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V. Zusammenfassung 

Pflanzen sind sesshafte Lebewesen und benötigen deshalb hochsensible 

Mechanismen um ihr Wachstum sowie ihre Entwicklung verschiedenen 

Umweltbedingungen anzupassen. Diese Fähigkeit verlangt ein komplexes 

Zusammenspiel verschiedener Signalmoleküle (Pflanzenhormone), welche 

Umweltsignale in physiologische Prozesse umwandeln. Brassinosteroide (BRs), eine 

Klasse von Pflanzenhormonen, kontrollieren eine Vielzahl physiologischer Prozesse. 

Mutationen in Genen der BR Biosynthese und Signaltransduktion verursachen 

typische Defekte in der Pflanzenmorphologie, dem Wachstum und der Entwicklung. 

Trotz der großen Fortschritte, die in der Aufklärung der BR-Signaltransduktion 

gemacht wurden, ist noch weitgehend unbekannt wie die molekularen Signale in 

Wachstums- und Entwicklungsprozesse übertragen werden.  

Das Ziel der vorliegenden Arbeit war es, Zielgene von BR-regulierten 

Transkriptionsfaktoren zu finden, welche Wachstums- und Entwicklungsprozesse 

koordinieren. Die vorliegende Arbeit liefert Evidenzen, dass die Wirkungsweise von 

BRs zum Teil über die Kontrolle der Biosynthese zweier weiterer Klassen von 

wachstumsfördernden Pflanzenhormonen, der Gibberelline (GA) und der Auxine 

funktioniert.  

Es konnte gezeigt werden, dass die BR-regulierten Transkriptionsfaktoren, BES1 und 

BZR1, an ein neu identifiziertes ‚non-E-Box’ Motiv in den Promotoren von GA20ox1, 

GA3ox1 und GA3ox4 binden und somit deren Transkriptgehalte kontrollieren. Die darin 

bedingten verringerten GA-Gehalte in BR-Mutanten, tragen zu diversen Wachstums- 

und Entwicklungsdefekten bei. Des Weiteren deuten Ergebnisse dieser Arbeit darauf 

hin, dass BRs den positiven GA Feedback-Mechanismus kontrollieren, welcher bei 

niedrigen GA-Gehalten die Expression von Biosynthesegenen induziert.  

Weiters wurde gefunden, dass das ‚non-E-Box’ Motiv auch in Promotoren von Auxin 

Biosynthesegenen vorhanden ist. BES1 reguliert die Expression dieser Gene positiv 

und es wurde gefunden, dass die verringerte Expression dieser Gene in BR-Mutanten 

für einige Phänotypen mitverantwortlich ist.  

Zusammenfassend zeigt diese Arbeit, dass die Transkriptionsfaktoren BES1/BZR1 

direkt die Expression wichtiger Enzyme der GA und Auxin Biosyntheseprozesse 

regulieren und dadurch zur physiologischen Wirkungsweisen von BRs beitragen.   
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VI. Summary 

As sessile organisms, plants are highly sensitive to a changing environment and adjust 

their growth and development accordingly. This ability is triggered by a coordinated 

action of several signalling molecules (plant hormones). Brassinosteroids (BRs), one 

class of hormones, play an important role in a multitude of physiological processes. 

Mutants of BR biosynthesis and BR-signalling display characteristic defects in plant 

architecture, growth and development. Although tremendous progress in the 

understanding of BRs signal transduction was made, it remains poorly understood how 

the signal is translated into specific physiological growth responses. This work sought 

to identify molecular targets of BR-regulated transcription factors, which coordinate 

growth and development. The present work provides several lines of evidence that the 

growth-promoting capacity of BRs is partially triggered by the control of gibberellin (GA) 

and auxin biosynthesis, two additional important plant hormones.  

First, the BR-regulated transcription factors BES1/BZR1 were found to control the 

levels of GA20ox1, GA3ox1 and GA3ox4 transcripts by directly binding to a newly 

identified ‘non-E-Box’ motif in their promoters. Several of the growth and 

developmental defects in BR-mutants were shown to be a consequence of attenuated 

GA-levels. In addition, BRs were required for the induction of the positive GA-feedback 

mechanism, an important mechanism for balancing GA-levels.  

Secondly, the novel 'non-E-Box' motif was also identified in the promotes of the auxin 

biosynthesis genes. BES1/BZR1 were found to positively control the level of 

expression of these genes, and the attenuated transcripts in BR-mutants caused 

several phenotypes.  

Collectively, this work demonstrates that the BES1/BZR1 transcription factors exert a 

direct control of key enzymes of GA and auxin biosynthesis, and thereby contribute to 

the physiological effects of BRs.  
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1 Introduction 

The ability of plants to adapt growth and development to changing environmental 

conditions is crucial for their biological fitness. This adaptational plasticity requires a 

coordinated action of several plant hormones to integrate environmental stimuli into 

specific physiological responses. Brassinosteroids (BRs), gibberellins (GAs) and auxin 

have been identified as key players in the regulation of growth and development. After 

the discovery of their molecular components in linear signalling pathways, it became 

more and more evident that these pathways crosstalk at multiple levels. The present 

work investigates a crosstalk of BRs with GA and auxin through the regulation of their 

hormone levels in the model species Arabidopsis thaliana (Arabidopsis) and shows 

that the transcriptional control of key biosynthetic genes takes part.  

 

1.1 Brassinosteroids 

Brassinosteroids (BRs) are small growth-promoting molecules, which share structural 

similarity to animal steroid hormones. In the 1970s a steroidal lactone named 

brassinolide (BL) was found to be responsible for the growth-promoting capacity of 

rape (Brassica napus L.) pollen extract (Mitchell et al., 1970; Grove et al., 1979). Since 

this discovery, a total of 70 BL-related steroid substances was identified and 

collectively are called BRs (Clouse, 2011).  

Figure 1. Brassinosteroids 
control plant growth and 
development.  
Phenotype of four-week-old 
wild-type (left image) and bri1-
1 (right image) plants. The 
plants were grown at 21°C 
under LD conditions. The 
white square indicates the 
area, which is depicted in the 
close-up view.  
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BRs play versatile roles during development and growth of plants and functions 

through modulation of cell elongation, division, and differentiation (Gudesblat and 

Russinova, 2011). Their pivotal function throughout development becomes evident by 

the phenotypes of BR-deficient mutants, which are strongly dwarfed with dark-green, 

epinastic leaves, are late-flowering and have reduced fertility (Clouse et al., 1996; Li 

et al., 1996; Szekeres et al., 1996) (Fig. 1). Besides, BRs confer developmental 

plasticity to environmental conditions such as during skotomorphogenesis (Clouse et 

al., 1996; Li et al., 1996; Szekeres et al., 1996) shade avoidance (Kozuka et al., 2010; 

Keller et al., 2011; Procko et al., 2016), thermomorphogenesis (Gray et al., 1998; 

Stavang et al., 2009; Oh et al., 2014) and tropistic growth responses (Li et al., 2005; 

Kim et al., 2007).  

 

1.1.1 Brassinosteroid biosynthesis 

The BR biosynthesis pathway involves enzymes that share structural similarity with 

enzymes of animal steroid biosynthesis (Li et al., 1997). The exact sites of BR 

biosynthesis in plants are unknown. However, the components of the BR biosynthetic 

pathway were revealed in great details (Clouse, 2011). 

Among these components, DE-ETIOLATED 2 (DET2), a steroid 5α-reductase, 

participates in the synthesis of campestanol (CN), a precursor for BRs (Li et al., 1997). 

Figure 2. The BR biosynthesis pathway.  
Schematic representation of the BR 
biosynthesis pathway. The precursor 
campesterol (CR) is reduced by DET2 to 
campestanol (CN). Subsequently, the 
pathway branches into the late C-6 
oxidation pathway (left) and the early C-6 
oxidation pathway (right) where CN is 
oxidized to 6-OxoCN. Both finally lead to 
the formation of bioactive castasterone 
(CS) and brassinolide (BL). The 
intermediate steps and the involved 
enzymes are shown. CN (campestanol), 
CT (cathasterone), TE (teasterone), TY 
(thyphasterol) and CS (castasterone). 
Modified from Poppenberger et al 2011.  

Figure 2. The BR Biosynthesis Pathway.
(A) Schematic rapres entation of the BR biosynthes is pahtway from camposterol (CR) to brassino lide (BL) , with the involv ed
enzymes indic ated at the various steps of biosynthesis. CN (campestanol), CT (cathasterone), TE (teasterone), TY
(thyphasterol) and CS (castasterone). Modified after Poppenberger et al 2011.
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Subsequently, the BR biosynthetic pathway branches into the early and the late C-6 

oxidation pathway, depending on the C-6 oxidation of CN. DWARF 4 (DWF4) converts 

CN to 6-Deoxo-cathasterone (6-Deoxo-CT; or CT in the late C-6 oxidation pathway) 

(Choe et al., 1998). Then, 6-DeoxoCT is hydroxylated by ROTUNDIFOLIA 3 (ROT3), 

CYP90D1 and CONSTITUTIVE-PHOTOMORPHOGENIC-DWARF (CPD) to 6-Deoxo-

teasterone (6-Deoxo-TE; or TE in the late C6 oxidation pathway) (Szekeres et al., 

1996; Kim et al., 2005). The enzymes converting TE to typhasterol (TY) and then to 

castasterone (CS) have remained unknown. CYP85A1 and CYP85A2 hydroxylate 6-

DeoxoCS to CS (Shimada et al., 2001) and finally, CYP85A2 oxidises CS to BL, the 

most active BR (Nomura et al., 2005).  

BRs are active at very low concentrations; thus, plants have developed a feedback 

loop, which regulates the expression of several BR biosynthetic enzymes to balance 

the levels of bioactive BRs. DWF4, CPD, BR6ox and ROT3 transcripts are 

downregulated by BR-application and induced by the application of brassinazole 

(BRZ), an inhibitor of BR biosynthesis (Asami et al., 2000). The BR-regulated 

transcription factors BRI1-EMS-SUPPRESSOR 1 (BES1) and BRASSINAZOLE-

RESISTANT 1 (BZR1) are involved in the negative feedback regulation of BR 

biosynthesis (He et al., 2005). Besides, the bHLH transcription factor CESTA (CES) 

promotes BR biosynthesis by binding to G-Box motifs in the promoters of several BR 

biosynthesis genes and thereby increases their mRNA abundance (Poppenberger et 

al., 2011). Evidence that the transcriptional activity of CES is modulated by BRs, 

through post-translational modifications (Khan et al., 2014), indicates a putative role in 

the BR-feedback control.  

 

1.1.2 Brassinosteroid signalling 

Genetic screening for BR-insensitive mutants allowed to identify components of the 

BR signal transduction, such as the leucine-rich repeat (LRR) receptor-like kinase BR-

INSENSITIVE 1 (BRI1) (Clouse et al., 1996; Li and Chory, 1997). Analysis of different 

bri1 loss-of-function alleles demonstrated that the LRR-containing extracellular domain 

and the intracellular kinase domain are essential for BR signalling (Li and Chory, 1997; 

Noguchi et al., 1999; Friedrichsen et al., 2000). The extracellular domain of BRI1 is 

critical for ligand binding, activates the intracellular kinase domain (He et al., 2000), 

and interacts with BRI1-ASSOCIATED-KINASE 1 (BAK1), resulting in trans-

phosphorylation of the kinase domains (Nam and Li, 2002). Dissociation of inhibitory 
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protein BRI1-KINASE-INHIBITOR1 (BKI1) and BOTRYTIS-INDUCED-KINASE 1 

(BIK1) potentiate the BRI1-BAK1 interaction (Wang and Chory, 2006; Lin et al., 2013). 

Also, BRI1 and BAK1 undergo endocytosis, and the cycling between the endosome 

and plasma membrane allows to increase the signalling surface within the plant cell 

(Russinova et al., 2004; Geldner et al., 2007). BRI1/BAK1 phosphorylates and thereby 

activates the membrane-anchored cytoplasmic kinases BR-SIGNALLING-KINASE 1 

(BSK1) and CONSTITUTIVE-DIFFERENTIAL-GROWTH 1 (CDG1) (Tang et al., 2008; 

Kim et al., 2011). Consequently, BSK1 and CDG1 activate the phosphatase BRI1-

SUPPRESSOR 1 (BSU1), which interacts with and dephosphorylates GLYCOGEN 

SYNTHASE KINASE 3 (GSK3)-like kinases, including BR-INSENSITIVE 2 (BIN2) (He 

et al., 2002; Mora-Garcia et al., 2004; Yan et al., 2009; Rozhon et al., 2010). GSK3s-

mediated phosphorylation of BES1/BZR1 favours their interaction with 14-3-3 

phosphopeptide-binding proteins and retains them in the cytosol and inhibits their 

activity (Gampala et al., 2007; Ryu et al., 2007). More recently, it was shown that 

phosphorylated BES1/BZR1 is dephosphorylated by the PROTEIN-PHOSPHATASE 

2A (PP2A), promoting their localisation to nuclei and activity (Tang et al., 2011).  

The transcription factors BES1 and BZR1 were identified in mutant screens that aimed 

to isolate BR signalling components and yielded the bes1-D and bzr1-1D mutants. 

bes1-D and bzr1-1D are characterised by a proline to leucine substitution in the PEST  

Figure 3. The BR signalling 
cascade.  
Schematic representation of the 
BR signalling cascade: in the 
absence of BRs (left), the 
receptors BRI1 interact with BKI1 
and BIK1 two negative regulators 
of BRI1/BAK1 interactions. BSU1 
is not phosphorylated and does 
not inhibit GSK3s activity. 
Therefore, GSK3s phosphorylate 
BES1/BZR1, promoting their 
interaction with 14-3-3 
phosphopeptide-binding proteins 
and retaining BES1/BZR1 in the 
cytosol.  
In the presence of BRs (right) the 
BRI1 extracellular domain binds 
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BRs causing transphosphorylation of the intracellular kinase domain and results in a rapid dissociation 
of BKI1 and BIK1 and promotes BRI1 interaction with BAK1. A series of phosphorylation events are 
activated, including phosphorylation of CDG1 and BSK1 finally activating the BSU1 phosphatase, which 
inhibits GSK3s activity. This results in the prevalence of dephosphorylated BES1/BZR1 states partially 
also by active dephosphorylation through PP2A. Dephosphorylation of BES1/BZR1 promotes its nuclear 
localisation and binding to E-Box, G-Box and BRRE cis elements to regulate BR-mediated 
transcriptional responses.  
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domain that promotes the accumulation of the phosphorylated and dephosphorylated 

forms (He et al., 2002; Yin et al., 2002). BES1/BZR1 have an atypical bHLH DNA-

binding domain in the N-terminus and can bind to E-box motifs (CANNTG), G-box 

motifs (CATATG) and the BR-responsive element (BRRE; CGTGT/CG) (He et al., 

2005; Yin et al., 2005). In a ChIP-Chip analysis more than 1000 putative BZR1 target 

genes were identified (Sun et al., 2010) and in a different study, using the bes1-D for 

ChIP-Chip analysis, approximately 1600 putative BES1 target genes were found, 

which significantly overlap with the BZR1 targets (Yu et al., 2011). BR-mediated 

transcriptional changes share many common target genes with light-, auxin-, and 

gibberellin responses (Goda et al., 2004; Sun et al., 2010; Yu et al., 2011; Bai et al., 

2012; Gallego-Bartolome et al., 2012; Li et al., 2012b; Oh et al., 2014). In addition, BRs 

crosstalk with other signalling pathways through GSKs. GSKs interact with and 

phosphorylate several transcription factors and signalling proteins. Among these BIN2 

regulates the activity of AUXIN-RESPONSIVE-FACTOR 2 (ARF2) (Vert et al., 2008) 

and PHYTOCHROME-INTERACTING-FACTOR 4 (PIF4) (Oh et al., 2012; Bernardo-

Garcia et al., 2014). Besides, BIN2-activity is under the control of a TRACHEARY-

ELEMENT-DIFFERENTIATION INHIBITORY-FACTOR (TDIF) – TDIF-RECEPTOR 

(TDR) module (Cho et al., 2014) and OCTOPUS (OPS) (Anne et al., 2015).  

 

1.2 Gibberellins 

Gibberellins (GAs) are tetracyclic diterpenoid compounds, which were first isolated 

from the pathogenic fungus Gibberella fujikuroi (now classified as Fusarium fujikuroi) 

and only later it was discovered that GAs are also synthesised in plants. Subsequently, 

more than 136 GA structures were identified in plants, from which only a few are 

biologically active, including GA1, GA3 and GA4, (Hedden and Thomas, 2012). 

GAs control many developmental and adaptational growth processes, such as seed 

germination, vegetative growth, flowering time control and seed production (Fleet and 

Sun, 2005). Mutants of GA-biosynthetic genes display a dwarfed phenotype with dark 

green, small leaves and a delayed flowering (Koornneef and van der Veen, 1980; 

Talon et al., 1990; Rieu et al., 2008b; Plackett et al., 2012; Regnault et al., 2014).  
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1.2.1 Gibberellin biosynthesis 

GAs are synthesised from trans-geranylgeranyl diphosphate (GGPP), which is 

converted to ent-kaurene in plastids in a two-step reaction: ENT-COPALYL-

DIPHOSPHATE-SYNTHASE (CPS) catalyse the reaction from GGPP to ent-copalyl 

diphosphate, that is subsequently converted to ent-kaurene by the ENT-KAURENE-

SYNTHASE (KS) (Koornneef and van der Veen, 1980). Several oxidation reactions 

are required to convert ent-kaurene to GA12-aldehyde and finally to GA12, which are 

catalysed by the KAURENE-OXIDASE (KO) and the ENT-KAUREONIC-ACID-

OXIDASE (KAO) (Hedden and Thomas, 2012). The formation of GA12 is widely 

conserved among plant species, and Arabidopsis contains two fully functional 

redundant KAO genes, whose double loss-of-function mutants are severely dwarfed 

(Helliwell et al., 2001; Regnault et al., 2014).  

The final steps to produce bioactive GAs are species-specific but in most cases, 

require the activity of GA20-OXIDASE (GA20ox) and GA3-OXIDASE (GA3ox) 

enzymes. In Arabidopsis, GA20ox enzymes convert GA12 in sequential reactions to 

GA9. The activity of GA20ox enzymes is a rate-limiting step in the GA-biosynthesis 

pathway. Finally, GA9 is converted by GA3ox enzymes to the major bioactive GA GA4. 

The enzyme GA2-OXIDASE (GA2ox) antagonises GA activity by converting active 

GAs into inactive catabolites (Hedden and Thomas, 2012). 

The level of bioactive GA is controlled by feedback regulation, where bioactive GA 

suppresses the expression of GA20ox and GA3ox genes and promotes transcription 

of GA2ox genes. This negative feedback control requires GA-signalling since in 

mutants lacking core GA-signalling components, such as the GA receptor GID1, 

transcript levels of feedback-regulated genes are elevated and not repressed by GA-

treatment. Consequently, such mutants accumulate highly elevated levels of bioactive 

GA (Fujioka et al., 1988; Griffiths et al., 2006).  

In the positive feedback control of GA biosynthesis, the DELLA transcriptional 

repressors play essential roles. The transcript levels of GA20ox and GA3ox genes are 

low in mutants lacking DELLAs but are strongly increased in plants containing 

stabilised DELLA forms (Dill et al., 2001; Zentella et al., 2007; Weston et al., 2008). 

However, the molecular mechanisms of DELLAs function in this feedback control 

remain largely unknown (Zentella et al., 2007; Hedden and Thomas, 2012).  

Besides the feedback regulation, GA biosynthesis genes are controlled in a 

developmental stage-dependent manner (Silverstone et al., 1997; Mitchum et al., 
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2006; Rieu et al., 2008b; Regnault et al., 2014). Bioactive GA is most abundant in 

actively growing tissues, i.e. in pea developing leaves and elongating internodes 

(Smith et al., 1992), correlating with the spatial expression of GA-biosynthesis genes 

(Kaneko et al., 2003). Moreover, environmental conditions affect GA biosynthesis, 

since expression of GA20ox and GA3ox is sensitive to changes in light quantity, quality 

or duration (Garcia-Martinez and Gil, 2001; Devlin et al., 2003; Kohnen et al., 2016) 

and ambient temperature (Yamauchi et al., 2004; Stavang et al., 2009).  

 

1.2.2 Gibberellin signalling 

Bioactive GAs are sensed and bound by the cytoplasmic and nuclear located GA-

INSENSITIVE-DWARF 1 (GID1) receptor, which was first discovered in rice (Ueguchi-

Tanaka et al., 2005). In rice, only one gene encodes a GID1 receptor, which favoured 

its discovery in mutant screens, whereas in Arabidopsis there are three close 

homologs, which show functional redundancy (Griffiths et al., 2006; Willige et al., 

2007). The GID1 receptor has a GA binding pocket where, upon binding of bioactive 

GA, a conformational change in the N-terminal part forms a lid over the binding box. 

This conformation change is necessary for protein-protein interactions between GID1 

and the DELLAs (Murase et al., 2008; Shimada et al., 2008) (Fig 4).  

DELLAs are members of the GRAS-like protein family and are nuclear-localised 

repressors of GA-responses. While the C-terminal GRAS-domain (named after the first 

members identified to contain this motif: GAI, RGA and SCR) is conserved among the 

family, the N-terminal region is variable. All five Arabidopsis DELLA members share a 

conserved domain of 17 amino acids in the N-terminal region. This so-called DELLA 

domain is necessary for interacting with the GID1-GA complex (Willige et al., 2007; 

Shimada et al., 2008). Upon DELLA-GID1-GA interaction, the recognition of DELLAs 

Figure 4. The gibberellin 
signalling pathway.  
In the absence of GA (-GA), 
DELLAs interact with growth-
promoting transcription factors, and 
thereby inhibit their activity.  
In the presence of GA (+GA) the 
GID1 receptor binds GA enabling 
GID1 to interact with DELLAs. This 
targets DELLAs for SCFSLY-
mediated ubiquitination and 
proteasomal degradation and 
thereby releases DELLA-interacting 
transcription factors to activate GA-
responses. 
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by the F-box protein of the ubiquitin E3 ligase SCF complex SLEEPY 1 (SCFSLY1) is 

enhanced, resulting in polyubiquitination and degradation of DELLAs by the 26S 

proteasome (McGinnis et al., 2003; Fu et al., 2004; Gomi et al., 2004) (Fig. 4).  

The first mutant discovered, with altered DELLA levels was the gain-of-function mutant 

GA-insensitive 1 (gai-1). gai-1 contains a 17-amino acid deletion in the DELLA-domain, 

inhibiting the DELLA-GID1 interaction and therefore exhibits a GA-insensitive 

phenotype (Peng et al., 1997). The second DELLA protein, REPRESSOR-OF-ga1-3 

(RGA) was identified in a screen for suppressors of the GA biosynthesis mutant ga1-

3 (Silverstone et al., 1998). Later also RGA-LIKE 1,2 and 3 (RGL1, RGL2 and RGL3) 

were identified as members of this protein family (Dill and Sun, 2001).  

Complementation analysis of the ga1-3 mutant through genetic crossing with DELLA 

loss-of-function mutants allowed the discovery of tissue- and development-specific 

functions of DELLAs (Lee et al., 2002; Tyler et al., 2004).  

GRAS-like proteins are considered to act as transcriptional regulators. However, only 

a few GRAS-like proteins directly bind DNA such as SCR-LIKE 3 (SCL3) (Zhang et al., 

2011) and the rice OsSCL7 (Li et al., 2016). DELLAs lack a DNA-binding domain, and 

there is no evidence that they can bind DNA directly. In fact, their transcriptional activity 

was found to be mediated by protein-protein interactions with transcription factors 

(Zentella et al., 2007; Marin-de la Rosa et al., 2015).  

A number of transcription factors were found to be inhibited by the physical interaction 

with DELLAs among others also the growth-promoting transcription factors PIF3/PIF4 

(de Lucas et al., 2008; Feng et al., 2008), BES1/BZR1 (Bai et al., 2012; Gallego-

Bartolome et al., 2012; Li et al., 2012b) and ARF6 (Oh et al., 2014). Besides, also a 

DELLA-mediated activation of interacting proteins was discovered (Lim et al., 2013; 

Yoshida et al., 2014; Marin-de la Rosa et al., 2015).  

 

1.3 Auxin 

Auxin is the best studied plant hormone and plays versatile roles throughout the plant’s 

lifecycle contributing to embryonic development, stem cell maintenance, determination 

of tissue polarity and formation of root and shoot architecture (Zhao, 2010). Auxin 

controls cell elongation and cell division events, and its differential distribution amongst 

cells within tissues creates auxin maxima that drive morphogenesis and shape plant 

organs (Vanneste and Friml, 2009; Abley et al., 2016). Besides, local auxin 

accumulation triggers developmental plasticity in response to environmental 
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conditions. Such adaptive growth processes include tropic responses, shade 

avoidance and thermomorphogenesis (Tao et al., 2008; Franklin et al., 2011; Sun et 

al., 2012).  

Studies with auxin-treatment contributed to the identification of the polar auxin 

transport, a complex mechanism that regulates the distribution of auxin throughout the 

whole plant, in different cell types and within cells (Zhao, 2014). A combination of auxin 

metabolism and distribution by active cell-to-cell movement creates auxin gradients 

that are essential for concentration-dependent cellular responses (Vanneste and Friml, 

2009).  

1.3.1 Auxin metabolism 

Indole-3-acetic-acid (IAA) is the most abundant natural auxin in plants, although 

additional endogenous auxins, such as the phenylacetic acid (PAA) (Schneider et al., 

1985), indole-3-butric acid (IBA) (Strader and Bartel, 2011) and 4-chlorindole-3-acetic 

acid (Marumo et al., 1968) were discovered.  

The primary IAA biosynthetic pathway starts with tryptophan (Trp) as a precursor, 

which is synthesised from chorismate, the final product of the shikimate pathway 

(Ljung, 2013). Besides, there is evidence for an alternative Trp-independent route of 

IAA production (Ouyang et al., 2000). However, the enzymes involved in the Trp-

independent IAA biosynthesis remained largely uncharacterized, except for the 

A

Tryptophan (Trp)

Indole-3-pyruvate (IPA)

Indole-3-acetic acid (IAA)

Figure 3. Auxin Metabolism and Auxin Distribution.
(A) The trypotphan (Trp) dependent auxin biosynthesis pathway in plants. Auxin is synthesized in a two step reaction starting with the
aminoacid Trp. In the first step the aminotransferases of the TAA family are removing one amino group, leading to the Indole-3-
pyruvate (IPA) . In the second step YUCCA flavin-containing monooxigenases are decarboxylating the IPA, forming the Indole-3 -
acetic acid.
(B, C and D) Auxin site of biosynthesis and auxin distribution in aearal plant parts. (B) shows the auxin flow from the apical hook
towards the root in etiolated seedlings (C) shows the auxin flow from the young leaves and from the shoot apical meristem towards the
roots and (D) shows the auxin flow in a serated leaf where auxin transport creates auxin maxima in the serations of the leafes.
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Figure 5. Tryptophan-
dependent IAA-biosynthesis 
in plants.  
Schematic illustration of the 
auxin biosynthesis pathway 
starting from tryptophan (Trp). 
The main auxin biosynthesis 
route (blue square) starts with a 
TAA-dependent removal of the 
amino-group from Trp forming 
indole-3-pyruvate (IPA). IPA is 
converted by YUCs to IAA.  
Alternatively, tryptophan can be 
converted by CYP79B to 
indole-3-acetaldoxime (IAOx). 
The biosynthesis route from 
IAOx (grey dotted square) 
involves the formation of indole-
3-acetonitrile (IAN), by 
CYP71A13 or indole-3-
acetamide (IAM) catalysed by 
unknown enzymes. Both can be 
converted to IAA by the activity 
of NITs and AMI1, respectively.  
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cytosol-localized INDOLE-SYNTHASE (INS) (Wang et al., 2015). 

In contrast, the two-step Trp-dependent IAA biosynthesis route (Fig. 5), which is the 

most important auxin source and is highly conserved throughout the plant kingdom 

(Zhao et al., 2002; Zhao, 2014), is well characterised. First, the amino group of Trp is 

removed, resulting in the formation of Indole-3-pyruvate (IPA). This step is catalysed 

by TRYPTOPHAN-AMINOTRANSFERASE-OF-ARABIDOPSIS 1 (TAA1) (Stepanova 

et al., 2008; Tao et al., 2008; Yamada et al., 2009) and its close homologs TAA-

RELATED1 (TAR1) and TAR2 (Stepanova et al., 2008). Second, IPA is converted by 

oxidative decarboxylation to IAA, which is catalysed by enzymes encoded by the 

YUCCA (YUC) gene family.  

Initially YUCs were proposed to be involved in tryptamine conversion to N-hydroxyl 

tryptamine (Zhao et al., 2001). However, several recent studies confirmed that YUCs 

do not use tryptamine as a substrate, but instead use IPA (Mashiguchi et al., 2011; 

Stepanova et al., 2011; Won et al., 2011). In an activation tagging screen, yucca1-D 

(yuc1D) was identified as an auxin accumulating mutant (Zhao et al., 2001). YUC1 is 

a member of an Arabidopsis gene family (YUC1-11), which encode flavin-

monooxygenases that have partially distinct expression patterns (Cheng et al., 2006). 

Developmental defects of yuc multiple mutants were not restored by exogenous auxin. 

Only the expression of the bacterial iaaM gene under the control of the YUC1 promoter 

restores the defects observed in yuc2yuc6 and yuc1yuc4 mutants, indicating that 

spatially and temporally regulated auxin biosynthesis by the YUC genes is essential 

for proper plant development and growth (Cheng et al., 2006).  

An alternative tryptophan-dependent auxin biosynthesis route is the indole-3-

acetaldoxime (IAOx) pathway (Fig. 5, grey dotted square) (Normanly et al., 1997; 

Vorwerk et al., 2001; Park et al., 2003; Pollmann et al., 2003; Sugawara et al., 2009). 

IAOx is catalysed from tryptophan by CYP79B enzymes (Hull et al., 2000; Zhao et al., 

2002) and forms an alternative auxin biosynthesis route. However, this second IAA 

biosynthesis pathway seems to be of little importance for plants, since the complete 

elimination of IAOx synthesis in the cyp718B2cyp718B3 double mutant shows only 

very subtle auxin phenotypes (Zhao et al., 2002).  

The local and cell-type specific expression of TAAs and YUCs was found to contribute 

to auxin maxima formation (Cheng et al., 2006, 2007; Stepanova et al., 2008; Tao et 

al., 2008) and their expression is directly regulated by transcription factors, such as 

STYLISH 1 (STY1) (Sohlberg et al., 2006; Eklund et al., 2010) and PLETHORA 3 
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(PLT3), PLT5 and PLT8 (Pinon et al., 2013). Moreover, the induction of IAA 

biosynthesis in response to high ambient temperature and shade is triggered by a 

PIF4-mediated control of TAA1 and YUC8 transcripts (Tao et al., 2008; Franklin et al., 

2011; Sun et al., 2012; Hayes et al., 2017).  

 

1.3.2 Auxin transport 

From its sites of biosynthesis, auxin is actively transported from cell to cell by proteins 

of the AUXIN-RESISTANT 1 (AUX1)/LIKE-AUX (LAX) family, the auxin efflux carriers 

ATP-BINDING-CASSETTE-SUBFAMILY-B (ABCB) transporters and the 

PINFORMED (PIN) auxin efflux carriers. 

The AUX1/LAX protein family comprises four members in Arabidopsis (AUX1, LAX1, 

LAX2 and LAX3) and encode transmembrane permeases, which are important for 

auxin uptake (Bennett et al., 1996; Marchant et al., 1999; Yang et al., 2006; Bainbridge 

et al., 2008; Carrier et al., 2008; Swarup et al., 2008). The phenotypes of AUX1/LAX 

mutants support the importance of active auxin uptake for the formation of auxin 

gradients throughout plant development (Bennett et al., 1996; Marchant et al., 1999; 

Bainbridge et al., 2008; Swarup et al., 2008; Vandenbussche et al., 2010).  

The ABCB membrane located P-glycoproteins use energy from ATP-hydrolysis to 

transport amphipathic and anionic molecules. ABCB1, ABCB4, and ABCB19 are 

involved in auxin efflux and long distance transport and are important for root hair 

development and tropic responses (Geisler et al., 2005; Terasaka et al., 2005; Geisler 

and Murphy, 2006; Cho et al., 2007; Wu and McSteen, 2007).  

The most extensively studied auxin transporters are the PIN-FORMED (PIN) auxin 

efflux carriers. This protein family comprises eight members, from which PIN1, PIN2, 

PIN3, PIN4 and PIN7 are full-length PIN proteins, and PIN5, PIN6 and PIN8 are short 

PIN versions, lacking a hydrophilic loop. So far, by using heterologous systems, direct 

evidence for auxin transport activity is reported for PIN1, PIN2, PIN3, PIN4 and PIN7 

(Petrasek et al., 2006; Mravec et al., 2008; Yang and Murphy, 2009; Zourelidou et al., 

2014). The members of the PIN-family are expressed in a cell type- and organ-specific 

manner to coordinate auxin-movement and maxima formation. PIN1, PIN4, and PIN7 

are essential for the embryo apical-basal patterning (Friml et al., 2002; Benkova et al., 

2003; Friml et al., 2003) and PIN1, PIN2, PIN3, PIN4 and PIN7 regulate the 

maintenance of the root meristem (Blilou et al., 2005; Grieneisen et al., 2007).  



1 INTRODUCTION         1.3 Auxin 

 22 

In aerial parts, PIN1 regulates auxin maxima formation in newly forming primordia at 

the meristem and mediates polar transport in the central cylinder (Reinhardt et al., 

2003). PIN3 is expressed in all cell types and is required for lateral distribution of auxin 

towards the epidermis cells (Zadnikova et al., 2010; Ding et al., 2011; Rakusova et al., 

2011). Therefore, PIN3 is required for the export of auxin from the cotyledons and 

leaves towards the hypocotyl (Keuskamp et al., 2010) (Fig. 6). In the hypocotyl, PIN4 

is expressed and polar-localised in cortex cells, and PIN7 is expressed in the epidermis 

cells, mediating polar auxin movement (Zadnikova et al., 2010).  

PINs act partially redundant, i.e. in the root meristem, the absence of one or more PINs 

is compensated by the expression of other PINs to maintain the auxin flux active (Blilou 

et al., 2005).  

This fundamental role to distribute auxin makes PINs essential for a multitude of 

developmental processes such as embryo development, root meristem maintenance, 

organ patterning and growth. Also shade or high ambient temperature mediated growth 

require the activity of PIN3, PIN4 and PIN7 to translocate auxin from cotyledons and 

young leaves to the hypocotyl epidermal cells (Tao et al., 2008; Keuskamp et al., 2010; 

Procko et al., 2016).  

