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Abbreviations 

3-AT 3-Amino-1,2,4,-triazole 
6-DeoxoCS 6-deoxocastasterone 
ABA abscisic acid 
AD activation domain 
Arabidopsis Arabidopsis thaliana 
ASKs Arabidopsis SHAGGY-related protein kinases 
BAK1 BRI1-ASSOCIATED RECEPTOR KINASE 1 
BD binding domain 
BEE BR Enhanced Expression 
BES1 BRI1-EMS SUPPRESSOR 1 
bHLH basic helix-loop-helix 
BiFC bimolecular fluorescence complementation assay 
bikinin 4-[(5-bromo-2-pyridinyl)amino]-4-oxobutanoic acid 
BIN2 BRASSINOSTEROID INSENSITIVE 2 
BL brassinolide 
BRI1 BR-INSENSITIVE 1 
BRRE BR-response element 
BRs Brassinosteroids 
BRZ brassinazole 
BSKs BR-SIGNALING KINASES 
BZR1 BRASSINAZOLE-RESISTANT 1 
CBB coomassie brilliant blue 
CDD Conserved Domain Database 
CDG1 CONSTITUTIVE DIFFERENTIAL GROWTH 1 
CDPK calcium-dependent protein kinases 
CES CESTA 
CHX cycloheximide 
CS castasterone 
CYPs or P450s cytochrome P450 enzymes 
DMF dimethylformamide 
DTT 1,4-dithiothreitol 
EDTA ethylenediaminetetraacetic acid 
EGTA ethylene-bis(oxyethylenenitrilo)tetraacetic acid 
FHL FHY1-LIKE 
FHY1 FAR-RED ELONGATED HYPOCOTYL 1 
GA gibberellin 
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GAPC2 Glyceraldehyde 3-phosphate dehydrogenase C2 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HFR1 LONG HYPOCOTYL IN FAR-RED 1 
IBH1 ILI1 binding bHLH 
LRR RLK leucine-rich repeat receptor-like kinase 
LUC Luciferase 
MES 2-(N-Morpholino)ethanesulfonic acid hydrate 
NB nuclear body 
NCBI National Center for Biotechnology Information 
PHYs Phytochromes 
PIFs Phytochrome Interacting Factors 
PRE1 Paclobutrazol Resistance1 
qPCR Quantitative real-time PCR 
Ren-LUC Renilla LUC 
SD medium selection drop-out medium 
SDS sodium dodecyl sulfate 
SGN Sol Genomics Network 
SMART Simple Modular Architecture Research Tool 
SUMOs small ubiquitin-related modifiers 
TA TIGR Plant Transcript Assemblies 
TCI Tiny CES Interactor 
TE Tris-EDTA  
tomato Solanum lycopersicum 
X-Gluc 5-bromo-4-chloro-3-indolyl-β-D-glucuronide 
X-αGal X-alpha-Gal 
YFP yellow fluorescent protein 
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Abstract 

Brassinosteroids (BRs) are steroid hormones that control vast aspects of plant 

development. The synthesis of BRs requires cytochrome P450 enzymes, which convert 

the sterol campesterol to polyhydroxylated steroids. BR homeostasis is closely monitored 

and feedback-adjusted by BRs. One factor that participates in this regulation is the basic 

helix-loop-helix (bHLH) transcription factor CESTA (CES). In this work modes of CES 

activity were investigated on the one hand in the model plant Arabidopsis thaliana 

(Arabidopsis) and on the other hand in the crop plant Solanum lycopersicum (tomato).  

CES is BR-regulated. In response to BR, its nuclear localization changes from a diffuse 

to a speckled pattern. In the first part of this work, it is shown that this BR-inducible 

nuclear re-localization is controlled by interplay of two types of posttranslational 

modifications: phosphorylation and SUMOylation. Mimicking phosphorylation of serine 

75 and 77 blocked re-localization, whereas abolishing phosphorylation at these sites 

strongly promoted nuclear compartmentalization and SUMOylation. In addition, 

phosphorylation of threonine 35 is shown to promote degradation of CES by the 26S 

proteasome. Further experiments demonstrated that phosphorylation and SUMOylation 

also impact on CES transcriptional activity. 

