1-ASSOCIATED
KINASE 1) and related SERKs (SOMATIC EMBRYOGENESIS RECEPTOR KINASES)
[14-16]. When BR levels are low, BR signaling is restrained by multiple mechanisms
(Figure 1, left). Firstly, BKI1 (BR KINASE INHIBITOR 1) associates with BRI1 and
prevents BRI1-BAK1 interactions [17]. Secondly, BIN2 (BR-INSENSITIVE2), a GSK3-
like kinase, phosphorylates a collection of substrates [18] including BES1/BZR1 family
transcription factors that function as master regulators of the BR pathway. Phosphorylation
of BES1 and BZR1 leads to their inactivation through mechanisms that include cytoplasmic
retention via interaction with 14-3-3 proteins [19,20], reduced DNA binding [21] and
protein degradation [22,23].

When BRs are present, they bind to BRI1 and co-receptor BAK1 to initiate a series of
signaling events that ultimately activate BES1/BZR1 family transcription factors (Figure 1,
right). Binding of BL to the BRI1-BAK1 complex causes BRI to rapidly phosphorylate
BKI1 [17], leading to BKI1 dissociation from BRI1 and sequestration of BKI1 by 14-3-3
proteins [24,25]. BRI1 and BAK1 then sequentially phosphorylate and activate one another
[26-28], which at least partially requires TWISTED DWARF 1 (TWD1/FKBP42), an
immunophilin-like protein, that constitutively interacts with BRI1 but is required for BR-
induced association and phosphorylation of the BRI1-BAK1 complex [29,30]. Activated
BRI1 phosphorylates receptor-like cytoplasmic kinases BR SIGNALING KINASES (BSKs)
and CONSTITUTIVE GROWTH (CDG1) that activate the phosphatase BRI1-
SUPPRESSOR 1 (BSU1) [31-34]. BSUL is proposed to dephosphorylate BIN2 on Y200,
leading to inactivation of BIN2 kinase activity [31]. Several additional mechanisms that also
regulate BIN2 have been reported recently, which include targeted protein degradation in the
presence of BRs by F-box E3 ubiquitin ligase KINK SUPPRESSED IN BZR1-1D (KIB1)
[35,36], cell-type specific sequestration of BIN2 at the plasma membrane by OCTOPUS
(OPS) in the phloem [37] and inhibition of BIN2 by regulators such as HISTONE
DEACTYLASE 6 (HDAG) under energy-limiting conditions [38] and CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1)/SUPPRESSOR of phyA-105(SPA) in darkness [39].
The inactivation of BIN2 and the action of PROTEIN PHOSPHATASE 2A (PP2A) lead to
the desphosphorylation of BES1/BZR1 family transcription factors [40]. Dephosphorylated
BES1/BZR1 translocates from the cytoplasm to the nucleus where they function along with
a suite of transcription factors and cofactors to regulate the expression of thousands of BR-
regulated genes [22,23,41-44].
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BES1 and BZR1 function with other transcriptional regulators to promote growth

Many studies have analyzed the BR-responsive transcriptome and have begun to reveal the
extent to which BES1 and BZR1 modulate the BR-regulated transcriptional network [6].
Genome-wide ChIP-chip studies identified several thousand genes directly bound by BES1
and/or BZR1, including many BR-regulated genes and many transcription factors [44,45],
leading to the idea that BES1 and BZR1 may propagate BR signals by regulating
transcription factors in a series of transcriptional waves. Indeed, numerous studies have
identified downstream transcriptional regulators in the BR pathway. Many of these
transcription factors are themselves regulated by BES1 and/or BZR1 and also physically
interact with BES1/BZR1 to carry out BR-regulated gene expression [6,46].

Early studies characterizing the function of BES1 as a transcription factor identified BES1-
INTERACTING MYC-LIKEL (BIM1) as a BES1-interacting transcription factor via yeast
two-hybrid screening [43]. BES1 and BIML1 interact and bind synergistically to E-Box
(CANNTG) sequences in BR target gene promoters, providing an early clue as to how BES1
co-operates with other transcription factors to regulate BR-responsive gene expression.
Further examples of these interactions provide mechanisms connecting the growth-
promoting hormones auxin and gibberellins (GAs) with BRs as well as light signaling.
PHYTOCHROME-INTERACTING FACTORS (PIFs) are light-regulated transcription
factors that function as important regulators of growth and responses to the environment
[47]. PIF4 physically interacts with BES1 and BZR1, and these transcription factors share
over 2000 common target genes as determined by genome-wide ChIP analysis, which led to
a model in which BZR1 and PIFs interact to form heterodimers which bind to G-box
(CACGTG) elements in BR target gene promoters [48]. Similar to PIFs, the auxin
responsive transcription factors ARF6 and ARF8 interact with BZR1 [49]. ARF6 can also
interact with PIF4, and over 40% of ARF6 target genes are shared with both BZR1 and
PIF4. While BZR1 and PIFs co-operatively bind to G-box motifs, ARF6 binds to ARF-
binding motifs (TGTCTC). BR treatment or increased BZR1/PIF4 in bzr1-dand PIF-OX
enhanced ARF binding, suggesting that the three transcription factors bind to target genes
co-operatively [49]. Taken together, BZR1, PIFs and ARFs form the so-called BZR1-ARF-
PIF module [50] whose targets include the downstream tri-antagonistic bHLH system
regulating both growth and defense gene expression. This system includes ATBS1/PRE
(ACTIVATION-TAGGED briZ SUPPRESSOR1/PACLOBUTRAZOL-RESISTANCE)
family proteins that antagonize AIFs/IBH1 (ATBS1-INTERACTING FACTORS/
INCREASED LAMINA INCLINATION INTERACTING bHLH1) bHLH transcription
factors, which in turn inhibit ACEs/HBI1 (ACTIVATORS FOR CELL ELONGATION/
HOMOLOG OF BEE2 INTERACTING WITH IBH 1) bHLH proteins that promote cell
elongation [51-54].

BRs also function co-operatively with GA, which is at least partially mediated by the
DELLA family of repressors inactivating BZR1, PIFs and ARFs to inhibit their function
under low GA conditions [55-57]. BRs are also established to regulate GA metabolism and
levels in both rice and Arabidopsis [58,59]. Another element of BR—GA cross-talk is
manifested through complex interactions revolving around the NAC (NO APICAL
MERISTEM, ARABIDOPSIS TRANSCRIPTION ACTIVATION FACTOR AND CUP-
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SHAPED COTYLEDON) transcription factor JUNGBRUNNENL1 (JUB1). JUBL1 also
interacts with DELLA proteins, which allows JUBL to repress transcription of BR and GA
biosynthesis genes including DWARF4 (DWF4) and GA30x1 [60]. Moreover, it was found
that BZR1 and PIF4 bind to a G-box in the JUBZ promoter region to repress JUB1
expression, revealing an important regulatory circuit between this NAC transcription factor
and BR/GA signaling [60].