 

1.3.3 Auxin signalling 

Auxin orchestrates rapid transcriptional responses that subsequently result in specific 

physiological effects (Teale et al., 2006). Intracellular auxin is bound by the F-box 

proteins TRANSPORT-INHIBITOR RESPONSE1 (TIR1) and AUXIN SIGNALING-F-

BOX-PROTEIN1-5 (AFB1-5) (Dharmasiri et al., 2005; Kepinski and Leyser, 2005; Tan 

et al., 2007). TIR1 and AFB1-AFB5 proteins contain a F-Box that takes part of the 

ubiquitin protein ligase E3 complex (SCFTIR1/AFB), which includes the ARABIDOPSIS 

Figure 6. PIN-mediated polar auxin 
transport in the hypocotyl.  
Schematic representation of polar auxin 
transport from cotyledons to the 
hypocotyl. The blue colour indicates the 
main sites of auxin biosynthesis. From 
the cotyledons, auxin is translocated by 
PIN3 (possibly also PIN4) to the 
hypocotyl.  
In the hypocotyl, PIN1 mediates polar 
auxin transport in the central cylinder (c). 
PIN3 transports auxin through 
endodermis (e) cortex cells (co) to the 
epidermis (ep) Polar auxin transport in co 
cells is mediated by PIN4 and in ep cells 
by PIN7.  

Figure 3. Auxin Metabolism and Auxin Distribution.
(A) The trypotphan (Trp) dependent auxin biosynthesis pathway in plants. Auxin is synthesized in a two step reaction starting with the

aminoacid Trp. In the first step the aminotransferases of the TAA family are removing one amino group, leading to the Indole-3-

pyruvate (IPA) . In the second step YUCCA flavin-containing monooxigenases are decarboxylating the IPA, forming the Indole-3 -

acetic acid.

(B, C and D) Auxin site of biosynthesis and auxin distribution in aearal plant parts. (B) shows the auxin flow from the apical hook

towards the root in etiolated seedlings (C) shows the auxin flow from the young leaves and from the shoot apical meristem towards the

roots and (D) shows the auxin flow in a serated leaf where auxin transport creates auxin maxima in the serations of the leafes.
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SKP1 HOMOLOG1 (ASK1) adaptor, the CULLIN1 (CUL1) scaffold protein and the 

RING-BOX PROTEIN1 (RBX1) that is required for ubiquitin transfer (Gray et al., 1999). 

TIR1/AFB proteins confer substrate specificity to the SCFTIR1/AFB complex by 

interacting with AUXIN/IAA (Aux/IAA) proteins in an auxin-dependent manner. 

SCFTIR1/AFB-Aux/IAA interaction promotes Aux/IAA poly-ubiquitination and degradation 

via the 26S proteasome (Hellmann et al., 2003; Dharmasiri et al., 2005; Kepinski and 

Leyser, 2005; Tan et al., 2007). Crystallographic analysis suggested that auxin 

functions as a molecular glue, stabilising the interaction of TIR1/AFB with the Aux/IAAs 

(Tan et al., 2007). More recently, it was shown that the biochemical affinity of 

TIR1/AFB1-3 for auxin depends on the interaction with different Aux/IAA proteins 

(Calderon Villalobos et al., 2012).  

The Aux/IAAs gene family of Arabidopsis comprises 29 members of transcriptional 

repressors that form heterodimers with AUXIN RESPONSE FACTOR (ARF) 

transcription factors (Ulmasov et al., 1997a; Korasick et al., 2014) and recruit the 

chromatin-modifying factor TOPLESS (TPL) (Szemenyei et al., 2008). At high auxin 

levels, SCFTIR1/AFB interaction with AUX/IAAs prevents their heterodimerization with the 

ARFs and the recruitment of TPL thereby activate the transcriptional activity of ARFs.  

The ARF gene family encodes B3-type transcription factors and comprise 23 members 

in Arabidopsis (Ulmasov et al., 1995). ARFs can function as transcriptional repressors 

and activators with a wide variety and specificity of responses. The heterodimer 

complex formation of ARFs increases the combinatorial variation and determines the 

DNA binding specificity (Boer et al., 2014).  

Auxin and BRs crosstalk at multiple levels to synergistically coordinate growth 

responses. BIN2-mediated phosphorylation of ARF2, a repressor ARF, inhibits its DNA 

binding capacity and thereby allows for a BR-regulation of auxin responsive gene 

expression (Vert et al., 2008). Moreover, genome-wide approaches identified several 

Figure 7. Auxin signal transduction.  
In the absence of IAA (-IAA), AUX/IAAs 
interact with ARFs and recruit the TPL 
chromatin remodelling factor, inhibiting 
ARFs transcriptional activity. In the 
presence of IAA (+IAA), TIR1/AFB1-3 
F-box proteins interact with AUX/IAAs in 
an auxin-dependent manner promoting 
their poly-ubiquitination and 
degradation via the 26S proteasome 
and thereby release ARFs to regulate 
auxin responses.  
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IAAs and ARFs as BR-regulated BZR1 targets (Sun et al., 2010) and BES1/BZR1 

interact with ARF6 to co-regulate the expression of common target genes (Oh et al., 

2014).  

 

1.4 Objectives 

Despite the elucidation of a central BR signalling module, we are just beginning to 

understand the downstream signalling events that trigger the physiological effects of 

BRs (Clouse, 2011). Therefore, this work aimed to identify targets of the BES1/BZR1 

transcription factors, which control aspects of the growth-promoting effects of BRs in 

Arabidopsis.  

A study in the lab of Brigitte Poppenberger found that treatment of wild-type 

Arabidopsis with the BR biosynthesis inhibitor voriconazole reduced the GA34 level 

(control: 7.7 ng/g fw; + inhibitor: 0.1 ng/g fw). In addition, the GA34 and GA4 levels and 

the levels of several GA20ox and GA3ox transcripts were significantly reduced in BR 

mutants (Unterholzner et al., 2015).  

In the framework of the first part of my thesis, the molecular mechanisms underlying 

BR-mediated control on GA-biosynthesis were investigated. The presented work 

provides evidence that the BR-regulated transcription factors BES1/BZR1 positively 

control GA20ox1, GA3ox1 and GA3ox4 transcripts by direct binding to a newly 

identified ‘non-E-Box’ motif in their promoters. By this mechanism, BRs regulate the 

levels of several GAs, including the bioactive GA4. This work was published in The 

Plant Cell (Appendix 2).  

The ‘non-E-Box’ motif identified in this work allowed to search for additional targets of 

BES1/BZR1, which participate in the growth regulation by BRs. Thereby, two auxin 

biosynthesis genes, YUC2 and YUC6, were identified as putative targets. BRs and 

auxin were found previously to co-regulate growth responses (Nemhauser et al., 2004; 

Vert et al., 2008; Oh et al., 2014) and both hormones are essential for temperature-

induced growth responses (Gray et al., 1998; Stavang et al., 2009; Oh et al., 2014). 

However, a direct role of BRs in auxin biosynthesis was not described yet. Hence, in 

a follow-up project, I investigated whether BES1 regulates the expression of YUC2 and 

YUC6 and if this mechanism promotes growth at high temperatures. The present work 

provides evidence for a BES1-mediated control of YUC2 and YUC6 transcription, 

which triggers several growth and developmental responses, including temperature-

mediated growth. 
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2 Results	

2.1 Brassinosteroids regulate gibberellin biosynthesis 

2.1.1 BRs control the expression of GA20ox1 and GA3ox1 

The finding that in BR mutants GA-levels and GA20ox and GA3ox gene expression 

were reduced, argued for a BR-mediated control of GA20ox and GA3ox transcript 

abundance. 

To verify a BR-depended regulation of GA20ox1 and GA3ox1 expression, the BR 

biosynthesis mutant cpd was grown in the absence or presence of increasing amounts 

of BL and GA20x1 and GA3ox1 mRNA levels were quantified by qRT-PCR. The results 

showed that the levels of GA20ox1 and GA3ox1 transcript increased in a BL dosage-

dependant manner (Fig. 8A and B). To examine how attenuated GA20ox and GA3ox 

mRNA abundance in BR mutants might affect the GA-levels, several GAs were 

quantified in the BR-signalling mutant ASKqoe and wild-type by gas chromatography - 

mass spectrometry analysis (performed by the lab of Prof. Theo Lange - TU 

Braunschweig). The results showed that the upstream GAs, GA15, GA24 and in 

particular GA9, which are the products of GA20ox activity (Hedden and Thomas, 2012), 

were reduced in ASKqoe plants (Fig. 8C). Also, bioactive GA4, the product of GA3ox 

activity (Hedden and Thomas, 2012), was significantly reduced in ASKqoe as 

compared to wild-type (Fig. 8C).  

Figure 8. BRs regulate GA20ox1 and GA3ox1 expression and impact on GA-levels.  
(A and B) qRT-PCR analysis of GA20ox1 (A) and GA3ox1 (B) expression levels, in 8-day-old cpd plants 
grown on half-strength MS medium supplemented with the indicated amounts of BL (in nM). Half-
strength MS medium supplemented with DMSO was the 0 control.  
(C) Quantification of GAs in 21-day-old plants of the wild-type and ASKqoe. The values are in ng/g dry 
weight (quantification was performed by Prof. Theo Lange, TU-Braunschweig). The mean and SD from 
three biological replicates are shown.  
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2.1.2 GA-application rescues growth defects of BR mutants 

Several studies have shown that growth defects of Arabidopsis BR mutants cannot be 

rescued by the application of GAs (Li et al., 1996; Szekeres et al., 1996; Bai et al., 

2012; Gallego-Bartolome et al., 2012). However, in most studies, the GA-response 

was examined during seedling growth by quantifying hypocotyl elongation only. 

Therefore, the effects of GA-application on BR phenotypes were investigated 

throughout several developmental stages.  

Since GAs are essential for germination in many plant species including Arabidopsis 

(Finkelstein et al., 2008), the role of GAs in the germination rate of seeds from BR 

mutants was tested. Seeds from plants homozygous for cpd, bri1-1 and bri1-301, a 

second bri1 null allele with milder phenotypes than bri1-1 (Xu et al., 2008), were 

harvested and plated on water-agar supplemented with 1 µM GA4 or DMSO as a 

control. The seeds were directly incubated in the light at 21°C, without a stratification 

(4°C treatment). Germination, defined as radicle emerge, was assessed after six days 

of incubation. The BR-deficient mutant cpd and the signalling mutants bri1-1 and bri1-

301 germinated with a reduced frequency as compared to wild-type (Fig. 9A). By 

contrast, in the presence of GA4, the germination defects were rescued nearly to wild-

type levels, indicating an increased dormancy in BR mutants caused by reduced GA 

levels.  

Germination defects of BR mutants were not reported before, apart from an increased 

sensitivity to ABA (Steber and McCourt, 2001; Xue et al., 2009). Possibly, experimental 

Figure 9. GA-application rescues 
germination defects of BR mutants.  
(A) Germination of seeds of the BR 
mutants cpd, bri1-1 and bri1-301 
incubated on water agar supplemented 
with 1 μM GA4 or with DMSO as a control. 
At least 100 seeds per line were scored six 
days after plating. Values in the bars 
represent the Chi-square P-value. 
(B) Germination of bri1-301 seeds 
stratified for 0, one or four days. At least 
100 seeds per line were scored six days 
after plating.  
(C) Germination of wild-type and bri1-301 
seeds stratified on water-agar, water-agar 
supplemented with 1 μM GA4 and on 
water-agar supplemented with salts from 
the half-strength MS salts. 200 seeds per 
were scored 6 days after plating. Values in line were scored six days after plating. Values in the bars represent the Chi-square P-value. 

(D) Germination of wild-type and bri1-301 seeds on water-agar supplemented with half-strength MS 
salts or KNO3 (same amount as in half-strength MS).  
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set-ups in earlier experiments may have disguised the germination defects of BR 

mutant seeds, since GA-biosynthesis is highly regulated by environmental cues 

(Hedden and Thomas, 2012). In particular, stratification of imbibed seeds induces GA-

biosynthesis and thereby promotes seed germination (Yamauchi et al., 2004; Penfield 

et al., 2005; Finch-Savage et al., 2007). To examine whether stratification affects the 

germination of BR mutant seeds the bri1-301 mutant was used since it is less impaired 

in seed production than bri1-1 (Xu et al., 2008). The seeds were plated on water-agar 

and incubated in the light at 21°C for six days either directly (control) or after 

stratification. Four days of stratification restored the germination defects of bri1-301 

(Fig. 9B), suggesting that BRs are not required for cold-induced GA biosynthesis.  

Furthermore, salts from the half-strength MS medium may have disguised the 

germination phenotype of BR mutants. To address this, seeds of bri1-301 were plated 

on water-agar, water-agar supplemented with GA4 and half-strength MS salts and were 

incubated in the light at 21°C for six days. Half-strength MS salts were able to restore 

the germination defects of bri1-301 (Figure 9C). Since nitrate was reported to promote 

seed germination (Alboresi et al., 2005; Matakiadis et al., 2009; Footitt et al., 2013), 

the germination of bri1-301 seeds was also examined on water-agar supplemented 

with KNO3 only. The experiment showed that bri1-301 germination defects were 

restored by KNO3 to wild-type levels (Figure 9D), providing evidence that nitrate-

promoted germination is BRI1-independent.  

To expand the analysis, the GA response of BR mutants in the seedlings stage was 

investigated. Since BR mutants displayed reduced bioactive GA amounts, a dose-

response GA-treatment during seedling development was performed. Hence, wild-

type, ASKqoe and det2-1 mutant lines were grown on half-strength MS medium 

supplemented with 0, 1, 10 and 100 µM GA4+7 and to avoid effects from cold-induced 

Figure 10. External GA-
application to BR 
mutants promotes 
hypocotyl elongation 
only weakly.  
(A) Hypocotyl elongation 
of wild-type, det2-1, and 
ASKqoe and cpd 
seedlings grown on half-
strength MS medium 
supplemented with 1, 10 
or 100 μM GA  or with or 100 μM GA4 or with DMSO as a control. Representative plants from ≥ 28 seedlings grown for seven 

days in LD, standard growth conditions are shown. 
(B) Quantification of hypocotyl elongation in mm from (A). Bars indicate the mean values from ≥ 28 
seedlings and the error bar indicates the SD. 
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GA biosynthesis the seeds were incubated without stratification. A weak response to 

GA was observed in the hypocotyl elongation of det2-1 already at a concentration of 1 

µM GA4+7 (Fig. 10B), while the hypocotyl elongation of ASKqoe was increased only 

weakly in the presence of GAs at a concentration of 10 and 100 µM GA4+7 (Fig. 10B).  

To investigate the effects of GA-application on the phenotypes of adult BR mutants, 

soil-grown wild-type, bri1-301 and bri1-1 were sprayed with an aqueous GA4+7-solution 

3-times per week. bri1-301 was responding already to 1 and 10 µM GA4+7 treatments 

with increased plant height as compared to untreated plants (Fig. 11B) and restored 

flowering time (Fig. 11D). The bri1-1 showed less apparent responses to the GA-

treatment. Only the flowering time phenotype was efficiently restored, already through 

the 10 µM GA4+7-treatment (Fig. 11D).  

In summary, the application of bioactive GA to BR-deficient and BR-signalling mutants 

can to some extent, restore several growth defects of Arabidopsis. The rescue, 
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Figure 11. GA application rescues growth defects of adult BR mutants.  
(A-C) The pictures show representative 4-week-old plants out of 20 plants per line of wild-type (A), bri1-
301 (B) and bri1-1 (C). Plants were sprayed 3-times a week with 1 μM GA4+7, 10 μM GA4+7, 100 μM 
GA4+7 or with water as a control.  
(D) Quantification of flowering time of wild-type, bri1-1, and bri1-301 plants grown in soil under standard 
conditions and sprayed as in (A-C). Flowering time was scored as the total leaf number (TLN) at bolting; 
the mean was calculated from ≥ 20 treated biological replicates, and the error bars indicate the SD.  
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however, was depending on the severity of the BR mutant phenotype, the 

concentration of GAs applied and the developmental stage.  

 

2.1.3 GA20ox1 over-expression restores some phenotypes of bri1-301 

GA20ox activity is rate limiting in GA-biosynthesis (Middleton et al., 2012). Arabidopsis 

GA20ox enzymes convert GA12 to GA15, thereafter to GA24, and finally, to GA9 (Hedden 

and Thomas, 2012). Thus, changes in GA20ox expression result in impaired GA-

biosynthesis and a reduction of plant growth and development (Rieu et al., 2008a; 

Plackett et al., 2012), whereas enhanced expression of GA20ox increases the levels 

of bioactive GA (Huang et al., 1998). To determine if BR mutant phenotypes are 

caused, at least in part, by a defective GA20ox expression, GA20ox1-cMyc was 

expressed under the control of the BRI1 promoter in bri1-301. Four independent 

transgenic lines accumulating the recombinant protein were selected (Fig. 12A) and 

were compared in their phenotypes to bri1-301.  
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GA20ox1-cMyc abundance were selected by immunoblotting. Staining with Coomassie blue (CBB) is shown as a loading 
control.
(B) Hypocotyl length and primary root length of 8-d-old, light-grown seedlings of the wild type, bri1-301, and the four 
complementation lines. The mean and SD of at least 20 measured seedlings are shown. 
(C) Lateral roots per primary root of 8-d-old, light-grown seedlings of the wild type, bri1-301, and the four complementation 
lines. The mean and SD of at least 25 measured primary roots are shown.
(D) Dry weight of 8-d-old seedlings of the indicated lines. The mean and SD of at least 18 seedlings are shown.
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Figure 12. Reconstitution of GA20ox1 expression in the BRI1 domains restores seedling growth 
defects in bri1-301.  
(A) cMyc-tagged GA20ox1 was expressed under BRI1 promoter control in bri1-301, and four lines with 
different levels of GA20ox1-cMyc abundance were selected by immunoblotting with the α-cMyc 
antibody. Staining with Coomassie brilliant blue (CBB) is shown as a loading control. 
(B) Hypocotyl length and primary root length of 8-day-old seedlings of wild-type, bri1-301, and the four 
complementation lines, grown under LD conditions at 21°C. The mean and SD of ≥ 20 biological 
replicates are shown.  
(C) Lateral roots per primary root of 8-day-old seedling of wild-type, bri1-301, and the four 
complementation lines, grown under LD conditions at 21°C. The mean and SD of ≥ 25 measured 
biological replicates are shown. 
(D) Dry weight of 8-day-old seedlings of wild-type, bri1-301, and the four complementation lines, grown 
under LD conditions at 21°C. The mean and SD of ≥ 18 biological replicates are shown. 
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Interestingly, many growth defects of bri1-301 were restored by the transgene (Fig. 

12B-D). In the two complementation lines with high GA20ox1 expression, the bri1-301 

growth defects were recovered in multiple developmental stages including during 

seedling development, as evidenced by a recovery of hypocotyl and root elongation 

defects in the light (Fig. 12B). Besides, an increase in the number of lateral roots was 

seen and was correlated with increased expression levels of GA20ox1 (Fig. 12C). 
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Figure 8. GA20ox1 Expression in the BRI1 Domains Restores bri1-301 Growth Defects
(A) Flowering time, assessed as total leaf number (TLN) at bolting, of the wild type, bri1-301, and the complementation lines 
grown in soil under long-day growth conditions. The mean and SD of at least 17 plants are shown. 
(B) Adult phenotype of the complementation lines grown in long days. A representative plant of each line is shown. 
(C) Leaves of one representative 4-week-old plant of each of the indicated lines grown in LD conditions. 

.

Figure 13. GA20ox1 expression in the BRI1 domains restores adult growth phenotypes in bri1-
301.  
(A) Flowering time, quantified as total leaf number at bolting (TLN) of wild-type, bri1-301, and the four 
complementation lines were grown in soil under LD growth conditions. The mean and SD from ≥ 17 
plants are shown.  
(B) Adult phenotype of wild-type, bri1-301 and the four complementation lines grown in LD growth 
conditions. A representative plant of each line is shown.  
(C) Leaf morphology of one representative 4-week-old plant of each of wild-type, bri1-301 and the 
complementation lines, grown in soil under LD conditions. Leaves were arranged from left to right in 
order of emergence from the SAM. 
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Moreover, the dry weight of seedlings was increased in the rescue lines #13.11 and 

#15.4 (Fig. 12D). 

In adult stages of development, the two strongly expressing complementation lines 

were restored in flowering time (Fig. 13A) and inflorescence height (Fig. 13B). Although 

many adult phenotypes of bri1-301 were rescued to a significant extent in the 

complementation lines, the leaf morphology remained largely unaffected. The leaves 

were more expanded, while the roundish leaf shape appeared more similar to bri1-301 

than to wild-type (Fig. 13C).  

These results provided evidence that a reduced GA20ox1 expression in BR mutants 

accounts for several aspects of their phenotypes throughout the Arabidopsis life cycle.  

 

2.1.4 BES1/BZR1 regulate GA20ox1 transcripts in a BR-dependent manner 

BR-mediated transcriptional responses are triggered by different families of 

transcription factors, with the BES1/BZR1 family being best-studied (Wang et al., 

2012). GA20ox1 mRNA levels were found to be increased in the bzr1-1D mutant 

(microarray data from (Gallego-Bartolome et al., 2012)). Therefore, GA20ox1 

transcript abundance was quantified in the dominant bes1-D (Yin et al., 2002) and 

bzr1-1D (Wang et al., 2002) mutants at different times of the day, by employing qRT-

PCRs. The results showed a diurnal regulation of GA20ox1 transcripts in wild-type 

(Fig. 14A). Diurnal rhythms of GA20ox1 expression were retained in bes1-D, with 

expression being significantly increased at all time points tested, and the highest 

difference at noon (Fig. 14A). Similarly, GA20ox1 transcript levels were increased in 

bzr1-1D, however, the effects were less pronounced (Fig. 14A).  

Figure 14. BR-mediated 
GA20ox1 expression is BRI1-
dependent and promoted in 
bes1-D.  
(A) qRT-PCR analysis of the 
expression of GA20ox1 in the lines 
shown. Plants were grown for 
eight days in LD growth conditions. 
Samples were harvested at 
different times of the day. Fold 
changes were determined 
compared with the wild-type at 
6:00. The SD was calculated from 
three biological repeats after 
normalisation to GAPC2.  
(B) qRT-PCR analysis of GA20ox1 (B) qRT-PCR analysis of GA20ox1 expression in the lines shown. Plants were grown on medium 

supplemented with 1 µM BL or DMSO as a control. The SD was calculated from three biological repeats 
after normalisation to GAPC2.  
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To examine wheatear BES1 mediates the BR-responsive expression of GA20ox1 wild-

type, bes1-D and bri1-301 were grown in the presence of BL or DMSO as a control. In 

wild-type, the GA20ox1 mRNA levels were augmented when grown in the presence of 

BL. This response was increased in bes1-D (Fig. 14B), suggesting that BL-promoted 

BES1 activity triggers GA20ox1 transcription. By contrast, BL-induction of GA20ox1 

expression was not observed in bri1-301, pointing out that it is BRI1-dependent (Fig. 

14B).  

 

2.1.5 BES1/BZR1 bind to a novel ‘non-E-Box’ motif 

BES1/BZR1 bind to E-Box (CANNTG), G-Box (CACGTG) and BRRE (CGTG(T/C)G) 

motifs in the promoters of their target genes (He et al., 2005; Yin et al., 2005). Given 

that the GA20ox1 promoter does not contain any of these known motifs, 

electrophoretic mobility shift assays (EMSAs) were implemented to study the 

transcription factor-nucleic acid interaction of BES1 with the promoter of GA20ox1 in 

vitro.  

First, the binding of BES1-GST and BZR1-GST to overlapping promoter fragments 

(250 bp) was tested and the result showed that both proteins could bind to the 

fragments P2 and P3 (Fig. 15A). Within the promoter region ranging from P2 to P3, 

BES1-GST was binding to the 100 bp fragment P3f (Fig. 15B).  
Fig 8

BES1-GST - - + - - + - - +

BZR1-GST - + - - + - - + -

GA20ox1p P1 P1 P1 P2 P2 P2 P3 P3 P3

A

pGA20ox1

P3
P2

P1

ATG

GA20ox1

Stop

B

BES1-GST - + - + - + - + - + - + - +

GA20ox1p P3a P3a P3b P3b P3c P3c P3d P3d P3e P3e P3f P3f P3g P3g

Figure 10. BES1 and BZR1 Bind In Vitro to the promoter of GA20ox1. 
EMSAs with recombinant BES1-GST and BZR1-GST are used to analyze in vitro DNA binding to radiolabeled fragments of 

the GA20ox1 promoter to map the DNA binding site.

(A) EMSA shows BES1-GST and BZR1-GST binding to overlapping 250-bp DNA fragments (P1-P3) upstream of the ATG. 

P1 (2188 to +102); P2 (2165 to 2426); P3 (2393 to 2692). 

(B) EMSA shows BES1-GST binding to overlapping 100-bp DNA fragments that mapped binding to region P3f. P3a (2165 to 

2264); P3b (2328 to 2229); P3c (2393 to 2294); P3d (2359 to 2458); P3e (2424 to 2523); P3f (2588 to 2489); P3g (2554 to 

2653).

Figure 15. BES1 and BZR1 bind to the promoter of GA20ox1 in vitro.  
EMSAs with recombinant BES1-GST and BZR1-GST are used to analyse in vitro DNA binding to 
radiolabeled fragments of the GA20ox1 promoter and map the DNA binding site. 
(A) EMSA shows BES1-GST and BZR1-GST binding to overlapping 250 bp DNA fragments (P1-P3) 
upstream of the ATG. P1 (2188 to +102); P2 (2165 to 2426); P3 (2393 to 2692).  
(B) EMSA shows BES1-GST binding to overlapping 100 bp DNA fragments that mapped binding to 
region P3f. P3a (2165 to 2264); P3b (2328 to 2229); P3c (2393 to 2294); P3d (2359 to 2458); P3e (2424 
to 2523); P3f (2588 to 2489); P3g (2554 to 2653). 
 



2 RESULTS     2.1 Brassinosteroids regulate gibberellin biosynthesis 

 33 

The addition of a 1000-fold molar excess of either competitor oligonucleotides or 

mutated competitor oligonucleotides to the binding reactions with P3f revealed that the 

sequence 5’-AATCAAnnnCCT-3’, located 526 bp upstream of the ATG, is required for 

BES1-GST binding to P3f (Fig. 16C). Besides, similar motifs within the GA20ox1 

promoter were not bound by BES1-GST (Fig. 16B).  

A limited variability of nucleotides within 5’-AATCAAnnnCCT-3’ was accepted for 

BES1-GST binding, such as the mutation of T (position 3) to A and mutation of C 

(position 11) to T (Fig. 17A). To test if BES1-binding is affected by a variation in the 

number of bases spacing 5’-AATCAA-3’ and 5’-CCT-3’, C3 competitor 

oligonucleotides with altered distances of 5’-CCT-3’ from 5’-AATCAA-3’ were added to 

the BES1-GST-P3f binding reaction. Only a distance of three nucleotides between 5’-

AATCAA-3’ and 5’-CCT-3’ was accepted, since the addition or removing of nucleotides 

interfered with BES1-GST binding (Fig. 17B).  

Through these experiments, a previously unknown BES1 binding motif was identified, 

5’-AAT(A)CAAnnnCC(T)T-3’, subsequently named as ‘non-E-Box’ motif. Also, BZR1-

GST was found to bind to the same ‘non-E-Box’ (Fig. 17D). 

Fig 9

A B
C1 - - + - - - - - - - - -
C2 - - - + - - - - - - - -
C3 - - - - + - - - - - - -

C3*1 - - - - - + - - - - - -
C3*2 - - - - - - + - - - - -
C3*3 - - - - - - - + - - - -
C3*4 - - - - - - - - + - - -
C3*5 - - - - - - - - - + - -

C4 - - - - - - - - - - + -
C5 - - - - - - - - - - - +
BES1-
GST - + + + + + + + + + + +

CAAATAAccgCAACCACCTATG

CAAATAAAATCAAaacCCTATG
CAAATAAAATCAACCAaagATG

CAAATAAAATaccCCACCTATG

CAAAgccAATCAACCACCTATG

BES1-
GST - + + + + + + + + + + + + +

PBS1 C3 PBS2 PBS3

GA20ox1

ATG Stop
pGA20ox1

PBS2 PBS3 PBS1C3

Figure 9. In Vitro Characterization of a BES1 Binding Motif.
(A) EMSA shows BES1-GST binding to the radiolabeled P3f fragment. The addition of 1000 molar excess of competitor
oligonucleotides (36 bp) of C1 (–588 to –553), C2 (–570 to –535), C3 (–552 to –517), C4 (–534 to –499), or C5 (2525 to
2490) and mutated versions of C3 (C*1-C*5; sequences as shown; mutations marked in red) were used to characterize the
BES1-GST binding site. Mutating 59-AATCAAnnnCCT-39 (in C3*1, C3*2, and C3*4) inhibits the competition for DNA
binding, as shown in red in the table.
(B) EMSA with BES1-GST using probe P3f as templante and 10, 100 and 100 fold molar excess of competitor DNA
containing the core motif AATCAA in the pGA20ox1. BES1-GST binds specifically the -552 to -517 region in the GA20ox1
promoter.

.

Figure 16. In vitro characterization of a BES1 binding motif in the promoter of GA20ox1.  
(A) EMSA shows BES1-GST binding to the radiolabeled P3f fragment. The addition of 1000-fold molar 
excess of competitor oligonucleotides (36 bp) of C1 (–588 to –553), C2 (–570 to –535), C3 (–552 to –
517), C4 (–534 to –499), or C5 (2525 to 2490) and mutated versions of C3 (C*1-C*5; sequences as 
shown; mutations marked in red) were used to characterize the BES1-GST binding site. Mutating 5’-
AATCAAnnnCCT-3’ (in C3*1, C3*2, and C3*4) inhibits the competition for DNA binding, as shown in red 
in the table.  
(B) EMSA with BES1-GST using probe P3f as template and 10-, 100- and 1000-fold molar excess of 
competitor DNA containing the core motif 5’-AATCAA-3’ in the pGA20ox1. BES1-GST binds specifically 
the -552 to -517 region in the GA20ox1 promoter.  
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Fig 10
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Figure 10. In Vitro Characterization of a BES1 Binding Motif.
(A) EMSA to investigate BES1-GST binding to probe P3f in the presence of 100 molar excess of competitor oligonucleotides

in which the indicated base of the binding motif was mutated to all other possible bases.

(B) EMSA to investigate BES1-GST binding to probe P3f in the presence of 100 molar excess of competitor oligonucleotides

in which the CCT part of the motif was moved either 5’ (-) or 3’ (+) in the indicated base pair steps.

(C) Illustration of the non-E-Box BES1 binding motif identified. 

A1 A2 T3 C4 A5

- - C3 c g t c g t g c a a t g c g t

BZR1-GST - + + + + + + + + + + + + + + + + +

A6 C10 C11 T12

- - C3 c g t a t g a t g g c a

BZR1-GST - + + + + + + + + + + + + + +

D

Figure 17. Single-
nucleotide specific 
characterization of the 
BES1/BZR1 binding motif.  
(A) EMSA to investigate 
BES1-GST binding to probe 
P3f in the presence of a 100-
fold molar excess of 
competitor oligonucleotides, 
in which the indicated base of 
the binding motif was 
mutated to all other possible 
bases. 
(B) EMSA to investigate 
BES1-GST binding to probe 
P3f in the presence of a 100-
fold molar excess of 
competitor oligonucleotides 
in which the CCT half site of 
the motif was moved either 5’ 
(-) or 3’ (+) in the indicated 
base pair steps.  
(C) Illustration of the ‘non-E-
Box’ BES1-binding motif 
identified.  
(D) EMSA to investigate 
BZR1-GST binding to probe 
P3f in the presence of a 100-
fold molar excess of 
competitor oligonucleotides, 
in which the indicated base of 
the binding motif was 
mutated to all other possible 
bases. 
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To examine the binding of BES1/BZR1 to ‘non-E-Box’ variants from different 

promoters, a search for the motif within the Arabidopsis promoter sequences (using 

TAIR10 loci upstream sequences 1000 bp from ATG) was performed. Some of the 

identified putative BES1 target promoters were tested for their interaction with BES1-

GST in vitro. For this purpose, 36 bp fragments comprising the ‘non-E-Box’ motif were 

added as unlabelled competitors to the binding reaction of BES1 with radiolabelled 

P3f. BES1-GST was binding to most of the ‘non-E-Box’ motif-containing promoter 

regions investigated, however with a varying binding affinity. Weak or no binding was 

observed to the ‘non-E-Box’ motif in the promoters of pPIF3, pBR6ox2 and pBEH1, 

while the oligonucleotides from pPIN3, pBEE1, pGA3ox1, pSMT2, pSNC1 and pACO2 

were more efficiently competing for BES1-GST DNA binding (Fig. 18). To substantiate 

the binding specificity of BES1 to the ‘non-E-Box’ motif a competitor oligonucleotide 

containing the imperfect motif 5’-AAACAAnnnCAT-3’ (with A instead of C or T at 

position 11) from the GA20ox2 promoter was used as a competitor for P3f binding. The 

experiment showed that the imperfect version of the ‘non-E-Box’ motif was not 

accepted for BES1-GST binding (Fig. 18).  

Bioinformatic analysis testing the motif occurrence of 5’-AA(A/T)CAAnnnC(C/T)T-3’ 

within BZR1 and BES1-target genes from available ChIP-Chip data (Sun et al., 2010; 

Yu et al., 2011) and within BR-regulated genes (Sun et al., 2010) yielded no significant 

enrichment of the ‘non-E-Box’ motif within the BES1/BZR1 target genes (Unterholzner 

et al., 2015). Instead, enrichment analysis of gene ontology terms (GOs) within the 

genes containing the BES1/BZR1 binding motif in the promoters (-750 bp from the 

transcriptional start), identified the term ‘GA biosynthetic process’ (GO:0009686) as 

Fig 17

A
++ + + + + + + + + + + + +

pPIN3 pPIF3 pGA3ox1pBEE1

+ + +

pBR6ox2

-BES1-
GST

C3

++ + + + + + + + + + + + +

pBEH1 pSMT2 pACO2pSNC1

+ + +

pGA20ox2

-BES1-
GST

C3

A

Figure 17. BES1 Binds In Vitro to the Non E-box Motifs of Different Promoters.
(A) BES1-GST binding to a radiolabeled 100-bp DNA fragment of the GA20ox1 promoter (same probe as in Figure xx) in the
presence of 10x, 100x, or 1000x molar excess of different competitor oligos, which were 36- bp sequences of the indicated
promoters that conta ined the identified non E-box motif. A 36-bp sequenc e of the GA20ox 2 promoter that contains an imperfect
version of this motif (5’- AAACAAnnnCAT-3’) was used for verification.