In a second project, to test for the relevance of CES activity also in other plant species, a 

translational research approach was applied in which the conservation of CES modes of 

activity was studied in the fruit crop tomato. For this purpose, 166 bHLH 

protein-encoding genes were identified within the tomato genome and their phylogenetic 

relationship was investigated. Three tomato CES orthologues were identified based on 

their sequence similarity with CES. In one of them, Solyc12g036470.1.1 (SlbHLH160), 

the BR-regulated SUMOylation and phosphorylation motifs were conserved. When 

Solyc12g036470.1.1 was cloned and expressed as a YFP-fusion protein in tomato 

protoplasts, it was found to rapidly compartmentalize to subnuclear compartments in 

response to BR. This re-localization depended on the conserved SUMOylation motif as 

shown by mutational analyses. Moreover, SlbHLH160 was phosphorylated by the 
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BR-regulated GSK3/shaggy-like kinase BIN2 in vitro. These results provide evidence 

that modes of CES regulation by BRs are conserved in tomato. 

In the third part of this thesis, to further investigate CES function, a CES-interacting 

protein, identified in a yeast two-hybrid screen, was characterized. The protein consists of 

74 amino acids and secondary structure predictions suggested a trihelix fold. Due to its 

small size it was named Tiny CES Interactor (TCI). TCI could suppress CES 

transcriptional activity and showed a similar expression pattern like CES being present 

mainly in vascular and floral tissues. GUS reporter analyses complemented with 

quantitative PCRs showed that TCI expression was strongly induced by BRs in a BR 

signaling and CES-dependent manner. Interestingly, TCI expression was also 

shade-induced. This shade-induction required function of the red-light receptor 

phytochrome A and depended on activity of the Phytochrome Interacting Factors (PIFs), 

a group of bHLH transcription factors that participate in light and shade signaling. Loss 

of TCI function enhanced elongation growth in the dark and increased over-all growth 

also in the light, indicating that TCI acts to restrain growth. A model is presented and 

discussed in which TCI acts in the control of CES activity in BR signaling and integrates 

light cues into BR controlled growth processes. 
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Zusammenfassung 

Brassinosteroide (BRs) sind pflanzliche Steroidhormone, die eine Vielzahl von 

Entwicklungsprozessen regulieren. BR Biosynthese wird durch die Aktivität von 

Cytochrom P450 Enzymen ermöglicht, welche das Sterol Campesterol in 

polyhydroxylierte Steroide umwandelt. BR Homöostase wird engmaschig kontrolliert 

und durch die Nutzung von Rückkopplungsmechanismen eingestellt. Ein Faktor, der 

daran beteiligt ist, ist der basic helix-loop-helix (bHLH) Transkriptionsfaktor CESTA 

(CES). In dieser Arbeit wurden Mechanismen der CES Aktivität, zum Einen in der 

Modellpflanze Arabidopsis thaliana (Arabidopsis) und zum Anderen in der Kulturpflanze 

Solanum lycopersicum (Tomate) untersucht.  

CES ist BR-reguliert. BRs ändern die Lokalisierung von CES im Zellkern von einer 

diffusen Verteilung zu einer Anreicherung in abgegrenzten, subnuklearen Bereichen. Im 

ersten Teil dieser Arbeit wird gezeigt, dass diese Relokalisierung in Arabidopsis über ein 

Zusammenspiel der posttranlationellen Proteinmodifikationen Phosphorylierung und 

SUMOylierung erreicht wird. Ein Einbau von Mutationen, welche die Phosphorylierung 

der Serine 75 und 77 nachahmen, blockierte die Relokalisierung, wohingegen Mutationen, 

welche eine Phosphorylierung verhindern, die Relokalisierung sowie SUMOylierung 

förderten. Des Weiteren wird gezeigt, dass die Phosphorylierung von Threonin 35 einen 

Abbau von CES durch das 26S Proteasom fördert. Weiterführende Experimente 

demonstrierten, dass Phosphorylierung und SUMOylierung auch die transkriptionelle 

Aktivität von CES beeinflussen. 