In addition to co-operatively binding to the same promoter element, BES1 also regulates
target genes via interaction of transcription factors that bind different sites (Figure 1). Some
examples include MYB30, and Arabidopsis thalianaHOMEODOMAIN-LEUCINE ZIPPER
PROTEIN 1 (HAT1) and ARF6/8. Both MYB30 and HAT1 are direct targets of BES1 and
also physically interact with BES1. MYB30 functions with BES1 to control BR-induced
genes via binding of BES1 and MYB30 to E-box and MYB sites, respectively [61], whereas
BES1 and HAT1 control BR-repressed genes by binding BRRE- and homeodomain-binding
sites. Therefore, there are numerous examples of how BES1 and BZR1 co-operate with
other transcription factors to mediate various aspects of BR-responsive gene expression.
BES1 also co-occupies promoters with transcription factors that exert opposite effects on
gene expression. This is the case in the root stem cell niche where BR activation of cell
division in the quiescent center (QC) is prevented via antagonism of BES1 with the R2R3-
MYB transcription factor, BRAVO (BRs AT VASCULAR AND ORGANIZING CENTER)
[9]. BES1 and BRAVO physically interact and together bind the BRAVO promoter via E-
box and MYB sites, respectively. BES1 represses BRAVO expression via recruitment of co-
repressor TOPLESS (TPL) [62], whereas BRAVO promotes its own expression. Taken
together, BES1 and BRAVO create a switch that allows BR regulation of QC cell division to
be tightly controlled. Given this paradigm for BES1-BRAVO interactions, it will be
interesting to define the genome-wide roles of BES1 and BRAVO and the mechanisms of
their interaction.

Several studies also indicated that BES1 regulates gene expression by recruiting histone-
modifying enzymes and a transcription elongation factor to differentially control BR-
regulated gene expression at both transcription initiation and elongation steps [63-65]. Thus,
there is accumulating evidence that BES1 interfaces with many other transcription factors
and cofactors to regulate target gene expression and promote BR-mediated growth responses
(Figure 1). In some cases, BES1/BZR1 interacts with transcription factors to co-operatively
or synergistically regulate target gene expression, whereas in other cases BES1/BZR1
interacts with other transcription factors in an antagonistic manner. Taken together, these
interactions provide insights into how BES1/BZR1 regulates a large number of BR-
responsive genes; however, the detailed mechanisms that allow BES1 and BRs to regulate
specific subsets of BR-regulated genes under different conditions and developmental stages
are still under investigation. Future studies are needed to examine the full complement of
transcription factors involved in the BR pathway and to define how BES1/BZR1 and other
transcription factors interact to regulate various BR-induced and BR-repressed genes, which
should yield significant insights into the structure and function of BR-controlled gene
regulatory networks.
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Cross-talk between BR and drought

In addition to regulating growth, BR signaling also interfaces with various stress outputs.
Drought is a major stress that causes dramatic losses of crop yield, and thus, a great deal of
effort has been placed on studying drought stress responses [66,67]. Recent progress in
understanding the relationship between BR and drought has revealed several mechanisms by
which BRs are inhibited during drought stress. Many of these operate to control BR-ABA
antagonism at multiple levels of regulation ranging from the receptors complexes to
downstream transcription factors. Central to this cross-talk are the BR signaling components
BIN2 and BES1/BZR1, which have emerged as key factors promoting and antagonizing
drought responses, respectively. Here, we provide an update on the mechanisms controlling
BR and drought cross-talk and highlight recent work defining the genetic interactions
between these pathways.

Antagonism between BR and ABA pathways

ABA is an important hormone that regulates responses to abiotic stress including drought
[67,68]. ABA is synthesized from chloroplast derived carotenoid precursors, and during
water deprivation, the rate-limiting enzyme in ABA biosynthesis, nine-c/s-epoxycarotenoid
dioxygenase (NCED)), is rapidly up-regulated [69,70], leading to ABA accumulation that
exerts a protective function through mechanisms including stomata closure, growth
inhibition and synthesis of osmocompatible solutes [71]. In recent years, a core ABA
signaling network has been pieced together. The predominant mechanism for sensing ABA
is carried out by a large family of PYR/PLY/RCAR receptors that form a ternary complex
with PP2C phosphatases, alleviating PP2C inhibition of SnRK2 kinase [72-75]. SnRK2 can
then promote the function of ABA-responsive SnRK2 targets, including AREB/ABF
transcription factors and ion channels (Figure 2, left) [76].

From early in the BR literature, it has been noted that BR and ABA exhibit an antagonistic
relationship. For example, it was shown that roots of BR mutants are hypersensitive to ABA
treatment [4,77] and seeds with reduced BR biosynthesis or signaling are more sensitive to
ABA [78]. Upon examination of hormone-responsive gene expression at the genome-wide
level, it also became apparent that BR and ABA regulate common sets of genes [79]. ABA
was shown to modulate BR response outputs including BES1 phosphorylation status and BR
marker genes [80]. Since these effects were still observed in BR receptor mutants, but not
when the more downstream kinase BIN2 was inhibited, it was postulated that cross-talk
between ABA and BR pathways occurs downstream from BR perception, but at or upstream
of BIN2 kinase in the BR signaling pathway. More recently, several studies have begun to
define these and other molecular mechanisms of BR-ABA cross-talk, showing that BR and
ABA pathways interface at multiple points ranging from inhibition of receptor complexes to
downstream transcriptional regulation.

BR—-ABA cross-talk at BR receptor complexes

Recent evidence in rice suggests that BR-ABA cross-talk may occur as early as the
formation of BRI1-BAK1 receptor complexes [81,82]. This occurs via the plant-specific
family of membrane-anchored remorin proteins. Specifically, OSREM4.1, which is
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transcriptionally induced by ABA via the SnRK2-regulated transcription factor OsbZIP28
[81,83], binds to the activation loop of OsSERK1 (homolog of BAK1). This interaction
inhibits BRI1-BAK1 complex formation and thus BR signaling, which is reminiscent of the
negative regulation provided by BKI1 [17,24]. Similar to the inactivation of BKI1 by BRs,
OsREMA4.1 can be directly phosphorylated and inactivated by OsBRI1 in the presence of
BRs [81]. Thus, OsSREMA4.1 is activated by ABA to shut down BR responses, whereas BRs
inactivate OSREM4.1, providing one mechanism to tradeoff growth and stress response
programs depending on the relative amounts of BR and ABA present. It remains to be
determined if a similar mechanism operates in Arabidopsis and if so, its contribution to
overall ABA-BR cross-talk.