Figure 18. BES1 binds to several 
‘non-E-Box’ motifs in vitro.  
BES1-GST binding to the 
radiolabelled Pf3 DNA fragment 
from the GA20ox1 promoter in the 
presence of 10-, 100-and 1000-fold 
molar excess of different competitor 
oligonucleotides, which were 36 bp 
sequences of the indicated 
promoters that contained a ‘non-E-
Box’ motif. A 36 bp sequence of the 
GA20ox2 promoter that contains an 
imperfect version of this motif (5’-
AAACAAnnnCAT-3’) was used for 
verifying specificity to the novel cis 
element.  
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most significantly over-represented (Fig. 19A). Within the annotated genes of this GO, 

also GA3ox1 and GA3ox4 promoters were found to contain the ‘non-E-Box’ motif (Fig. 

19B).  

Binding of BES1-GST to the ‘non-E-Box’ motif of GA3ox1 and GA3ox4 promoters in 

vitro was verified by employing EMSAs. The addition of unlabelled competitor 

oligonucleotides including the BES1/BZR1 binding site showed that BES1-GST bound 

to the GA3ox1 and GA3ox4 promoters, although with a reduced binding affinity as 

compared to GA20ox1 (Fig. 20A).  

Figure 20. BES1 binds to the ‘non-E-Box’ motif in the promoters of GA20ox1, GA3ox1, and 
GA3ox4 in vitro.  
(A) BES1-GST binding to a radiolabelled Pf3 DNA fragment of the GA20ox1 promoter in the presence 
of 10-fold, 100-fold and 1000-fold molar excess of different competitor oligos, which were 36bp 
sequences of the GA20ox1, GA3ox1, or GA3ox4 promoters that contained the identified ‘non-E-Box' 
motif. A 36-bp sequence of the GA20ox2 promoter that contains an imperfect version of this motif (5’- 
AAACAAnnnCAT-3’) was used for verification.  
(B) qRT-PCR analysis of the expression of GA3ox4 in 8-day-old cpd seedlings grown on half-strength 
MS medium supplemented with the indicated amounts of BL (in nM). Medium supplemented with DMSO 
was the 0 control. The SD was calculated from three biological repeats after normalisation to GAPC2.  
(C) qRT-PCR analysis of the expression of GA3ox1 in the lines shown. Plants were grown for eight days 
on half-strength MS medium supplemented with 1 µM BL or DMSO as a control. The SD was calculated 
from three biological repeats after normalisation to GAPC2.  
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Figure 13. BES1 Binding to the Identified Motif in the Promoters of the GA Biosynthesis Genes GA20ox1, GA3ox1, and
GA3ox4.
(A) BES1-GST binding to a radiolabeled 100-bp DNA fragment of the GA20ox1 promoter (same probe as in Figure 5C) in the 
presence of 10x, 100x, or 1000x molar excess of different competitor oligos, which were 36-bp sequences of the GA20ox1, 
GA3ox1, or GA3ox4 promoters that contained the identified non E-box motif. A 36-bp sequence of the GA20ox2 promoter that 
contains an imperfect version of this motif (5’- AAACAAnnnCAT-3’) was used for verification. 
(B) qPCR analysis of the expression of GA3ox4 in 8-d-old cpd seedlings grown on half-strength MS medium supplemented with 
the indicated amounts of epi- BL (in nM). Medium supplemented with DMSO was the 0 control. The SD was calculated from 
three biological repeats after normalization to GAPC2. 
(C) qPCR analysis of the expression of GA3ox1 in the lines shown. Plants were grown for 8 d on half-strength MS medium 
supplemented with 1 mM epiBL or DMSO as a control. The SD was calculated from three biological repeats after normalization to 
GAPC2. 

Figure 19. GO enrichment of the ‘non-E-Box’ motif in Arabidopsis promoters.  
(A) The bubble chart is depicting the enrichment of the non-E-Box motif in GO Annotations of biological 
processes in Arabidopsis by using Revigo Software. The chart shows the -log10(P) value of the 
enrichment (x-axis and colour), the semantic space (y-axis) and the term size (bubble size) of the GO 
annotations (enrichment analysis was performed by Dr Karl Kugler and Dr Klaus F. X. Mayer). 
(B) Genes of Arabidopsis from the GO group ‘GA biosynthetic process’ (GO:0009686), which contain 
the ‘non-E-Box’ cis element.  

 

Figure 12. GO Enrichment of the Non-E-Box Motif in Arabidopsis.
(A) Bubble chart depicting the enrichment of the non-E-Box motif in GO Annotations of biological processes in A. thaliana by
using Revigo Software. The chart shows the -log10(P) value of the enrichment (x-axis, size, and color) and the size of the GO
term group (y-axis) among all GO annotations.

(B) Genes of A. thaliana involved in GO GA biosynthetic process (GO:0009686) which contain the non-E-Box motif.

A B
GO:0009686       GA biosynthetic process 

ATG  Name Function 
AT1G12130 - Putative function in GA biosynthesis 
AT1G15550 GA3ox1 GA 3-beta-dioxygenase activity 
AT1G50960 GA2ox7 GA 2-oxidase activity  
AT1G66390 MYB90 Putative function in GA biosynthesis 
AT1G80330 GA3ox4 GA 3-beta-dioxygenase activity 
AT2G32440 KAO2 ent-Kaurenoate oxidase activity 
AT3G54510 - Putative function in GA biosynthesis 
AT4G24150 GRF8 Putative function in GA biosynthesis 
AT4G25420 GA20ox1 GA 20-oxidase activity 
AT4G39500 CYP96A11 Putative function in GA biosynthesis 
AT5G65410 ATHB25 Regulates GA3ox2 expression 
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In similarity to GA20ox1, also GA3ox1 mRNA abundance was reduced in bri1-1, and 

cpd (Unterholzner et al., 2015) and the attenuated expression in cpd was restored by 

exogenous BL (Fig. 8B). Furthermore, BL-treatment induced the GA3ox1 transcripts 

in wild-type seedlings and more pronounced in bes1-D (Fig. 20C). Also, the expression 

of GA3ox4 was BR-regulated since GA3ox4 mRNA levels increased when cpd was 

grown in the presence of BL (Fig. 20B).  

To verify the binding of BES1 to the ‘non-E-Box’ motif in planta, chromatin 

immunoprecipitation (ChIP) experiments were performed. 3-week-old 35Spro:BES1-

CFP plants (BES1-CFP; (Rozhon et al., 2010) were sprayed with 10 μM 

epibrassinolide (+BR), to promote dephosphorylation of BES1-CFP, or with DMSO as 

a control (Fig. 21A). While the enrichment of BES1-CFP on the ‘non-E-Box’ motifs was 

only very subtle in the control samples, BES1-CFP was significantly enriched on the 

‘non-E-Box’ motifs of GA20ox1, GA3ox1 and GA3ox4 promoters upon BR-treatment 

(Fig. 21A right).  

The transcriptional activity of BES1 on the ‘non-E-Box’ motif was assessed by 

employing transactivation assays. A plasmid, where the expression of firefly luciferase 

(fLUC) is under the control of a 1 kb GA20ox1-promoter fragment (pGreen0800-

pGA20ox1::fLUC), was transformed into mesophyll protoplasts of 35Spro:BES1-CFP 

seedlings and the protoplasts were incubated in the presence BL or DMSO as a 

Figure 21. BES1 binds to the ‘non-E-Box’ Motif in the promoters of GA20ox1, GA3ox1, and 
GA3ox4 in vivo.  
(A) BL-induced enrichment of BES1-CFP on the promoters of GA20ox1, GA3ox1, and GA3ox4. For 
ChIP-qPCR, 21-day-old BES1-CFP plants were sprayed with 10 μM BL (+ BR) or DMSO as a control (- 
BR). Dephosphorylation of BES1-CFP following the treatment was verified by immunoblotting with a α-
GFP antibody (left). Enrichment of BES1-CFP on fragments containing the ‘non-E-box’ motif was 
determined by qPCR and calculating the ratio between samples without antibody and samples with the 
antibody. Values are the mean of three biological replicates with the SE as error bars (right).  
(B) Transactivation assay performed in protoplasts generated from BES1-CFP leafs. Constructs with 
fLUC driven by the promoter of GA20ox1 (pGA20ox1) or the promoter of GA20ox1 with 5’-AATCAA-3’ 
from the ‘non-E-Box’ motif mutated (M*pGA20ox1) were transformed to the protoplasts. Promoter 
activity was investigated after 10 μM BL of DMSO control. Promoter activity was normalised to a co- 
transformed 35Spro driven renLUC and the values are from three biological replicates with SD as error 
bars.  

Fig 14

Figure 14. BES1 Binding to the Non E-Box Motif in the Promoters of GA20ox1, GA3ox1, and GA3ox4 In Vivo.
(A) BL-induced enrichment of BES1-CFP on the promoters of GA20ox1, GA3ox1, and GA3ox4. For ChIP, 21-d-old BES1-CFP 
plants were sprayed with 10 μM epiBL (+ BR) or with DMSO as a control (- BR). De- phosphorylation of BES1-CFP following the 
treatment was verified by immunoblotting with an a-GFP antibody (left). Enrichment of BES1-CFP on fragments containing the 
non-E-box motif was determined by qPCR and calculating the ratio between samples without antibody and samples with 
antibody. Values are the mean from three biological replicates with the SE as error bars (right). 
(B) Transactivation assay performed in protoplasts generated from BES1-CFP leafs. Constructs with fLUC driven by the 
promoter of GA20ox1 (pGA20ox1) or the promoter of GA20ox1 with AATCAA from the non E-Box motif mutated (M*pGA20ox1) 
were transformed to the protoplasts. Promoter activity was investigated after 10 μM epiBL of DMSO control. Promoter acitivity
was normalized to a co- transformed 35Spro driven renLUC and the values are from three biological replicates with SD as error 
bars. 
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control. The fLUC activity was increased very subtle upon BR-treatment (Fig. 21B), 

while when performing the same assay with a mutation of 5’-AATCAA-3’ within the 

‘non-E-Box’ motif of the GA20ox1 promoter (pGreen0800-pGA20ox1M*::fLUC), BR-

treatment failed to induce the fLUC activity (Fig. 21B).  

Collectively, the results provide evidence that BES1, upon BR-treatment, directly 

interacts with the ‘non-E-Box’ motif in the promoters of GA20ox1 and GA3ox1, GA3ox4 

and thereby activates their expression.  

 

2.1.6 BRs participate in the GA feedback regulation 

The levels of GAs are controlled by a negative feedback regulation, where bioactive 

GA down-regulates the expression of GA20ox and GA3ox genes and induces the 

GA2ox expression to reduce GA-levels (Cowling et al., 1998; Xu et al., 1999). Although 

BRs promote GA20ox and GA3ox expression, a possible contribution to this feedback 

regulation was investigated. Wild-type and bri1-1 seedlings were treated for two hours 

with 1 µM GA4, to induce the negative feedback. In wild-type, the GA20ox1 mRNA 

abundance was reduced upon GA-treatment (Fig. 22A) and also the attenuated 

GA20ox1 transcripts in bri1-1 were further decreased upon GA-treatment (Fig. 22A). 

The results demonstrate that the negative feedback repression of GA-biosynthesis is 

not BRI1-dependent.  

By contrast, at low GA-levels, DELLAs contribute to a positive feedback control of GA 

biosynthesis by inducing the GA20ox and GA3ox transcript levels (Dill et al., 2001; 

Zentella et al., 2007; Weston et al., 2008). Since BES1/BZR1 control GA20ox and 

GA3ox expression, a possible involvement in the positive feedback regulation was 

examined. Thus, wild-type and bri1-1 plants were treated with 1 µM paclobutrazol 

(PAC) to inhibit GA-biosynthesis (Hallahan et al., 1988). In wild-type plants, the 

Figure 22. BR signalling is required for 
the DELLA-mediated positive GA 
feedback regulation.  
(A) qRT-PCR analysis of the expression of 
GA20ox1 in 8-day-old wild-type or bri1-1 
seedlings grown on half-strength MS 
medium before 2-hours treatment with 1 μM 
GA4+7 (+GA) or DMSO as a control (-). Fold 
change compared to wild-type is shown and 
expression is normalized to GAPC2.  
(B) qRT-PCR analysis of GA20ox1 
expression in 8-day-old wild-type or bri1-1 
seedlings grown on half-strength MS 
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GA20ox1 transcripts were strongly augmented by PAC-treatment, whereas this 

induction was not observed in bri1-1 (Fig. 22B), suggesting that BR-signalling is 

required for GA-feedback induction of GA20ox1.  

The role of DELLAs in the transcriptional regulation of GA biosynthetic genes is still 

not fully understood (Zentella et al., 2007; Hedden and Thomas, 2012) because 

DELLAs are considered not to directly interact with DNA (Zentella et al., 2007; Marin-

de la Rosa et al., 2015). Although the activity of BES1/BZR1 on certain E-Box 

containing promoters is inhibited by the interaction with DELLAs (Bai et al., 2012; 

Gallego-Bartolome et al., 2012; Li et al., 2012b), this interaction is possibly relevant for 

the regulation of GA20ox and GA3ox expression. To test this, the BL-induction of 

GA20ox1 transcript abundance was quantified in the della-GLOBAL mutant (Koini et 

al., 2009), a quintuple mutant of all Arabidopsis DELLA genes. Wild-type and della-

GLOBAL plants were grown for 8-days in the presence of 1 μM BL, 1 μM GA or DMSO 

as a control and the expression of GA20ox1 was analysed by qRT-PCR analysis. In 

wild-type, the mRNA levels of GA20ox1 were increased in the presence of BRs and 

reduced in the presence of GA (Fig. 23A). Surprisingly, the BR-mediated increase of 

Fig 16
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Figure 16. DELLAs Are Required For BR Mediated GA20ox1 Induction But Not for BR-Feedback Regulation.
(A) Hypocotyl elongation 8 day old wild type (Ler) and della-GLOBAL seedlings grown on half-strength MS medium
supplemented with 1 μM epi-brassinolide (BL) or 1 μM GA4+7 (GA). Picture of representative seedlings (left) and quantification of
of the hypocotyl elongation of at least 20 seedlings (right) are shown. Error bars indicate the SD.
(B, C and D) qPCR analysis from seedlings grown as described in (A). Expression of GA20ox1 (B), DWF4 (C) and ACO1 (D)
was normalized to GAPC2, and the error bars are the SD from 3 biological replicates. .
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Figure 23. DELLAs are required for BL-induction of GA20ox1 expression.  
(A, B and C) qRT-PCR analysis from 8-day-old wild-type (Ler) and della-GLOBAL seedlings grown on 
half-strength MS medium supplemented with 1 μM epi-brassinolide (BL) or 1 μM GA4+7 (GA) under LD 
conditions. Expression of GA20ox1 (A), DWF4 (B) and ACO2 (C) was normalized to GAPC2, and the 
error bars are the SD from three biological replicates.  
(D) Picture of representative seedlings and quantification of hypocotyl elongation of at least 20 seedlings 
(right) are shown. Error bars indicate the SD. The plants were grown as described in (A). 
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GA20ox1 transcripts was not observed in della-GLOBAL, since the expression level 

remained unchanged upon BL-treatment (Fig. 23A).  

Hence, this finding suggests that, on GA biosynthetic promoters, DELLAs modes in 

the control of BES1 activity may differ to the postulated inhibitory role on other targets 

(Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012b). Therefore, the BR-

mediated expression of additional target genes was investigated in the absence of 

DELLAs. Given that DWF4 is a direct target of BZR1, where the BZR1-binding to the 

G-Box motif was reduced by PAC-treatment (Bai et al., 2012) the BL-triggered 

reduction of DWF4 transcripts was examined in the della-GLOBAL mutant. The 

experiment showed that the repression of DWF4 transcripts by BRs remained 

functional in della-GLOBAL (Fig. 23B). To assess if the requirement of DELLAs for BL-

mediated transcriptional responses might be linked to the DNA binding motif, the BR-

response of ACO2 expression, a ‘non-E-Box’-containing putative BES1/BZR1 target 

(Fig. 18), was tested in the della-GLOBAL. Although, an induction of ACO2 transcripts 

by BRs occurred, it was not altered in the della-GLOBAL (Fig. 23B, C).  

Although removal of DELLAs was found to enhance BR-responses (Bai et al., 2012), 

the BR-mediated transcriptional changes of DWF4 and ACO2 were not altered in the 

della-GLOBAL as compared to wild-type (Fig. 23B, C). In addition, the BL-induced 

hypocotyl elongation response of della-GLOBAL mutants was similar to wild-type (Fig. 

23D). 

 

2.1.7 CESTA binds to the ‘non-E-Box’ motif in the GA20ox1 promoter 

CES and BES1/BZR1 regulate the expression of BR biosynthesis genes, yet in an 

antagonistic manner. Therefore, EMSAs were employed to examine whether CES can 

also bind to the GA20ox1 promoter. CES-GST was tested for binding to the radio-

labelled pf3 fragment in the presence and absence of unlabelled competitors (C) or 

competitors containing 3 bp mutations within the ‘non-E-Box’ motif (C*). Interestingly, 

analogous to BES1-GST, CES-GST required the same motif 5’-AATCAAnnnCCT-3’ to 

efficiently bind to the GA20ox1 promoter in vitro (Fig. 24A). 

The transcriptional role of CES binding to the ‘non-E-Box’ motif was investigated by 

employing transactivation assays. For this purpose, pGA20ox1::fLUC and 

pGA20ox1M*::fLUC transcriptional reporters were co-transformed with 35Spro::CES 

(+CES) or empty vector (-) into mesophyll protoplasts generated from ces-2/bee1,2,3 

a knockout line of CES and its close homologues BEE1, BEE2, and BEE3 (Eremina et 
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al., 2016). CES promoted the transactivation activity of pGA20ox1 (Fig. 24B). Besides, 

the ‘non-E-Box’ motif was critical for CES-activity, since a mutation 5’-AATCAA-3’ 

within the motif (pGA20ox1M*) repressed the transactivation capacity of CES on the 

promoter (Fig. 24B).  

To determine the role of CES in the transcriptional control of GA20ox1, the transcripts 

of GA20ox1 were quantified in 8-day-old seedlings of wild-type, the CES 

overexpressing line ces-D (Poppenberger et al., 2011), ces-2/bee1,2,3 and bes1-D by 

means of qRT-PCR. At this growth stage, however, ces-D and ces-2/bee1,2,3 showed 

slightly reduced GA20ox1 expression, while they were increased in bes1-D (Fig. 25A).  

BR-signalling was required for the feedback regulation of GA20ox1 expression; to 

examine whether CES participates in this feedback regulation, PAC-mediated 

upregulation of GA20ox1 transcripts was investigated in wild-type and ces-D plants by 

applying qRT-PCR analysis. However, the induction of GA20ox1 expression by PAC 

was not altered in ces-D as compared to wild-type (Fig 25B), suggesting that ces-D is 

not involved in the GA-feedback regulation. 

Figure 24. CES binds to the ‘non-E-Box’ motif of the GA20ox1 promoter.  
(A) EMSA showing CES-GST binding to the radiolabelled P3f fragment. The addition of 100-fold molar 
excess of competitor oligonucleotides (36 bp) of C1 (–588 to –553), C2 (–570 to –535), C3 (–552 to –
517), C4 (–534 to –499), or C5 (2525 to 2490) and mutated versions of C3 (C*1-C*5; sequences as 
shown; mutations marked in red) were used to characterize the CES-GST binding site. Mutating 5’-
AATCAAnnnCCT-3’ (in C3*1, C3*2, and C3*4) inhibits the competition for DNA binding, as shown in red 
in the table.  
(B) Transactivation assay performed in protoplasts generated from ces-2/bee1,2,3 leafs. Constructs 
with fLUC driven by the promoter of GA20ox1 (pGA20ox1) or the promoter of GA20ox1 with 5’-AATCAA-
3’ from the ‘non-E-Box’ motif mutated (pGA20ox1 M*) were co-transformed with 35S::CES. Promoter 
activity was normalized to a 35Spro driven renLUC and the values were calculated from three biological 
replicates with SD as error bars.  

 

Fig 18

A

Figure 18.CES Binds to the Non E-box Motifs of GA20ox1.
(A) EMSA shows CES-GST binding to the radiolabeled P3f fragment. The addition of 1000 molar excess of competitor
oligonucleotides (36 bp) of C1 (–588 to –553), C2 (–570 to –535), C3 (–552 to –517), C4 (–534 to –499), or C5 (2525 to

2490) and mutated versions of C3 (C*1-C*5; sequences as shown; mutations marked in red) were used to characterize

the CES-GST binding site. Mutating 59-AATCAAnnnCCT-39 (in C3*1, C3*2, and C3*4) inhibits the competition for DNA

binding, as shown in red in the table.

(B) Transactivation assay performed in protoplasts generated from ces qM leafs. Constructs with fLUC driven by the

promoter of GA20ox1 (pGA20ox1) or the promoter of GA20ox1 with AATCAA from the non E-Box motif mutated

(M*pGA20ox1) were co-transformed with 35S:CES. Promoter activity was normalized to a 35Spro driven renLUC and the
values are from three biological replicates with SD as error bars.

(C) Transactivation assay performed in protoplasts generated from ces qM leafs. Constructs with fLUC driven by the

promoter of GA20ox1 (pGA20ox1) were co-transformed with 35Spro driven mutant versions of CES. Promoter activity was
normalized to a 35Spro driven renLUC and the values are from three biological replicates with SD as error bars.
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2.1.8 BRI1-independent growth of seedlings on H2O-agarose 

Given that in germination assays the media composition strongly influenced the 

appearance of the BR mutant phenotype GA-responsive hypocotyl growth of BR 

mutants was investigated when grown on either half-strength MS medium or H2O-

agarose plates. On half-strength MS medium, the hypocotyl elongation in cpd, bri1-1 

and bri1-301 mutants was reduced as compared to wild-type, and the GA-induction of 

hypocotyl growth was subtle (Fig. 26A). Surprisingly, when these mutants were grown 

on H2O-agarose, the hypocotyl phenotype was disguised, since the hypocotyl length 

was comparable with wild-type and exogenous GA promoted hypocotyl elongation to 

the same extent as in wild-type seedlings (Fig. 26B). 

The results indicate that hypocotyl elongation on H2O-agarose does not depend on 

BRs. To examine if posttranslational modifications of BES1 are altered on H2O-

agarose, the phosphorylation status was determined by immunoblotting of 

35Spro::BES1-CFP seedlings grown on either H2O-agarose or half-strength MS 

Figure 26. The hypocotyl elongation 
phenotype of BR mutant is disguised when 
grown on H2O-agarose.  
(A) Hypocotyl elongation of 7-day-old wild-
type, cpd, and bri1-1 plants grown on half-
strength MS medium supplemented with 1 μM 
GA4 or with DMSO as a control. Mean values 
and SD were calculated from 20 seedlings. 
(B) Hypocotyl elongation of 7-day-old wild-
type, cpd, bri1-1, and bri1-301 plants grown on 
H2O-agarose supplemented with 1 μM GA4 or 
with DMSO as a control. Mean values and SD 
were calculated from ≥ 35 seedlings.  
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Figure 2. GA Application Partially Rescues Hypocotyl Elongation Defects of BR Mutants.
(A) Hypocotyl elongation of wild-type, cpd, and bri1-1 plants grown on half-strength MS medium supplemented with 1 μM
GA4 or with DMSO as a control. Mean values and SD from 20 seedlings grown for 7 d in standard growth conditions are
shown.
(B) Hypocotyl elongation of wild-type, cpd, bri1-1, and bri1-301 plants grown on water agar supplemented with 1 mM GA4 or
with DMSO as a control. Mean values and SD from 35 seedlings grown for 7 d in standard growth conditions are shown.
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Figure 21. Regulation of GA20ox1 transcription by CES.
(A) qPCR analysis of GA20ox1 expression in 8-day old seedlings of the indicated lines. The plants were grown in LD
21�C growth conditions, and values indicate the mean from 3 biological replicates. Error bars indicate the SD. Expression
was normalized to GAPC2.
(B) qPCR analysis of GA20ox1 expression in 8-day old seedlings of the indicated lines. The seedlings were grown on half-
strenght MS media supplemented with 1 µM PAC or DMSO as control. Values indicate the mean from 3 biological
replicates. Error bars indicate the SD. Expression was normalized to GAPC2
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Figure 25. GA20ox1 transcripts 
are not altered by CES in the 
seedling stage.  
(A) qRT-PCR analysis of GA20ox1 
expression levels in 8-day-old 
seedlings of the indicated lines. 
The plants were grown on half 
strength MS medium and were 
incubated at 21°C under LD 
conditions. Bars indicate the mean 
from three biological replicates 
and the error bars indicate the SD. 
The expression was normalised to 
GAPC2.  

(B) qRT-PCR analysis of GA20ox1 expression in 8-day-old seedlings of the indicated lines. The 
seedlings were grown on half-strength MS media supplemented with 1 µM PAC or DMSO as a control. 
Bars indicate the mean from three biological replicates. Error bars indicate the SD. The expression was 
normalised to GAPC2. 
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medium as a control. BES1-CFP phosphorylation and protein abundance were not 

significantly altered from seedlings grown on H2O-agarose or half-strength MS medium 

(Fig. 27A).  

The fact that BR-mutants were not displaying phenotypes when grown on H2O-

agarose suggests that BR-signalling might be activated independently of BR-levels or 

BRI1 under these conditions. To examine if an inhibition of BR biosynthesis might 

promotes BES1 phosphorylation on H2O-agarose, 35Spro::BES1-CFP seedlings were 

grown on half-strength MS and H2O-agarose medium supplemented with either 1 µM 

BRZ or with DMSO as a control. The phenotype of the seedlings showed a reduction 

of hypocotyl elongation and dark green epinastic leaves when grown on half-strength 

MS medium supplemented with BRZ. By contrast, seedlings grown on H2O-agarose 

supplemented with BRZ appeared indifferent from plants of the control treatment (Fig. 

27B). In addition, the phosphorylation status and protein abundance of BES1-CFP 

were not altered in seedlings grown on H2O-agarose supplemented with BRZ. Instead, 

BRZ-treatment on half-strength MS medium reduced the overall protein abundance, 

and only phosphorylated BES1-CFP was detected (Fig. 27C).  

These findings suggest that plants grown on the H2O-agarose medium are insensitive 

to BR biosynthesis inhibition, possibly, by affecting BRI1-downstream signalling 

events.  

Given that BES1/BZR1 phosphorylation patterns are modulated by the activity of the 

PP2A phosphatase (Tang et al., 2011), phosphatases might dephosphorylate BIN2 or 

BES1/BZR1 independently from BRs on H2O-agarose. One putative candidate, which 
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Figure 20. BES1 phosphorylation is BR-independent on H2O-agarose.
(A) Western blot from protein extract of 35Spro::BES1-CFP plants growing for 7-days in LD conditions on half-strength MS
medium or on H2O-agarose. CBB is shown as loading control.
(B) Phenotype of 7-day-old seedlings from 35Spro::BES1-CFP plants. The plants were grown in LD conditions on half-strength
MS medium supplemented with 1 µM BRZ (+BRZ) and DMSO as control (-) or on H2O-agarose supplemented with 1 µM BRZ
(+BRZ) and DMSO as control. Pictures of representative plants are shown.
(C) Western blot from protein extract of 35Spro::BES1-CFP plants growing on the same media and conditions as in (B).

half-
strength MS

Figure 27. BES1 phosphorylation is BR-independent on H2O-agarose.  
(A) Western blot with anti-GFP antibody from protein extract of 35Spro::BES1-CFP plants growing for 
seven days in LD conditions on half-strength MS medium or H2O-agarose. CBB is shown as loading 
control. 
(B) The phenotype of 7-day-old seedlings from 35Spro::BES1-CFP plants. The plants were grown in LD 
conditions on half-strength MS medium supplemented with 1 µM BRZ (+BRZ) and DMSO as a control 
(-) or on H2O-agarose supplemented with 1 µM BRZ (+BRZ) and DMSO as a control. Pictures of 
representative plants are shown.  
(C) Western blot with anti-GFP antibody from protein extract of 35Spro::BES1-CFP plants growing on the 
same media and conditions as in (B).  
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was found to interact with BIN2 (in yeast) and with BES1 (in protoplasts) was recently 

identified and termed putative BES1 phosphatase (PBP1). Besides, PBP1 was able to 

dephosphorylate BES1-GST in vitro (unpublished data).  

To determine a possible role of PBP1 and the close homologues PBP2 and PBP3 to 

confer BRZ-resistance on H2O-agarose medium, pbp-1 and pbp-1,2,3, knock-out 

mutants were grown on H2O supplemented with either with BRZ or with DMSO as a 

control. Strikingly, a loss of PBP-1 function in pbp-1 restored BRZ-sensitivity on H2O-

agarose medium (Fig. 28A). Also, the triple mutant pbp-1,2,3 was sensitive to BRZ 

(Fig. 28A). By contrast, wild-type and ASKqoe remained BRZ-insensitive (Fig. 28A). In 

addition, their BL-response was verified on H2O-agarose medium supplemented with 

BL or DMSO as a control. The induction of hypocotyl elongation in the presence of BL 

was comparable to wild-type, only the pbp-1 mutant showed an increased hypocotyl 

elongation as compared to wild-type (Fig. 28B).  

Collectively the results suggest that PBP1 and its homologues might act BR-

independent to regulate the phosphorylation of BES1/BZR1 on H2O-agarose medium.  

 
 

and DMSO as a control. Bars indicate the mean of ≥ 20 biological replicates and the error bars indicate 
the SD. 
(B) Hypocotyl elongation of 7-day-old seedlings from the indicated lines. The plants were grown in LD 
conditions on H2O-agarose supplemented with 1 µM BL (+BL) and DMSO as a control. Bars indicate 
the mean of ≥ 20 biological replicates and the error bars indicate the SD. 
 

Figure 28. PBP1 
confers BRZ-
insensitivity on H2O-
agarose medium.  
(A) Hypocotyl elongation 
of 7-day-old seedlings 
from the indicated lines. 
The plants were grown in 
LD conditions on H2O-
agarose supplemented 
with 1 µM BRZ (+BRZ) 
and DMSO as a control. 
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Figure 21. PP2Cs are Required for BRZ-Resistance on H2O-agarose
(A) Hypocotyl elongation of 7-day-old seedlings from the indicated lines. The plants were grown in LD conditions on H2O-
agarose supplemented with 1 µM BRZ (+BRZ) and DMSO as control. Bars indicate the mean of at least 20 biological replicates
and the error bars indicate the SD.
(B) Hypocotyl elongation of 7-day-old seedlings from the indicated lines. The plants were grown in LD conditions on H2O-
agarose supplemented with 1 µM BL (+BL) and DMSO as control. Bars indicate the mean of at least 20 biological replicates and
the error bars indicate the SD.
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2.2 BES1 mediates BR-controlled expression of YUCs 

2.2.1 BES1 binds to ‘non-E-Box’ motifs in auxin-related genes in vitro 

GO enrichment analysis revealed that the ‘non-E-Box’ motif was overrepresented in 

promoters of genes annotated as functioning in the ‘GA biosynthetic process’. In 

addition, the term ‘auxin efflux’ (GO:0010315) was present among the most enriched 

categories (Fig. 29A). Within this category, among others the promoters of PIN3 (5’-

AAACAAnnnCTT-3’ -168 to -156 bp upstream of the transcriptional start), PIN8 (5’-

AATCAAnnnCCT-3’ -192 to -180 bp upstream of the transcriptional start) contain the 

‘non-E-Box’ motif. 

Furthermore, a direct search for the occurrence of the ‘non-E-Box’ motif in genes 

involved in auxin biosynthesis identified YUC2 (5’-AAACAAnnnCTT-3’ -388 to -376 bp 

upstream of the transcriptional start) and YUC6 (5’-AATCAAnnnCCT-3’-1280 to -1268 

bp upstream of the transcriptional start) as putative BES1/BZR1 target genes.  

To analyse if BES1 might bind to some of the putative targets in vitro, EMSA studies 

were employed. Competitor oligonucleotides comprising the ‘non-E-Box’ motif within 

the YUC2 (cYUC2), PIN3 (cPIN3), PIN8 (cPIN8) and GA20ox1 (cGA20ox1; as a 

positive control) promoters were added to the binding reaction of BES1-GST with the 

fluorescence-labelled P3f fragment. BES1-GST bound to the ‘non-E-Box’ motif within 

the promoters of YUC2 and PIN3 since both were competing for BES1-GST interaction 

with P3f (Fig. 29B).  

Figure 29. BES1 binds to the ‘non-E-Box’ motif of the YUC2 and PIN3 promoters in vitro.  
(A) The bubble chart is depicting the enrichment of the ‘non-E-Box’ motif in GO annotations of biological 
processes in Arabidopsis by using Revigo Software. The chart shows the -log10(P) value of the 
enrichment (x-axis and colour), the semantic space (y-axis) and the term size (bubble size) of the GO 
annotations.  
(B) BES1-GST binding to fluorescence-labelled P3f in the presence of 10-fold, 100-fold, or 1000-fold 
molar excess of cGA20ox1, cYUC2, cPIN3 and cPIN8 competitor oligos, of 36-bp size comprising the 
‘non-E-Box’ motif.  

SFig xx

A

BES1-GST - + + + + + + + + + + + + + +

cGA20ox1 cYUC2 cPIN3 cPIN8

Figure 17. BES1 binds in vitro to the non E-box motifs of promoters involved in auxin homeostasis.
(A) Bubble chart depicting the enrichment of the non-E-Box motif in GO Annotations of biological processes in A. thaliana by
using Revigo Software. The chart shows the -log10(P) value of the enrichment (x-axis, size, and color) and the semantic space y
(y-axis) among all GO annotations.
(B) Members of the auxin related GOs with the non E-Box motif in the promoters (-750 bp before transcritional start).
(C) BES1-GST binding to a radiolabeled 100-bp DNA fragment of the GA20ox1 promoter (same probe as in Figure xx) in the
presence of 10x, 100x, or 1000x molar excess of GA20ox1, YUCCA2, PIN3 and PIN8 competitor oligos, which were 36-bp
sequences of the indicated promoters that contained the identified non E-box motif.
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2.2.2 BRs regulate YUC2 and YUC6 expression 

The fact that YUC2 and YUC6 contain the ‘non-E-Box’ BES1/BZR1binding motif and 

the finding that BES1 binds to the YUC2 promoter in vitro suggested a possible role of 

BRs in the control of their expression. To assess if the mRNA abundance of YUC2 and 

YUC6 is altered by BRs, seedlings of wild-type, bes1-D, det2-1 and ASKθ-oe grown at 

standard conditions for eight days were used for qRT-PCR analysis. The results 

showed that det2-1 and ASKθ-oe had a reduced expression of YUC2 and YUC6 as 

compared to wild-type (Fig. 30A). Moreover, the YUC2 transcripts were slightly 

increased in the dominant mutant bes1-D, while YUC6 expression was comparable to 

wild-type (Fig. 30A).  