In einem zweiten Projekt sollte getestet werden, ob die Mechanismen von CES Aktivität 

auch in anderen Pflanzenarten von Relevanz sind, wofür Tomate als eine ökonomisch 

sehr bedeutende Fruchtgemüseart ausgewählt wurde. Zunächst wurden 166 bHLH 

Protein kodierende Gene im Tomatengenom identifiziert und deren 

Verwandtschaftsverhältnisse mittels phylogenetischer Analysen ermittelt. Drei Orthologe 

von CES konnten aufgrund ihrer Aminosäureähnlichkeiten in Tomate identifiziert 

werden. In einem dieser Proteine, Solyc12g036470.1.1 (SlbHLH160), waren die in 
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Arabidopsis identifizierten BR-regulierten Phosphorylierungs- und 

SUMOylierungsmotife konserviert. Nach Klonierung und Expression von SlbHLH160 

als YFP-Fusionsprotein in Tomatenproto- plasten zeigte sich, dass das Protein nach 

BR-Behandlung ebenfalls in subnukleare Bereiche relokalisiert. Für diese 

Relokalisierung war das konservierte SUMOylierungsmotif notwendig, was durch 

Mutationsexperimente gezeigt werden konnte. Ausserdem konnte SlbHLH160 von der 

BR-regulierten GSK3 Shaggykinase BIN2 in vitro phosphoryliert werden. Daher gibt es 

Evidenz, dass Mechanismen der Regulation von CES durch BRs in Tomate konserviert 

sind. 

Im dritten Teil dieser Arbeit wurde ein Protein charakterisiert, welches in einem 

Hefe-Zwei-Hybrid Screen mit CES identifiziert worden war. Das Protein besteht aus 74 

Aminosäuren und Sekundärstrukturvorhersagen legten Helixstrukturen nahe. Das Protein 

wurde aufgrund seiner kleinen Größe Tiny CES Interactor (TCI) genannt. TCI konnte die 

transkriptionelle Aktivität von CES hemmen und es zeigte sich, dass es, wie CES, 

hauptsächlich in der Vaskulatur und in Blüten lokalisiert ist. GUS Reporterstudien, 

komplementiert durch qPCR Analysen, zeigten, dass TCI Expression durch BRs und 

Beschattung induzierbar ist. Die Schatteninduktion benötigte die Funktion des 

Rotlichtrezeptors Phytochrom A und der Phytochrome Interacting Factors (PIFs), eine 

Gruppe von bHLH Proteinen, welche in der Lichtsignalübertragung mitwirken. Ein 

Verlust der Funktion von TCI förderte das Wachstum sowohl im Licht, als auch im 

Dunkeln, was nahelegt, dass TCI in der Wachstumshemmung agiert. Ein Modell wird 

präsentiert und diskutiert, in welchem TCI in der Kontrolle der CES Aktivität agiert und 

Lichtimpulse in BR-kontrollierte Wachstumsprozesse integriert. 
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1 Introduction 

1.1 Brassinosteroid function and modes of activity 

Brassinosteroids (BRs) are polyhydroxylated sterols that act as hormones and are 

ubiquitously present in the plant kingdom (Fujioka, 1999; Bajguz, 2011). In Arabidopsis 

thaliana (Arabidopsis), it has been shown that BRs regulate vast aspects of plant 

development including hypocotyl elongation, vascular differentiation, pollen fertility, 

seed germination and leaf senescence, etc. BRs do not act alone, but in close interaction 

with other plant hormones including gibberellins (GA), auxins and abscisic acid (ABA) 

(Sun et al., 2010; Chung et al., 2011; Zhou et al., 2014; Unterholzner et al., 2016). 