BAKU1 is also involved in BR-ABA cross-talk to regulate stomata opening. A recent study
found that bakI mutants lose water more quickly than wild-type plants and are insensitive to
ABA in terms of stomata closure [84]. This can be explained by the interaction of BAK1
with OST1/SnRK2.6, which is known to be a major contributor to ABA-induced stomatal
closure [85,86]. This study also found that BAK1 can interact with the PP2C family protein
ABI1. BAK1 and ABI1 oppositely regulate OST phosphorylation (at least /n vitro) and
ABI1 interaction with BAK1 inhibits BAK1-OST1 complex formation. Therefore, the
BAK1-0OST1 complex is promoted by ABA, which leads to stomatal closure, whereas this
process is inhibited by BL treatment, providing another layer of BR—-ABA cross-talk [84].
Further studies are needed to determine whether BAK1-OST1 interactions affect BR
signaling outputs in response to ABA. While these studies seem to support antagonism of
BR and ABA in terms of stomata closure, this effect has been somewhat controversial across
studies and species and may depend on the relative concentrations of BRs used and whether
BRs were exogenously applied or BR mutants were used [87-90]. For example, BR mutants
showed an increased response to ABA with enhanced stomatal closure [90-92]; however,
BR application could cause stomata opening at low concentrations [89], but promoted
stomatal closure at higher concentrations [87,89,90].

regulates multiple aspects of BR-ABA cross-talk

Further cross-talk among BR and ABA pathways occurs at the level of BIN2 kinase (Figure
2, left). BIN2 is a GSK3 kinase that functions as a negative regulator in the BR pathway by
phosphorylating and inactivating BES1 and BZR1. In addition to BES1 and BZR1, BIN2
has a diverse array of substrates that allow it to regulate numerous processes involved in
growth, development and stress responses [93]. Consistent with the reported ABA
hypersensitivity of bin2-1D gain-of-function mutants [77], bin2-1D plants were found to be
hypersensitive to ABA in root growth inhibition assays and ABA-responsive gene
expression and displayed increased phosphorylation of the SnRK2 substrate ABF2.
Conversely, BIN2 loss-of-function bin2-3 bil1 bil2 mutants showed compromised ABA
responses [94]. A search for BIN2-interacting proteins using immunoprecipitated BIN2-
FLAG and liquid chromatography tandem mass spectrometry (LC-MS/MS) identified
SnRK2s as BIN2 interactors. BIN2 was shown to specifically interact with SnRK2.2,
SnRK2.3 and SnRK2.6 and phosphorylate SnRK2.2 and SnRK2.3 but not SnRK2.6. Mass
spectrometry and follow-up analysis identified T180 as a BIN2 phosphorylation site on
SnRK2.3 (T181 of SnRK2.2), and a mutant SnRK2.3T180A displayed decreased auto-and
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trans-phosphorylation activity, indicating that BIN2 phosphorylation is crucial for SnRK2
activity [94]. Therefore, BIN2 phosphorylation and activation of SnRK2 represents one
mechanism by which BIN2 promotes ABA responses.

Another point of BR-ABA cross-talk mediated by BIN2 comes in the form of BIN2
interaction with a downstream transcription factor in the ABA pathway, ABI5 (Figure 2,
left). ABI5 is a well-known target of SnRK2 kinases and is critical for ABA inhibition of
seed germination [95,96]. ABI5 was identified in a yeast two-hybrid screen using BIN2 as
bait [97]. Subsequent analysis indicated that BIN2 phosphorylates ABI5 in an ABA
dependent manner, likely on distinct residues from those phosphorylated by SnRK2. Genetic
evidence indicated that BIN2 phosphorylation stabilizes ABI5, as ABI5 levels were
increased in BIN2 gain-of-function mutants, but decreased in the absence of BIN2 or when
plants were treated with BRs, which inactivates BIN2 [97]. Together with evidence that
BIN2 and its homologs may be induced by stresses [80,93,98,99], it is likely that BIN2 is
activated during abiotic stress conditions and positively modulates ABA signaling through
both phosphorylation and activation of SnRK2.2 and SnRK2.3 as well as by increasing
ABIS5 protein stability. Given that several other ABA-regulated ABF transcription factors
(ABF1 and ABF3) were found to interact with BIN2 [97], it will be interesting for future
studies to determine the extent to which the repertoire of BIN2 substrates extends into the
ABA pathway.

Inhibition of ABA signaling by BES1 and BZR1

A more downstream aspect of BR-ABA interactions occurs between ABA- and BR-
regulated transcription factors (Figure 2, right). Firstly, BES1 can antagonize ABA signaling
via repression of AB/3expression by the BES1-TPL-HDAC19 complex [100]. The
expression of ABA-regulated transcription factors AB/3and AB/5was shown to be
decreased in besI-D but up-regulated in a besI knockout mutant, which corresponded to the
altered ABA sensitivities of these mutants. The mechanistic basis as to how BES1 can
repress target gene expression can be explained by interactions of BES1 with TPL and
TOPLESS-RELATED (TPR) repressors via an EAR motif that is conserved among BES1/
BZR1 family transcription factors. Consistently, expression of a BESI-D construct
containing EAR mutations was unable to produce BR- or ABA-related phenotypes normally
associated with BESI-D overexpression, reinforcing the notion that the repression function
of BESL1 is crucial for BR signaling as well as BR-ABA cross-talk. Moreover, BES1 was
found to bind to several E-box motifs in the AB/3 promoter, repressing its expression by
reducing histone acetylation that is normally associated with gene activation [100]. Since
ABI3 functions to promote the expression of AB/5, repression of AB/3by BES1 could
down-regulate both of these transcription factors and thus ABA responses.

Subsequently, another related study also found that BZR1 can directly bind to the promoter
of AB/5[101]. In the present study, it was found that mutant 6zrZ-D plants are also resistant
to ABA treatments, which is at odds with previous reports that bes-D, but not bzr1-D,
displayed ABA insensitivity [100]. Interestingly, bzr1-d/bin2—1D double mutants showed
decreased sensitivity to ABA compared with bin2-1D mutants, and a subset of ABA-
responsive genes, including AB/5, were differentially expressed in bzr1-D/bin?-1D

Biochem J. Author manuscript; available in PMC 2018 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nolan et al.

Interactions

Page 8

compared with 6in2-1D as monitored by RNA-seq experiments. Follow-up experiments
showed that BZR1 could directly bind to G-box elements within the AB/5 promoter. These
G-box elements were necessary for BZR1 repression of AB/5and overexpression of AB/5
in bzri-dpartially rescued the ABA-insensitive phenotype of bzr1-d[101]. These studies
suggest that BES1 and BZR1 can transcriptionally modulate AB/5 levels to control ABA
signaling either through control of AB/3and/or via direct binding to the AB/5 promoter. It
remains to be determined if the differences between these two studies reflect the specificities
of BES1 versus BZR1 or if they can be explained by other experimental differences.