 

 

Figure 30. Reduced YUC expression contributes to BR mutant phenotypes.  
(A) qRT-PCR analysis of YUC2 and YUC6 expression in 8-day-old seedlings. Plants were grown at 
21°C in LD conditions. The mean and the SD are calculated from three biological replicates after 
normalisation to GAPC2. 
(B) Representative 8-day-old seedlings of the indicated lines grown at 21°C in LD conditions.  
(C) Quantification of hypocotyl elongation in mm. Bars show the mean of ≥ 20 seedlings and the error 
bars indicate the SD. 
(D) Quantification of petiole elongation in mm. Bars show the mean from ≥ 20 seedlings and the error 
bars indicate the SD. 
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Figure 1. YUCCA transcript abundance is comprised in BR-mutants.
(A) qPCR analysis of YUC2 and YUC6 expression in 8-day-old seedlings. Plants were grown at 21�C LD conditions. The mean and
the SD are calculated form three biological replicates after normalization to GAPC2.
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(C) Quantification of the hypocotyl elongation in mm. Bars show the mean from minimum 20 seedlings and the error bars indicate the
SD (right).
(D) Quantification of the petiol elongation in mm. Bars show the mean from minimum 20 seedlings and the error bars indicate the SD
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0

1

2

3

4

pe
tio

le
 e

lo
ng

at
io

n 

C D
  ASKθ-oe 



2 RESULTS    2.2 BES1 mediates BR-controlled expression of YUCs 

 47 

2.2.3 yuc1D partially rescues BR-deficient phenotypes 

Since BRs and auxin act synergistically to promote growth, the reduced YUC2 and 

YUC6 transcripts in BR mutants might contribute to their growth phenotypes. To test 

this, the yuc1D (yucca; (Zhao et al., 2001)) mutation was introduced into the weak 

BRI1 allele, bri1-301 (Xu et al., 2008) and the BR biosynthesis mutant det2-1 by 

crossing, yielding bri1-301/yuc1D and det2-1/yuc1D, respectively. The double mutants 

were compared in their phenotypes to the single mutants and wild-type.  

In the seedling stage, the hypocotyl length of yuc1D/bri1-301 was significantly 

increased as compared to bri1-301 (Fig. 30B, C). In addition, also the petiole length of 

bri1-301 was increased by the yuc1D mutation (Fig. 30B, D). Although the promotion 

of hypocotyl and petiole growth by the yuc1D mutation was very subtle in det2-1, 

significant effects were also observed in this BR-deficient mutant background (Fig. 

30B, C, D).  

In adult growth stages, yuc1D rescued multiple aspects of the BR mutant phenotypes. 

True leaves of 4-week-old bri1-301/yuc1D plants were more elongated as compared 

to leaves of bri1-301, restoring wild-type leaf-morphologies to some extent (Fig. 31B). 

By contrast, although the leaves of det2-1/yuc1D were increased in size as compared 

to det2-1, the leaf morphology remained similar to det2-1 (Fig. 31B).  

To determine the effects of the yuc1D allele on the delayed flowering of BR mutants, 

the total leaf number at bolting was quantified. While the double mutants flowered 

slightly earlier than the single mutants, they were still clearly late flowering as 

compared to wild-type, suggesting that yuc1D exert only a minor effect on the flowering 

time of bri1-301 and det2-1 (Fig. 31C). yuc1D promoted the inflorescence stem growth 

in bri1-301 and det2-1 since the plant height of bri1-301/yuc1D, and det2-1/yuc1D was 

increased as compared to bri1-301 and det2-1, respectively (Fig. 31D).  

Since it appeared that reduced seed production of det2-1 was rescued to some extent 

in the det2-1/yuc1D double mutant, the flower morphology of the mutant lines was 

investigated. Freshly opened flowers were collected from the main inflorescence stem, 

2-weeks after bolting of the individual lines. Overall, the morphology of the flowers 

seemed largely unaffected by yuc1D in both BR mutant backgrounds (Fig. 32A). 

Because defects in filament elongation of BR mutants contribute to their reduced male 

fertility (Ye et al., 2010), the effect of yuc1D on the filament length was investigated. 

However, elongation defects were not restored by yuc1D (Fig. 32B). Local auxin 

biosynthesis by YUC2 and YUC6 is essential during late stamen and pollen 
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development since yuc2yuc6 cannot produce viable pollen (Cheng et al., 2006). 

Hence, to test if yuc1D improves the germination rate of pollen from BR mutants in 

vitro pollen germination assays were performed. Freshly anther dehiscent flowers were 

harvested from the primary inflorescence stem two weeks after bolting, and the pollen 

was incubated for 20 hours on solid pollen germination medium (Fan et al., 2001). The 

Figure 31. yuc1D partially rescues phenotypes of adult bri1-301 and det2-1 mutants.  
(A) The adult phenotype of representative 3-week-old soil grown plants. The plants were grown in LD 
conditions at 21°C.  
(B) Morphology of all true leaves from one representative 4-week-old plant of the indicated lines. The 
plants were grown in LD conditions at 21°C. Leaves were arranged from left to right in order of 
emergence from the SAM.  
(C) Quantification of flowering time indicated as total leaf number at bolting. The plants were grown in 
LD conditions at 21°C. The bars show the mean values of the flowering time from ≥ 12 individual plants 
and the error bars indicate the SD.  
(D) Representative 6-weeks-old plants of the indicated lines. The plants were grown in LD conditions at 
21°C. 
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SFigure 1. Adult Phenotypes of bri1-301 and det2-1 can be rescued partially by yuc1D.
(A) Picture of a representative 3-week-old soil grown plants. Plants were grown in LD conditions at 21�C.
(B) Picture of all true leaves from a representative plant of the indicated lines after 4 weeks, same growth conditions as in (A).
(C) Flowering time, indicated as total leaf number at bolting, of soil grown plants. The bars are the mean values of minimum 12
individual plants and the error bars indicate the SD.
(D) Picture of representative 6-weeks-old plants of the indicated lines, grown in the same conditions as in (A).
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results showed that the germination rate of pollen from det2-1/yuc1D flowers was 

increased as compared to pollen from det2-1 flowers (Fig. 32C). Consistently, also the 

fruit set, when assessed along the main inflorescence stem, and silique length were 

increased to some extend (Fig. 32D, E, F).  
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SFigure 2. yuc1D promotes the fertility of bri1-301 and det2-1.
(A) Picture of the first opened flowers from at the main inflorescence stem. The inflorescences were destained in Hoyer’s reagent.

(B) Quantification of the filament elongation in mm from flowers harvested and destained as in (A) from 12 individual plants. Error

bars indicate the SD from at least 15 independent replicates.

(C) Pollen germination rate of the indicated lines. Pollen were harvested from the first opened flower on the main inflorescence stem.

The error bars indicate the standard deviation from at least 12 individual flowers.

(D) Fruit set at the main inflorescence axis. The fruit set was counted as percentage of flowers developed into fruits at the main

inflorescence stem of 8-week-old plants (growth stage 9 from Boyes et al 2001). Error bars indicate the standard deviation from 10

individual plants.

(E ) Representative siliques harvested from the main inflorescence stem at the same ripening stage (growth stage 9 Boyes et al

2001).

(F) Quantification of the silique length of the indicated lines in mm. Error bars indicate the SD of at least 10 siliques.
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Figure 32. yuc1D restores fertility-related phenotypes of BR mutants.  
(A) The phenotype of the first opened flower from the main inflorescence stem. The flowers were 
destained in Hoyer’s reagent. 
(B) Quantification of filament elongation in mm from flowers harvested and destained as in (A) from 12 
individual plants. Error bars indicate the SD from ≥ 15 independent replicates.  
(C) Pollen germination rate of the indicated lines. Pollen was harvested from freshly anther dehiscent 
flowers on the main inflorescence stem, two weeks after bolting. The error bars indicate the standard 
deviation from ≥ 12 individual flowers.  
(D) Fruit set at the main inflorescence axis. The fruit set was counted as the percentage of flowers 
developed into fruits at the main inflorescence stem (growth stage 9 from Boyes et al 2001). Error bars 
indicate the standard deviation from 10 individual plants.  
(E) Representative siliques harvested from the primary inflorescence stem (growth stage 9 Boyes et al., 
2001) and destained in 70% (v/v) ethanol.  
(F) Quantification of silique length in mm, harvested at the same stage as in (E). Error bars indicate the 
SD from ≥ 10 siliques.  
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2.2.4 BRs promote growth and DR5::GUS expression at high ambient 
temperatures 

Given that BRs are required for growth responses at high ambient temperatures (Gray 

et al., 1998; Nemhauser et al., 2004; Stavang et al., 2009; Oh et al., 2012) and that 

high temperatures increase IAA-levels (Gray et al., 1998; Franklin et al., 2011) it 

seemed possible that BES1-mediated expression of YUC2 and YUC6 might participate 

in the promotion of temperature-dependent growth. To examine the involvement of 

BES1/BZR1 in triggering growth at high-temperature, wild-type, bes1-D, bzr1-1D, bri1-

301 and det2-1 were grown at 21°C under LD conditions for five days before they were 

transferred to 29°C for an additional three days (the control plants remained at 21°C). 

As opposed to wild-type, growth was not induced by 29°C treatment in bri1-301 and 

det2-1. Overall plant morphology (Fig. 33A), hypocotyl elongation (Fig. 33B) and 

petiole elongation (Fig. 33C) were not altered at 29°C as compared to 21°C. On the 

contrary, both bes1-D and bzr1-1D responded to the 29°C treatment with an 

augmented growth induction (Fig. 33A) resulting in increased hypocotyl and petiole 

elongation (Fig. 33B, C) as compared to wild-type, with the growth promoting effects 

being most pronounced in bes1-D (Fig. 33).  

Figure 33. Brassinosteroids promote growth at high ambient temperature.  
(A) The phenotype of representative 8-day-old seedlings of the indicated lines. The plants were grown 
under LD conditions at 21°C for five days, before transferring them to 29°C for an additional three days 
(indicated as 29°C) or remaining at 21°C as a control (indicated as 21°C).  
(B) Quantification of hypocotyl elongation of the indicated lines. Temperature treatment was performed 
as in (A). Bars indicate the mean of ≥ 20 biological replicates and the error bars indicate the SD.  
(C) Quantification of petiole elongation of the indicated lines. Temperature treatment was performed as 
in (A). Bars indicate the mean of ≥ 30 biological replicates and the error bars indicate the SD.  
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Figure 2. Brassinosteroids Promote Growth at High Ambient Temperature.
(A) Pictures of representative 8-day-old seedlings of the indicated lines. The plants were grown at LD conditions for 5 days at 21�C
before growing at 29�C LD conditions for additional three days (indicated as 29�C) or remaining at 21�C as control (indicated as
21�C).
(B) Quantification of the hypocotyl elongation of the indicated lines. Temperature treatment was performed as in (A). Bars indicate
the mean of minimum 20 biological replicates and the error bars indicate the SD.
(C) Quantification of the petiole elongation of the indicated lines. Temperature treatment was performed as in (A). Bars indicate the
mean of minimum 30 biological replicates and the error bars indicate the SD.
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To determine if BRs might impact on auxin at high ambient temperature, the 

expression patterns of the auxin sensitive reporter DR5::GUS (Ulmasov et al., 1997b; 

Sabatini et al., 1999), which allows to monitor auxin responses in planta, were 

examined. Hence, DR5::GUS plants were grown in the presence of epibrassinolide 

(+BL), brassinazole (+BRZ) or DMSO as a control (-) at 21°C for 5-days and were 

transferred to 29°C for an additional three days (or remained at 21°C as a control). At 

21°C a subtly enlarged pattern of DR5::GUS activity was observed at the cotyledon tip 

and edges when plants were grown in the presence of BL, while BRZ-treatment 

suppressed the DR5::GUS signal in the cotyledons (Fig. 34A, B).  

As reported previously (Stavang et al., 2009), after the 29°C-exposure, the untreated 

plants showed an increased expression domain of DR5::GUS at the cotyledon tip and 

very weakly at the edges (Fig. 34A, B). In the presence of BL, the temperature-

triggered induction of DR5::GUS expression was more pronounced as compared to 

the untreated. This resulted in an enlarged expression pattern and intensity at the tip 

and edges of cotyledons (Fig. 34A, B). BRZ efficiently suppressed the temperature-

mediated induction of DR5::GUS expression; only a low DR5::GUS signal in the tip of 

the cotyledons remained (Fig. 34A, B). 

 

Figure 34. Brassinosteroids alter DR5::GUS expression at high ambient temperature.  
(A) GUS staining of cotyledons of 8-day-old representative DR5::GUS seedlings. The seedlings were 
grown under LD conditions at 21°C for five days before incubation under LD conditions at 29°C for an 
additional three days (indicated as 29°C) or remaining at 21°C as a control (indicated as 21°C). The 
growth medium was supplemented with DMSO (-), 1 µM epi-brassinolide (+BL) and 1 µM brassinazole 
(+BRZ), respectively.  
(B) Relative GUS signal intensity of the cotyledons in (A). The GUS staining intensity was quantified 
with Fiji according to Beziat et al. (2017).  
 

A

SFig. 3

SFigure 3. Brassinosteroids Promote DR5 Auxin Sensor Activity at High Ambient Temperature.
(A) Pictures show GUS staining of whole seedlings from representative DR5::GUS 8-day-old seedlings. The seedlings were grown at
LD conditions for 5 days at 21�C before growing at 29�C LD conditions for additional three days (indicated as 29�C) or remaining at
21�C as control (indicated as 21�C). Growth medium was supplemented with DMSO (-), 1 µM epi-brassinolide (+BL) and 1 µM
brassinazole (+BRZ).
(B) Pictures show GUS staining of cotyledons from representative DR5::GUS seedlings grown at the same conditions as in (A).
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2.2.5 BES1 binds to the promoters of YUC2 and YUC6 at high ambient 
temperature 

The fact that DR5::GUS expression patterns in seedlings, in particular in high ambient 

temperatures, can be altered by BRs suggested that BRs impact on auxin 

biosynthesis. Since YUC2 and YUC6 contain the BES1/BZR1 binding site in their 

promoters (Fig. 35A), the binding of BES1 was verified in planta by applying ChIP-

qPCR analysis. For this purpose, 35S::BES1-CFP (Rozhon et al., 2010) were grown 

at 21°C under LD conditions for five days before the plants were transferred to 29°C 

for an additional three days (the control plants remained at 21°C). BES1-CFP was 

significantly enriched on the ‘non-E-Box’ containing promoter regions of YUC2 and 

YUC6, however only when the plants were exposed to high ambient temperature (Fig. 

35B). Moreover, also BL-treatment enriched BES1-CFP on the ‘non-E-Box’ motif in the 

YUC2 and YUC6 promoters (Fig. 35C).  

YUCCA6

ATG STOP

nE-Box

YUCCA2

ATG STOP

nE-Box

A

0

1

2

3

4

5

21°C 29°C

fo
ld

 e
nr

ic
hm

en
t

pYUC2
pYUC6
UBQ5

B

Fig. 3

the mean from 3 biological replicates and the error bars indicate the SD from the biological replicates.
(B) Quantification of YUC2 expression by RT-qPCR. The plants were grown for 5 days at 21�C before a 3 hours treatment with
29�C (indicated as 29�C) or remaining at 21�C as control (indicated as 21�C). Expression was normalized to GAPC2. Bars
indicate the mean from 3 biological replicates and the error bars indicate the SD.
(C) Quantification of YUC6 expression by qPCR. Temperature treatment was performed as in (B). Expression was normalized to
GAPC2. Bars indicate the mean from 3 biological replicates and the error bars indicate the SD.
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qPCR and calculating the ratio between samples with antibody and samples without antibody. Error 
bars indicate the SD from three biological replicates.  
(C) ChIP-qPCR from 21-day-old 35S::BES1-CFP plants. Plants were sprayed with 10 mM BL (+ BL) or 
with DMSO as a control (DMSO). Enrichment of BES1-CFP on fragments containing the ‘non-E-Box’ 
motif was determined by qRT-PCR and calculating the ration between samples with antibody and 
samples without antibody. Bars are the mean from three biological replicates with the SE as error bars.  
(D) Quantification of YUC2 expression by qRT-PCR. The plants were grown for five days at 21°C before 
a two-hour long treatment with 29°C (indicated as 29°C) or remaining at 21°C as a control (indicated as 
21°C). Expression was normalised to GAPC2. Bars indicate the mean from three biological replicates 
and the error bars indicate the SD.  
(E) Quantification of YUC6 expression by qRT-PCR. Temperature treatment was performed as in (B). 
Expression was normalised to GAPC2. Bars indicate the mean from three biological replicates and the 
error bars indicate the SD.  
 

Figure 35. BES1 binds to the 
YUC2 and YUC6 promoters 
in vivo to promote their 
expression.  
(A) Schematic representation 
of the ‘non-E-Box’ motif in the 
promoters of YUC2 and 
YUC6.  
(B) ChIP-qPCR from 
35S::BES1-CFP seedlings 
grown at 21°C LD conditions 
for five days, before incubating 
under 29°C LD conditions for 
additional three days 
(indicated as 29°C) or 
remaining at 21°C (indicated 
as 21°C). Enrichment of 
BES1-CFP on fragments 
containing the ‘non-E-Box’ 
motif was determined by 
qPCR and calculating the ratio 
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Consistently, the YUC2 and YUC6 transcripts were increased after the 29°C-treatment 

in wild-type and bes1-D. In addition, the temperature-triggered induction of YUC2 

transcripts was more pronounced in bes1-D as compared to wild-type (Fig. 35D, E). 

By contrast, temperature-induced expression of YUC2 was not observed, and 

induction of YUC6 was strongly suppressed in det2-1 (Fig. 35D, E).  

Because BL and high-temperature treatment promoted the binding of BES1 to the 

YUC2 and YUC6 promoters, the role of high temperatures in the control of BES1 

activity was investigated. Dephosphorylation of BES1/BZR1 activates the proteins in 

BR-signalling (He et al., 2002; Wang et al., 2002; Yin et al., 2002); therefore, it was 

investigated if the phosphorylation status in BES1 is altered in response to a 29°C 

treatment using western blot analysis. Whereas temperature-triggered hypocotyl 

elongation was augmented in 35S::BES1-CFP plants as compared to wild-type (Fig. 

37A), a 2-hours 29°C treatment did not alter the phosphorylation status and protein 

stability of BES1-CFP (Fig. 36B), confirming previous results (Stavang et al., 2009; Oh 

et al., 2012).  

In addition to affecting protein stability, dephosphorylation of BES1/BZR1 in response 

to BR also promotes nuclear localisation of the proteins (Wang et al., 2002; Yin et al., 

2002; Gampala et al., 2007). To determine if temperature might modulate the 

subcellular localisation of BES1/BZR1, BES1-CFP and BZR1-CFP fusion proteins 

expressed under control of the constitutive 35S promoter were imaged in hypocotyls 

of 5-day-old seedlings that had been treated with 29°C for two hours and in plants that 

had remained at 21°C as a control. An increased nuclear accumulation of the BES1-

CFP and BZR1-CFP signals was observed at 29°C, while the cytoplasmic signals 

appeared to be reduced (Fig. 37A, C). A quantification of the nuclear and cytoplasmic 

Figure 36. High ambient 
temperature does not affect 
BES1 phosphorylation states.  
(A) The phenotype of 
representative 8-day-old 
seedlings of the indicated lines. 
The plants were grown under 
21°C LD conditions for five days 
before incubating under 29°C LD 
conditions for additional three 
days (indicated as 29°C) or 
remaining at 21°C (indicated as remaining at 21°C (indicated as 21°C). Quantification of hypocotyl elongation (in mm) of the indicated 

lines. Bars indicate the mean of ≥ 26 biological replicates and the error bars indicate the SD.  
(B) Western blot with anti-GFP antibody from crude protein extract of 35S::BES1-CFP 5-day-old 
seedlings. Plants were grown at LD conditions for five days at 21°C before a 2-hours-treatment at 29°C 
LD conditions (29°C) or remaining at 21°C as a control (21°C).  
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SFigure 4. High Ambient Temperature is Not Affecting BES1 Phosphorylation.
(A) Pictures of representative 8-day-old seedlings of the indicated lines. The plants were grown at LD conditions for 5 days at 21�C
before growing at 29�C LD conditions for additional three days (indicated as 29�C) or remaining at 21�C as control (indicated as
21�C). Quantification of the hypocotyl elongation of the indicated lines. Bars indicate the mean of xx biological replicates and the
error bars indicate the SD.
(B) Western blot with anti-GFP antibody from proteins of 35S::BES1-CFP 5-day-old seedlings. Plants were grown at LD conditions
for 5 days at 21�C before growing at 29�C LD conditions for 3-hours (indicated as 29�C) or remaining at 21�C as control
(indicated as 21�C).
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fluorescence intensities of the BES1-CFP and BZR1-CFP signals confirmed this result 

(Fig. 37D).  

 

2.2.6 bes1-D-mediated growth promotion at high-temperature requires 
cotyledon-derived auxin 

The results that high ambient temperature promotes BES1/BZR1 nuclear localisation 

and binding to the YUC2 and YUC6 promoters may explain the strong high ambient-

temperature-induced growth response of bes1-D, which over-accumulates BES1 (Yin 

et al., 2002). The fact that temperature-mediated induction of the DR5::GUS signal 

was observed mainly in cotyledons, suggested that it might be local. To assess 

whether cotyledon-derived auxin mediates the elevated hypocotyl and petiole growth 

in bes1-D, the mutation was introduced into the pin3pin4pin7 (pin3,4,7) triple mutant 

background (Willige et al., 2013) by crossing, yielding a bes1-D/pin3,4,7 line. In this 

background transport of cotyledon-derived auxin to the hypocotyl is defective 

(Keuskamp et al., 2010; Kohnen et al., 2016).  

The bes1-D/pin3,4,7 line was compared in its high-temperature-induced growth 

response to the parental lines and wild-type. Already in normal growth conditions, the 

hypocotyl length of bes1-D/pin3,4,7 was reduced as compared to bes1-D and wild-
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SFigure 4. High Ambient Temperature Promotes BES1/BZR1 Nuclear Localization.
(A) Confocal image from the 35S::BES1-CFP hypocotyl. The plants were grown for 5-days in LD conditions at 21�C before a 3-
hours treatment at 29�C (or remaining at 21�C as control).
(B) Quantification of the cytoplasmic and nuclear BES1-CFP signal intensity from the treatment in (A). Bars indicate the mean
fluorescence intensity, measured as the gray value from nuclear signal and cytoplasmic signal from at least 17 individual replicates.
Error bars shows the SD and the n/c is the ratio between signal intensity from the nucleus and from the cytoplasm.
(C) Confocal images from the hypocotyl of 35S::BZR1-CFP plants growing at the same conditions as in (A).
(D) Quantification of the cytoplasmic and nuclear BZR1-CFP signal intensity from the treatment in (C). Bars indicate the mean
fluorescence intensity, measured as the gray value from nuclear signal and cytoplasmic signal from at least 16 individual replicates.
Error bars shows the SD and the n/c is the ratio between signal intensity from the nucleus and from the cytoplasm.
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Figure 37. High ambient temperature 
triggers BES1/BZR1 nuclear 
localisation.  
(A) Confocal images from the 
35S::BES1-CFP hypocotyl. The plants 
were grown under LD conditions at 
21°C for five days before a 2-hours 
29°C-treatment (or remaining at 21°C 
as a control).  
(B) Quantification of the cytoplasmic 
and nuclear BES1-CFP signal intensity 
from the treatment in (A). Bars are the 
mean fluorescence intensity, measured 
as the grey value from the nuclear (n) 
signal and cytoplasmic (c) signal. The 
following individual replicates were 
measured: 21°C n=24 (c), n=16 (n) and 
29°C n=19 (c), n=22 (n). Error bars 
show the SD and the n/c  show the SD and the n/c indicates the ratio between nuclear and cytoplasmic signal intensity. 

(C) Confocal images from the hypocotyl of 35S::BZR1-CFP plants grown under the same conditions as 
in (A). 
(D) Quantification of the cytoplasmic and nuclear BZR1-CFP signal intensity from the treatment in (C). 
Bars are the mean fluorescence intensity, measured as the grey value from the nuclear and cytoplasmic 
signal. The following individual replicates were measured: 21°C n=25 (c), n=43 (n) and for 29°C n=21 
(c), n=17 (n). Error bars show the SD and the n/c indicates the ratio between nuclear and cytoplasmic 
signal intensity.  
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type (Fig. 38). Upon high-temperature-treatment, the bes1-D-triggered induction of 

hypocotyl and petiole elongation was attenuated in bes1-D/pin3,4,7 (Fig. 38). 

However, hypocotyl and petiole growth were slightly increased by high temperature in 

bes1-D/pin3,4,7, whereas in pin3,4,7 hypocotyl and petiole elongation remained 

unresponsive (Fig. 38). Thus, in bes1-D, were YUC expression is increased, defects 

in cotyledon-derived auxin transport towards the hypocotyl results in a reduction of its 

growth-promoting capacity.  

Interestingly, the bes1-D/pin3,4,7 displayed upward curled cotyledons at both 

temperatures (Fig. 38A). A weak upward curling was also observed in pin3,4,7, mainly 

after the high ambient temperature treatment (Fig. 38A). 

At adult stages of development, leaves of the bes1-D/pin3,4,7 were strongly curled 

and twisted when grown at 21°C and also after a 29°C-treatment. This dramatic 

phenotype appears to be mediated by bes1-D since the pin3,4,7 displayed a normal 

development of leaves. Only after high-temperature-treatment, some leaves started to 

show curling (Fig. 39).  

Figure 38. bes1-D-mediated growth at high ambient temperature requires functional auxin 
transport by PIN3, PIN4 and PIN7.  
(A) The phenotype of representative 8-day-old seedlings of the indicated lines. The plants were grown 
under LD conditions at 21°C for five days before growing under LD conditions at 29°C for additional 
three days (indicated as 29°C) or remaining at 21°C as a control (indicated as 21°C).  
(B) Quantification of hypocotyl elongation of the indicated lines. Temperature treatment was performed 
as in (A). Bars indicate the mean of ≥ 20 biological replicates and the error bars indicate the SD.  
(C) Quantification of petiole elongation of the indicated lines. Temperature treatment was performed as 
in (A). Bars indicate the mean of ≥ 30 biological replicates and the error bars indicate the SD. 
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Figure 2. bes1-Dmediated Ambient Temperature Sensitivity Requires Functional Auxin Transport by PIN3,4,7.
(A) Pictures of representative 8-day-old seedlings of the indicated lines. The plants were grown at LD conditions for 5 days at 21�C
before growing at 29�C LD conditions for additional three days (indicated as 29�C) or remaining at 21�C as control (indicated as
21�C).
(B) Quantification of the hypocotyl elongation of the indicated lines. Temperature treatment was performed as in (A). Bars indicate
the mean of minimum 20 biological replicates and the error bars indicate the SD.
(C) Quantification of the petiole elongation of the indicated lines. Temperature treatment was performed as in (A). Bars indicate the
mean of minimum 30 biological replicates and the error bars indicate the SD.
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2.2.7 yuc1D partially restores defects of phototropic hypocotyl 
reorientation 

In addition to contributing to temperature-mediated growth, auxin is also essential for 

tropic responses. Thus, a reduced expression of YUC2 and YUC6 in BR mutants might 

contribute to defective phototrophic growth. To test this, 5-day-old seedlings of wild-

type, det2-1 and bzr1-1D were grown in the dark and subsequently exposed to 

unilateral blue light. Seedlings of det2-1 were unresponsive to the light stimulus, 

whereas bzr1-1D showed a slightly increased hypocotyl reorientation (Fig. 40A, B).  

To examine whether reduced YUC expression accounts for the impaired reorientation 

of BR-mutants, the phototropic responses of bri1-301/yuc1D and the det2-1/yuc1D 

double mutants were compared with the single mutants and wild-type. The experiment 

SFig xx

Figure 17. BRs promote DR5::GUS signal during phototropic shoot reorientation.
(A) Phototropic hypocotyl reorientation of 5 day old dark grown seedlings of wild type (Col-0) det2-1 and bzr1-1D after 6 hours
exposure to 10 uM unilateral white light. Two representative seedlings of each line are shown.

(B) Quantification of the shoot reorientation from the same experiment as in (A). The angle of shoot reorientation is calculated as
�angle deviation from 180�towards the unilateral light source. Error bars indicate the SD of at least 20 measurements.

(C) Phototropic hypocotyl reorientation of 5 day old dark grown DR5::GUS plants, treated with 6 hours of unilateral 10 uM
unilateral white light. The plants were grown on ½ MS medium supplemented with 0.1 uM epiBL or 1 uM BRZ.

A B

wt det2-1 bzr1-1D

C

DMSO +BL +BRZ

DR5::GUS

-20

0

20

40

60

80

100

wt det2-1 bzr1-1D

s
h

o
o

t 
re

o
ri

e
n

ta
ti
o

n
 (

°)

Figure 40. BRs promote phototropic shoot 
reorientation.  
(A) Phototropic hypocotyl reorientation of 5-
day-old dark-grown seedlings of wild-type, 
det2-1 and bzr1-1D after 6-hours exposure to 
unilateral blue light. Two representative 
seedlings of each line are shown. The black 
arrowhead indicates the direction of the 
unilateral light source. 
(B) Quantification of shoot reorientation from 
the same experiment as in (A). Values show 
the degree angle deviation from 180 ° towards 
the unilateral light source. Error bars indicate 
the SD of ≥ 20 replicates.  
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Figure 2. bes1-D Mediates Leaf Curling When Auxin Export is Impaired by pin3,4,7 .
(A) Pictures of representative 3-week-old plants of the indicated lines. The plants were grown at LD conditions for 14 days at 21�C
LD conditions, before half of the plants were transferred for 1-week to 29 �C LD conditions (indicated as 29�C) or remaining at
21�C as control (indicated as 21�C).

Figure 39. bes1-D mediates leaf curling when auxin export is impaired by pin3,4,7.  
The phenotype of representative 3-week-old plants of the indicated lines. The plants were grown under 
LD conditions for 14 days at 21°C in LD conditions, before half of the plants were transferred for seven 
days to 29°C in LD conditions (indicated as 29°C) or remaining at 21°C as a control (indicated as 21°C).  
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showed that wild-type plants, as well as yuc1D, had a similar reorientation of the 

hypocotyl (Fig. 41A, B). The weak allele of BRI1, bri1-301, showed only a subtle 

reorientation-phenotype, which was not altered in the bri1-301/yuc1D (Fig. 41A, B). 

Besides, the det2-1 reorientation phenotype was recovered to some extent in the det2-

1/yuc1D, even though not to wild-type levels (Fig. 41A, B). 

These results provide first evidence that reduced YUC expression levels may partially 

contribute to the defective phototrophic responses of BR-deficient mutants.  

 

 

Figure 41. yuc1D partially rescues shoot reorientation defects in det2-1.  
(A) The phenotype of representative plants of the indicated lines. 5-day-old dark-grown seedlings were 
exposed to unilateral blue light for six hours. Two representative seedlings of each line are shown.  
(B) Quantification of shoot reorientation from the same experiment as in (A). The angle of shoot 
reorientation is calculated as ° angle deviation from 180° towards the unilateral blue light source. Error 
bars indicate the SD of ≥ 20 measurements.  
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Figure 17. yuc-D rescues shoot reorientation only in det2-1.
(A) Pictures of representative plants of the indicated lines. 5-day-old dark grown seedlings were exposed for 6-hours white
unilateral light. Two representative seedlings of each line are shown.
(B) Quantification of the shoot reorientation from the same experiment as in (A). The angle of shoot reorientation is calculated as
�angle deviation from 180�towards the unilateral light source. Error bars indicate the SD of at least 20 measurements.
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3 Discussion 

Plant hormones integrate environmental stimuli into specific physiological responses, 

to coordinate growth and development accordingly. BRs were discovered in the 1970s 

through their exceptional growth promotion capacity (Mitchell et al., 1970; Khripach, 

2000). However, most downstream BR-signalling targets which cause the 

physiological effects of BRs remained elusive (Clouse, 2011). Genomic approaches 

revealed that BR-mediated transcriptional changes significantly overlap with GA-, light- 

and auxin-controlled gene expression, indicating that BRs modes of activity crosstalk 

with GA and auxin (Nemhauser et al., 2004; Bai et al., 2012; Gallego-Bartolome et al., 

2012; Oh et al., 2012; Bernardo-Garcia et al., 2014; Oh et al., 2014). The present work 

provides evidence that in Arabidopsis BR-triggered growth is partially coordinated by 

the transcriptional regulation of rate-limiting GA and auxin biosynthetic genes.  

 

3.1 Brassinosteroids regulate gibberellin biosynthesis 

The fact that phenotypes of BR and GA mutants strongly resemble each other 

suggests that their activity is interconnected. Recent studies revealed a crosstalk of 

BRs and GAs at the signalling level since DELLAs interact with BES1/BZR1 to inhibit 

their transcriptional activity (Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 

2012b). In addition, it was found that in rice the levels of bioactive GA are controlled 

by BRs (Tong et al., 2014).  

This work provides several pieces of evidence that in Arabidopsis BRs regulate the 

expression of rate-limiting GA biosynthetic genes and thus control the levels of 

bioactive GA. The levels of GA15, GA24, GA9 and the bioactive GA4 were reduced in 

ASKθoe, and this was correlated with a reduced expression of GA20ox and GA3ox in 

BR mutants.  

Although in previous studies the attempts to rescue the hypocotyl elongation 

phenotype of BR mutants by GA-application failed (Li et al., 1996; Szekeres et al., 

1996; Bai et al., 2012; Gallego-Bartolome et al., 2012), this work revealed that GA-

application rescues some BR mutant phenotypes. However, the GA-responses were 

affected by the growth stage. For instance, a very efficient rescue by GA-application 

was seen during seed germination, and flowering time control, while the rescue of 

hypocotyl elongation in light-grown seedlings was only subtle. In addition, this work 

showed that experimental setups might disguise the phenotypes, i.e. stratification, 
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which is known to induce GA3ox expression in imbibed seeds (Yamauchi et al., 2004; 

Penfield et al., 2005) restored the germination defects of BR mutant seeds.  

The increased transcripts of GA20ox1 in bes1-D and bzr1-1D, together with the in vitro 

binding of BES1/BZR1 to the promoter of GA20ox1 provided evidence for the role of 

BES1/BZR1 in the induction of GA20ox1 expression.  