Arabidopsis mutants deficient in or insensitive to BRs show severe growth defects, 

including dwarf stature, dark green, rounded “cabbage-like” leaves, reduced fertility and 

altered vascular development. In the dark, where wild-type Arabidopsis initiates 

skotomorphogenetic development that includes hypocotyl elongation and leaf etiolation, 

BR mutants show growth characteristics of light grown plants. Phenotypic defects of 

BR-biosynthetic mutants can be rescued by exogenous application of BRs, while BR 

signaling mutants like bri1 alleles are insensitive to BR treatment (Clouse, 2011; 

Gudesblat and Russinova, 2011; Guo et al., 2013). 

BRs are synthesized from campesterol and are similar in their structure to animal steroid 

hormones (Clouse, 2011). The first BR to be identified was brassinolide (BL) in 1979 

(Grove et al., 1979). Only two years later, synthetic BL and its stereoisomer 24-epiBL 

were successfully synthesized and then widely used in research. While there are more 

than 70 BRs known to be synthesized by plants, only BL and its biosynthetic precursor 

castasterone (CS) are bioactive (Clouse, 2011).  

The BR biosynthesis process has been well studied. In BR biosynthesis, most of the 

biochemical conversions from campesterol to BL are catalyzed by cytochrome P450 

enzymes (CYPs or P450s), including DWF4/CYP90B1, CPD/CYP90A1, ROT3/ 

CYP90C1, BR6OX1 and BR6OX2 (Szekeres et al., 1996; Mathur et al., 1998; Kim et al., 

1999; Tanaka et al., 2005).  
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BR homeostasis is tightly regulated. For example, studies showed that BRs can inhibit 

the expression of the BR synthesis genes CPD and DWF4. In wild-type, DWF4 

expression levels are generally low, while in BR deficient dwf1 and cpd mutants, DWF4 

expression was dramatically increased (Mathur et al., 1998). Later studies demonstrated 

that bri1, which is defective in BR perception, accumulated high levels of endogenous 

BRs (Noguchi et al., 1999). This direct feedback regulation of BR biosynthetic gene 

expression by BR signaling has been shown multiple times (Mouchel et al., 2006; Guo et 

al., 2010; Sun et al., 2010; Chung et al., 2011; Poppenberger et al., 2011; Yu et al., 2011).  

Other hormones may also be involved in the regulation of BR levels. For example, auxin 

stimulates DWF4 expression and increases endogenous BR levels (Chung et al., 2011). 

Besides feedback control, certain synthesis steps may play a role in restraining BR 

abundance. In Arabidopsis, DWF4 is a rate-limiting enzyme, because its substrate 

campestanol is present in 500-fold excess to the product of DWF4 enzymatic activity, 

6-deoxocathasterone (Fujioka et al., 2002). Likewise, the conversion step from 

6-deoxocastasterone to castasterone is considered rate-limiting (Nomura et al., 2001).  

In Arabidopsis, the BR signaling cascade has been well characterized (Figure 1). BRs are 

perceived at the cell surface by direct binding to BR-INSENSITIVE 1 (BRI1), a 

membrane-bound leucine-rich repeat receptor-like kinase (LRR RLK), or its functional 

homologs. Like other LRR RLKs, BRI1 contains three main domains including a 

ligand-binding extracellular domain, a single pass transmembrane domain and a 

cytoplasmic kinase domain. After binding to the extracellular domain of BRI1, BRs can 

activate the intracellular BRI1 kinase activity. Arabidopsis bri1 null mutants usually 

show the most severe BR deficient phenotypes (Clouse et al., 1996; Li and Chory, 1997). 

It was found that threonine (T) 1049 of BRI1 is crucial for BRI1 kinase function and 

signal transduction (Wang et al., 2008).  