MYB30, a target and interactor of BES1 [61], also functions in regulating ABA responses
[102,103]. Similar to BES1 and BZR1, MYB30 appears to negatively regulate ABA
responses, which is consistent with BES1 and MYB30 co-operatively regulating BR gene
expression. myb30 mutants were more sensitive to ABA treatment, whereas overexpression
of MYB30led to ABA insensitivity [103]. Interestingly, MYB30 is sumoylated by the small
ubiquitin-like modifier (SUMO) E3 ligase SIZ1, which leads to stabilization of MYB30
[103]. Conversely, the E3 ubiquitin ligase MIEL1 (MYB30-interacting E3 ligase 1) targets
both MYB30 [104] and another ABA-related transcription factor, MYB96, for degradation
[102], but the ABA-hypersensitive phenotype of mie/I mutants in seed germination was
found to be largely due to accumulation of MYB96 [102], which functions as a positive
regulator in the ABA pathway [105]. In contrast, MIEL1 appears to regulate both MYB30
and MYB96 stability in leaf tissue [102], which could have important implications in ABA
and pathogen crosstalk. Thus, MYB30 is a negative regulator of ABA responses and is
controlled by several post-translational modifications to fine-tune its activity in ABA and
related pathways.

between the BR pathway and drought stress

While there is accumulating evidence that BR and ABA pathways function antagonistically,
the relationship between BRs and drought is somewhat more complex. Several studies
reported that application of exogenous BRs could actually promote tolerance to drought
stress, which is seemingly contradictory to the BR-ABA antagonism [106-110]. However,
the effects of BR on drought outcomes seem to depend on the concentrations of BRs used as
well as the environment. When high concentrations of BRs are used, they may lead to
feedback inhibition or other secondary effects as was noted in tomato, where exogenous BR
application leads to elevated ABA levels due to H,O, production [111].

While the effects of exogenous BRs may be complex, several recent studies have used a
genetic approach to address the relationship of the BR pathway with drought responses,
showing that the BR pathway inhibits drought response [112-114]. Knockdown of a BR/I
homolog in Brachypodium distachyon, BdBRI/1, led to increased tolerance to drought and
altered drought-responsive gene expression [115]. Furthermore, Northey et al. [114]
connected BR to both ABA and drought by establishing the relationship between the
farnesyl transferase ERA1 (ENHANCED RESPONSE TO ABSCISIC ACID 1) and
CYP85A2, the cytochrome P450 enzyme that converts castasterone into brassinoloide in the
last step of BR biosynthesis. A mutant in CYP85A2 (cyp85a2-2) was identified from a
screen targeting candidate ERAL substrates that contained a motif typically targeted by
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farnesyl transferases. The cyp&5a2-2 mutant showed a phenotype similar to eraz-2
including an increased response to ABA and drought tolerance. The known function of
CYP85A2 in the BR pathway suggested that the phenotypes observed in eraZ-2might be
due to decreased BR biosynthesis. Indeed, detailed analysis showed that eraZ-2 mutants
have reduced BR biosynthesis and ERA1-mediated farnesylation of CYP85A2 is required
for proper localization and function of CYP85A2 [114]. This study supports the idea that
reduced BR biosynthesis can lead to drought tolerance, however, the mechanisms that allow
plants to balance BR-regulated growth when drought stress is encountered remained unclear
until recently.

Reciprocal inhibition between BR and drought pathways mediated by BES1 and RD26

When plants encounter drought, it is important that growth is quickly inhibited so that
resources can be devoted to stress response. Similarly, under optimal growth conditions,
resources need not be wasted by unnecessarily activating drought stress responses [116].
Recent studies have shown that several mechanisms converge on BES1 to restrain growth
when stress is encountered. One of these mechanisms was revealed through characterization
of a BES1 target transcription factor, RESPONSIVE TO DESICCATION 26 (RD26), which
allows plants to balance these constrains through modulation of the transcriptional activity
of BES1 (Figure 2) [112]. RD26'is a member of the NAC family of transcription factors and
is induced under abiotic stress conditions including drought to promote drought tolerance
[117-119].

BRs inhibit the expression of D26 and several of its homologs, which is mediated by BES1
binding to a region of D26 promoter containing the BES1 BRRE-binding site. When
overexpressed (RD26 OX), RD26 caused stunted growth, reduced BR response and
suppressed the BR gain-of-function mutant besZ-D. These observations along with the fact
that RD26is induced under abiotic stress [117-119] suggest that RD26 functions to inhibit
BR-regulated growth when stress is encountered.

Global gene expression studies were instrumental in deciphering the mechanism of
interactions between BES1 and RD26. BRs regulated ~5000 genes, ~35% of which were
regulated in an opposite fashion in RD26 OX plants. Investigation of these genes revealed
that BR-induced and RD26 OX-repressed genes were enriched for E-box promoter elements,
while BR-repressed and RD26 OX-induced genes were enriched for BRRE sites. Since these
are BES1-binding sites and closely resembled those previously reported for RD26 and other
NACs [117,120], it was postulated that BES1 and RD26 might bind to a common site in
these BR- and RD26-regulated genes [112]. Indeed, BES1 and RD26 were found to
physically interact and simultaneously bind to the same promoter element where they
neutralized each other’s activity on BES1 target genes. For example, BES1 promotes BR-
induced genes, whereas RD26 represses these genes, and together the combination of BES1
and RD26 has intermediate activity. The opposite was true on BR-repressed genes, where
BES1 repressed their expression and RD26 induced their expression.

The idea that BES1 and RD26 bind to a common target site is supported by an elegant study
by Song et al. [121] that provided the largest set of ABA-responsive ChIP-seq data to date.
This study confirmed that the motif enriched in RD26 target genes matched known BES1-
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binding sites and provided a rich dataset allowing comparisons of RD26 target genes to
various BES1 and BR datasets. We combined and analyzed these published datasets to
provide a more comprehensive overview of the relationship between BES1 and RD26 target
and regulated genes. As expected, RD26 targets from ABA-treated plants [121] show
extensive overlaps with RD26 OX-regulated genes (Figure 3A) [112]. Similarly, RD26 target
genes have a high degree of overlap with BES1/BZR1 target [44,45,49] and BR-regulated
genes (Figure 3A) [63], which confirms the interactions between BES1 and RD26 reported
by Ye et al. [112] at the genome-wide level. Consistent with the role of RD26 in drought
response, a significant amount of overlap is also observed with drought-regulated genes
[122] and RD26 OXIRD26 targets. Comparison of BES1/BZR1 and RD26 target genes with
genes regulated by BRs, drought and in RD26 OX revealed a core set of 594 genes (Figure
3B), which are highly enriched for the BES1 and RD26 G-box-binding site (CACGTG; a
specific E-box, Figure 3C). We also performed clustering analysis of these 594 genes using
published RNA-seq data from plants treated with or without BRs [112], which revealed that
many BR-repressed genes are induced in D26 OX and repressed in rd26g mutants
(especially after BR treatment, Figure 3D). Conversely, the subset of BR-induced genes in
this core set appear to be highly repressed in RD26 OX; but no longer induced by BRs in
rd26g, raising the possibility that RD26 could actually be required for BR-responsive
induction of these genes. In any case, perturbation of D26 leads to dramatic changes in
expression of BR and drought-regulated genes that are targets of both BES1/BZR1 and
RD26.