Previous studies revealed that BES1/BZR1 bind to E-Box (CANNTG), G-Box 

(CACGTG) and BRRE (CGTG(T/C)G) motifs (He et al., 2005; Yin et al., 2005), which 

were found in ChIP-Chip approaches to be over-represented within BES1/BZR1 target 

genes (Sun et al., 2010; Yu et al., 2011). This work shows that BES1/BZR1 bind to a 

novel BES1/BZR1 binding motif, 5’-AA(T/A)CAAnnnC(C/T)T-3’, which was discovered 

within the GA20ox1 promoter. Since it is not related to any known BES1/BZR1 binding 

motifs, it was named ‘non-E-Box’ motif. The search for genes containing this motif 

identified two additional BES1 targets, GA3ox1 and GA3ox4. Intriguingly, GO-analysis 

of genes comprising this motif in their promoters revealed that ‘GA biosynthetic 

process’ was the most significantly enriched category.  

The binding of BES1 to the ‘non-E-Box’ motifs of GA20ox1, GA3ox1 and GA3ox4 

promoters was BR-dependent in vivo. This may explain why it remained undiscovered 

since attempts to identify in planta targets of BES1/BZR1 were performed without BL-

treatment (Sun et al., 2010; Yu et al., 2011). 

The results of the complementation of reduced GA20ox1 transcripts in bri1-301 by the 

BRI1pro::GA20ox1-cMyc transgene suggested that the mechanism of BES1/BZR1-

triggered GA biosynthesis is relevant throughout several growth and developmental 

processes in the Arabidopsis life cycle since several developmental defects were 

restores, including hypocotyl elongation, root growth, flowering time control and plant 

height.  

By contrast, some phenotypes such as leaf morphology remained largely unaffected 

by the transgene. This suggests that some BR-mediated downstream effects are 

independent of their function in GA biosynthesis and signalling, which supports 

previous findings that gai-1 and ga1-3, as well as PAC-treated plants, were responsive 

to BR-treatment (Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012b).  

Recently it was shown that bri1-301 possess residual kinase activity (Sun et al., 2017). 

This might explain that GA-treatment more efficiently restored growth defects in bri1-

301 as compared to bri1-1 since several GA-responses require BR-signalling (Bai et 

al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012b). It is worth to note, that 
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germination defects and flowering time control were efficiently restored by GAs also in 

bri1-1, suggesting that during these developmental processes BR-signalling is not 

required for GA-responses.  

GA-levels are balanced by positive and negative feedback regulatory loops (Cowling 

et al., 1998; Xu et al., 1999; Dill et al., 2001; Zentella et al., 2007; Weston et al., 2008). 

For the positive feedback regulation of GA-biosynthesis, DELLAs were found to be 

necessary; however, the molecular mechanisms underlying this feedback control 

remained largely elusive (Zentella et al., 2007; Hedden and Thomas, 2012). This work 

provides evidence that BRs participate in the positive feedback induction of GA20ox1 

transcripts. In addition, despite the fact that the DELLA-BES1/BZR1 interaction inhibits 

the transcriptional activity of BZR1/BES1 on certain target promoters (Bai et al., 2012; 

Gallego-Bartolome et al., 2012; Li et al., 2012b), DELLAs were found to be required 

for the BL-mediated induction of GA20ox1 expression. This might suggest that the 

DELLA-BES1/BZR1 module promotes GA20ox1 expression. GA-treatment was 

reported to enhance BZR1-binding to the DWF4 promoter (Bai et al., 2012); the fact 

that DWF4 expression was not altered in the absence of DELLAs, might be explained 

by the significant enrichment of BZR1 on the DWF4 promoter even after PAC-

treatment (Bai et al., 2012). These results indicate that the effects of DELLAs-

BES1/BZR1 interaction on the transcriptional activity of BES1/BZR1 might vary 

between different target promoters. Thus, further research is needed to understand 

how transcriptional responses of BES1/BZR1 are controlled by DELLAs on various 

target promoters. 

In addition, also evidence for CES binding to the ‘non-E-Box’ motif of the GA20ox1 

promoter in vitro and in vivo was obtained. However, the biological role of CES binding 

to the GA20ox1 promoter remains to be studied. Since CES expression patterns were 

found to be organ- and developmental-specific (Crawford and Yanofsky, 2011; 

Poppenberger et al., 2011) it cannot be excluded that CES regulates GA20ox1 

expression in an organ-specific manner.  

It is worth to note that BR mutant phenotypes were not observed when seedlings were 

grown on H2O-agarose and in line with this observation, seedling growth and BES1 

phosphorylation were BRZ-insensitive under such conditions. This work found that 

PBP1 and its homologues are likely candidates that may trigger BRZ-insensitivity on 

H2O-agarose; however, the molecular and biochemical nature of this finding remain to 

be investigated. 
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Collectively the results suggest a model for BR-GA crosstalk that integrates 

BES1/BZR1 interaction with DELLAs (Bai et al., 2012; Gallego-Bartolome et al., 2012; 

Li et al., 2012b) and the BR-mediated regulation of GA-biosynthesis (Tong et al., 2014; 

Unterholzner et al., 2015). This work indicates that in the presence of BRs when GA-

levels are low (+BR -GA) BES1/BZR1 induce GA biosynthesis in a DELLA-dependent 
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Figure 42. Model for the BR-GA hormone crosstalk in Arabidopsis.  
Proposed model for the BR-GA crosstalk. The present work shows that BRs effects on GA-biosynthesis 
depend on the presence/absence of DELLAs and the notion that GAs require active BR-signalling for 
growth promotion, therefore, four possible scenarios are illustrated: the absence of BL and GAs (-BL -
GA), the presence of BRs but in absence of GAs (+BL -GA), the presence of both (+BL +GA) and the 
absence of BL in presence of GA (-BL +GA).  
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manner. Given the increased GA-biosynthesis (+BL +GA) DELLAs are degraded, and 

thereby BES1/BZR1 are released from DELLAs transcriptional inhibition on certain 

target genes (Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012b). By 

contrast, when GA-levels are high, but BL-levels are low (-BL +GA), the growth-

promoting capacity of GAs is attenuated since BES1/BZR1 activity is required for many 

GA-responses (Bai et al., 2012; Gallego-Bartolome et al., 2012; Li et al., 2012b).  

 

3.2 BES1 mediates BR-controlled expression of YUCs 

In addition to cross-talk with GAs (Gallego-Bartolome et al., 2012; Li et al., 2012b; Oh 

et al., 2014; Tong et al., 2014; Unterholzner et al., 2015) BRs also interplay with auxin 

(Goda et al., 2004; Nemhauser et al., 2004; Vert et al., 2008; Oh et al., 2014). Previous 

findings suggested that BRs are required for IAA biosynthesis in pea since the BR-

deficient lka, and the BR-signalling mutant lkb (Nomura et al., 1997) have reduced IAA 

contents (McKay et al., 1994). In Arabidopsis, BL-treatment diminished the IAA content 

on a whole-plant scale (Nakamura et al., 2003; Maharjan et al., 2014), while IAA levels 

were increased in roots (Nakamura et al., 2003). However, mechanistic links between 

BRs and auxin biosynthesis remained elusive.  

This work provides evidence that BES1 regulates YUC2 and YUC6 expression and 

thereby promotes growth. The complementation of bri1-301 with the yuc1D allele 

largely restored defects of hypocotyl elongation, leaf growth and shape. In addition, in 

the det2-1 mutant background yuc1D partially restored leaf growth, fertility and 

phototropic responses. The fact that the complementation was less pronounced in 

det2-1 as compared to bri1-301 might be explained by insufficient BR-signalling activity 

in det2-1, since auxin responses require BRs (Nemhauser et al., 2004; Vert et al., 

2008; Kang et al., 2010; Oh et al., 2014), and/or by auxin-independent developmental 

defects of BR mutants (including those caused by GA-deficiency), which are more 

dramatic in det2-1 than in bri1-301 (Xu et al., 2008).  

Developmental plasticity to high ambient temperature requires de novo auxin 

metabolism (Tao et al., 2008; Koini et al., 2009; Franklin et al., 2011; Li et al., 2012a; 

Sun et al., 2012; Kohnen et al., 2016). This increase of auxin levels was correlated 

with the induction of TAA1, CYP79B2 (Franklin et al., 2011) and YUC8 (Sun et al., 

2012) expression. However, the yuc8 mutant retained some response to high 

temperature, which suggests the involvement of additional YUCs in the conversion of 

TAA to IAA (Sun et al., 2012).  
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This work provides evidence that BES1 contributes to high ambient temperature 

induction of growth, at least in part through a control of YUC2 and YUC6 expression. 

As reported previously (Gray et al., 1998; Stavang et al., 2009) hypocotyl and petiole 

elongation were not induced by high temperature in BR mutants. By contrast in the 

bes1-D and bzr1-1D mutants, the hypocotyl and petiole elongation were strongly 

induced by high temperature. Also, temperature-mediated induction of the DR5::GUS 

expression in the cotyledons was congruent with the YUC2 expression patterns 

(Cheng et al., 2006, 2007), and BRs triggered an enlarged and more intense 

DR5::GUS expression pattern at high ambient temperature. Conversely, BRZ-

treatment suppressed DR5::GUS expression.  

This work showed that BES1 binds to the ‘non-E-Box’ motif in the YUC2 and YUC6 

promoters at high-temperature and after a BL-treatment in planta. Likewise, the 

temperature-induced expression of YUC2 and YUC6 was also BR-dependent. 

Strikingly high ambient temperature treatment increased the nuclear localisation of 

BES1/BZR1, while as shown previously (Stavang et al., 2009; Oh et al., 2014), the 

BES1/BZR1 phosphorylation status was not altered by high ambient temperature. The 

molecular nature how temperature affects the subcellular localisation of BES1/BZR1, 

however, remains elusive.  

The genetic evidence that bes1-D requires functional PIN3, PIN4 and PIN7 auxin efflux 

carriers to induce hypocotyl and petiole elongation at high temperatures efficiently, 

suggests that bes1-D-triggered growth is likely dependent on cotyledon-derived auxin. 

Besides, the fact that bes1-D/pin3,4,7 partially complemented the temperature-

insensitive phenotype of pin3,4,7 could be explained by either bes1-D-mediated auxin 

synthesis in the hypocotyl and/or auxin-independent induction of cell elongation.  

In addition, upward curled cotyledons and strongly twisted leaves appeared in bes1-

D/pin3,4,7, whereas this phenotype was only weakly observed in pin3,4,7. It is worth 

noting that this cotyledon-phenotype resembles those of auxin resistant3-1 (axr3-1) 

(Leyser et al., 1996; Procko et al., 2016). axr3-1 displays reduced auxin sensitivity 

caused by an accumulation of AXR3 (IAA17) protein, and as a consequence, YUC 

genes are upregulated, leading to increased auxin levels (Procko et al., 2016). 

Expression studies showed that AXR3 is expressed mainly in the hypocotyl and 

petioles, while not in cotyledons (Procko et al., 2016). Thus, the cotyledon phenotype 

might be caused by an over-accumulation of auxin. In bes1-D/pin3,4,7, where bes1-
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D-driven YUC expression is increased, but auxin transport is defective, this phenotype 

may indicate a local accumulation of auxin.  

To correlate the BES1-mediated YUC2 and YUC6 expression with changes in auxin 

responses, the auxin-sensitive reporter DR5::GUS (Ulmasov et al., 1997b; Sabatini et 

al., 1999) was used. Although, several studies reported a correlation between the 

DR5::GUS expression and IAA levels (Casimiro et al., 2001; Friml et al., 2002; 

Benkova et al., 2003) there are limitations like the detection limit and a saturation of 

the auxin signalling response. Therefore, the quantification of auxin levels in bes1-D 

and bes1-D/pin3,4,7 would provide direct evidence for auxin levels in the cotyledons 

and hypocotyl, although such tissue-specific changes of auxin levels might be 

challenging to detect.  

Interestingly, the increase in cell elongation at high temperature was found to rely on 

the activity of BZR1 and PIFs (Oh et al., 2012). The fact that TAA1 and YUCs act 

consecutively in the two-step auxin biosynthesis pathway (Mashiguchi et al., 2011; 

Stepanova et al., 2011; Won et al., 2011) suggests that, to efficiently increase auxin 

levels, both, PIF4 activity in induction of TAA1 transcripts and BES1 function in YUC 

expression is needed. The result that the BL-mediated increase of DR5::GUS 

expression was rather subtle at 21°C while it was significantly larger at 29°C, where 

PIF4 is active supports this hypothesis. Also, overexpression of TAA1 in yuc1D or 

YUC6 overexpression lines efficiently increased IAA-levels, while overexpression of 

YUC only resulted in a moderate increase of IAA only (Mashiguchi et al., 2011). 
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Figure 4. BRs regulate auxin metabolism through regulation of YUC2 and YUC6 expression
In the absence of BL, GSK3s inhibit BES1 DNA binding by phosphorylation and subsequent degradation of BES1, resulting in
comprised expression levels of YUC2 and YUC6. Up on BL perception by BRI1 the GSK3s are inhibited and the nuclear localized
dephosphorylated BES1 binds to the ‘non E-Box’ motif in the promoters of YUC2 and YUC6 to promote their mRNA abundance and to
promote IAA biosynthesis. The bioactive auxin is transported by the auxin efflux carriers PIN3, PIN4 and PIN7 to the hypocotyl to
promote cell elongation. Similarly, high ambient temperature promotes BES1 association to the YUC2 and YUC6 in a BR dependent
manner, resulting in increased IAA biosynthesis. BR-mediated auxin biosynthesis is also required during phototrophic hypocotyl
reorientation.
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Figure 43. BR regulation of YUC2 and YUC6 expression. 
In the absence of BL attenuated YUC2 and YUC6 transcripts levels contribute to the dwarfed growth 
phenotype. Upon BL-treatment BES1 binds to the ‘non-E-Box’ motif in the promoters of YUC2 and YUC6 
promoter to induce their expression. Similarly, high ambient temperature promotes BES1 association to 
the YUC2 and YUC6 promoters and thereby induces their expression levels. Furthermore, at high 
temperatures PIF4 induces TAA1 expression resulting in the activation of the linear auxin biosynthesis 
pathway and growth responses.  
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Collectively my results suggest a model where active BR signalling promotes BES1-

triggered expression of YUC2 and YUC6 (Fig. 43). Upon a high-temperature stimulus, 

BES1 is prevalent nuclear localised and binds to the promoters of YUC2 and YUC6 to 

drive their expression. Since at high ambient temperatures also PIF4 increases TAA1 

transcripts, this might result in the activation of the two-step auxin biosynthesis 

pathway (Fig. 43).  

 

3.3 Conclusion 

The aim of this thesis was to investigate the molecular mechanism which allows for 

BRs to promote growth in Arabidopsis. This work established that some downstream 

effects are mediated by the function of BRs in GA production. The transcription factors 

BES1 and BZR1 were found to drive BR-responsive expression of the GA-biosynthesis 

genes, GA20ox1, GA3ox1 and GA3ox4 in Arabidopsis and the presented results 

suggest a complex regulation of GA production, that is intertwined with the 

BES1/BZR1-DELLA crosstalk, which we are just beginning to understand.  

In addition, the present work provides the first evidence for a molecular link between 

BRs and auxin biosynthesis, which is at least in part conferred by a direct control of 

YUC2 and YUC6 expression by BES1. Since BES1 activity in this process was found 

to be temperature-regulated BRs, via BES1 activity, also participate in high 

temperature-mediated growth induction.  

Taken together the findings demonstrate that the BR-controlled transcription factors 

BES1/BZR1 directly actuate GA and auxin biosynthesis genes to coordinate growth 

responses. This control is mediated by binding to the newly identified ‘non-E-Box’ 

motif. Future work on how BES1/BZR1 can achieve specificity for binding to this motif 

and how BES1/BZR1 can integrate environmental signals, such as high temperatures, 

will further improve the understanding of BRs modes of action in growth regulation. 



4 MATERIALS AND METHODS      4.1 Materials 

 66 

4 Materials and Methods 

4.1 Materials 

4.1.1 Plant material 

The Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used throughout all 

experiments, if not indicated otherwise. Table 1 and table 2 describe the mutants and 

transgenic plant lines used.  

Table 1: Plant material used in chapter 2.1.  
Name Described in 
bri1-1 Clouse et al., 1996 
bri1-301 Xu et al., 2008 
cpd Szekeres et al., 1996 
ASKθoe-Myc6  Rozhon et al., 2010 
bes1-D (ecotype: Enkheim-2; En-2) Yin et al., 2002 
bzr1-1D Wang et al., 2002 
ga20ox1-3 Rieu et al., 2008 
bri1-301/BRI1pro:GA20ox1-cMyc #6.12 Unterholzner et al., 2015 
bri1-301/BRI1pro:GA20ox1-cMyc #7.6 Unterholzner et al., 2015 
bri1-301/BRI1pro:GA20ox1-cMyc #13.11 Unterholzner et al., 2015 
bri1-301/BRI1pro:GA20ox1-cMyc #15.04 Unterholzner et al., 2015 
35Spro:BZR1-CFP Rozhon et al., 2010 
35Spro:BES1-CFP Rozhon et al., 2010 
della-GLOBAL (ecotype: Landsberg erecta; Ler) Koini et al., 2009 
ces-2,bee1,bee2,bee3 Eremina et al., 2016 
ces-D Poppenberger et al., 2011 

 

Table 2: Plant material used in chapter 2.2.  
Name Described in  
det2-1 Chory et al., 1991 
ASKθoe-Myc6 Rozhon et al. 2010 
bri1-301 Xu et al. 2008 
bes1-D (Enkheim-2; En-2) Yin et al., 2002 
bzr1-1D Wang et al., 2002 
bes1-D (Col-0/En-2) this work 
bes1-D/pin3,4,7 (Col-0/En-2) this work 
pin3,4,7 Willige et al., 2013 
pin3,4,7 (Col-0/En-2) this work 
DR5::GUS Sabatini et al., 1999 
35Spro:BZR1-CFP Rozhon et al., 2010 
35Spro:BES1-CFP Rozhon et al., 2010 
yuc1-D Zhao et al., 2001 
det2-1/yuc1-D this work 
bri1-301/yuc1-D this work 
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4.1.2 Plasmids 

The plasmids used in this work are listed in the table 3. 

Table 3: Plasmids.  

 

4.1.3 Primers and DNA oligonucleotides 

Tables 4 to 9 list the DNA oligonucleotides used in this work. Oligonucleotides were 

ordered from Microsynth AG (Balgach, CH) or from Sigma Aldrich (Saint Louis, MO, 

USA).  

Table 4: Primers used for genotyping.  

 

 

 

 

Name Described in 
BRI1pro::GA20ox1-cMYC Unterholzner et al., 2015 
pGreen0800-GA20ox1pro::fLUC This work 
pGreen0800-GA20ox1proM*::fLUC This work 
pGreen0800-CYP718pro::fLUC Khan et al., 2014 
pGEX-BES1-GST Rozhon et al., 2010  
pGEX-BZR1-GST  Rozhon et al., 2010  
pGEX4T2-CES-GST Poppenberger et al., 2011 
pGWR8-CESwt Poppenberger et al., 2011 
pGWR8-BES1-CFP Rozhon et al., 2010 
pGWR8-BZR1-CFP Rozhon et al., 2010 
pGWR8-CES-YFP Poppenberger et al., 2011 

Name Sequence (5’-3’) 
bri1-301 fwd AGAACTGCTAACAACACCAA 
bri1-301 rev AATGTACTGACGCTTAAATG 
bes1-D fwd GGAATGGTGGTATTCCTTCATCG 
bes1-D rev CTTAAACTCGGAGCTTTGACCAAT 
MT6 GGAGCTCAAACGGGTCACCCG  
MT7 GCTGGATGAGCTACAGCTATATTC  
CF448 TTATTCAGCCCTGCTGTAGC  
MT12 TCGAATCTTACCGGAGCTGAGA  
GABI-KAT LB CATTTGGACGTGAATGTAGACAC  
CF449 TGATCACATGGCACGACCTG  
CF450 GATTGAAGTTAGATCCTCTTGG  
LBb1.3 ATTTTGCCGATTTCGGAAC  
det2-1 fwd GGTTCGAGTTGGTAAGCTG  

det2-1 rev GCTTTACGAGTCTTGGGATA  



4 MATERIALS AND METHODS      4.1 Materials 

 68 

Table 5: Primers used for cloning.  

 

Table 6: Primers used for qRT-PCR analysis.  

 

Table 7: Primers used for ChIP-qPCR analysis.  

 

Name Sequence (5’-3’) 
Ga20ox1 fwd CTCTCAACATGTCCGTAAGTTTCGTAACAAC (PciI) 
Ga20ox1 rev GAATAGCGGCCGCTGATGGGTTTGGTGAGCC (NotI) 
bri1pro fwd ACATATCTCGAGTTTAATTGAAAAGTTT (XhoI) 
bri1pro rev AAGTCCCATGGCTCAAGAGTTTGTGAGAGAG (NcoI) 
GA20ox1pro fwd TTTAACTGCAGAAACGGAATTGAATCCTAATT (PstI) 
GA20ox1pro rev ACGGCCATGGTGAGAGATTATAGTAAAGTGAGTAG (NcoI) 
M* aatcaa fwd ATAAGGATCCCCACCTATGACTAGTAAGCTA (BamHI) 
M*aatcaa rev CTTACTAGTCATAGGTGGGGATCCTTATTTGAATTTA (SpeI; BamHI) 

Name Sequence (5’-3’) 
Ga3_ox1 rev  GCTAACCACATCAATTTCGATGCC  
Ga3_ox4 fwd  TCTTCCACGGTGACACCAAGTG  
Ga3_ox4 rev  CCTCATGATCACACCAAGTACTGC 
Ga20_ox1 fwd  AGATTACTTCTGCGATGCGTTGG 
Ga20_ox1 rev  TCTTGATACACCTTCCCAAATGGC 
Aco2 fwd ACGTTCGTCACCTCCCTCAATC 
Aco2 rev GTCTTTCATGGCCGTCCTGTATTC 
DWF4 fwd CCGTTGAAGAGCTTAGGGAAGAG  
DWF4 rev CATTTCCCAATCGAAGAGTTTC  
YUC2 fwd TTTGGACGTTGGCACTCTTGC  
YUC2 rev CGTTTCAACTCCGGATACACCTTG 
YUC6 fwd AAACTCCGGTTCTCGACGTTGG 
YUC6 rev CCCGAACACACCTTAATGTCTCC 

Name Sequence (5’-3’) 
pGa20ox1 ChIP fwd TTATGTATGGAGAAATAGAAGGGAGTA 
pGa20ox1 ChIP fwd TTATGTATGGAGAAATAGAAGGGAGTA 
pGa20ox1 ChIP rev GCAACATGCACAATTACCACTATTC 
pGA3ox1 ChIP fwd ACAAGTAGAATAACCAATAATATTG 
pGA3ox1 ChIP rev GAGTTTTATTTATAGTGGTGGAG 
pGA3ox4 ChIP fwd TACATTCATAACATATGTGTGTAG 
pGA3ox4 ChIP rev ACTTGTGAACTAATGAGAGAATG 
pYUC2 ChIP fwd GCCATCTCATCTTTTTTTTCCAAC 
pYUC2 ChIP rev AGATTTCGGATTTTGAAGAAGAGG 
pYUC6 ChIP fwd AAGAGATTTGACTAATTTTTTGTAAT 
pYUC6 ChIP rev GATTTTAATAAAATAAGTTCTTATATG 
UBQ5 fwd ACCAAGCCGAAGAAGATCA 
UBQ5 rev ATGACTCGCCATGAAAGTCC 
5SrRNA fwd GGATGCGATCATACCAGCACT 
5SrRNA rev GAGGGATGCAACACGAGGACT 
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Table 8: Primers used for PCR amplification of EMSA probes.  

 

Table 9: DNA oligos used as competitors in EMSA experiments.  

Name Sequence (5’-3’) 
P1 fwd TAAGCATTGAAGGGTTGAAGAT 
P1 rev GTGGCAAAAGTATTGATAACTCCAT 
P2 fwd TGGAGTTATCAATACTTTTGCCAC 
P2 rev CAACATTTTCACCATTTCAGTTAAA 
P3 fwd ATTTTTTTTTTTAACTGAAATGGTG 
P3 rev GCAACTACGTAATTTTATTT 
P3a fwd TGGAGTTATCAATACTTTT 
P3a rev ACTTGTTTTAGCGAATTTA 
P3b fwd ATTCACTGTAATGGAGTT 
P3b rev ATTAGATTTATAATATAAAATTT 
P3C fwd GGAATCATTCCTAAATTTT 
P3c rev TAGCTTTGCGTACAAAAA 
P3d fwd CTTTTGTCTTTCTTTTTTTT 
P3d rev AAACATGTAGGGAATCGA 
P3e fwd TTGAAAACTGTCTTTTATC 
P3e rev ACCTATGACTAGTAAGCT 
P3f fwd TTCCACTAATAATGTATAG 
P3f rev TATAATCTTTAAGGTATCC 
P3g fwd ATTTCTCCATACATAAGG 
P3g rev CAATTCAAGAAATATTTTTATA 

Name Sequence (5’-3’) 
C1 fwd TATAATCTTTAAGGTATCCTTATGTATGGAGAAATA 
C1 rev TATTTCTCCATACATAAGGATACCTTAAAGATTATA 
C2 fwd CTTATGTATGGAGAAATAGAAGGGAGTAAATTCAAA 
C2 rev TTTGAATTTACTCCCTTCTATTTCTCCATACATAAG 
C3 fwd GAAGGGAGTAAATTCAAATAAAATCAACCACCTATG 
C3 rev CATAGGTGGTTGATTTTATTTGAATTTACTCCCTTC 
C4 fwd TAAAATCAACCACCTATGACTAGTAAGCTATACATT 
C4 rev AATGTATAGCTTACTAGTCATAGGTGGTTGATTTTA 
C5 fwd CCACCTATGACTAGTAAGCTATACATTATTAGTGGA 
C5 rev TCCACTAATAATGTATAGCTTACTAGTCATAGGTGG 
C*1 fwd GAAGGGAGTAAATTCAAAGCCAATCAACCACCTATG 
C*1 rev CATAGGTGGTTGATTGGCTTTGAATTTACTCCCTTC 
C*2 fwd GAAGGGAGTAAATTCAAATAACCGCAACCACCTATG 
C*2 rev CATAGGTGGTTGCGGTTATTTGAATTTACTCCCTTC 
C*3 fwd GAAGGGAGTAAATTCAAATAAAATACCCCACCTATG 
C*3 rev CATAGGTGGGGTATTTTATTTGAATTTACTCCCTTC 
C*4 fwd GAAGGGAGTAAATTCAAATAAAATCAAAACCCTATG 
C*4 rev CATAGGGTTTTGATTTTATTTGAATTTACTCCCTTC 
C*5 fwd GAAGGGAGTAAATTCAAATAAAATCAACCAAAGATG 
C*5 rev CATCTTTGGTTGATTTTATTTGAATTTACTCCCTTC 
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C*a1c fwd GTAAATTCAAATAACATCAACCACCTATGACTAGTA 
C*a1c rev TACTAGTCATAGGTGGTTGATGTTATTTGAATTTAC 
C*a1g fwd  GTAAATTCAAATAAGATCAACCACCTATGACTAGTA 
C*a1g rev TACTAGTCATAGGTGGTTGATCTTATTTGAATTTAC 
C*a1t fwd GTAAATTCAAATAATATCAACCACCTATGACTAGTA 
C*a1t rev  TACTAGTCATAGGTGGTTGATATTATTTGAATTTAC 
C*a2c fwd GTAAATTCAAATAAACTCAACCACCTATGACTAGTA 
C*a2c rev TACTAGTCATAGGTGGTTGAGTTTATTTGAATTTAC 
C*a2g fwd  GTAAATTCAAATAAAGTCAACCACCTATGACTAGTA 
C*a2g rev TACTAGTCATAGGTGGTTGACTTTATTTGAATTTAC 
C*a2t fwd GTAAATTCAAATAAATTCAACCACCTATGACTAGTA 
C*a2t rev  TACTAGTCATAGGTGGTTGAATTTATTTGAATTTAC 
C*t3g fwd GTAAATTCAAATAAAAGCAACCACCTATGACTAGTA 
C*t3g rev TACTAGTCATAGGTGGTTGCTTTTATTTGAATTTAC 
C*t3c fwd  GTAAATTCAAATAAAACCAACCACCTATGACTAGTA 
C*t3c rev TACTAGTCATAGGTGGTTGGTTTTATTTGAATTTAC 
C*t3a fwd GTAAATTCAAATAAAAACAACCACCTATGACTAGTA 
C*t3a rev  TACTAGTCATAGGTGGTTGTTTTTATTTGAATTTAC 
C*c4a fwd GTAAATTCAAATAAAATAAACCACCTATGACTAGTA 
C*c4a rev TACTAGTCATAGGTGGTTTATTTTATTTGAATTTAC 
C*c4t fwd  GTAAATTCAAATAAAATTAACCACCTATGACTAGTA 
C*c4t rev TACTAGTCATAGGTGGTTAATTTTATTTGAATTTAC 
C*c4g fwd GTAAATTCAAATAAAATGAACCACCTATGACTAGTA 
C*c4g rev  TACTAGTCATAGGTGGTTCATTTTATTTGAATTTAC 
C*a5c fwd GTAAATTCAAATAAAATCCACCACCTATGACTAGTA 
C*a5c rev TACTAGTCATAGGTGGTGGATTTTATTTGAATTTAC 
C*a5g fwd  GTAAATTCAAATAAAATCGACCACCTATGACTAGTA 
C*a5g rev TACTAGTCATAGGTGGTCGATTTTATTTGAATTTAC 
C*a5t fwd GTAAATTCAAATAAAATCTACCACCTATGACTAGTA 
C*a5t rev  TACTAGTCATAGGTGGTAGATTTTATTTGAATTTAC 
C*a6c fwd GTAAATTCAAATAAAATCACCCACCTATGACTAGTA 
C*a6c rev TACTAGTCATAGGTGGGTGATTTTATTTGAATTTAC 
C*a6g fwd  GTAAATTCAAATAAAATCAGCCACCTATGACTAGTA 
C*a6g rev TACTAGTCATAGGTGGCTGATTTTATTTGAATTTAC 
C*a6t fwd GTAAATTCAAATAAAATCATCCACCTATGACTAGTA 
C*a6t rev  TACTAGTCATAGGTGGATGATTTTATTTGAATTTAC 
C*c10a fwd GTAAATTCAAATAAAATCAACCAACTATGACTAGTA 
C*c10a rev TACTAGTCATAGTTGGTTGATTTTATTTGAATTTAC 
C*c10t fwd  GTAAATTCAAATAAAATCAACCATCTATGACTAGTA 
C*c10t rev TACTAGTCATAGATGGTTGATTTTATTTGAATTTAC 
C*c10g fwd GTAAATTCAAATAAAATCAACCAGCTATGACTAGTA 
C*c10g rev  TACTAGTCATAGCTGGTTGATTTTATTTGAATTTAC 
C*c11a fwd GTAAATTCAAATAAAATCAACCACATATGACTAGTA 
C*c11a rev TACTAGTCATATGTGGTTGATTTTATTTGAATTTAC 
C*c11t fwd  GTAAATTCAAATAAAATCAACCACTTATGACTAGTA 
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C*c11t rev TACTAGTCATAAGTGGTTGATTTTATTTGAATTTAC 
C*c11g fwd GTAAATTCAAATAAAATCAACCACGTATGACTAGTA 
C*c11g rev  TACTAGTCATACGTGGTTGATTTTATTTGAATTTAC 
C*t12g fwd GTAAATTCAAATAAAATCAACCACCGATGACTAGTA 
C*t12g rev TACTAGTCATCGGTGGTTGATTTTATTTGAATTTAC 
C*t12c fwd  GTAAATTCAAATAAAATCAACCACCCATGACTAGTA 
C*t12c rev TACTAGTCATGGGTGGTTGATTTTATTTGAATTTAC 
C*t12a fwd GTAAATTCAAATAAAATCAACCACCAATGACTAGTA 
C*t12a rev  ACTAGTCATTGGTGGTTGATTTTATTTGAATTTAC 
C cct-1 fwd GTAAATTCAAATAAAATCAACACCTATGACTAGTAA 
C cct-1 rev TTACTAGTCATAGGTGTTGATTTTATTTGAATTTAC 
C cct-2 fwd GTAAATTCAAATAAAATCAACCCTATGACTAGTAAA 
C cct-2 rev TTTACTAGTCATAGGGTTGATTTTATTTGAATTTAC 
C cct-3 fwd GTAAATTCAAATAAAATCAACCTATGACTAGTAAAA 
C cct-3 rev TTTTACTAGTCATAGGGTTGATTTTATTTGAATTTAC 
C cct+2 fwd GTAAATTCAAATAAAATCAACCAAACCTATGACTAG 
C cct+2 rev CTAGTCATAGGTTTGGTTGATTTTATTTGAATTTAC 
C cct+4 fwd GTAAATTCAAATAAAATCAACCAAAAACCTATGACT 
C cct+4 rev AGTCATAGGTTTTTGGTTGATTTTATTTGAATTTAC 
C pGA3ox1 fwd AATAATATTGGACCAAAACAAGTGCTTTAACATATG 
C pGA3ox1 rev CATATGTTAAAGCACTTGTTTTGGTCCAATATTATT 
C pGA3ox4 fwd ATATATCCAAAGTAATTGTTTATGTGATGAGCATCC 
C pGA3ox4 rev GGATGCTCATCACATAAACAATTACTTTGGATATAT 
C pGA20ox2 fwd AAGATGTTGGCCAAAAAACAAATTCATAATAAGTAA 
C pGA20ox2 rev GTGAAGACATTTGAAAATCACCCCACTGCAAACTCC 
C PBS1 fwd AAAAAAAAAAAAACTAATCAATATGTTAATTAGATT 
C PBS1 rev AATCTAATTAACATATTGATTAGTTTTTTTTTTTTT 
C PBS2 fwd AACTGTAACTGAACCAATCAAATTGAATTCAACCAA 
C PBS2 rev TTGGTTGAATTCAATTTGATTGGTTCAGTTACAGTT 
C PBS3 fwd TTAAATCATTTACATAATCAAAATAATTTAATTAAT 
C PBS3 rev ATTAATTAAATTATTTTGATTATGTAAATGATTTAA 
C pPIN3 fwd CATAATAAATCTTATAAACAATATCTTAAAAGAAAA  
C pPIN3 rev TTTTCTTTTAAGATATTGTTTATAAGATTTATTATG  
C pPIF3 fwd ACTGTGAAAACAAAAAATCAAAATCCTCAGTTACAG 
C pPIF3 rev TGTAACTGAGGATTTTGATTTTTTGTTTTCACAGT 
C pBEE1 fwd TTAAAGAGTAAGTTGTCTTGAATG 
C pBEE1 rev GTTGGGCCATTACTATAGATTAT 
C pBR6ox2 fwd ATCAAAACAACTATAGAAACTGT 
C pBR6ox2 rev AGTTCTTGTAAATAACTATTAATTT 
C pBRH1 fwd CCTTTGATTTCTATAAATCAAACTCCTCATGACATT 
C pBRH1 rev AATGTCATGAGGAGTTTGATTTATAGAAATCAAAGG 
C pSMT2 fwd AAAACCTTTAAAGAGAAACAAAAACTTAAAATGTTT 
C pSMT2 rev AAACATTTTAAGTTTTTGTTTCTCTTTAAAGGTTTT 
C pSNC1 fwd TGATTTTAACCACTAAAACAATATCTTGTATAGTAA 
C pSNC1 rev TTACTATACAAGATATTGTTTTAGTGGTTAAAATCA 
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4.1.4 Antibodies 

The antibodies used in this work are listed in table 10.  