The activation of BRI1 by BRs is initially associated with a second receptor kinase, 

BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1). BRI1 and BAK1 

transphosphorylate each other, which brings their cytoplasmic kinase domain in the right 

orientation for competing with BKI1 (Wang and Chory, 2006; Jaillais et al., 2011; Wang 
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et al., 2014; Jiang et al., 2016). BRI1 and BAK1 are mainly localized at the plasma 

membrane, but can also be found in the endosome due to the endocytosis activity (Song 

et al., 2009). In recent studies, it was demonstrated that ubiquitination promotes BRI1 

internalization from the cell surface and is essential for its recognition at the trans-Golgi 

network and early endosomes for vacuolar targeting (Martins et al., 2015). The substrate 

of BRI1 and BAK1 are BR-SIGNALING KINASES (BSKs) and CONSTITUTIVE 

DIFFERENTIAL GROWTH 1 (CDG1) (Sreeramulu et al., 2013). BSKs are members of 

the receptor-like cytoplasmic kinase subfamily RLCK-XII (Tang et al., 2008). There are 

at least 4 BSK homologs which play partially redundant roles as substrate of 

BRI1-mediated phosphorylation (Sreeramulu et al., 2013). 

 

Phosphorylated BSK1 and CDG1 interact with the BRI SUPPRESSOR 1 (BSU1) 

phosphatase, promoting its interaction with the negative regulator BRASSINOSTEROID 

INSENSITIVE 2 (BIN2) (Mora-García et al., 2004; Kim et al., 2009; Kim et al., 2011). 

Arabidopsis BSU1 belongs to a family of protein phosphatases with kelch-like repeat 

domains. BSU1 can form homo and hetero-oligomeric associations and inactivate BIN2 
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Figure 1. Brassinosteroid (BR) signaling pathway in the absence and in the presence of BR. 
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by dephosphorylation (Kim et al., 2015). BIN2 is a GSK3/shaggy-like kinase, which 

functions as a negative regulator of BR signaling (Kim and Kimmel, 2000). In the 

absence of BRs, BIN2 exerts a negative effect by phosphorylating specific residues in 

two closely related transcription factors, BRASSINAZOLE-RESISTANT 1 (BZR1) 

(Wang et al., 2002; He et al., 2005) and BRI1-EMS SUPPRESSOR 1 (BES1) (Yin et al., 

2002; Yin et al., 2005), also known as BZR2 (Wang et al., 2002). Also other members of 

the GSK3/shaggy-like kinase family of Arabidopsis (Arabidopsis SHAGGY-related 

protein kinases, ASKs) such as ASKθ, function in the BR signaling and can 

phosphorylate BZR1 and BES1 (Rozhon et al., 2010). ASK activity can be inhibited by 

the chemical inhibitor bikinin (4-[(5-bromo-2-pyridinyl)amino]-4-oxobutanoic acid), that 

can directly bind to the BR-controlled ASKs including BIN2 and act as an ATP 

competitor to inhibit their phosphorylation ability (De Rybel et al., 2009). A study in 

which I was briefly involved showed that an iodine substituent in position 5 increases 

bikinin biological activity. The resulting iodobikinin and its methyl ester 

methyliodobikinin are therefore compounds with a higher in vivo activity (Rozhon et al., 

2014). 

BZR1 and BES1 both play pivotal roles in the BR signaling pathway. Genome-wide 

transcript analyses and ChIP-chip assays revealed that BRs regulate more than 4000 

genes and over half of these genes are direct targets of BZR1 or BES1. BZR1 binds to a 

BR-response element (BRRE, CGTG(T/C)G) present in the promoters of BR-controlled 

genes. BES1 interacts with the bHLH transcription factor BIM1 to bind to E-box 

elements (CANNTG) in BR responsive promoters (Sun et al., 2010; Yu et al., 2011). 

Moreover, BES1 and BZR1 can also bind to a non E-box motif 

(AA(T/A)CAAnnnC(C/T)T) (Unterholzner et al., 2015). In addition to the BZR1/BES1 

protein family, also other transcription factors are controlled by BIN2-mediated 

phosphorylation. One example is HAT1 that, together with its close homolog HAT3, can 

interact with BES1 to inhibit BR-repressed gene expression (Zhang et al., 2013).  
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1.2 CESTA, a bHLH protein that participates in BR signaling 

In addition also several basic helix-loop-helix (bHLH) transcription factors are regulated 

by BRs. In 2002, three closely related genes, BR Enhanced Expression (BEE1, BEE2, and 

BEE3), were identified due to their rapid induction in response to BL treatment. The 

BEEs act downstream of BRI1 in BR signaling and are also regulated by other hormones 

including ABA. Single or double knock out mutants in the BEEs did not show clear 

growth defects. However, when knocking out all three BEEs, the triple mutant showed a 

weak BR response mutant phenotype including a short hypocotyl and smaller floral 

organs (Friedrichsen et al., 2002).  