The genetic relationship between BR and drought was also confirmed and explained by
cross-talk between BES1 and RD26. BR loss-of-function 6riZ—5 mutants showed increased
expression of drought-induced genes and tolerance to drought, while the BR gain-of-
function mutant bes-D suppressed drought gene expression and was more sensitive to
drought [112]. A double mutant of besZ-D RD26 OX largely rescued the drought-sensitive
phenotype of besI-D, suggesting that BR repression of RD26through BES1 plays a major
role in controlling drought response. Taken together, these observations suggest a model in
which BRs restrain drought responses under normal conditions by repressing the expression
of RD26and other NACs. When drought is encountered, RD26'is quickly induced [119] and
interacts with BES1 to inhibit the function of BES1 on target gene promoters. Thus, BR and
drought pathways converge by the interaction of BES1 and RD26 on a common promoter
element, leading to inactivation of BES1, which ensures a proper growth-stress balance.
While BES1 and RD26 oppose each other’s function on many genes, a subset of genes
affected by BRs and, in RD26 OX; are regulated in the same direction [112], suggesting that
BES1 and RD26 may function co-operatively in certain contexts. Thus, it will be of great
interest to determine the mechanisms that lead to antagonism or co-operation between BES1
and RD26. These sets of genes may explain why BRs can sometimes promote resistance to
drought [123] and could provide an opportunity to engineer crops for optimal growth and
stress responses.

Degradation of BES1 by selective autophagy during drought stress

In addition to inhibition of the activity of BES1 on target gene promoters, more recent
evidence suggests that BES1 can also be inhibited during stress by targeted degradation. One
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pathway that is involved in protein degradation, especially during stress, is autophagy
[124,125]. Autophagy can be highly selectively by employing receptor proteins that bind to
both cargos destined for degradation and also to the autophagy protein ATG8
(AUTOPHAGY-RELATED 8) [126-128]. Using autophagy inhibitors and autophagy-
deficient mutants, Nolan et al. [113] showed that BES1 accumulates when autophagy is
blocked, especially during drought and starvation stresses, which is in line with studies
showing that TOR, a central regulator of growth and inhibitor of autophagy, promotes
accumulation of BZR1 [129].

A mechanistic basis for how BES1 is degraded by autophagy was revealed through yeast
two-hybrid screening for BES1-interacting proteins, which led to the discovery that DSK2
(DOMINANT SUPPRESSOR OF KAR?2) functions as the autophagy receptor targeting
BES1 for degradation [113] and also defined SINAT (SINA of Arabidopsis thaliana) E3
ubiquitin ligases for their role in targeting BES1 for degradation during stress [113] and in
response to changing light conditions [130]. DSK2 interacts with ubiquitinated BES1 and is
required for recruitment of BES1 to ATG8-labeled autophagosomes, but does not affect bulk
autophagy, suggesting that DSK?2 is involved in selective autophagy of BES1. Consistently,
DSK2 interacts with ATG8 through two regions containing ATG8-interacting motifs
(AIMs). DSK2 is phosphorylated by BIN2 kinase around its AIMs, which enhances the
interaction between DSK2 and ATG8, thus promoting BES1 degradation [113].

Impairment of BES1 degradation in autophagy mutants or loss-of-function dsk2 RNA/
plants led to increased growth in the presence of BR inhibitors compared with wild-type
plants, whereas survival during drought stress was compromised in these mutants. Survival
of dsk2 RNA/J plants could be restored by reduction in BES1 in a dsk2 RNA/I besl RNAJ
double mutant, suggesting that BES1 degradation during drought provides a key mechanism
to shut down growth in favor of drought responses. This idea is supported by global gene
expression studies, which showed that thousands of drought-related genes were misregulated
in dsk2 RNA/ plants during stress, many of which are BES1 targets [113]. A similar trend
was observed during fixed-carbon starvation, indicating that BES1 degradation through
autophagy is also critical to balance growth during starvation conditions. Additionally, the
SINAT E3 ubiquitin ligase was shown to be induced during starvation stress and control
BES1 degradation through autophagy during fixed-carbon starvation [113], however,
whether SINAT and/or additional E3 ubiquitin ligases function during drought to degrade
BES1 remains to be determined.

Degradation of BES1 during drought conditions was recently confirmed and extended to
another family of transcription factors by Chen et al. [131] who characterized the role of
WRKY46, WRKY54 and WRKY70 (WRKY46/54/70) in both BR-regulated growth and
drought responses. WRKY transcription factors have been extensively studied for their roles
in diverse stress responses [132-136], but a role in BR-regulated growth had not been shown
previously. Expression of WRKY46/56/70was induced by BRs in and besI-D plants, and
the dwarf phenotype of a wrky54wrky46wrky 70 (wrky54f) mutant indicated that WRKY's
are also required for BR-regulated growth. WRKY46/54/70 modulates both BR biosynthesis
and also BR signaling, where they interact with BES1 to co-operatively regulate the
expression of thousands of genes [131]. A large number of drought-responsive genes are
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affected in wrky54t mutants, and changes in drought-responsive gene expression
corresponded with increased drought resistance of wrky54t mutants. These studies indicate
that similar to BES1, WRKY46/54/70 are negative regulators of drought response.
WRKY46/54/70 are substrates of BIN2 kinase, and BIN2 phosphorylation of these WRKY's
led to their destabilization. During drought conditions, both BES1 and WRKY54 protein
levels dramatically decreased [131]. These observations suggest that degradation of growth-
promoting transcription factors during drought stress is likely an important mechanism to
shut down BR responses, and the transcription factors affected by this process might extend
beyond BES1, but the detailed pathways and components that control WRKY46/54/70
stability remain to be investigated.

Taken together, several studies have established BES1 as a key component for BR-drought
cross-talk, and BESL1 is inhibited through multiple mechanisms when drought stress is
encountered. These include inhibition of BES1 transcriptional activity on target gene
promoters through interactions with RD26 [112], degradation of BES1 through DSK2-
mediated selective autophagy [113] and destabilization of transcription factors that co-
operate with BES1 such as WRKY46/54/70 during drought [131]. Additionally, BIN2
kinase has been implicated in several regulatory events that comprise BR—drought cross-talk.
BIN2 promotes ABA signaling components such as ABI5 and SnRK2 kinases and also
inhibits a BES1 both directly and through modulating BES1 degradation via modulation of
DSK2-ATG8 interactions that promote autophagy-mediated degradation of BES1. BIN2
also leads to the destabilization of several other positive regulators of the BR pathway. Thus,
it appears that BIN2 is a critical component involved in promoting stress response while
inhibiting growth and future studies should reveal the exact mechanisms that control BIN2
activation during stress.

In summary, BR and drought pathways interact at multiple levels (Figure 2). This multi-
layer cross-talk happens in both directions (i.e. drought/ABA pathway can inhibit BR
signaling and likewise, BR can inhibit drought/ABA signaling), which likely operate to slow
down plant growth under drought conditions and also prevent unnecessary activation of
drought response during active plant growth. It is likely that the multi-layer cross-talk is
needed both to provide genetic redundancy and to fine-tune the growth and stress responses
depending on the nature and severity of the imposed stresses.