Table 10: Antibodies.  

 

4.1.5 Media 
The different growth media for plants and bacteria used in this study are listed in table 

11.  

Table 11: Growth media. 

 

4.1.6 Chemicals for plant treatments 

Chemicals used for treatment of plants are listed in table 12. Treatments were 

performed by supplementing the medium (solid or liquid medium) with the required 

compound or by spraying with a solution of the compound in water.  

 

C pACO2 fwd GGAAAATGCCAAATGAATCAATCTCTTAAAGAAAGG 
C pACO2 rev CCTTTCTTTAAGAGATTGATTCATTTGGCATTTTCC 

C pYUC2 fwd TCTCTCTCCCCAAGTATTTGTTTCAGAACCGCAAAA 

C pYUC2 rev TTTTGCGGTTCTGAAACAAATACTTGGGGAGAGAGA 
C pPIN8 fwd ATATTCATTGTGGAATCAAAAACCTTGAAATTCAAG 
C pPIN8 rev CTTGAATTTCAAGGTTTTTGATTCCACAATGAATAT 

Antibodies Manufacturer and product number 
α-cMyc (rabbit) 9E10 Santa Cruz Biotechnology, Santa Cruz, CA, USA; A1209 
α-Rabbit IgG (goat) Sigma, Saint Louis, MO, USA; A8025 
α-GFP-HRP MACS Miltenyi Biotec, Bergisch Gladbach, Germany, 120-002-105 

Name Composition for 1 l 
Half-strength MS 
medium (solid) 

2.2 g Murashige & Skoog medium including vitamins (Duchefa Biochemie, 
Haarlem, NL), 1.07 g 2-(N-morpholino) ethanesulfonic acid hydrate (MES), 
10 g sucrose, 7 g Plant agar (Duchefa Biochemie, Haarlem, NL), pH 5.8 

Half-strength MS 
medium (liquid) 

2.2 g Murashige & Skoog medium including vitamins, 1.07 g MES, 10 g 
sucrose, pH 5.8 

H2O-agar 0.7 % (w/v) plant agar, pH 5.8 
H2O-agarose 0.7 % (w/v) agarose (Sigma Aldrich, Saint Louis, MO, USA), pH 5.8 
Pollen germination 
medium 

5 mM MES, pH 5.8, 1 mM KCl, 10 mM CaCl2, 0.8 mM MgSO4, 1.5 mM boric 
acid, 1 % (w/v) agar, 17 % (w/v) sucrose 

MLB 10 g peptone, 5 g yeast extract, 5 g NaCl, 15 g/l agar-agar Kobe I (Carl 
Roth GmbH, Karlsruhe, Germany), pH 7.0 to 7.5 
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Table 12: Chemicals used for plant treatments.  

 

4.2 Plant work 

4.2.1 Standard growth of Arabidopsis 

Plants were grown on half-strength MS containing plates or in soil and were incubated 

in CLF BrightBoy growth chambers (CLF plant climatics, Wertingen, Germany). For 

standard growth conditions, the temperature was set to 21°C with 16 hours of white 

fluorescence light (06:00 am to 10:00 pm) and eight hours of dark, referred to as long-

day (LD) conditions. The light intensity was set to 80 µmol m-2 s-1.  

4.2.2 Seed sterilization – liquid method 

Seeds were placed into a 2 ml Eppendorf tube and sterilised with 70 % (v/v) EtOH 

containing 0.5 % (v/v) Triton-X 100 for two minutes. After removing the solution, seeds 

were washed two times with 96 % (v/v) EtOH, each for one minute. After carefully 

removing the 96 % (v/v) EtOH, seeds were dried for 20 minutes in a laminar flow hood.  

4.2.3 Seed sterilization – chlorine gas method 

Seeds were filled in 2 ml reaction tubes and the open tubes were placed into a plastic 

box. 5 g of sodium bromate was wrapped in filter paper and put in a 100 ml glass 

beaker, containing 40 ml of 25 % (w/v) hydrochloric acid. The lid of the box was closed 

immediately. The seeds were incubated in the chlorine gas for three hours. Afterwards, 

the box was opened and kept in the fume hood for ten minutes, before the 2 ml tubes 

were placed in the laminar flow hood for additional ten minutes.  

4.2.4 Plant transformation by floral dipping 

A single colony of Agrobacterium tumefaciens GV3101/pSOUP transformed with a 

plant transformation vector was used to inoculate 50 ml of MLB medium containing 

Kanamycin (30 mg l-1) and was incubated (28°C, 110 rpm) for two days. This culture 

was used to inoculate 100 ml of MLB containing Kanamycin (30 mg l-1) and incubated 

Chemical  Manufacturer 
GA4 Merck Schuchardt, Hohenbrunn, Germany  
GA4+7 Duchefa Biochemie, Haarlem, NL  
epi-brassinolide Olchemin, Olomouc, CZ  
Paclobutrazol Duchefa Biochemie, Haarlem, NL 
Brassinazole Rozhon et al. (2014) 
DMSO Sigma Aldrich, Saint Louis, MO, USA 
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(28°C, 110 rpm) overnight. The overnight culture was used to inoculate 300 ml MLB to 

an OD600 of 0.3. The culture was incubated (28°C, 110 rpm) until the OD600 reached 

0.8. Subsequently, the bacterial cells were centrifuged (4000 rpm, room temperature) 

for 15 minutes and the supernatant was discarded. The bacterial pellet was 

resuspended in 300 ml of water containing 5% sucrose and transferred to beakers and 

150 µl Sylvet L-77 was added. The inflorescences of 5-week-old plants were dipped 

for approximately 30 seconds into the Agrobacterium suspension. The plants were 

covered with a plastic bag for one day. The dipped plants were grown until the seeds 

had ripened.  

For the selection of transformants, the seeds were surface sterilised and grown on half 

strength MS media supplemented with Kanamycin (30 mg l-1) at 21°C LD conditions 

for ten days. Transformants were identified as antibiotic-resistant seedlings that 

produced green leaves and well-established roots. Transformants were transferred to 

soil and grown at 21°C LD conditions until the seeds were ripe.  

4.2.5 Generation of the bes1-D/pin3,4,7 quadruple mutant 

bes1-D (En-2) was crossed with the pin3,4,7 (Col-0) mutant (Willige et al., 2013). The 

heterozygous plants for bes1-D, pin3-3, pin4-101 and pin7-101 were selfed for six 

generations before the bes1-D (En2/Col-0), pin3,4,7 (En2/Col-0) and bes1-D/pin3,4,7 

(En2/Col-0) were selected. The bes1-D mutation was genotyped by sequencing the 

PCR product using the bes1-D fwd/bes1-D rev primers. The pin3-3 mutation and the 

T-DNA insertion of pin4-101 and pin7-102 were genotyped according to Willige et al. 

(2013).  

 

4.3 Physiological experiments 

4.3.1 Germination assay 

For germination assays, seeds were sterilised according to 5.2.3 and plated on H2O-

agar medium. The plates were immediately transferred to standard LD growth 

conditions. Germination was scored after six days of incubation by counting radicle 

emerge.  

4.3.2 High ambient temperature growth response 

Growth response to high ambient temperature was investigated as described 

previously (Franklin et al., 2011; Zheng et al., 2016). The plants were incubated on 



4 MATERIALS AND METHODS    4.3 Physiological experiments 

 75 

half-strength MS plates at 21°C LD conditions for five days after germination. 

Subsequently, half of the plates were transferred to 29°C LD conditions for three days, 

while the control plates remained at 21°C LD conditions for the same time. Images of 

the seedlings were taken with an SZX10 stereo microscope (Olympus, Hamburg, 

Germany) and the elongation of hypocotyls and petioles was measured by using the 

cellSens software (Olympus, Hamburg, Germany).  

Temperature treatment of adult plants was performed as described previously (Koini 

et al., 2009; Franklin et al., 2011).In brief, 7-days-old plants grown on half-strength MS 

plates at 21°C LD conditions were transferred to soil and incubated at 21°C LD 

conditions for seven days. Subsequently, half of the plants were shifted to 29°C LD 

conditions for additional seven days, while the other half remained at 21°C LD for the 

same time.  

4.3.3 Phototropic responses 

Plants were grown in the dark on vertical oriented half-strength MS plates in a CLF 

floraLED incubator (CLF plant climatics, Wertingen, Germany) at 21°C for five days. 

The plates were covered with black paper and wrapped in aluminium foil. 

Subsequently, aluminium foil and black paper were removed from one frame of the 

plates, before illuminating with 10 µmol m-2 s-1 of blue unilateral light (400-550 nm) for 

six hours. Images were taken with an SZX10 stereo microscope (Olympus, Hamburg, 

Germany) and the shoot reorientation angle was measured using the cellSens 

software (Olympus, Hamburg, Germany).  

4.3.4 In vitro pollen germination assay 

In vitro pollen germination was assessed according to Fan et al. (2001). In brief, pollen 

was harvested from freshly anther-dehisced flowers on the main inflorescence stem, 

two weeks after bolting. The pollen was incubated on pollen germination medium 

(Table 11). Plates were incubated at 21°C and 10 μmol m-2 s-1 of light intensity for 20 

hours. Subsequently, the pollen germination was assessed with an SZX10 stereo 

microscope (Olympus, Hamburg, Germany).  
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4.4 Molecular methods 

4.4.1 Isolation of genomic DNA from Arabidopsis 

10-100 mg plant material was collected in a 2 ml safe-lock tube and ground to a fine 

powder using a Retsch mill (Retsch, Haan, Germany). 1.2 ml of CTAB buffer (2 % (w/v) 

CTAB, 20 mM EDTA, 1.4 M NaCl, 100 mM TRIS/HCl pH=8.0) were mixed with the 

sample and incubated at 65°C for 30 minutes. The tubes were centrifuged (13000 rpm, 

room temperature) for one minute and the clear supernatant was transferred to a new 

2 ml tube. Afterwards, 500 μl chloroform were added, mixed and centrifuged (13000 

rpm, room temperature) for 5 minutes. The clear supernatant was transferred to a new 

2 ml tube and again 500 μl chloroform were added, mixed and centrifuged (13000 rpm, 

room temperature) for 5 minutes. The clear supernatant was transferred to a new 2 ml 

tube and the DNA was precipitated by mixing with one volume isopropanol before 

centrifuging (13000 rpm, room temperature) for 5 minutes. The DNA-pellet was 

washed with 500 µl 70 % (v/v) ethanol and centrifuged (13000 rpm, room temperature) 

for one minute. The ethanol was carefully removed, and the pellet dried at room 

temperature for 5-10 minutes before it was resuspended in 50 µl ddH2O.  

4.4.2 Isolation of plasmid DNA from E. coli (small scale) 

2 ml of an overnight grown culture from a single colony of E. coli containing the plasmid 

of interest were transferred to a 2 ml tube. Bacterial cells were centrifuged (13000 rpm, 

room temperature) for 1 minute. The pellet was resuspended in 200 µl solution E1 (50 

mM TRIS/HCl pH=8.0, 10 mM EDTA, 100 mg l-1 RNase A) and 200 µl E2 (1 % (w/v) 

SDS, 0.2 M NaOH) were added, mixed and incubated at room temperature for five 

minutes. Subsequently, 200 µl E3 (3 M potassium acetate, 2M acetic acid) were added, 

mixed and centrifuged (13000 rpm, room temperature) for five minutes. The clear 

supernatant was transferred to a new 2 ml tube and mixed with 1 ml of 95 % (v/v) 

ethanol and centrifuged (13000 rpm, room temperature) for 5 minutes to pellet the 

precipitated DNA. The DNA-pellet was washed by mixing with 500 µl of 70 % (v/v) 

ethanol and centrifuged (13000 rpm, room temperature) for one minute. After carefully 

removing the ethanol the pellet was dried at room temperature for 5-10 minutes and 

resuspended in 50-100 µl ddH2O.  
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4.4.3 Isolation of plasmid DNA from E. coli (medium scale) 

Medium scale isolation of plasmid DNA from E. coli was performed by using JET star 

2.0 Plasmid Purification Midi Kit (Genomed, Löhne, Germany). 50 ml of an overnight 

grown bacterial culture, containing the plasmid of interest, were transferred to a 50 ml 

falcon and the bacterial cells were harvested by centrifuging (4000 rpm, room 

temperature) for 10 minutes. Plasmid DNA was isolated from the bacterial cells 

according to the manufacturer’s instructions.  

4.4.4 Polymerase chain reaction (PCR) 

For PCR amplification of a specific DNA fragments GoTaq® G2 DNA polymerase 

(Promega, Madison, WI, USA) was used according to the supplier’s manual. The PCR 

reaction was performed in an Eppendorf Mastercycler (Eppendorf, Hamburg, 

Germany) and the program was set as listed in table 13.  

Table 13: PCR cycling parameters.  
Cycles Temperature Time 
1                                Denaturation 94°C 2 minutes 
 Denaturation 94°C 0.5 minute 
20-35 Annealing 50-65°C* 0.5-1.5 minutes 
 Extension 72°C 1 minute/kb 

* depending on the Tm of the primers 

4.4.5 Agarose gel electrophoresis 

Products from DNA isolation, restriction digestion and PCR were separated on a 0.8% 

(w/v) agarose gel containing ethidium bromide at a final concentration of 0.2 μg ml-1. 

Gels were cast with and run in 1x TRIE buffer (25 mM triethanolamine, 5 mM EDTA). 

The samples were mixed with 5 x DNA loading buffer (50 % (v/v) glycerol, 0.05 % (w/v) 

bromophenol blue sodium salt. GeneRuler 1 kb DNA ladder (Thermo Scientific, 

Waltham, MA, USA) was used as size marker. Electrophoresis of the gel was 

performed at 3 to 6 V/cm. ��

4.4.6 Molecular cloning 

The DNA of interest was PCR-amplified, digested with the corresponding restriction 

enzymes and ligated into the digested vector backbone using the T4 DNA ligase 

(Thermo Scientific, Waltham, MA, USA). Constructs were confirmed by restriction 

digestion and DNA sequencing.  
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4.4.7 qRT-PCR analysis 

For qRT-PCR ~20 mg of plant material was collected and shock frozen in liquid 

nitrogen. Total RNA extraction was performed by using the E.Z.N.A. Plant RNA Mini 

Kit (OMEGA Bio-tek, Norcross, GA) according to the manufacturer’s instructions. The 

pipetting scheme for the DNase I (Thermo Scientific, Waltham, MA, USA) treatment is 

listed in table 14.  

Table 14: DNase I treatment of RNA.  
5 µl DNase I reaction                                                                                                           Incubation 
DNase I (1 U/µl) 0.5 µl 

37°C for 30 minutes 
10X reaction buffer with MgCl2 0.5 µl 
RNA 1 µg 
H2O up to 5 µl 
50 mM EDTA + 0.5 µl 65°C for 10 minutes 

 

For reverse transcription (RT) cDNA synthesis the RevertAid First Strand cDNA 

Synthesis Kit (Thermo Scientific, Waltham, MA, USA) was used. Table 15 shows the 

pipetting scheme for one cDNA synthesis reaction and the incubation conditions for 

the reaction. The reaction was incubated at 42°C for one hour followed by 70°C for five 

minutes. The obtained cDNA was diluted with 90 µl of nuclease free water and stored 

at -20°C.  

Table 15: RT cDNA synthesis.  
cDNA synthesis 

DNase I treated RNA 5.5 µl 
Oligo (dT)18 primer 0.5 µl 
5X reaction buffer 2 µl 
dNTPs (10 mM) 1 µl 
RiboLock RNAse Inhibitor (20 U/µl) 0.5 µl 
RevertAid RT (200U/µl) 0.5 µl 

 

qRT-PCR analysis of the cDNA was performed with an Eppendorf realplex2 

Mastercycler (Eppendorf, Hamburg, Germany) and the settings shown in table 16 were 

used. For qRT-PCR reactions, a pre-mix including SensiFAST SYBR® Lo-ROX Mix 2x 

(Bioline, London, UK), primers specific for the mRNA of interest and water (amounts 

from table 17) was prepared and aliquoted into 96-well plates. Subsequently, 1-5 µl of 

each cDNA sample was added to the pre-mix. mRNA levels were normalised to the 

mRNA abundance of GAPC2 and measured in at least three technical replicates.  
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Table 16: qRT-PCR cycling parameters.  
Cycle Temperature Time 
1 95°C 2 minutes 

35-40 
95°C 5 seconds 
60°C 30 seconds 

Melting curve 60°C – 95°C 20 minutes 
 

Table 17: qRT-PCR pipetting scheme.  
20 µl qRT-PCR reaction 
Template 1–5 µl 
Primer forward (10 mM) 0.8 µl 
Primer reverse (10 mM) 0.8 µl 
2x SensiFAST SYBR® LoRox Mix 10 µl  
Water up to 20 µl 

 

4.4.8 Induction of BES1-GST, BZR1-GST and CES-GST expression 

A single colony of Escherichia coli BL21, transformed with the desired expression 

construct, was used to inoculate 20 ml of MLB medium containing ampicillin (100 mg/l) 

and incubated (22°C, 110 rpm) overnight. The overnight culture was used to inoculate 

300 ml of MLB medium (without antibiotic) to an OD600 of 0.2, which was incubated at 

22°C and 110 rpm until the OD600 reached 0.5. Subsequently, IPTG was added to a 

final concentration of 0.1 mM. Afterwards, the culture was incubated (22°C, 110 rpm) 

for additional five hours before harvesting the bacterial cells by centrifugation (3000 g, 

room temperature) for ten minutes. After discarding the supernatant, the bacterial 

pellet was stored at -20°C. 

4.4.9 Purification of GST-tagged BES1, BZR1 and CES protein 

All steps for purification of GST-tagged proteins were performed at 4°C or on ice. The 

required solutions and buffers are listed in table 18. Bacterial cells were resuspended 

in 10 ml ice-cold 1x PBS containing 2 mM PMSF and 5 mM DTT. 200 µl of a freshly 

prepared lysozyme solution was added. The mixture was incubated on ice for ten 

minutes. 500 µl of 20 % (v/v) Triton-X 100 were added and the content of the tube was 

mixed. The cells were sonicated four times for ten seconds at an output power of 35 

% using a Sonoplus HD2070 equipped with a UW 2070 probe (Bandelin, Berlin, 

Germany). The sonicated cells were centrifuged (13000 rpm, 4°C) for ten minutes and 

the supernatant was transferred to a new tube and again centrifuged (13000 rpm, 4°C) 

for ten minutes. In the meantime, 200 µl GSH Sepharose 4B beads (GE Healthcare, 
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Little Chalfont, UK) were washed with 10 ml PBS containing 5 mM DTT. The 

supernatant of the cell lysate was transferred to the washed GSH Sepharose 4B beads 

and incubated on a shaker at 4°C for one hour. The beads were pelleted by 

centrifugation (200 g, 4°C) for one minute and washed four times with 10 ml 1x PBS 

containing 5 mM DTT. Between the washes, the beads were incubated at 4°C on a 

shaker for at least five minutes. After the last wash, the beads were resuspended in 

1.5 ml of 1x PBS containing 5 mM DTT and transferred completely to a 2 ml tube. The 

GSH beads were pelleted by centrifugation at 200 g for one minute, 500 µl of elution 

buffer were added and incubated at 4°C on a shaker for 30 minutes. The GSH beads 

were pelleted by centrifugation (2000 rpm, 4°C) for one minute and the clear 

supernatant was transferred to a 2 ml reaction tube (this step was repeated once 

more). The clear supernatant was transferred to a SigmaPrep spin filter column and 

centrifuged (200 g, 4°C) for two minutes. The flow through was loaded onto a Roti-spin 

MINI-3 column (Carl Roth GmbH, Karlsruhe, Germany) and centrifuged (13000 rpm, 

4°C) until 80-100 µl liquid remained. The liquid containing the proteins was aliquoted 

in volumes of 10 µl and stored at -80 °C.  

Table 18: Buffers required for GST-tagged protein purification.  

 

4.4.10 SDS-PAGE 

SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) was performed as described in 

(Laemmli, 1970) using PerfectBlue™ Twin System (Peqlab Biotechnology, Erlangen, 

Germany). To obtain optimal resolution of proteins, a 4.8 % (v/v) stacking gel was 

casted on top of a 10% (v/v) separating gel. The gels were prepared as indicated in 

table 19. For electrophoresis, SDS Running Buffer (25 mM TRIS, 192 mM glycine and 

0.1% (w/v) SDS) was used and a PageRulerTM prestained protein ladder (Thermo 

Scientific, Waltham, MA, USA) was loaded as a size marker.  

Solutions Ingredients 

10x phosphate buffered saline (PBS) 80 g l-1 NaCl, 2 g l-1 KCl, 14.4 g l-1 Na2HPO4, 2.4 g l-1 
KH2PO4, pH 7.4 

Lysozyme solution 100 mg ml-1 dissolved in water 
Isopropyl-β-d-thiogalactopyranoside 
(IPTG) solution 

1 M IPTG dissolved in water 

Phenylmethylsulfonyl fluoride (PMSF) 
solution 

400 mM PMSF dissolved in DMSO 

1,4-dithiothreitol (DTT) solution  1 M DTT dissolved in water 
Elution Buffer 150 mM NaCl, 5 mM DTT, 20 mM glutathione reduced 

form (GSH), 50 mM TRIS–HCl, pH 8.0 (pH must be 
checked and, if necessary, set to pH 7.5–8.0 with 1 M 
NaOH) 
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Table 19: Pipetting scheme for two SDS-PAGE gels (20 cm x 20 cm x 0.8 mm). 
Reagents  Separation gel Stacking gel 
Buffer 10% gel (0.5 M TRIS-HCl pH = 8.8, 0.135 % (v/v) SDS) 7.5 ml - 
Stacking gel buffer (0.136 M TRIS-HCl pH = 6.8, 0.114 % (v/v) 
SDS) 

- 2.2 ml 

Acrylamide Rotiphorese Gel 40 (37.5:1)  2.5 ml 0.3 ml 

TEMED 10 µl 2.5 µl 
APS 10% (w/v) 100 µl 25 µl 

 

4.4.11 Protein immunoblotting 

Western blot analyses were performed as described previously (Poppenberger et al., 

2011) by using the antibodies shown in table 10. For detection of cMyc-tagged 

proteins, the rabbit α-cMyc antibody (table 10) was used as primary antibody, and an 

alkaline phosphatase-conjugated goat α-rabbit IgG was used as secondary antibody. 

Detection was performed with enhanced chemiluminescence using the CDP-Star 

reagent (GE Healthcare, Little Chalfont, UK) or PhosphaGLO Reserve AP Substrate 

(Medac Diagnostic, Wedel, Germany).  

For detection of CFP-tagged proteins, the rabbit α-GFP-HRP antibody (table 10) was 

used. Detection was performed with enhanced chemiluminescence using the Pierce™ 

ECL Western Blotting Substrate (Thermo Fischer Scientific, Waltham, MA, USA).  

4.4.12 Quantification of DNA by fluorimetry with SYBR-Green 

For quantification of DNA SYBR reagent was prepared by mixing SYBR stock solution 

(10 µl SYBR green I mixed with 990 µl DMSO) with 1x TRIE buffer in dilution of 1 to 

1000 in 1x TRIE buffer) were mixed with 0, 2, 4, 6, 8, and 10 μl of a 10 ng/μl DNA 

standard or 1 μl of the sample. The fluorimeter was set to 492 nm excitation 

wavelength, and 519 nm emission wavelength and the fluorescence of the standards 

and sample was measured to calculate the DNA concentration in ng/μl.  

4.4.13 Electrophoretic mobility shift assay (EMSA) 

To investigate protein-nucleic acid interactions in vitro, radio- or fluorescence labelled 

DNA probe and the protein of interest were mixed and incubated under conditions 

favouring interaction. Subsequently, the samples were electrophoresed on a 6 % (w/v) 

polyacrylamide gel. The electrophoretic mobility of the labelled nucleic acid probe in 

the presence and absence of the protein were compared, allowing to determine 

protein-probe interactions. Furthermore, the addition of unlabelled oligonucleotides 

was enabling to test for competition with the protein-probe interaction. 
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4.4.13.1 DNA Probe labelling with radioactivity 

The promoter region of interest was PCR-amplified and electrophoresed on an 

agarose gel. After excision of the band, the DNA was purified using the E.Z.N.A.® 

MicroElute gel extraction kit (Omega Biotek, Norcross, GA). The purified PCR product 

was used as a template for a second amplification by PCR (same primers as in the 

first PCR were used). The amplicon was purified with the E.Z.N.A.® Cycle Pure Kit 

(Omega Biotek, Norcross, GA) and the final DNA concentration was measured by 

fluorimetry. The 5’ ends of 2 pmol purified amplicon were labelled with [g-33P]-ATP by 

using T4 polynucleotide kinase (PNK; 10 U/µl; Thermo Scientific, Waltham, MA, USA), 

according to the pipetting scheme listed in table 20 and incubated at 37°C for 30 

minutes. Afterwards, DNA was purified with the E.Z.N.A.® Cycle Pure Kit (Omega 

Biotek, Norcross, GA). To assess successful [g-33P]-labelling the activity was 

measured by scintillation counting. Successfully labelled probes had an activity of more 

than 5000 cpm/pmol. The probe was used immediately or stored at -20°C for up to 7 

days.  

Table 20: 5’ end [g-33P]-labelling of the DNA probe.  
20 µl [g-33P]-labelling reaction 
Template (purified amplicon) 2 pmol 
10x T4 PNK forward buffer 2 µl 
[g-33P]-ATP 5 pmol 
PNK (10 U/µl) 1 µl  
Water up to 20 µl 

 

4.4.13.2 Preparation of fluorophore-labelled probes 

The region of interest was PCR-amplified by using HEX labelled primers (forward 

and/or reverse) and electrophoresed on an agarose gel. After excision of the band, the 

DNA was purified using the E.Z.N.A.® MicroElute Gel Extraction Kit (Omega Biotek, 

Norcross, GA). The purified PCR product was used as a template for another 

amplification by PCR using the HEX-labelled primers. The amplicon was purified with 

the E.Z.N.A.® Cycle Pure Kit (Omega Biotek, Norcross, GA) and the final DNA 

concentration was measured by fluorimetry (the final DNA concentration should be at 

least 10 ng/µl). The HEX-labelled probe was used immediately or stored in the dark at 

-20°C.  
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4.4.13.3 EMSA binding reaction 

The binding reaction was prepared on ice according to table 21. The recombinant 

protein (or water as a control) was added last, and the tubes were incubated on ice for 

30 minutes. Subsequently, 5 µl of 5x DNA loading buffer (60 % (v/v) glycerol, 0.05 % 

(w/v) bromophenol blue sodium salt) were added to the binding reaction. The samples 

were loaded on an acrylamide gel for electrophoresis.  

Table 21: EMSA binding reaction.  
EMSA binding reaction 

Template [g-33P]-labelled / Template HEX-labelled 0.1 pmol/0.5 pmol 
10x EMSA binding buffer (250 mM HEPES set with KOH to pH 8.0, 500 mM 
KCl, 20 mM MgSO4 and 10 mM DTT)  

2 µl 

50% Glycerol 2 µl 
Competitor oligonucleotides (if required) 1 µl  
Protein 200 ng 
Water up to 20 µl 

 

4.4.13.4 Gel electrophoresis 

A 6 % (w/v) acrylamide gel was prepared according to table 22. The 10 % (w/v) APS 

was added last and the gel immediately casted, avoiding any air bubbles. The gel was 

allowed to polymerise for 20 minutes.  

Table 22: Pipetting scheme for a 6 % (w/v) acrylamide gel.  
6 % (w/v) acrylamide gel (20x20 cm, 1mm spacer) 
40 % (w/v) Acrylamide (37.5:1) 7.5 ml 
10x TBE buffer (108 g l-1 TRIS base, 55 g l-1 boric acid, 9.3 g l-1 EDTA, pH 8.3)  5 ml 
N,N,N′,N′-tetramethylenediamine (TEMED) 50 µl 
Water 37 ml  
10 % (w/v) ammonium peroxodisulfate (APS) 500 µl 

 

The gel was pre-run in a cooled (below 4°C) electrophoresis apparatus at 200 V and 

50 mA for at least 1 h. After loading the EMSA samples, 200 V and 50 mA were applied 

and run until the bromophenol blue had migrated through approximately 2/3 of the gel 

(3–4 h).  

4.4.13.5 Detection 

For EMSAs with [g-33P]-labelled probes, 3MM filter paper (Whatman, Maidstone, UK) 

was placed on the gel to stack it on the paper. The gel mounted on the 3MM paper 

was dried using a vacuum drier. The dry gel was put into an autoradiography cassette 

and an Amersham HyperfilmTM ECL (GE Healthcare, Buckinghamshire, UK) was 
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exposed to the gel. The exposure time depended on the activity and varied from 

several hours to a few weeks. The cassette was opened and the film developed by 

placing it in GBX developer/replenisher (1:10 diluted with water; Kodak, Rochester, 

NY, USA) until the autoradiography signal was visible. Subsequently, the film was 

washed with water and placed in GBX fixer (1:10 diluted with water; Kodak, Rochester, 

NY, USA) for at least ten minutes. Finally, the film was placed in water for at least ten 

minutes.  

For EMSAs with HEX-labelled samples, the gel sandwiched between the glass plates 

of the electrophoresis apparatus was rinsed carefully with water prior drying its 

surfaces with a black cloth towel. Then the sandwiched gel was placed in a Molecular 

Imager FX Pro (Bio-Rad, Hercules, CA, USA) scanner. The fluorescence signal was 

detected by using the 532 nm laser and the 555 nm LP filter.  

4.4.14 ChIP-qPCR analysis 

ChIP-qPCR analyses were performed to study protein-DNA interactions at specific 

DNA regions of interest in vivo. The method described below was modified from 

previously published protocols (Lawrence et al., 2004; Kaufmann et al., 2010).  

The buffers and solutions required for the following ChIP-qPCR protocol are given in 

table 23.  

Table 23: Buffers required for ChIP-qPCR analysis.  

 

4.4.14.1 Chromatin crosslinking 

0.8-1.5 g of plant material was harvested and rinsed twice with 40 ml of ddH2O. The 

plant material was transferred to a 50 ml tube, submerged in 37 ml ddH2O containing 

1 ml 37 % (w/v) formaldehyde and covered with Miracloth (Merck Millipore, Darmstadt, 

Name Ingredients 
Extraction Buffer 1 0.4 M sucrose, 10 mM TRIS-HCl (pH 8.0), 10 mM MgCl2, 5 mM DTT, 

protease inhibitor cocktail (Sigma Aldrich, Saint Louis, MO, USA) 
Extraction Buffer 2 0.25 M sucrose, 10mM TRIS-HCl (pH 8.0), 10 mM MgCl2, 0.15 % (v/v) 

Triton-X 100, 5 mM DTT, protease inhibitor cocktail 
Extraction Buffer 3 0.25 M sucrose, 10 mM TRIS-HCl (pH 8.0), 10 mM MgCl2, 0.15 % (v/v) 

Triton-X 100, 5 mM DTT, protease inhibitor cocktail 
Nuclei Lysis Buffer 50 mM TRIS-HCL (pH 8.0), 10 mM EDTA, 1 % (v/v) SDS, protease inhibitor 

cocktail 
ChIP Dilution Buffer 1 % (v/v) Triton-X 100, 1.2 mM EDTA, 16.7 mM TRIS-HCl (pH 8.0), 167mM 

NaCl 
Low Salt Buffer 150 mM NaCl, 0.1 % SDS, 1 % (v/v) Triton-X 100, 2 mM EDTA, 20 mM 

TRIS-HCl (pH 8.0) 
High Salt Buffer 500 mM NaCl, 0.1 % SDS, 1 % (v/v) Triton-X 100, 2 mM EDTA, 20 mM 

TRIS-HCl (pH 8.0) 
Elution Buffer 0.1 M glycine, 0.5 M NaCl, 0.05 % Tween-20, pH was adjusted to 2.8 
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Germany). The tubes were placed in a desiccator and vacuum was applied for ten 

minutes. After releasing the vacuum slowly, 2.5 ml of 2 M glycine was added, and 

vacuum was applied for five minutes to quench crosslinking. The vacuum was released 

slowly and the plant material was rinsed twice with ddH2O. The plant material was 

dried between two layers of tissue paper layers and shock frozen in liquid nitrogen. 

The plant material was ground to a fine powder and placed into a pre-cooled 50 ml 

tube. The samples were stored at -80°C.  

4.4.14.2 Chromatin preparation 

Samples were mixed with 30 ml ice-cold Extraction Buffer 1 and immediately vortexed 

until a homogenous mixture was obtained, which was kept on ice for 30 minutes. 

Samples were filtrated twice through Miracloth (Merck Millipore, Darmstadt, Germany) 

and centrifuged (4000 rpm, 4°C) for 15 minutes. The supernatant was gently discarded 

and the pellet was resuspended in 1 ml Extraction Buffer 2. Samples were transferred 

to new 2 ml safe lock tubes and centrifuged (10000 rpm, 4°C) for 12 minutes. The 

pellet was resuspended in 300 µl Extraction Buffer 2 and carefully layered onto 300 µl 

of Extraction Buffer 3, which had been pipetted into a 2 ml safe lock tube. Tubes were 

centrifuged (13000 rpm, 4°C) for one hour and the supernatant was carefully removed. 