The closest homolog of BEE1 and BEE3 (34% and 36% amino-acid identity, 

respectively), CESTA (CES) was initially identified as a positive regulator of BR 

biosynthetic gene expression (Poppenberger et al., 2011). CES is expressed in all organs 

(Poppenberger et al., 2011), and is highly accumulated in floral and vascular tissues 

(Poppenberger et al., 2011; Crawford and Yanowsy, 2011). CES gain of function lines 

show increased fertility and seed yields (Crawford and Yanofsky, 2011) and promote 

hypocotyl and leaf elongation in the ces-D dominant mutant (Poppenberger et al., 2011). 

Consistently, loss of CES function results in shorter and only half-filled siliques 

(Crawford and Yanofsky, 2011). A dominant negative 35S:c-Myc-CES-SRDX lines 

showed severe dwarfism including greatly shortened hypocotyls and petioles 

(Poppenberger et al., 2011). ces-D phenotypes are reminiscent of BR over-accumulation 

and measurements of endogenous BRs indicated that the BRs 6-deoxocastasterone 

(6-DeoxoCS) and castasterone (CS) were significantly increased in ces-D. The increased 

BR levels correlated with enhanced expression of the BR synthetic genes DWF4, CPD 

and ROT3. Further experiments revealed that CES can bind to G-box motifs present in 

the promoters of BR biosynthetic genes, that CES can interact with BEE1 in vivo and that 

it can be phosphorylated by BIN2 in vitro (Poppenberger et al., 2011). 

As opposed to BEE1 and BEE3, CES is not BR-regulated at the transcriptional level 

(Friedrichsen et al., 2002). However, interestingly BRs control CES nuclear localization. 
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BRs or bikinin treatment of protoplasts induced a rapid compartmentalization of a 

CES-YFP fusion protein in nuclear bodies (NBs) (Poppenberger et al., 2011). Also, in 

planta this re-localization occurs, but requires a BR-deficient setting, for instance, a BR 

deficient genetic background, or pre-treatment with the BR biosynthesis inhibitor 

brassinazole (BRZ) (Poppenberger et al., 2011). 

NBs are dynamic domains in the nucleus, which are thought to allow for protein-protein 

or protein-RNA complexes to freely exchange with the surrounding nucleoplasm and 

regulate various key biological processes (Meldi and Brickner, 2011; Liu and Fang, 

2015). In animal systems NB formation is known to be controlled by SUMOylation 

(Heun, 2007; Miura and Hasegawa, 2010; Dundr, 2012). SUMOylation is a reversible 

post-translation modification in which SUMOs (small ubiquitin-related modifiers) are 

conjugated to protein substrates using a conserved SUMO motif (ΨKXE; Ψ, large 

hydrophobic residue; K, lysine; X, any amino acid; E, glutamate). When analyzed it was 

found that also CES is SUMOylated and that SUMOylation occurs at lysine (K) 72 (Khan 

et al., 2014). Since mutating K72 to arginine (R) not only strongly reduced SUMOylation, 

but also abrogated the ability of CES to re-localize to NBs, there is evidence that SUMO 

conjugation is required for CES NB localization (Khan et al., 2014). In animal systems, it 

has been shown that the phosphorylation status of proteins can influence SUMOylation, 

in particular when phospho-sites are present in close proximity to SUMO sites 

(Geiss-Friedlander and Melchior, 2007; Hendriks et al., 2014). In analogy, in CES 

mutation of the phosphorylation sites serine (S) 75 and 77 to alanines (A) caused 

constitutive nuclear compartmentalization and strongly promoted CES SUMOylation in 

planta, providing evidence that phosphorylation antagonizes SUMOylation in regulating 

CES subnuclear localization (Khan et al., 2014).  