Cross-talk between BR and plant immunity

In addition to drought, plants are faced with an array of other interactions with their
environment, including those with pathogens. Response to pathogen attack must be swift to
ensure survival of the plant, but also needs to be carefully controlled to optimize allocation
of resources. The BR pathway is extensively intertwined with immunity, and cross-talk starts
at receptor complexes that share many components and extends to downstream
transcriptional regulators. In this section, we provide an update on BR and immune cross-
talk with a focus on the molecular mechanisms controlling interactions between these two
pathways.
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Interactions between BR signaling and immunity at receptor complexes and the receptor
kinase substrates

One major aspect of immune signaling that the BR pathway is involved in is pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI1) [11]. PAMPs are recognized
by pattern-recognition receptors, which result in the activation of PTI responses. For
instance, FLAGELLIN SENSING2 (FLS2), a well-studied receptor kinase, recognizes
flagellin from bacterial flagella [137]. Recent studies revealed that several signaling
components are involved in BR and PTI cross-talk, including receptor-like kinases (RLKS)
BAK1 and BIR1 (BAK1-INTERACTING RECEPTOR-LIKE KINASE1), receptor-like
cytoplasmic kinases (RLCKs) BSK1 and BIK1, and transcription factors BES1/BZR1
(Figure 4).

BAK1 has been considered as a possible candidate to mediate tradeoffs between BR-
regulated plant growth and immunity due to its function as a co-receptor in both the BR and
PTI pathways. In the BR pathway, BAK1 promotes growth by interacting with BRI1 to
initiate BR signal transduction at the plasma membrane [14,15], and knockout of BAKZ and
its homologs led to briZ-/ike BR-insensitive dwarf phenotypes [16]. BAK1 also functions as
a co-receptor for several LRR-RLKSs (FLS2, EFR and PEPR1) to perceive various PAMP
signals (flg22, elf26 and AtPepl) [138-141] and promote PTI responses. In line with this
idea, bak1 mutants showed reduced response to PAMPs, suggesting that BAK1 positively
regulates PTI in Arabidopsis [138]. Additionally, bakI mutants suppress the autoimmune
phenotype of bir1, an RLK that functions as a negative regulator of plant immunity [142].
Thus, one possibility is that BR signaling and the immunity antagonize each other through
competition for BAK1 in their receptor complexes.

Two independent groups reported that the BR pathway inhibits PT1 (Belkhadir et al. [144]
and Albrecht et al. [145]). However, these two studies had opposite conclusions regarding
the role of BAK1 in this process. Belkhadir et al. reported that BAK1 was required for the
antagonistic effect of BRs on PTI based on the following observations [143,144]. First,
plants overexpressing the BR receptor BR/1 displayed compromised oxidative burst in
response to flg22, elf19 and PGN treatment, but not to chitin, a component of the fungal cell
wall that activates BAK1-independent defense response. The BRI1 suppression of PTI
requires BAK1. Consistent with these observations, overexpression of BR biosynthetic gene
DWF4 also showed compromised response to flg22 [143]. Moreover, expression of a
hyperactive BR/allele, BR/1sud1, led to enhanced PTI response, likely due to the fact that
activated BAK1 (from constitutive active BRI11sud1) could also activate PTI response.

Consistent with a negative role of BRs in PTI response, Albrecht et al. [145] reported that
treating Arabidopsis leaves with BR inhibited FLS2-mediated disease resistance to
Pseudomonas synringae pv. tomato DC3000 (Pst DC3000), with compromised flg22 or
elf18-triggered ROS burst and PTI marker gene expression. BR signaling outputs including
BES1 phosphorylation and BR marker gene expression were unaltered by flg22 treatment,
suggesting the regulation between BR and PTI is unidirectional [145]. Therefore, both of
these studies support negative regulation of PTI by the BR pathway. However, the results of
Albrecht et al. suggest that BAKL1 is not a rate-limiting factor that causes competition
between BR and immune signaling. Co-treatment with BR and flg22 did not reduce the
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amount of FLS2 that associated with BAK1 [145], which is consistent with a model in
which competition for BAK1 by BRI1 and FLS2 does not play a major role balancing
growth and immunity. One possibility accounting for the opposite conclusions on the
requirement of BAK1 in BR/PTI interaction might be the different approaches, treatments
and mutants used in these studies.

Similar to the results regarding the role of BAK1 in immunity, application of BRs versus the
use of BR mutants can lead to opposite conclusions about the effect of the BR pathway on
plant immune responses. In Hordeum vulgare, BR treatment enhanced the plant tolerance to
Fusarium Head Blight (FHB) disease caused by fungi Fusarium culmorum [146]. In
Brassica napus, overexpression of AtDWF4 displayed increased tolerance to several fungal
pathogens, confirming the results from the BR application experiments [147]. However,
semi-dwarf ‘vzt barley mutant, which has a mutation (H857A) in the kinase domain of
BRI1 and compromised BR signaling, displayed enhanced resistance to a broad range of
viral and fungal pathogens, including £ cu/morum [148]. The genetic studies indicate a
negative role of BR signaling in fungal defense. Similarly, disruption of BR/Zin B.
distachyon led to increased tolerance to necrotrophic and hemibiotrophic pathogens but not
to biotrophic pathogens [149]. Taken together, these physiological and genetic studies
suggest that BRs can play either a negative or positive role in biotic stress responses. The
opposite results derived from plants exposed to the exogenous BR and from BR mutants
suggest that many factors such as plant age, environment, BR concentrations applied (i.e.
signaling strengths) and activation of additional pathways may determine the different
outcomes.

Several RLCKSs are involved in both BR signaling and immunity response (Figure 4). One
RLCK member, BOTRYTIS-INDUCED KINASE 1 (BIK1), is phosphorylated by BAK1
upon flagellin perception and transphosphorylates FLS2/BAK1 via direct interaction to
transduce the flagellin signal [150]. 6/kZ mutants displayed compromised resistance to Pst
DC300 infection, indicating that BIK1 also positively regulates flg22-induced immunity
[150]. BSK1, another RLCK member, is associated with BR receptor BRI1 upon BR
activation and is phosphorylated by BRI1 to transduce the signal to downstream targets [33].
bsk1 knockout mutants display increased susceptibility to pathogens including Pst DC3000
with reduced levels of salicylic acid (SA) [151]. Furthermore, BSK1 directly interacts with
FLS2 and is required for ROS burst, indicating a positive role of BSK1 in flg22-induced PTI
[151,152]. In contrast with BSK1, BIK1 plays a negative role in BR signaling since bik1
mutants are hypersensitive to BRs, accumulate dephosphorylated-BES1 and have decreased
expression of BR biosynthesis genes BR60X, CPD and DWF4[153]. BIK1 associates with
BRI1 and is directly phosphorylated by BRI1, which is enhanced upon BL treatment [153].
In both BR signaling and FLS2 signaling, BIK1 dissociates from BRI1 and FLS2 receptors
upon ligand perception. BAK1 is required for the dissociation of BIK1 with FLS2 in flg22-
induced immunity but not in BR signaling [153]. It was further shown that BIK1 regulates
flg22-triggered immunity via phosphorylation of the NADPH oxidase RBOHD, which
activates ROS burst and controls stomatal movement [154,155].