The pellet was resuspended in 500 µl Nuclei Lysis Buffer, and the tubes were placed 

in a cooled ultrasonic bath (P4500, qteck, Bergen, Germany) for four hours to obtain 

chromatin fragments of approximately 200 to 400 bp. The tubes were centrifuged 

(13000 rpm, 4°C) for ten minutes and the supernatant transferred into a new 2 ml safe 

lock tube. Centrifugation (13000 rpm, 4°C) for ten minutes was repeated and the 

supernatant (0.4 ml) was transferred to a 15 ml falcon tube containing 3.6 ml of ChIP 

Dilution Buffer (1:10 dilution). 

4.4.14.3 Preclearing and IP 

30 µl blocked agarose beads (Chromotek, Planegg-Martinsried, Germany) were 

suspended in 10 ml ChIP Dilution Buffer. The tubes were centrifuged (2500 rpm, 4°C) 

for two minutes and the supernatant was discarded. This wash step was repeated 

twice before the samples were mixed with the blocked agarose beads and incubated 

at 4°C for one hour. The tubes were centrifuged (2500 rpm, 4°C) for three minutes and 

the supernatant was transferred, without transferring any beads, to a new pre-cooled 

15 ml tube and again centrifuged (2500 rpm, 4°C) for three minutes. The supernatant 

was transferred to a new pre-cooled 15 ml tube.  
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30 µl of GFP-trap agarose beads (Chromotek, Planegg-Martinsried, Germany) were 

transferred into a 2 ml safe lock tube and suspended in 1 ml of ChIP Dilution Buffer. 

The same amount (30 µl) of blocked agarose beads was transferred to another safe 

lock tube and suspended in 1 ml ChIP Dilution Buffer. The tubes were centrifuged 

(2500 rpm, 4°C) for three minutes. The supernatant was removed carefully and this 

wash step was repeated twice. Afterwards, 4 ml of the samples were divided into 2 ml 

aliquots: one aliquot was added to the GFP-trap agarose beads and the other to the 

blocked agarose beads. The samples were incubated for the IP at 4°C overnight.  

4.4.14.4 Collection and washing 

Samples were centrifuged at 2500 g at 4°C for three minutes, and the supernatant was 

discarded. The beads were washed with 1 ml of the following buffers: a) Low Salt 

Buffer, b) High Salt Buffer and c) TE Buffer (three washes). Between the washes, the 

beads were incubated at 4°C for seven minutes and pelleted by centrifuging at 2500 g 

at 4°C for three minutes.  

4.4.14.5 Elution of protein-DNA complex 

To elute the protein-DNA complexes, 100 µl ice-cold Elution Buffer was added to the 

beads, which were immediately vortexed and incubated in a thermomixer set to 37°C 

and 1400 rpm for one minute. The tubes were centrifuged (13000 rpm, room 

temperature) for one minute and the supernatant, containing the protein-DNA 

complexes, was transferred to a new 2 ml safe lock tube. 50 µl of TRIS-HCl (pH 9) was 

added to neutralise the supernatant. The elution was repeated once more with 

incubation at 37°C while shaking vigorously for two minutes. The tubes were 

centrifuged (13000 rpm, room temperature) for one minute and the supernatant was 

combined with the eluate from the first elution. 50 µl of TRIS-HCl (pH 9) was added to 

neutralise. The elution step was repeated as described above. The tubes were 

centrifuged (13000 rpm, room temperature) for one minute and the supernatant was 

pooled with the eluate from the first elution steps. 50 µl of TRIS-HCl (pH 9) was added 

for neutralization (final volume was 450 µl). The samples were centrifuged (13000 rpm, 

room temperature) for two minutes and the supernatant transferred to a new 2 ml safe 

lock tube taking care that the residual beads were not transferred.  

4.4.14.6 Reversing crosslinking 

11.25 µl of proteinase K (20 mg/ml; final concentration should be 0.5 mg/ml) was added 

to the samples, which were subsequently incubated at 37°C overnight to reverse 
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crosslinking. A further aliquot of 11.25 µl of Proteinase K (20 mg/ml) was added to the 

samples and the tubes incubated at 65°C for another six hours. 

4.4.14.7 DNA purification 

DNA purification was performed with the MinElute PCR purification kit (Qiagen, Venlo, 

NL). The volume of 472.5 µl of the eluted DNA was mixed with 2362.5 µl Binding Buffer 

PB and 30 µl 3 M sodium acetate. The sample was loaded on a column and the 

manufacturer’s instructions were followed. 25 µl of water (Milli-Q) were used to elute 

the DNA from the MinElute column. The purified DNA was diluted 4-fold with water 

(Milli-Q).  

4.4.14.8 qPCR analysis of the ChIP-DNA 

qPCR analyses were performed by using the Eppendorf realplex2 Mastercycler with 

the same program as described in table 16, except that 45 cycles were used. The 

qPCR reaction was prepared as described in table 14, using 2 µl of the ChIP-DNA as 

a template and primers spanning the region of interest.  

4.4.15 Dual luciferase transactivation assay 

The pGreen0800-LUC system was used for transactivation assays as described 

previously (Hellens et al., 2005). The promoter of interest drives the activity of firefly 

luciferase (fLUC) and the 35S promoter driving the renilla luciferase (renLUC) gene is 

used as a control. Protoplasts were isolated from the plant lines of interest and 

transiently transformed using a polyethylene glycol (PEG) mediated transformation 

protocol modified from (Yoo et al., 2007).  

The buffers used for the following protocol are listed in the table 24.  

Table 24: Buffers required for transactivation assays.  

 

Buffer name Buffer ingredients 
WD with enzymes solution 1 % (w/v) cellulase, 0.25 % (w/v) macroenzym, 0.4 M mannitol 
Protoplast wash buffer 0.5 M mannitol, 0.2 M CaCl2 
W5 solution 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose 
MMM solution 15 mM MgCl2, 0.1 % (v/v) MES, 0.5 M mannitol, pH was set to 5.8 

with HCl 
PEG solution 40 % (w/v) PEG 4000, 0.4 M mannitol, 0.1 M Ca(NO3)2 
WI solution 4 mM MES, 0.5 M mannitol and 20 mM KCl, pH was set to 5.8 with 

HCl 
Protoplast lysis buffer 2.5 mM TRIS/H3PO4 (pH 7.8), 1 mM DTT, 10 % (w/v) glycerol, 1 % 

(v/v) Triton-X 100 
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4.4.15.1 Isolation of mesophyll protoplasts from Arabidopsis leaves 

Arabidopsis leaves were cut in strips of ~0.5 mm diameter and immediately submerged 

in 0.5 M mannitol solution. After removing the mannitol solution, the leave stripes were 

soaked in 10 ml of WD with enzymes solution and incubated in the dark at room 

temperature while gently shaking for approximately five hours.  

The protoplast solution was filtered through Miracloth (Merck Millipore, Darmstadt, 

Germany) and centrifuged (1000 rpm, room temperature) for three minutes. 

Protoplasts were resuspended in 10 ml protoplast wash buffer and centrifuged (1000 

rpm, room temperature) for three minutes. This step was repeated twice. Protoplasts 

were resuspended in 4 ml of W5 solution and aliquoted into 2 ml tubes. The tubes were 

centrifuged (1000 rpm, room temperature) for two minutes. Protoplasts were 

resuspended in 2 ml W5 solution and incubated on ice for 30 minutes. Afterwards, the 

protoplasts were pelleted by centrifugation (1000 rpm, room temperature) for two 

minutes and resuspended in 1 ml MMM solution. 200 µl of the protoplast-suspension 

were mixed with 20 µg DNA, and 200 µl of PEG were added carefully to each tube. 

The tubes were incubated on ice for 30 minutes. The protoplasts were washed twice 

with 1 ml W5 solution and centrifuged (1000 rpm, room temperature) for four minutes. 

The protoplasts were resuspended in 300 µl K3 solution and incubated at 26°C 

overnight.  

4.4.15.2 Dual-Luciferase reporter assay 

The protoplasts were centrifuged (1000 rpm, room temperature) for four minutes and 

the pelleted cells shock-frozen in liquid nitrogen. 100 µl of protoplast lysis buffer was 

added and immediately vortexed. Cell debris was removed by centrifuging (13000 rpm, 

4°C) for ten minutes.  

The Dual-Luciferase® Reporter Assay System from Promega (Madison, WI, USA) was 

used to detect the fLUC and renLUC activity. 100 µl of LAR2 buffer were mixed with 

10 µl of the protoplast lysate, mixed well and incubated for ten seconds. fLUC 

luminescence was measured with a Lumat LB9501 luminometer (Berthold, Bad 

Wildbach, Germany). 10 µl of the Stop & Glu buffer was added, the reaction incubated 

for ten seconds and the luminescence of renLUC recorded with the luminometer.  

4.4.16 GUS reporter assay 

Plant lines carrying the ß-glucuronidase (GUS) reporter driven by a promoter of interest 

were used to visualise tissue-specific promoter activity. For the GUS reporter assay, 
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GUS staining buffer was prepared according to Jefferson et al. (1987): 1 mM 5-bromo-

4-chloro-3-indolyl-β-D-glucuronide (X-gluc; Duchefa Biochemie, Haarlem, NL), 100 

mM sodium phosphate buffer (pH 7.0), 0.5 mM potassium ferrocyanide, 10 mM EDTA, 

and 0.1% (v/v) Triton-X 100 were mixed. Seedlings were submerged in GUS staining 

buffer and incubated at 37°C for 2–12 hours depending on the promoter activity. After 

staining, the GUS staining buffer was discarded, and the seedlings were washed 

several times with 70% EtOH at room temperature to remove the chlorophyll. Images 

of seedling and tissue of interest were taken with an SZX10 stereo microscope 

(Olympus, Hamburg, Germany). The GUS staining intensity was quantified with Fiji 

according to Beziat et al. (2017).  

4.4.17 Confocal imaging 

Transgenic Arabidopsis seedlings expressing a fluorescence-tagged version of the 

protein of interest (i.e. 35S::BES1-CFP, 35S::BZR1-CFP) were grown under the 

indicated growth conditions. Confocal images were acquired with a confocal laser 

scanning microscope (CLSM) FV1000 (Olympus, Hamburg, Germany) by using high-

sensitivity GaAsP detectors (Olympus, Hamburg, Germany). CFP-tagged fusion 

proteins were excited with the 405 nm laser and the fluorescence signals emitted at 

450 - 500 nm were detected. Images were obtained by using the FluoView software 

(Olympus, Hamburg, Germany) and 4-times Kalman line averaging. For all 

experiments, untreated conditions were used to set image acquisition settings. Images 

were processed with Fiji software (Schindelin et al., 2012).
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Plant growth and development are highly regulated processes that are coordinated by hormones including the
brassinosteroids (BRs), a group of steroids with structural similarity to steroid hormones of mammals. Although it is well
understood how BRs are produced and how their signals are transduced, BR targets, which directly confer the hormone’s
growth-promoting effects, have remained largely elusive. Here, we show that BRs regulate the biosynthesis of gibberellins
(GAs), another class of growth-promoting hormones, in Arabidopsis thaliana. We reveal that Arabidopsis mutants deficient in
BR signaling are severely impaired in the production of bioactive GA, which is correlated with defective GA biosynthetic gene
expression. Expression of the key GA biosynthesis gene GA20ox1 in the BR signaling mutant bri1-301 rescues many of its
developmental defects. We provide evidence that supports a model in which the BR-regulated transcription factor BES1
binds to a regulatory element in promoters of GA biosynthesis genes in a BR-induced manner to control their expression. In
summary, our study underscores a role of BRs as master regulators of GA biosynthesis and shows that this function is of
major relevance for the growth and development of vascular plants.

INTRODUCTION

Brassinosteroids (BRs) are steroid hormones of plants that were
identified in the 1970s because of their strong growth-promoting
capacities (Mitchell et al., 1970; Grove et al., 1979). BRs regulate
cell elongation, cell division, and cell differentiation and function
throughout plant development in various developmental pro-
grams, including seedling development in the light and dark, adult
shoot and root growth, flowering, fruit development, and se-
nescence (Clouse, 2011). In addition, and like other hormones,
BRs act to integrate stimuli perceived from the environment into
endogenous developmental programs and thereby confer plants
anadaptivepotential toenvironmental factorsandchanges (Wang
et al., 2012; Fridman and Savaldi-Goldstein, 2013).

Perhaps the most compelling phenotypes of BR-deficient plants
are their dwarf growth in the light and their deetiolatedphenotypes in
the dark (Clouse et al., 1996; Li et al., 1996; Szekeres et al., 1996),
which strongly resemble plants lacking activity of gibberellins (GAs),
another class of growth-promoting hormones (Koornneef and van
der Veen, 1980; Talon et al., 1990; Wilson and Somerville, 1995).
Although it has long been known that BRs and GAs function re-
dundantly inmanydevelopmental programs, thecurrent postulation

is thatcrosstalkofBRsandGAs inArabidopsis thaliana is restricted to
the signaling level, with both pathways contributing factors that in-
teract to regulate transcription (Steber andMcCourt, 2001; Bai et al.,
2012; Gallego-Bartolomé et al., 2012; Bernardo-García et al., 2014).
BRs are biosynthesized from sterols and signal in a

phosphorylation-dependent mode in which perception of the
hormones by a receptor complex containing the receptor
kinase BRASSINOSTEROID INSENSITIVE1 (BRI1) triggers
a phosphorylation-dependent signal transduction cascade
that leads to inactivation of Arabidopsis GSK3/shaggy-like Kinases
(ASKs) of the BRASSINOSTEROID INSENSITIVE2 (BIN2) class that
phosphorylate transcription factors to alter their activity in BR
target gene expression (Wang et al., 2012; Fridman and Savaldi-
Goldstein, 2013). The most studied members of BR-controlled
transcriptional regulators are BRI1 EMS SUPPRESSOR1 (BES1)
and BRASSINAZOLE RESISTANT1 (BZR1), which are phosphor-
ylated by BIN2 to promote their degradation and inhibit their DNA
binding activity (He et al., 2002; Wang et al., 2002; Yin et al., 2002)
On the other hand, GAs are biosynthesized from trans-

geranylgeranyl diphosphate. In the upstream GA biosynthetic
pathway, trans-geranylgeranyl diphosphate is converted to GA12-
aldehyde, a branch of biosynthesis that is conserved in all plant
species. The final steps to produce bioactive GAs are species
specificbut inmostcasesrequireactivityofGA20-oxidase(GA20ox)
and GA 3-oxidase (GA3ox) enzymes. In Arabidopsis, GA20ox en-
zymes convert GA12 in sequential reactions to GA9, which is then
convertedbyGA3oxenzymes to themajorbioactiveGAGA4.On the
contrary, the enzyme GA2ox antagonizes GA activity by converting
active GAs into inactive catabolites (Hedden and Thomas, 2012).

1 Address correspondence to brigitte.poppenberger@wzw.tum.de.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Brigitte Poppenberger
(brigitte.poppenberger@wzw.tum.de).
www.plantcell.org/cgi/doi/10.1105/tpc.15.00433
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The level of endogenous bioactive GA is determined by feed-
back regulation, where active GA suppresses the expression of
GA20ox and GA3ox genes and promotes transcription of GA2ox
genes. This feedback regulation requires GA signaling, since in
mutants lacking core GA signaling components such as the GA
receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1) the ex-
pression of feedback-regulated GA biosynthetic genes is highly
elevated and is not repressed by exogenous GA treatment.
Consequently, suchmutants accumulate highly elevated levels of
bioactive GA (Fujioka et al., 1988; Griffiths et al., 2006). In addition
to the feedback-regulatory events, which govern GA homeosta-
sis, GA biosynthesis is also strongly regulated by environmental
factors, being sensitive to changes in light quantity, quality, or
duration, as well as to abiotic stresses such as cold (Hedden and
Thomas, 2012).

In this work, we provide evidence that GA biosynthesis in
Arabidopsis is regulated by BRs.We show that in BRmutants the

production of bioactive GA is severely compromised and the
expression of genes encoding enzymes of the GA20ox and
GA3ox families is reduced. Application of GA as well as re-
constitution ofGA20ox expression in the BR signaling-defective
mutant bri1-301 rescues multiple of its developmental defects.
We reveal that BES1 binds to a regulatory motif present in the
promoters of GA biosynthesis genes, including GA20ox1 and
GA3ox1, and induces their expression in a BR-promoted
manner. Basedon these results, and in light of a recent study that
showed that BRs regulate GA biosynthetic gene expression in
rice (Oryza sativa; Tong et al., 2014), we propose a newmodel for
themolecular regulation of plant growth in which BRs induceGA
biosynthesis to stimulate degradation of the DELLA transcrip-
tional repressors; this releases their inhibition of BES1/BZR1 in
the transcription of targets further downstream in signaling that
are required to promote growth and development in different
stages of the plant life cycle.

Figure 1. GA Application Rescues Growth Defects of BR Mutants.

(A) to (D)Germination assays. At least 100 seeds per line were plated on water agar and germination, defined as radical emergence, was scored 6 d later.
Results are given in percentages. Statistical significance was calculated with the x2 test; the resulting P values are shown.
(A) Germination of cpd, bri1-1, and bri1-301 seeds on water agar supplemented with 1 mM GA4 or DMSO as a control.
(B) Germination of wild-type and bri1-301 seeds stratified for 0, 1, or 4 d.
(C) Germination of wild-type and bri1-301 seeds on water-agar supplemented with 1 mM GA4 or half-strength MS salts.
(D)Germination of wild-type and bri1-301 seeds on water-agar supplemented with half-strength MS salts or KNO3 (same amount as in half-strength MS).
(E)Hypocotyl elongation of wild-type, cpd, and bri1-1 plants grown on half-strengthMSmedium supplementedwith 1mMGA4 or with DMSO as a control.
Mean values and SD from 20 seedlings grown for 7 d in standard growth conditions are shown.
(F)Hypocotyl elongation of wild-type, cpd, bri1-1, and bri1-301 plants grown onwater agar supplementedwith 1mMGA4 or with DMSOas a control. Mean
values and SD from 35 seedlings grown for 7 d in standard growth conditions are shown.
(G)Flowering timeofwild-type,bri1-1, andbri1-301plantsgrown insoil instandardconditions.Theplantsweresprayed threetimesaweekwith1,10,or100mM
GA4+7 or with water as a control. Flowering time was scored as total leaf number (TLN) at bolting; the mean of at least 20 treated plants and the SD are
shown.
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RESULTS

GA Biosynthesis Is Severely Compromised in
BR-Deficient Mutants

Duringarecentstudy,weobservedthat treatmentwithvoriconazole,
achemical that reducessterolandBRcontents (Rozhonetal., 2013),
alsoreducedlevelsof theGAGA34 inwild-typeArabidopsis (results in
ng/g dry weight of two measured samples: untreated control: 7.7/
7.7; + inhibitor: 0.1/ 0.2). To investigate if a deficiency in BRs may
result in reduced GA levels we measured GA4, which is the major
bioactiveGA inArabidopsis (Talonetal., 1990), in14-d-oldseedlings
of theBRbiosyntheticmutantconstitutivephotomorphogenesisand
dwarfism (cpd; Szekeres et al., 1996) and the two BR signaling-
deficient linesbri1-1 (Clouseet al., 1996) andASKuoe (Rozhonet al.,
2010) by gas chromatography-mass spectrometry. This analysis
revealed that GA4 was reduced in all mutants (results in ng/g dry
weight of two measured samples: Col-0, 2.1/2.7; cpd, 1.3/not de-
tectable;bri1-1, 1.0/1.1;ASKuoe, 0.0/0.3). Thiswassurprising, since
previously it was shown that levels of bioactive GAs were not re-
duced in BRmutants of pea (Pisum sativum; Jager et al., 2005) and,
more importantly, it was published several times that in Arabidopsis
externally applied GA was unable to restore growth defects of BR
mutant plants (Li et al., 1996; Szekeres et al., 1996; Bai et al., 2012;
Gallego-Bartolomé et al., 2012).

Externally Applied GA Rescues Growth Defects of
BR-Deficient Mutants

To verify these findings, we first conducted germination assays,
since GAs are essential for germination in many plant species in-
cludingArabidopsis (Finkelstein et al., 2008).Weharvested seedsof
plants homozygous for cpd, bri1-1, and bri1-301, a second bri1 null
allele in theCol-0backgroundwithmilderphenotypesthanbri1-1 (Xu
et al., 2008), andplated themonwater-agar. Theseedsweredirectly
incubated in the light at 21°C (without a cold treatment) and ger-
mination was assessed after 6 d of incubation. As shown in Figure
1A, thegermination ratesof the seedsof all investigatedBRmutants
were strongly reduced comparedwithwild-type seeds. Importantly,
this increased dormancy was released by external application of
1 µM GA4, indicating that germination defects of BR mutants are
caused by GA deficiency.
Previously, when germination of BR mutants was assessed,

apart from an increased sensitivity to ABA, germination defects
were not reported (Steber and McCourt, 2001; Xue et al., 2009).
Since GA biosynthesis is highly regulated by environmental cues
(Hedden and Thomas, 2012), we speculated that the choice of

Figure 2. BRs Regulate GA Biosynthesis.

(A) qPCR analysis of the expression of GA biosynthesis genes in 10-d-old
seedlingsof the indicated lines. The SDwascalculated from three biological
replicates.

(B)Measurements of GAs in 21-d-old plants of the wild type and ASKuoe.
The values are in ng/g dry weight. The mean and SD from three biological
replicates are shown.
(C) qPCR analysis of the expression of GA20ox1 in 8-d-old cpd plants
grown on half-strength MS medium supplemented with the indicated
amounts of epi-BL (in nM). Medium + DMSO was the 0 control.
(D) qPCR analysis (performed as in [A]) of the expression of GA20ox1 in
10-d-old plants of bri1-1 and the wild type treated with GA4 for 2 h. Fold
change compared with untreated wild type is shown.
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Figure 3. GA20ox1 Expression in the BRI1 Domains Restores bri1-301 Growth Defects.

(A) cMyc-tagged GA20ox1 was expressed under BRI1 promoter control in bri1-301 and four lines with different levels of GA20ox1-cMyc abundance were
selected by immunoblotting. Staining with Coomassie blue (CBB) is shown as a loading control.
(B)Hypocotyl length andprimary root length of 8-d-old, light-grown seedlings of thewild type,bri1-301, and the four complementation lines. Themean and
SD of at least 20 measured seedlings are shown.
(C)Lateral roots per primary root of 8-d-old, light-grownseedlingsof thewild type,bri1-301, and the four complementation lines. Themeanand SDof at least
25 measured primary roots are shown.
(D) Dry weight of 8-d-old seedlings of the indicated lines. The mean and SD of at least 18 seedlings are shown.
(E) Flowering time, assessed as total leaf number (TLN) at bolting, of the wild type, bri1-301, and the complementation lines grown in soil under long-day
growth conditions. The mean and SD of at least 17 plants are shown.
(F) Adult phenotype of the complementation lines grown in long days. A representative plant of each line is shown.
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experimental setups in these earlier experiments, in particular
plating seeds on Murashige and Skoog (MS) medium (Murashige
andSkoog, 1962) and cold-treating them,mayhave disguised the
phenotype. Since cold treatment of imbibed seeds (stratification)
is known to induce GA biosynthesis and thereby facilitate ger-
mination (Yamauchi et al., 2004; Penfield et al., 2005; Finch-
Savage et al., 2007), we first investigated if stratification can
promote germination of BR mutant seeds. For this analysis, we
picked bri1-301 since it is less compromised in seed production
thanbri1-1 (Xuetal., 2008). Fourdaysof stratification fully restored
germination of bri1-301 seeds (Figure 1B), indicating that BRs act
upstream of cold on GA biosynthesis in seeds. Moreover, half-
strength MS salts (Figure 1C) and in particular nitrate (Figure 1D)
fully restored bri1-301 germination defects, confirming previous
results that nitrate promotes germination (Alboresi et al., 2005;
Matakiadis et al., 2009; Footitt et al., 2013) and indicating that this
is a BRI1-independent effect.

We extended our analysis of the ability of GA to revert growth
defects caused by BR deficiency to seedlings and measured hy-
pocotyls of bri1-1 and cpd plants grown for 7 d on half-strengthMS
medium. We found that GA partially rescued hypocotyl elongation
defects of the tested mutants. This rescue, while subtle, was sta-
tistically significant (Figure1E). Interestingly,whenweperformed the
analysis on water-agar supplemented with GA, the hypocotyl
elongation defects of BR mutants were less pronounced and the
seedlings respondedmuchmore strongly to GA application (Figure
1F), indicating that also in seedling development MS salt compo-
nents affect growth defects caused by BR deficiency.

GA application also rescuedBRmutant phenotypes in the adult
stage.Aconcentrationof 10µMapplied three timesaweekdidnot
significantly affect wild-type growth (Supplemental Figure 1A) but
was sufficient to partially rescue bri1-301 phenotypes; in partic-
ular, reduced plant height (Supplemental Figure 1B) and delayed
flowering (Figure1G)were fully restoredby this treatment. Thebri1-1
mutant required higher concentrations of GA to respond. Whereas
10 µMGA restored only flowering time (Figure 1G), 100 µMGA also
partially restoredotherbri1-1growthdefects includingreducedplant
height and overall plant size (Supplemental Figure 1C).

In summary, these results show that external application of
bioactive GA can partially release growth defects of BR signaling-
deficient plants and this ability strongly depends on the de-
velopmental stages and physiological conditions applied.

BR Signaling Regulates GA Biosynthesis

Our results provided evidence that GA biosynthesis is influenced
by BRs. To investigate if BR signaling regulates GA biosynthetic
gene expression and to assess at which step in the pathway the
regulatory effect(s)may occur, wequantified the expression ofGA
biosynthetic genesofArabidopsis in2-week-oldplantsofcpdand
bri1-1 using quantitative real-time PCR (qPCR) analysis.Whereas
the expression of genes encoding enzymes upstream in the
pathway (GA1, GA2, GA3, KAO1, and KAO2) appeared not to be
significantly altered (Supplemental Figure 2), the expression of all
testedGA20oxandGA3oxgenesandof twoof three testedGA2ox
genes was significantly reduced in the mutants compared with the
wild type (Figure 2A). In line with these results, the levels of the
upstreamGAs,GA15,GA24,and inparticularGA9,whichareproducts

of GA20ox activity (Hedden and Thomas, 2012), were strongly re-
duced in BR signaling-deficient plants (Figure 2B). In addition,
treatment with the BR epi-brassinolide (epi-BL) strongly increased
GA20ox1 expression in cpd (Figure 2C).
The level of bioactive GA is determined by feedback regulation,

where active GA suppresses the expression ofGA20ox andGA3ox
genes and promotes transcription of GA2ox genes (Cowling et al.,
1998; Xu et al., 1999). To test if in BR mutants the feedback sup-
pression of GA biosynthesis was active, wild-type and bri1-1 plants
were treated with GA. GA application, which repressed GA20ox1
expression in the wild type, also further reduced GA20ox1 ex-
pression in bri1-1 (Figure 2D), showing that the feedback repression
of GA production does not rely on BR signaling.

GA20ox1 Expression under BRI1 Promoter Control Restores
Growth Defects of bri1-301

GA20ox activity is highly important in GA biosynthesis (Middleton
et al., 2012). In Arabidopsis, GA20ox enzymes convert GA12 to
GA15, then toGA24, and finally, toGA9 (HeddenandThomas2012),
the last step being a rate-limiting reaction (Middleton et al., 2012).
Consequently, reduced GA20ox expression results in strongly
impaired GA biosynthesis and plant growth (Rieu et al., 2008;
Plackett et al., 2012), whereas enhanced GA20ox expression
increasesGA levels (Huang et al., 1998). To investigate if defective
GA20oxexpressionaccounts forBRmutantphenotypes,GA20ox1
was introduced into bri1-301 under BRI1 promoter control. Four
independent transgenic lines expressing the recombinant protein
wereselected(Figure3A)andwerecompared intheirphenotypesto
the parental line. Strikingly, in the complementation lines with
strongGA20ox1 expression, bri1-301 phenotypeswere recovered
to large extents. During seedling development, hypocotyl and root
elongation defects (Figure 3B) as well as lateral root development
(Figure 3C) were restored. Adult complemented lines had larger,
more expanded leaves (Supplemental Figure 3) and were restored

Figure4. GA20ox1 InductionbyBRs isBRI1-DependentandPromotedby
bes1-D.

qPCR analysis of the expression of GA20ox1 in the lines shown. Plants
were grown for 8 d in long-daygrowth conditions. Sampleswere harvested
atdifferent timesofday (A)orweregrownonmediumsupplementedwith1mM
epi-BL (B). Fold changes compared with the wild type at 6:00 (A) or un-
treated (B) are shown. The SD was calculated from three biological repeats
after normalization to GAPC2.

Brassinosteroids Regulate Gibberellin Synthesis 2265



APPENDIX 2: UNTERHOLZNER ET AL. (2015)       

 113 

 

 
 

 

 

Figure 5. In Vitro Characterization of a BES1 Binding Motif.

In EMSAs with recombinant BES1-GST, in vitro DNA binding to radiolabeled fragments of theGA20ox1 promoter was analyzed to map the BES1 binding
site.
(A)EMSAshowsBES1-GSTbinding tooverlapping250-bpDNAfragments (P1-P3)upstreamof theATG.P1 (2188 to+102);P2 (2165 to2426);P3 (2393 to
2692).
(B) EMSA shows BES1-GST binding to overlapping 100-bp DNA fragments that mapped binding to region P3f. P3a (2165 to2264); P3b (2328 to2229);
P3c (2393 to 2294); P3d (2359 to 2458); P3e (2424 to 2523); P3f (2588 to 2489); P3g (2554 to 2653).
(C)EMSAshowsBES1-GSTbinding to the radiolabeledP3f fragment. Theadditionof 1003molar excessof competitor oligonucleotides (36bp) ofC1 (–588
to–553),C2 (–570 to–535),C3 (–552 to–517),C4 (–534 to–499), orC5 (2525 to2490) andmutatedversionsofC3 (C*1-C*5; sequencesasshown;mutations
marked in red) were used to characterize theBES1-GST binding site.Mutating 59-AATCAAnnnCCT-39 (in C3*1, C3*2, andC3*4) inhibits the competition for
DNA binding, as shown in red in the table.
(D) Illustration of the non-E-box BES1 binding site in the GA20ox1 promoter (bound fragments in red).
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in biomass gain (Figure 3D), flowering time (Figure 3E), fertility, and
senescence (Figure 3F).

These results provided further evidence that malfunctioning
GA20ox expression and a resulting reduced GA production ac-
counts for major aspects of BR mutant phenotypes.

BES1 and BZR1 Bind to a Non-E-Box Motif in the
GA20ox1 Promoter

BR-responsive gene expression is mediated by different families
of transcription factors, of which the BES1/BZR1 family is best

studied (Wang et al., 2012). Based on microarray data, it was
highlighted recently that reduced GA20ox1 expression in bri1-1
also correlates with elevatedmRNA levels ofGA20ox1 in bzr1-1D
(Gallego-Bartolomé et al., 2012). To investigate if BES1 and/or
BZR1 may regulate GA20ox1 expression, we employed qPCR
analysis and quantified GA20ox1 mRNA levels in the dominant
bes1-D (Yin et al., 2002) and bzr1-1D (Wang et al., 2002) mutants.
This showed that BR application inducedGA20ox1 expression in
cpd (Figure 4A) and that in both bes1-D and bzr1-1D GA20ox1,
expression was increased to various extents at different times of
the day (Figure 4B). In addition, BR treatment further increased
GA20ox1 expression in bes1-D (Figure 4B), indicating that BRs
promote BES1 activity in GA20ox1 transcription. Since BR in-
duction of GA20ox1 expression was compromised in bri1-301
(Figure 4B), there was evidence that it required BR signaling.
Surprisingly, theGA20ox1 promoter did not contain any known

BES1/BZR1 binding sites (Wang et al., 2012). To investigate if the
proteins can directly bind to this promoter, we performed in vitro
DNA binding studies, first with overlapping promoter fragments
(Figures 5A and 5B) and then in the presence of competitor oligo-
nucleotides (Figure 5C) and assessed recombinant BES1
binding using electrophoretic mobility shift assays (EMSAs). By
thesemeans, we identified a 12-bpmotif, 59-AATCAAnnnCCT-39,
located 526 bp upstreamof theATG (Figure 5D), to be required for
BES1 binding in vitro. Other similar motifs located in theGA20ox1
promoter were not bound (Supplemental Figure 4). By mutating
individual basesof themotif (Figure5E),we found littleflexibility for
sequence alterations. Only mutation of T in position 3 to A or
mutation of C in position 11 to T was accepted. Additionally,
exactly three variable nucleotides (n) in position 7-9 were found to
be required for binding, since neither introducing more nor re-
moving nucleotidesmaintained BES1 binding capacities (Figure 5F).
This bindingmotif, 59-AA(T/A)CAAnnnC(C/T)T-39,wasalsobound
by BZR1 in vitro (Supplemental Figure 5).
A bioinformatics analysis of representation in upstream pro-

moter sequences of Arabidopsis revealed that this BES1/BZR1
binding site is strongly enriched in genes Gene Ontology (GO)
annotated as playing a role in GA biosynthesis (Figure 6A;
Supplemental Table 1) and is present also inGA3ox1 andGA3ox4
(Figure 6B). We verified this result and could show that, indeed,
BES1alsobound to thepromotersofGA3ox1andGA3ox4 in vitro,
whereas a promoter sequence of the GA20ox2 promoter that
contained an imperfect version of themotif (59-AAACAAnnnCAT-39)
was not bound (Figure 7A). Analogously to GA20ox1, GA3ox1 was
also induced by BRs, with the induction promoted by bes1-D and
impaired in bri1-301 (Figures 7B and 7C).
To assess if the binding site identified in vitrowas also boundby

BES1 in planta, chromatin immunoprecipitation (ChIP) experi-
ments were performed using BES1-CFP-overexpressing plants

Figure 5. (continued).

(E) EMSA to investigate BES1 binding to probe P3f in the presence of 103molar excess of competitor oligonucleotides in which the indicated base of the
binding motif was mutated to all other possible bases.
(F)EMSAto investigateBES1binding toprobeP3f in thepresenceof103molarexcessofcompetitoroligonucleotides inwhich theCCTpartof themotifwas
moved either 59 (2) or 39 (+) in the indicated base pair steps.
(G) Illustration of the non-E-Box BES1 binding motif identified.

Figure 6. GO Enrichment of the Non-E-Box Motif in Arabidopsis.

(A) Bubble chart depicting the enrichment of the non-E-Box motif within
750 bp upstream of the transcriptional start site in GO annotations of
biological processes in Arabidopsis using Revigo software. The chart
shows the 2log10(P) value of the enrichment (x axis, size, and color) and
the size of the GO term group (y axis) among all GO annotations.
(B) Genes of Arabidopsis involved in GO GA biosynthetic process
(GO:0009686) that contain the non-E-Boxmotif within 750 bp upstream of
the transcriptional start site.
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(Rozhon et al., 2010, 2014). BES1 was enriched on the identified
binding site in all three promoters assessed (Figure 7D). Importantly,
treatment with BL, which efficiently promoted dephosphorylation of
BES1, significantly increased BES1 binding to the motif in planta
(Figure 7D), providing evidence that BRs induce GA biosynthetic
gene expression by increasing BES1 activity on target promoters.