1.3 Light signaling in plants 

NB formation in plants is most studied in light perception and signaling, where it plays an 

essential role. Light profoundly impacts plant development and directs growth (Chen and 

Chory, 2011; Arsovski et al., 2012), processes collectively called photomorphogenesis. 
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Depending on the wavelength perceived plants initiate different responses. Red and 

far-red light, in addition to acting as signals during germination, generative and 

reproductive development, also carry information on the proximity of neighboring plants. 

In the shade of canopy, red light is absorbed by chlorophyll, blue and red spectra are 

severely reduced, whereas far-red is hardly altered. This gives rise to a increased 

far-red/red ratio, which initiates the so called shade avoidance response that enhances 

growth of the hypocotyl and petioles, yields a more erect position of the leaves and 

induces flowering (Smith and Whitelam, 1997; Casal, 2012). 

In Arabidopsis, five red and far-red light receptors exist and are called phytochromes 

(PHYs) A-E (Chen and Chory, 2011). The PHYs are bilin-containing chromoproteins 

with two main domains: an N-terminal photosensory and signaling domain, and a 

C-terminal dimerization and localization domain. Two forms of phytochromes exist in 

plants: the biologically active Pfr (far-red light absorbing) and the inactive Pr (red light 

absorbing) forms (Rockwell et al., 2006; Nagatani, 2010; Ulijasz et al., 2010; Chen and 

Chory, 2011). Among the five members of the PHY family, PHYA and PHYB are the 

most crucial PHYs and regulate almost every aspect of plant development and growth 

(Arsovski et al., 2012; Casal, 2012). PHYA plays a dominant role in far-red light 

responses as well as in the transition of dark to red light conditions. PHYA protein 

accumulates in the dark and in far-red light and is rapidly degraded in red light. In 

contrast, PHYB is relatively stable and plays a major role in red light responses (Sharrock 

and Clack, 2002).  

One of the earliest responses when plants are exposed to light, is the rapid accumulation 

of PHYs in a nuclear body type called photobodies (Bauer et al., 2004; Chen, 2008). This 

is regulated by conformational changes of PHYs from the Pr to the Pfr form as well as by 

other signaling components. For example, PHYA nuclear compartmentalization depends 

on the presence of FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and FHY1-LIKE 

(FHL) (Hiltbrunner et al., 2006; Genoud et al., 2008; Klose et al., 2014). The reason for 

photobody formation is not yet clear; one speculation is that photobodies are sites of 

protein turnover for genes that act downstream of the PHYs (Chen and Chory, 2011). 
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PHYA and PHYB control red and far-red light responses by controlling the protein 

stability of the phytochrome interacting factors (PIFs). PIFs are bHLH transcription 

factors that regulate multiple aspects of photomorphogenesis. Their function includes 

repression of germination, promotion of seedling skotomorphogenesis and promotion of 

shade-avoidance. Light activated PHYs trigger phosphorylation of the PIFs, which 

facilitates their ubiquitination and degradation by the 26S-proteosome (Al-Sady et al., 

2006). In a recent study, it was shown that SUMOylation of PHYB inhibits its interaction 

with PIF5 (Sadanandom et al., 2015), providing first evidence for a role of SUMOylation 

in light signaling. It is important to note that also the PIFs show nuclear 

compartmentalization in response to light (Leivar and Quail, 2011). Whether 

SUMOylation controls this process, and whether it is important in PIF regulation of 

activity or function is currently unknown. 

1.4 Crosstalk between light and BR signaling 

An important phenotypic feature of most BR mutants is their de-etiolated growth in the 

dark (Szekeres et al., 1996; Clouse, 2011). Therefore, there was evidence that BRs are 

required for skotomorphogenesis. However, since BR levels between light and dark 

grown plants were not found to differ (Symons et al., 2008), crosstalk between light and 

BRs at the signaling level was still not addressed. By now a number of studies have 

shown that components of BR and light signaling can interact. 