Both BAK1 and BIK1 were reported to be negatively regulated by phosphatases, which
could be alleviated by PAMP treatment [156,157]. PP2A associates with BAK1, negatively
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regulating BAK1’s activity [157], whereas PP2C38 negatively regulates the activity of BIK1
in immunity [156]. PP2C38 associates with BIK1 and directly dephosphorylates BIK1,
leading to a reduction in PAMP-induced ROS production and stomatal immunity. Upon
PAMP perception, PP2C38 is phosphorylated, likely by BIK1, which leads to dissociation of
PP2C38 from BIK1 thus enabling BIK1 to activate ROS burst [156].

In summary, several points of cross-talk occur between PTI response and BR signaling at the
receptor complexes and downstream RLCKSs. Given the number of shared signaling
components between BR and immunity, understanding how specificity is achieved between
the two pathways is an active area of research. Indeed, recent work has suggested that BRI1
and FLS2 receptor complexes are spatially separated at the plasma membrane [158]. Along
these lines, it would be interesting to determine why BSK1 and BIK1 both play positive
roles in PTI but have positive and negative functions in BR signaling, respectively.

between BR signaling and immunity at transcription levels

It has been reported that the cross-talk between BR and PTI occurs downstream from BIN2,
a central negative regulator in the BR signaling pathway (Figure 4). Flg22-triggered ROS
burst was inhibited by BIN2 kinase inhibitors LiCl/bikinin treatment or in loss-of-function
of BINZ2 mutants [159]. One part of the pathways that this cross-talk occurs at is the
downstream transcriptional regulators. The BR-regulated transcription factor BZR1 appears
to suppress bacterial defense through several mechanisms. First, BZR1 activates the
expression of several WRKY transcription factors, WRKY11, WRKY15and WRKY18,
which negatively control the immunity response [159]. Second, BZR1 interacts with
WRKY40 to directly suppress genes required for PTI responses [159]. Finally, the bHLH
transcription factor HBI1, which is required for BZR1-PIF4-mediated cell elongation and
the activation of BR biosynthetic genes CPD, DWF4 and BR60OX1, inhibits the expression
of PTI marker genes and is therefore proposed to mediate the tradeoff between plant growth
and bacterial defense [160].

BZR1 is also implicated in fungal and insect defense, which likely involves the plant
hormones jasmonic acid (JA) and GA (Figure 4). Gain-of-function bzrZ-D mutants exhibited
enhanced resistance against thrip feeding with elevated expression of JA-inducible VSP
genes [161], indicating that BZR1 positively regulates insect defense, likely by activating JA
signaling. In addition, as discussed above, BZR1 acts through NAC transcription factor
JUBL to increase the biosynthesis of GA/BR as well as the expression of DELLA genes,
which probably act together to promote fungal defense [60]. Finally, overexpression of
JUBLI led to enhanced susceptibility to Pst DC3000[162]. The contribution of JUB1 to BR
regulation of PTI remains to be defined and may represent an indirect mechanism for BZR1
to positively regulate PTI via JUB1. In rice, BRs can antagonize GA-mediated fungal
defenses by stabilizing SLR1, an ortholog of Arabidopsis DELLA protein [163,164]; BRs
can also suppress SA response to root oomycete Pythium graminicolainoculation [164]. It is
proposed that 2 graminicola uses BRs as a decoy to suppress SA signaling, operating
downstream from SA biosynthesis but upstream of OSNPR1 and OsWRKY45, to achieve
pathogenesis [164].
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In contrast with BZR1, BES1 was reported to play a positive role in bacterial immunity and
a negative role in fungal defense. Loss of function of besZ mutants showed decreased
resistance to Pst DC3000 and BES1 was identified as a direct substrate of MPK6 [165].
Mutation of the MPK6 phosphorylation sites in BES1 (BES155AA) Jed to impaired disease
resistance, suggesting a positive role of BES1 in plant immunity downstream from the
MAPK pathway [165]. BES1 has been found to negatively regulate the defense response to
fungal pathogens as besI-D gain-of-function mutants showed enhanced susceptibility to a
necrotrophic fungus Alternaria brassicicola [166]. The BESL1 target transcription factor

MY B30 positively regulates the hypersensitive cell death program in plants in response to
bacterial and fungal pathogens [61,167], likely mediating some of the function of BES1 in
bacterial defense. MIEL1 interacts with and ubiquitinates MYB30, leading to MYB30
degradation, thus weakening MY B30-mediated hypersensitive cell death response [104].
Taken together, there is significant evidence that transcription factors involved in the BR
pathway mediate cross-talk with immune responses. Given that BES1 and BZR1 function
similarly in controlling BR-regulated growth, it will be interesting to further explore their
seemingly contradictory functions in immune responses, which might lead to insights into
the complex relationship between BR and immunity.

BR signaling and virus immunity

Early studies in Nicotiana benthamiana indicated that exogenous application of BR
enhanced disease resistance to a broad range of pathogens, including virus (TMV), bacteria
(Pst DC3000) and fungus (Oidium sp.) [168]. A recent study using the virus-induced gene
silencing (VIGS) system revealed potential mechanisms of cross-talk between BR and virus
resistance [169]. It was shown that foliar application of BL increased the tolerance of
tobacco plants to TMV with accumulation of BR-induced MAPK and RBOHB (NADPH
oxidase B) gene expression, which is accompanied by ROS burst and defense-related gene
expression. The BR-induced virus tolerance was compromised in BR/1 and BSKI-silenced
plants [169]. These results indicated that BRs function through BRI1 and BSK1 to activate
MAPK cascade and ROS production to confer TMV tolerance (Figure 4). On the other hand,
BR-activated BES1/BZR1 was shown to inhibit RBOHB gene expression, thereby reducing
virus resistance and promoting plant growth [169]. The elevated expression of several
defense-responsive genes was also observed in the overexpression transgenic line of wheat
TaBRI1in Arabidopsis, confirming the results from VIGS studies [169,170]. BRs thus have
dual roles in virus defense and the final outcome is probably determined by the relative
signaling strengths of the two branches as well as plant growth and environmental conditions
(Figure 4).