DISCUSSION

When BRs were first discovered in the 1970s, their exceptional
growth-promoting capacities were instantly apparent (Mitchell
et al., 1970; Khripach, 2000). Since BR mutant phenotypes
strongly resemble those of GA-deficient plants, the question of
whether BRs may regulate growth by affecting GA biosynthesis
was asked and addressed. However, since GA measurements in
BR mutants of pea showed no difference in GA contents (Jager
et al., 2005) and, moreover, since attempts to rescue growth
defects of BR mutants with externally applied GA failed (Li et al.,
1996; Szekeres et al., 1996; Bai et al., 2012; Gallego-Bartolomé
et al., 2012), it was postulated that BRs do not regulate GA pro-
duction. Instead a more complicated mode of crosstalk was
discovered and put forward in which DELLA proteins, central
regulators of GA signaling that are degraded in response to GA
(Schwechheimer, 2011), inhibitBES1andBZR1activitieswhereby
GAs modulate BR transcriptional outputs (Bai et al., 2012; Gallego-
Bartolomé et al., 2012; Li et al., 2012).

Figure 8. Model for the Control of GA-Regulated Growth by BRs.

1. Upon activation of BR signaling, BES1 accumulates in its non-
phosphorylated form and induces the expression of multiple genes en-
coding enzymesof theGAbiosynthetic pathwaybybinding to anon-E-box
motif. 2. As a consequence, GA production is increased, which promotes
DELLA degradation and releases their repressive action on BES1 in the
transcription of targets further downstream in signaling. Also in this stage,
BR signaling is required tomaintain BES1 in its nonphosphorylated, active
form. 3. This results in the promotion of growth and development and is of
relevance throughout the plant life cycle.

Figure 7. BES1 Binding to the Identified Motif in the Promoters of the GA
Biosynthesis Genes GA20ox1, GA3ox1, and GA3ox4 in Vivo.

(A) BES1-GST binding to a radiolabeled 100-bp DNA fragment of the
GA20ox1 promoter (same probe as in Figure 5C) in the presence of 103,
1003, or 10003 molar excess of different competitor oligos, which were
36-bp sequences of the GA20ox1, GA3ox1, or GA3ox4 promoters that
contained the identified non E-box motif. A 36-bp sequence of the
GA20ox2 promoter that contains an imperfect version of this motif (59-
AAACAAnnnCAT-39) was used for verification.
(B)qPCRanalysisof theexpressionofGA3ox1 in8-d-oldcpdseedlingsgrown
onhalf-strengthMSmediumsupplementedwith the indicatedamountsof epi-
BL (in nM). Medium supplemented with DMSOwas the 0 control. The SD was
calculated from three biological repeats after normalization to GAPC2.
(C) qPCR analysis of the expression of GA3ox1 in the lines shown. Plants
were grown for 8 d on half-strength MS medium supplemented with 1 mM
epiBL or DMSO as a control. The SD was calculated from three biological
repeats after normalization to GAPC2.
(D) BL-induced enrichment of BES1-CFP on the promoters of GA20ox1,
GA3ox1, andGA3ox4. For ChIP, 21-d-old BES1-CFP plants were sprayed
with 10 mM epiBL (+ BR) or with DMSO as a control (2 BR). De-
phosphorylation of BES1-CFP following the treatment was verified by
immunoblottingwith ana-GFPantibody (left). Enrichment ofBES1-CFPon
fragments containing the non-E-box motif was determined by qPCR and
calculating the ratio between samples without antibody and samples with
antibody.Valuesare themean fromthreebiological replicateswith the SEas
error bars (right).
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Seemingly in contradiction, recent work has shown that BRs
regulate GA biosynthesis in rice (Tong et al., 2014) and that exter-
nally applied BR induces GA20ox gene expression in Arabidopsis
(Stewart Lilley et al., 2013). Here, we now demonstrate that
also in Arabidopsis BRs are required for GA biosynthetic gene
expression and thereby regulate GA production. Multiple lines of
evidence support this finding. First, in BR mutants, levels of
several GAs, including the bioactive GA4, are reduced. Second,
externally applied GA can restore growth defects of BR mutants.
The efficiency of the rescuewas dependent on the developmental
stage and on the physiological conditions applied. Since GA
biosynthesis is highly responsive to external cues (Hedden and
Thomas, 2012) care had to be taken in the setup of the experi-
ments. For example, cold treatment, which is known to induce
GA3ox expression in imbibed seeds (Yamauchi et al., 2004;
Penfield et al., 2005), recovered germination defects and thereby
masked this phenotype. Also, nitrate, a standard medium com-
ponent used for Arabidopsis phenotypic assessments, masked
phenotypes of BRmutants and affected their responsiveness toGA
application, which provides a possible explanation why these
phenotypes had been overlooked previously. Third, multiple genes
encoding enzymes of theGA20ox andGA3ox family are impaired in
their expression in BR mutants. Fourth, and most importantly,
multiple growth defects of the BR signaling defective mutant bri1-
301 could be restored by expression of GA20ox1 in the BRI1 ex-
pression domains. Since we show that BRs not only regulate
GA20ox expression, but are also required for transcription ofGA3ox
genes, it is likely thatGAproduction is not fully reconstituted in these
lines. Nevertheless, reestablishing GA20ox expression in bri1-301
recovered various growth defects of the BR signaling-deficient
mutant, including reduced hypocotyl elongation, impaired primary
root elongation and lateral root formation, dwarf growth, compro-
mised leaf area expansion, and delayed flowering.

BR responses are induced by suppressing BIN2-mediated
phosphorylation of BES1/BZR1 family members to enhance their
activity on target promoters (Heet al., 2002; Yin et al., 2002). In these
promoters, BES1 and BZR1 are known to bind to E-box motifs (59-
ACnnGT-39), a specificE-boxvariant calledG-box (59-CACGTG-39),
andthebrassinosteroidresponseelementBRRE59-GCTG(T/C)G-39,
which in two invertedcopiescomposesaG-box (Sunetal., 2010;Yu
et al., 2011). We now show that BES1 and BZR1 can also bind to
a non-E-box motif, 59-AA(A/T)CAAnnnC(C/T)T-39, and that BES1
binding to this motif in vivo is strongly enhanced by BRs. This may
explain why the sequence was previously overlooked, since in
systems biology approaches that intended to identify BES1 and
BZR1 in vivo binding sites on agenome-wide scale untreated plants
were used (Sun et al., 2010; Yu et al., 2011). Indeed, a bioinformatic
analysis of previously published data showed that the BES1 in vivo
targets identifiedherehadescapeddetectionwith theappliedChIP-
ChIP approach (Supplemental Figure 6).

How specificity in BES1/BZR1 DNA binding is conferred is not
fully understood at present. However, in addition to the phos-
phorylationstate, it isevident thatconditional interactionswithother
proteins also determine BES1/BZR1 activity in target gene ex-
pression (Yin et al., 2005; Yu et al., 2008; Li et al., 2009, 2010; Lu
etal., 2011;Ohetal., 2012).With respect to thosegrowthprocesses
that are regulated by both BRs andGAs, it is known that interaction
withDELLAs repressesBES1/BZR1 activities in the transcriptionof

genes such as SAUR-AC and PRE5 (Bai et al., 2012; Gallego-
Bartolomé et al., 2012). Our work now shows that BRs also induce
GA biosynthesis in Arabidopsis and do so by regulating multiple
enzymes in the pathway. Since DELLAs are degraded when GA is
perceived (Dill et al., 2001; Sasaki et al., 2003), an induction of GA
production by BRs would provide a feed-forward means of stim-
ulating BES1/BZR1 activity on targets further downstream in sig-
naling (Figure 8). Because BR signaling is also needed in
downstream target gene transcription to maintain BES1/BZR1 in
their active forms, the rescue of severe signaling mutants by GA
would not be expected to be very effective; indeed, GA did not
efficiently restore bri1-1 phenotypes.
The joint regulation of plant growth and development by GAs

and BRs appears to be of relevance throughout the life cycle of
Arabidopsisplants since inbri1-301plants inwhichGA20oxexpression
was reconstituted, growth repression was released in multiple de-
velopment stages. However, some defects remained in these
complemented lines, such as defective leaf development, which is
not surprising given that GA biosynthesis is not the only BR target. It
will be interesting to investigatewhichadditionalpathwayscontribute
to the growth-promoting effects of BRs. Since our work comple-
ments and expands the recent findings that BRs also regulate GA
biosynthesis in rice (Tong et al., 2014), there is evidence that the BR
effects onGA production represent a general regulatorymechanism
thatallows for the regulationofgrowthanddevelopmentalprocesses
in both monocotyledonous and dicotyledonous plant species.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana accession Col-0 was used as a background in all
experiments of this study. Standard growth conditions were as follows for
longday: 16 hofwhite fluorescent light (80mmolm22 s21/8hdark), and21°C
on half-strengthMSmedium (Duchefa) with 0.7% (w/v) agar (Duchefa) and
1% (w/v) sucrose or in soil.

Germination assays were performed on water agar plates containing
0.7% (w/v) agar (Duchefa). Plates were incubated in standard conditions
with or without cold treatment, and germination was scored as radicle
emergence after 6 d. For analysis of early seedling development, plants
were grown on the indicated medium, supplemented with GA4 (Merck
Schuchardt) when indicated, in standard conditions without a cold
treatment. Hypocotyls were measured with a SZX10 stereomicroscope
(Olympus). For GA treatment of adult plants, 14-d-old seedlings were
grown on half-strengthMSmedium supplementedwith 0, 1, 10, or 100mM
GA4+7 (Duchefa) and transferred to soil. Subsequently, plantswere sprayed
three times a week with 0, 1, 10, and 100 mM GA4+7.

Generation of Transgenic Lines

For bri1-301 complementation, a vector was constructed that allowed
expression of GA20ox1/GA5 (At4g25420) under control of the BRI1 pro-
moter. The BRI1 promoter was PCR amplified from genomic DNAwith the
primers pbri1 fwd/rev (for primer sequences used, seeSupplemental Table
2) with integrated XhoI and NcoI restriction sites and subcloned into the
pGEM-T easy vector (Promega). After sequencing, BRI1pwas cloned into
theplantexpressionvectorpGWR8 (Rozhonetal., 2010), creatingpGWR8-
bri1p. The GA20ox1 open reading frame was PCR amplified from Col-0
cDNA using the gene-specific primers Ga20ox1 fwd/rev with integrated
NcoI and NotI restriction sites, cloned into pGWR8-BRI1pro, and coding
sequence for a cMyc tag was added. From transformed bri1-301 plants,
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independent lines homozygous for BRI1pro:Ga20ox1-Myc were selected,
and using immunoblotting, two weak (#6.12 and #7.6) and two strong
(#13.11 and #15.4) expression lines were chosen for further experiments.

qPCR

For qPCR ;20 mg tissue of seedlings was collected and shock frozen in
liquid nitrogen. After total RNA extraction with the E.N.Z.A. Plant RNAMini
Kit (OMEGA Bio-tek), DNase I (Thermo Scientific) treatment, and cDNA
synthesis with RevertAid first-strand cDNA synthesis kit (Thermo Scien-
tific), qPCR was performed with a Eppendorf realplex2 Mastercycler
(Eppendorf) using SensiFAST SYBR Lo-ROX Mix,2x (Bioline) and specific
primers for the mRNAs of interest. Data were normalized to GAPC2 and
measured in at least three technical replicates.

ChIP and EMSAs

For ChIP, 35Sp:BES1-CFP plants (Rozhon et al., 2014) were grown for 21
d in standard growth conditions. The plantswhere sprayed at noonwith 10
mM epi-BL and DMSO as control. Two hours after treatment;0.6 g plant
material was harvested per sample. Cross-linking and chromatin prepa-
rationwereperformedasdescribedpreviously (Poppenberger et al., 2011).
For immunoprecipitation, anti-GFP VHH agarose beads (Chromotek) and
agarose beads as control were used. Washing of the beads and elution of
the DNA-protein complex were performed as described previously
(Kaufmann et al., 2010). DNAwaspurifiedby phenol-chloroform extraction
and precipitatedwith 96%ethanol. For qPCRanalysis, primers specific for
the desired promoter region (Supplemental Table 2) were used. Purified
DNA fragments were used for establishing standard curves for quantifi-
cation. Data were normalized to 5S rRNA gene.

For EMSAs, recombinant proteins of BES1-GST and BZR1-GST were
expressed in Escherichia coli BL21 (New England Biolabs) using the ex-
pression vectors pGEX-BES1 and pGEX-BZR1 (Rozhon et al., 2010) and
subsequently purified using GSH-beads (Roth). Protein elution from GSH
beadswas performedwith elution buffer (150mMNaCl, 5mMDTT, 20mM
GSH reduced form, and 50 mM Tris/HCl, pH 8.0) and concentrated using
Roti-spin MINI-3 columns (Roth). The DNA fragments used in EMSA as
probes were PCR amplified and purified using the E.N.Z.A Gel Extraction
Kit (OMEGA Bio-tek), and 1 ng DNA was used for adenosine 59-[g-33P]
triphosphate (AmericanRadiolabeledChemicals) labeling byPNK (Thermo
Scientific) and again purified. The EMSA experiments were performed as
described previously (Poppenberger et al., 2011).

Protein Immunoblotting

Immunoblot analysis was done from 12-d-old seedlings as described
previously (52) using rabbit anti-cMyc antibody as the primary and alkaline
phosphatase-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology)
as the secondary antibody. Detection was performed with enhanced
chemiluminescence using the CDP-Star reagent (GE Healthcare) or
PhosphaGLO Reserve AP Substrat (Medac Diagnostic). For loading
control, the membrane was stained with the Coomassie Brilliant Blue dye.

GA Quantification

Quantification of GAs was performed with gas chromatography-mass
spectrometry as described previously (Lange et al., 2005).

Bioinformatic Analysis

Occurrences of the EMSA-derived non-E-Box motif were determined in
Arabidopsis 750-bp upstream regions by direct sequence comparison.
These regions were extracted starting from the transcription starting site

and selecting the 750-bp upstream sequence or accordingly less, if
a neighboring gene occupied the region. The conditional hypergeometric
tests provided byBioconductor GOstats package (Falcon andGentleman,
2007)wereapplied to test foroverrepresentedbiological processGOterms
using the org.At.tair.db Bioconductor annotation package (Gentleman
et al., 2004). Revigo (Supek et al., 2011) was used for analysis and visu-
alization of enriched GO terms (P < 0.05). To test for an overrepresentation
of non-E-Box genes within published sets of BR-associated genes, one-
sided Fisher’s exact tests were applied.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Ini-
tiative or GenBank/EMBL databases under the following accession numbers:
BES1,AT1G19350;BZR1,AT1G75080;BRI1,AT4G39400;CPD,AT5G05690;
GA20ox1, AT4G25420; GA20ox2, AT5G51810; GA20ox3, AT5G07200;
GA20ox4, AT1G60980; GA20ox5, AT1G44090; GA3ox1, AT1G15550;
GA3ox4, AT1G80330; GA2ox1, AT1G78440; GA2ox7, AT1G50960; GA2ox8,
AT4G21200;KAO1,AT1G05160;KAO2,AT2G32440;GA1,AT4G02780;GA2,
AT1G79460;GA3,AT5G25900;UBQ5,AT3G62250; andGAPC2,AT1G13440.
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Supplemental Figure 1. GA Application Rescues Growth Defects of
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Supplemental Figure 2. Expression of Upstream GA Biosynthesis
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Supplemental Figure 1. GA Application Rescues Growth Defects of adult BR Mutant Plants. 
The pictures show a representative four-week-old plant out of 20 plants per line of wild-type (A), 
bri1-301 (B) and bri1-1 (C)  plants that were sprayed 3x a week with 1 µM GA4+7, 10 µM GA4+7, 
100 µM GA4+7 or with water as a control.  
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Supplemental Data. Unterholzner et al. (2015). Plant Cell 10.1105/tpc.115.00433 

1 



APPENDIX 2: UNTERHOLZNER ET AL. (2015)       

 121 

 
 

 
 

 

 

 

 

 

 

 

0,000#

0,000#

0,000#

0,001#

GA1 GA2 GA3 KAO1 KAO2 

Rela%ve'expression/'GAPC2'

Col(0#
bri1%1&
cpd&

 E
xp

re
ss

io
n 

re
la

tiv
e 

to
 G

A
P

C
2 

0.010 

0.000 

0.100 

0.1000 

Supplemental Figure 2. Expression of Upstream GA Biosynthesis Genes in BR Mutants.  
qPCR analysis of the expression of GA biosynthesis genes in the lines shown, grown for 10 
days in standard conditions. The mean and SDs are shown and were calculated from 3 
biological repeats, each measured in 4 technical replicates. 
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Supplemental Figure  3. GA20ox1 Expression Restores bri1-301 Leave Phenotypes.  
Leaves of one representative 4-week-old plant of each of the indicated lines grown in LD 
conditions. 
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Supplemental Figure 4. BES1-GST Binds Specifically to the -552 to -517 Region (from the 
ATG) in the GA20ox1 Promoter. 
EMSA with recombinant BES1-GST using probe P3f (as in Figure  5C) as a template and 
10x, 100x or 1000x molar excess of competitor DNA fragments, which are located in different 
regions of the GA20ox1 promoter and contain the core AATCAA sequence of the non E-box 
motif. Putative Binding Site 1 (PBS1, -341 to -329): 5’-AATCAAnnGTT-3’; PBS2 (-1774 to 
1762): 5’-AATCAAnnGAA-3’; PBS3: (-722 to -710): 5’-AATCAAnnAAT-3’. 
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Supplemental Figure 5. BES1 and BZR1 Bind to the Same Motif In Vitro. 
(A) EMSA to analyse BES1-GST and BZR1-GST binding to three overlapping radiolabelled 
250 bp DNA fragments P1 (-188 to +102), P2 (-165 to -426) and P3 (-393 to -692 ).  
(B) EMSA to investigate BZR1-GST binding to probe P3f in the presence of 10x molar excess 
of competitor oligonucleotides in which the indicated base of the binding motif was mutated to 
all other possible bases.  
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Supplemental Figure 6. Enrichment of the Identified Non E-Box Motif in ChIP-Chip and 
Microarray Data. 
(A) Motif occurrence test of the non-E-Box motif in BZR1 high confident (hc) and low confident 
(lc) target genes identified in ChIP-Chip by Sun, et al (2010) and in BES1 target identified in 
ChIP-Chip as well as genes BR induced or repressed are from Yu, et al (2011).  
(B) Venn-diagram of genes with the non E-Box motif in their promoter (-750 bp upstream of the 
transcriptional start site) with the same data as in (A).  
Table (C) show genes from the GO Gibberellin biosynthetic process which carry the non E-Box 
motif. Genes found in the Venn-diagram are highlighted. 
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Supplemental Table 2. Primers Used in This Study 
 
 
Name of primer Sequence (5’-3’) 
  
Primers for cloning  
Ga20ox1 fwd TACTATAATCTCTCAACATGTATGGCCGT 
Ga20ox1 rev AACCCATCAGCGGCCGCTAAGAAATAAAT 
bri1pro fwd ACATATCTCGAGTTTAATTGAAAAGTTT 
bri1pro rev GAATTCTCAAGAGTTTGTGAGAGAG 
Primers for qPCRs  
Ga2_ox1 fwd  TGATGGCTCATGGATCTCTGTCC 
Ga2_ox1 rev CCTCCCATTTGTCATCACCTGGAG 
Ga2_ox2 fwd AGATGGAAGTTGGGTCGCTGTC 
Ga2_ox2 rev CCCGTTAGTCATAACCTGAAGAGC 
Ga2_ox3 fwd ACTCTTCAGGTGATGACAAACGG 
Ga2_ox3 rev AGGACCTGCGAAGTAGATCATCG 
Ga2_ox4 fwd  TTCACACTAACGACCCTGCCTTTC  
Ga2_ox4 rev  AACAATTCACTGCCGAGCTGAAG  
Ga2_ox6 fwd  TGACTGCCTTCAGGCATTGACG 
Ga2_ox6 rev  GTGGCTTCTTTGCTGTGTTTGC 
Ga2_ox7 fwd  TGATGATCGCAACAACCTCAGAAC  
Ga2_ox7 rev  TCATTTGTGCCACTCGAGCTATC 
Ga2_ox8 fwd TGGTGACTTATTTCAGGCATGGAG 
Ga2_ox8 rev  GGTTCGTCATCACACGGTGTTC  
Ga3_ox1 fwd  CCCAACATCACCTCAACTACTGC  
Ga3_ox1 rev  GCTAACCACATCAATTTCGATGCC  
Ga3_ox2 fwd  CCAGCCACCACCTCAAATACTGTG  
Ga3_ox2 rev  ATGCGAACCACATCAACTTGGC 
Ga3_ox3 fwd  TCATGCCGAGTTCTGCAATGTG  
Ga3_ox3 rev  CCTAACGAGCCCATCAACATGC 
Ga3_ox4 fwd  TCTTCCACGGTGACACCAAGTG  
Ga3_ox4 rev  CCTCATGATCACACCAAGTACTGC 
Ga20_ox1 fwd  AGATTACTTCTGCGATGCGTTGG 
Ga20_ox1 rev  TCTTGATACACCTTCCCAAATGGC 
Ga20_ox2 fwd  CAAGAGTTCGAGCAGTTTGGGAAG  
Ga20_ox2 rev  TCGGAAATAGTCTCGGTTTACGC 
Ga20_ox3 fwd  ACATAGGCGACACCTTCATGGC  
Ga20_ox3 rev  TCCTTTCTCTCTCGCTGTTCACC 
Ga20_ox4 fwd  GAACATTGGCGACACTTTAATGGC 
Ga20_ox4 rev  CAAGTGTCTTCCTTGTCGTCTCG 
Ga20_ox5 fwd  AACGTTGGAGACACCTTCATGGC 
Ga20_ox5 rev  ACTGCCCTGTGGTAACAACTCC 
KAO1 fwd  TGAGGTTCTACAAAGAGCAAAGGC 
KAO1 rev  ACTCGAAGTGTCTCATCGACAACC 
KAO2 fwd  AAGAGTGATGTCCAAATGGATGGC 
KAO2 rev  GGTCCAAATGGACGTTCCTAAACC 
GA1 fwd  TTGCATTCATGCAGACCCGAGAC 
GA1 rev  CCACGGGAAAGACATTGGGAACTC 
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Primers for qPCRs (continued) Sequence (5’-3’) 
GA2 fwd  TGTCCAGCTGGGTTAAGACCTC 
GA2 rev  AAGCAAGAGCATCCTCGACCTC 
GA3 fwd  TCGGTGTAGCATTGAAGCAAGC 
GA3 rev  TCGACAAAGTCACACCGAGTTC 
Primers for ChIPs  
pGa20ox1 ChIP fwd TTATGTATGGAGAAATAGAAGGGAGTA 
pGa20ox1 ChIP rev GCAACATGCACAATTACCACTATTC 
pGA3ox1 ChIP fwd ACAAGTAGAATAACCAATAATATTG 
pGA3ox1 ChIP rev GAGTTTTATTTATAGTGGTGGAG 
pGA3ox4 ChIP fwd TACATTCATAACATATGTGTGTAG 
pGA3ox4 ChIP rev ACTTGTGAACTAATGAGAGAATG 
UBQ5 fwd ACCAAGCCGAAGAAGATCAA 
UBQ5 rev ATGACTCGCCATGAAAGTCC 
5SrRNA fwd GGATGCGATCATACCAGCACT 
5SrRNA rev GAGGGATGCAACACGAGGACT 
Primers for EMSAs (300bp fragments)  
P1 fwd TAAGCATTGAAGGGTTGAAGAT 
P1 rev GTGGCAAAAGTATTGATAACTCCAT 
P2 fwd TGGAGTTATCAATACTTTTGCCAC 
P2 rev CAACATTTTCACCATTTCAGTTAAA 
P3 fwd ATTTTTTTTTTTAACTGAAATGGTG 
P3 rev GCAACTACGTAATTTTATTT 
Primers for EMSAs (100bp fragments)  
P3a fwd TGGAGTTATCAATACTTTT 
P3a rev ACTTGTTTTAGCGAATTTA 
P3b fwd ATTCACTGTAATGGAGTT 
P3b rev ATTAGATTTATAATATAAAATTT 
P3C fwd GGAATCATTCCTAAATTTT 
P3c rev TAGCTTTGCGTACAAAAA 
P3d fwd CTTTTGTCTTTCTTTTTTTT 
P3d rev AAACATGTAGGGAATCGA 
P3e fwd TTGAAAACTGTCTTTTATC 
P3e rev ACCTATGACTAGTAAGCT 
P3f fwd TTCCACTAATAATGTATAG 
P3f rev TATAATCTTTAAGGTATCC 
P3g fwd ATTTCTCCATACATAAGG 
P3g rev CAATTCAAGAAATATTTTTATA 
Competitors for EMSAs  
C1 fwd TATAATCTTTAAGGTATCCTTATGTATGGAGAAATA 
C1 rev TATTTCTCCATACATAAGGATACCTTAAAGATTATA 
C2 fwd CTTATGTATGGAGAAATAGAAGGGAGTAAATTCAAA 
C2 rev TTTGAATTTACTCCCTTCTATTTCTCCATACATAAG 
C3 fwd GAAGGGAGTAAATTCAAATAAAATCAACCACCTATG 
C3 rev CATAGGTGGTTGATTTTATTTGAATTTACTCCCTTC 
C4 fwd TAAAATCAACCACCTATGACTAGTAAGCTATACATT 
C4 rev AATGTATAGCTTACTAGTCATAGGTGGTTGATTTTA 
C5 fwd CCACCTATGACTAGTAAGCTATACATTATTAGTGGA 
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Competitors for EMSAs (continued) Sequence (5’-3’) 
C5 rev TCCACTAATAATGTATAGCTTACTAGTCATAGGTGG 
C*1 fwd GAAGGGAGTAAATTCAAAGCCAATCAACCACCTATG 
C*1 rev CATAGGTGGTTGATTGGCTTTGAATTTACTCCCTTC 
C*2 fwd GAAGGGAGTAAATTCAAATAACCGCAACCACCTATG 
C*2 rev CATAGGTGGTTGCGGTTATTTGAATTTACTCCCTTC 
C*3 fwd GAAGGGAGTAAATTCAAATAAAATACCCCACCTATG 
C*3 rev CATAGGTGGGGTATTTTATTTGAATTTACTCCCTTC 
C*4 fwd GAAGGGAGTAAATTCAAATAAAATCAAAACCCTATG 
C*4 rev CATAGGGTTTTGATTTTATTTGAATTTACTCCCTTC 
C*5 fwd GAAGGGAGTAAATTCAAATAAAATCAACCAAAGATG 
C*5 rev CATCTTTGGTTGATTTTATTTGAATTTACTCCCTTC 
C*a1c fwd GTAAATTCAAATAACATCAACCACCTATGACTAGTA 
C*a1c rev TACTAGTCATAGGTGGTTGATGTTATTTGAATTTAC 
C*a1g fwd  GTAAATTCAAATAAGATCAACCACCTATGACTAGTA 
C*a1g rev TACTAGTCATAGGTGGTTGATCTTATTTGAATTTAC 
C*a1t fwd GTAAATTCAAATAATATCAACCACCTATGACTAGTA 
C*a1t rev  TACTAGTCATAGGTGGTTGATATTATTTGAATTTAC 
C*a2c fwd GTAAATTCAAATAAACTCAACCACCTATGACTAGTA 
C*a2c rev TACTAGTCATAGGTGGTTGAGTTTATTTGAATTTAC 
C*a2g fwd  GTAAATTCAAATAAAGTCAACCACCTATGACTAGTA 
C*a2g rev TACTAGTCATAGGTGGTTGACTTTATTTGAATTTAC 
C*a2t fwd GTAAATTCAAATAAATTCAACCACCTATGACTAGTA 
C*a2t rev  TACTAGTCATAGGTGGTTGAATTTATTTGAATTTAC 
C*t3g fwd GTAAATTCAAATAAAAGCAACCACCTATGACTAGTA 
C*t3g rev TACTAGTCATAGGTGGTTGCTTTTATTTGAATTTAC 
C*t3c fwd  GTAAATTCAAATAAAACCAACCACCTATGACTAGTA 
C*t3c rev TACTAGTCATAGGTGGTTGGTTTTATTTGAATTTAC 
C*t3a fwd GTAAATTCAAATAAAAACAACCACCTATGACTAGTA 
C*t3a rev  TACTAGTCATAGGTGGTTGTTTTTATTTGAATTTAC 
C*c4a fwd GTAAATTCAAATAAAATAAACCACCTATGACTAGTA 
C*c4a rev TACTAGTCATAGGTGGTTTATTTTATTTGAATTTAC 
C*c4t fwd  GTAAATTCAAATAAAATTAACCACCTATGACTAGTA 
C*c4t rev TACTAGTCATAGGTGGTTAATTTTATTTGAATTTAC 
C*c4g fwd GTAAATTCAAATAAAATGAACCACCTATGACTAGTA 
C*c4g rev  TACTAGTCATAGGTGGTTCATTTTATTTGAATTTAC 
C*a5c fwd GTAAATTCAAATAAAATCCACCACCTATGACTAGTA 
C*a5c rev TACTAGTCATAGGTGGTGGATTTTATTTGAATTTAC 
C*a5g fwd  GTAAATTCAAATAAAATCGACCACCTATGACTAGTA 
C*a5g rev TACTAGTCATAGGTGGTCGATTTTATTTGAATTTAC 
C*a5t fwd GTAAATTCAAATAAAATCTACCACCTATGACTAGTA 
C*a5t rev  TACTAGTCATAGGTGGTAGATTTTATTTGAATTTAC 
C*a6c fwd GTAAATTCAAATAAAATCACCCACCTATGACTAGTA 
C*a6c rev TACTAGTCATAGGTGGGTGATTTTATTTGAATTTAC 
C*a6g fwd  GTAAATTCAAATAAAATCAGCCACCTATGACTAGTA 
C*a6g rev TACTAGTCATAGGTGGCTGATTTTATTTGAATTTAC 
C*a6t fwd GTAAATTCAAATAAAATCATCCACCTATGACTAGTA 
C*a6t rev  TACTAGTCATAGGTGGATGATTTTATTTGAATTTAC 
C*c10a fwd GTAAATTCAAATAAAATCAACCAACTATGACTAGTA 
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Competitors for EMSAs (continued) Sequence (5’-3’) 
C*c10a rev TACTAGTCATAGTTGGTTGATTTTATTTGAATTTAC 
C*c10t fwd  GTAAATTCAAATAAAATCAACCATCTATGACTAGTA 
C*c10t rev TACTAGTCATAGATGGTTGATTTTATTTGAATTTAC 
C*c10g fwd GTAAATTCAAATAAAATCAACCAGCTATGACTAGTA 
C*c10g rev  TACTAGTCATAGCTGGTTGATTTTATTTGAATTTAC 
C*c11a fwd GTAAATTCAAATAAAATCAACCACATATGACTAGTA 
C*c11a rev TACTAGTCATATGTGGTTGATTTTATTTGAATTTAC 
C*c11t fwd  GTAAATTCAAATAAAATCAACCACTTATGACTAGTA 
C*c11t rev TACTAGTCATAAGTGGTTGATTTTATTTGAATTTAC 
C*c11g fwd GTAAATTCAAATAAAATCAACCACGTATGACTAGTA 
C*c11g rev  TACTAGTCATACGTGGTTGATTTTATTTGAATTTAC 
C*t12g fwd GTAAATTCAAATAAAATCAACCACCGATGACTAGTA 
C*t12g rev TACTAGTCATCGGTGGTTGATTTTATTTGAATTTAC 
C*t12c fwd  GTAAATTCAAATAAAATCAACCACCCATGACTAGTA 
C*t12c rev TACTAGTCATGGGTGGTTGATTTTATTTGAATTTAC 
C*t12a fwd GTAAATTCAAATAAAATCAACCACCAATGACTAGTA 
C*t12a rev  ACTAGTCATTGGTGGTTGATTTTATTTGAATTTAC 
C cct-1 fwd GTAAATTCAAATAAAATCAACACCTATGACTAGTAA 
C cct-1 rev TTACTAGTCATAGGTGTTGATTTTATTTGAATTTAC 
C cct-2 fwd GTAAATTCAAATAAAATCAACCCTATGACTAGTAAA 
C cct-2 rev TTTACTAGTCATAGGGTTGATTTTATTTGAATTTAC 
C cct-3 fwd GTAAATTCAAATAAAATCAACCTATGACTAGTAAAA 
C cct-3 rev TTTTACTAGTCATAGGGTTGATTTTATTTGAATTTAC 
C cct+2 fwd GTAAATTCAAATAAAATCAACCAAACCTATGACTAG 
C cct+2 rev CTAGTCATAGGTTTGGTTGATTTTATTTGAATTTAC 
C cct+4 fwd GTAAATTCAAATAAAATCAACCAAAAACCTATGACT 
C cct+4 rev AGTCATAGGTTTTTGGTTGATTTTATTTGAATTTAC 
CpGA3ox1 fwd AATAATATTGGACCAAAACAAGTGCTTTAACATATG 
CpGA3ox1 rev CATATGTTAAAGCACTTGTTTTGGTCCAATATTATT 
CpGA3ox4 fwd ATATATCCAAAGTAATTGTTTATGTGATGAGCATCC 
CpGA3ox4 rev GGATGCTCATCACATAAACAATTACTTTGGATATAT 
CpGA20ox2 fwd AAGATGTTGGCCAAAAAACAAATTCATAATAAGTAA 
CpGA20ox2 rev GTGAAGACATTTGAAAATCACCCCACTGCAAACTCC 
PBS1 fwd AAAAAAAAAAAAACTAATCAATATGTTAATTAGATT 
PBS1 rev AATCTAATTAACATATTGATTAGTTTTTTTTTTTTT 
C3 fwd AGTAAATTCAAATAAAATCAACCACCTATGACTAGT 
C3 rev ACTAGTCATAGGTGGTTGATTTTATTTGAATTTACT 
PBS2 fwd AACTGTAACTGAACCAATCAAATTGAATTCAACCAA 
PBS2 rev TTGGTTGAATTCAATTTGATTGGTTCAGTTACAGTT 
PBS3 fwd TTAAATCATTTACATAATCAAAATAATTTAATTAAT 
PBS3 rev ATTAATTAAATTATTTTGATTATGTAAATGATTTAA 