Taken together, research into BR and immune cross-talk has shown that BRs and plant
defense signaling pathways cross-talk at multiple levels in a complex network at the
receptors/coreceptors, their immediate signaling intermediates as well as downstream
transcription factors. The outcome of the cross-talk in terms of plant growth and immune
response is probably determined by the sum of several interactions. One common feature is
that different family members may have different functions (such as BSK1/BIK1 and BES1/
BZR1) likely based on their substrates and/or targets.
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Summary and future directions

In summary, there is accumulating evidence of cross-talk of BR with both drought and
pathogen defense at multiple tiers of these complex signaling pathways. It seems that the
role of BRs in drought stress depends on the environment, as well as on whether the BR
pathway is manipulated via genetic means or by exogenous application. Similarly, the
relationship between BRs and plant immunity may depend on the different pathogens, hosts
and the systems used for studies (i.e. exogenously supplied hormone or mutants). The
mechanisms controlling the regulation of plant immunity and drought stress by BRs likely
operate through complex regulatory networks, including cross-talk with other hormonal
pathways. Understanding how these networks function represents a significant challenge for
the BR field that should be the focus of future research. Given that many factors involved in
BR signaling have already been identified, further studies with system-level approaches are
needed to define how the large number of BR signaling components function together and
how they are modulated by other pathways, environments and in different developmental
contexts. Establishing a global and integrated view of the BR pathway may help clarify the
functions and mechanisms of BRs in regulating both the plant immunity and drought
pathways, allowing for optimization of BR-regulated growth without compromising
tolerance to these important stresses.
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Figure 1. Overview of the BR signaling pathway.
In the absence of BR, several negative regulators (BKI1 and BIK1) act to inhibit BR

signaling at BRI1/BAK1 receptors, and BIN2 phosphorylates BES1/BZR1 family
transcription factors to inhibit their function through several mechanisms. BIN2 also
phosphorylates other transcription factors such as PIF4, MYBL2 and HAT1 to regulate their
activities. Without BR signaling, expression of BR-induced genes is relatively low, whereas
BR-repressed genes are more highly expressed, leading to suppressed BR responses. When
present, BRs bind to receptor BRI1 and co-receptor BAKZ1, which leads to the disassociation
of BKI1 and BIK1 as well as phosphorylation and activation of BRI1/BAK1, which activates
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BSK1, CDG1 and BSU1. BSUL1 then functions to inhibit BIN2 kinase function while KIB1
ubiquitinates BIN2. PP2A activates BES1/BZR1 by dephosphorylation and cytoplasmic
BKI1 sequesters 14-3-3s that otherwise sequester BES1/BZR1 in the cytoplasm. These
events lead to accumulation of dephosphorylated BES1/BZR1 in the nucleus. BES1/BZR1
binds to E-box elements and interacts with cofactors (such as histone-modifying enzymes
REF6 and SDG8 and transcription elongation factor IWS1) and BR-related transcription
factors (BR-TFs, such as PIF4 and BIM1) to activate BR-induced gene expression. On the
other hand, BES1/BZR1 binds to BRRE sites and interacts with co-repressors (TPL and
MYBL2), histone deacetylase (HDAC) and likely other BR-TFs to inhibit BR-repressed
genes. The large number of BR-regulated genes (~5000) enables cell elongation and other
BR-regulated processes.
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Figure 2. Cross-talk between BR and drought pathways.
Drought induces ABA accumulation, which promotes drought responses. ABA acts through

receptors (PYR/PYL/RCAR) to inhibit PP2C repression of SnRKs, allowing SnRKs to
phosphorylate downstream transcription factors (ABI3/ABI5 and others), which regulate
genes for drought responses. ABA-activated OST1/SnRK2.6 also functions to regulate
stomatal closure. There are several mechanisms of cross-talk between drought/ABA and BR
pathways that involve the negative regulator of the BR pathway BIN2 and converge on
BES1/BZR1. 1. ABA induces the expression of REM4.1 through SnRK2 and bZIP28; and
REMA4.1 acts to inhibit BRI1/BAK1 and thus BR signaling. 2. BAK1 and ABI1/PP2C
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oppositely regulate OST1/SnRK2.6 to modulate stomatal closure, providing another layer to
BR-ABA cross-talk. 3. Under drought conditions, BINZ2 is active, which phosphorylates and
activates SnRK?2.2/2.3 and ABI5. 4. During stress conditions, BES1 is ubiquitinated by
SINAT E3 ubiquitin ligases and targeted for degradation through selective autophagy via
phospho-regulated autophagy receptor DSK2. Phosphorylation of DSK2 by BIN2 enhances
DSK2-ATG8 interactions, therefore promoting BES1 degradation. 5. Drought and ABA
activate NAC family transcription factor RD26 that inhibits BES1 activity to promote
drought-induced (BR-repressed) genes and inhibit drought-repressed (BR-induced) genes. 6.
In contrast, under BR-promoted growth conditions, BRI1 phosphorylates and inactivates
REMA4.1. 7. BR-activated BES1/BZR1 inhibits AB/5 expression to inhibit ABA responses
either through AB/3 (top) or by directly binding ABI5 promoter (bottom). 8. On the other
hand, BES1 also inhibits RD26 transcriptional activity to promote BR-induced (drought-
repressed) genes and inhibit drought-induced (BR-repressed) genes, thereby promoting BR-
regulated growth.
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Figure 3. RD26 and BESL regulate a common set of BR and drought genes.
(A) Comparisons of RD26 and BES1/BZR1 target genes with those regulated by D26 OX,

BRs or drought. Gene lists were obtained from previously published datasets
[7,44,45,49,112,121] and statistical significance of their intersection was assessed using
Fisher’s exact test. Color legend indicates —log10 transformed P-values for the intersection
between the given pair of genes; black boxes indicate the total number of genes in each list.
(B) Venn diagram showing a core set of 594 genes that are both BES1/BZR1 and RD26
targets and regulated in RD260X as well as by BRs and drought. (C) The G-box matif is
enriched in the core set of genes shown in (B) in DREME promoter motif analysis [171]
(left), which supports a model in which BES1 and RD26 bind to a common promoter
element to inhibit each other’s function (right). (D) Clustering analysis of BR-responsive
gene expression for 594 core genes from (B) using published D26 OX and rad26g RNA-seq
data [112], showing that these genes are strongly influenced by RD26.
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Figure 4. Cross-talk between BR and immunity.
There is multi-layer cross-talk between BR and plant immunity pathways. 1. Genetic studies

indicated that BR and PAMP receptors may compete for common co-receptor BAKL1, thus
enabling BR repression of PTI. 2. Bacterial infection leads to phosphorylation and activation
of BIK1, which activates RBOH and ROS burst to confer hypersensitive response. 3. In the
nucleus, BR-activated BZR1 can inhibit PTI-mediated defense gene expression through
WRKY11/15/18, HBI1 or in collaboration with WRKY40. 4. BZR1 can also function
through JA and GA pathways (directly or through NAC transcription factor JUB1) to
regulate fungal defense. 5. JUB1 can modulate BR and SA pathways to inhibit bacterial
defense. 6. In contrast, BES1 is activated by the MAPK pathway and plays a positive role in
bacterial defense, which involves MYB30, its E3 ligase MIEL1 and likely other regulators.
7. Recent studies also suggest that BR signals to activate MEK2-SIPK through BRI1 and
BSK1, which in turn triggers RBOH to generate ROS to confer virus resistance. On the
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other branch, BESL1 inhibits the expression of RBOH and thus virus resistance, mediating
tradeoffs between BES1-promoted growth and virus resistance.
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