One example is the interaction of BZR1 with PIF4, which together bind to the promoters 

of nearly 2,000 common target genes and synergistically regulate their expression to 

promote cell elongation (Oh et al., 2012). Interestingly, PIF4, in addition to being 

controlled by PHY signaling, is also BR regulated. PIF4 protein stability was found to be 

controlled by BIN2-mediated phosphorylation, which allows for BRs to antagonize light 

signaling and time hypocotyl elongation to late night (Bernardo-García et al., 2014). 

Moreover, Elongated Hypocotyl 5 (HY5), a bZIP protein that negatively regulates PIF4 

transcription (Delker et al., 2014), interacts with the dephosphorylated form of BZR1 and 

attenuates BZR1 transcriptional activity in regulating the cotyledon opening (Li and He, 
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2016). Therefore, PHY signaling cross-talks with BES1/BZR1-mediated BR-responses in 

multiple ways. In addition, there are also genes regulated by both BR and light signaling 

in a BES1/BZR1 independent manner. One example is ATAF2, a NAC transcription 

factor that modulates hypocotyl growth by PHYA-dependent means and restricts the 

tissue-specific expression of the BR-inactivating enzymes BAS1 (CYP734A1, formerly 

CYP72B1) and SOB7 (CYP72C1) in planta. Since ATAF2 expression is suppressed by 

both BRs and light, it may connect BR catabolism with photomorphogenesis (Neff et al., 

1999; Turk et al., 2005; Peng et al., 2015). 

1.5 Aim of this study 

This work was based on results, which showed that the BR-regulation of CES nuclear 

compartmentalization is controlled by SUMOylation. It addressed the question if 

phosphorylation of amino acids in close proximity to the SUMOylation site may impact 

on CES SUMOylation and NB formation. Moreover, it was analyzed if phosphorylation 

of a different site, which is targeted by BIN2 in vitro, affects CES protein stability, and if 

CES posttranslational modifications, in addition to controlling subnuclear localization 

and protein stability, may also impact on its transcriptional activity. These results were 

already published. In a translational research approach, a CES orthologue was identified 

and the findings made in Arabidopsis were tested for relevance in the fleshy fruit tomato. 

In the third part of this thesis a protein, identified in a yeast two-hybrid screen as a 

CES-interacting factor, was characterized. The gene encoding the protein, named TCI 

(Tiny CES Interactor), had previously been found to be shade induced and was predicted 

to be BR-inducible. By using a complementary set of approaches, it was investigated how 

TCI expression is regulated, in particular by hormonal and light cues, how it functions in 

CES interaction and what the consequences of altered TCI expression are for plant 

growth and development. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Plant materials 

Table 1. Arabidopsis lines used in this study. 

Arabidopsis line Reference 

Col-0 wild-type 
Ler wild-type 

ces-D Poppenberger et al., 2011 

bri1-1 Friedrichsen et al., 2000 

bes1-D Yin et al., 2002 

bzr1-1D Wang et al., 2002 

haf bee1 bee3 (tM) Crawford and Yanofsky, 2011 

bee1 bee2 bee3 ces-2 (qM) Poppenberger lab 

35S::CESS75A-YFP Poppenberger lab 

35S::CESS77A-YFP Poppenberger lab 

35S::CESS75A＋S77A-YFP Poppenberger lab 

35S::CEST35A-YFP Poppenberger lab 

35S::CEST35E-YFP Poppenberger lab 

35S::CESwt-YFP Poppenberger lab 

tci-1 SALK_076292, in this work 

tci-2 SALK_089158, in this work 

TCIoe5 in this work 

TCIoe23 in this work 

pTCI::GUS in this work 

35S::TCI-YFP in this work 

phyA-201 Nagatani et al., 1993 

phyB-5 Reed et al., 1993 

ASKθoe Rozhon et al., 2010 

bin2-1 Li et al., 2001 

pifq Leivar et al., 2008b 

 

For the Solanum lycopersicum experiments the tomato cultivar ‘Money Maker’ was used.  
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2.1.2 Vectors 

Table 2. Vectors used in this study 

Standard vectors Source 

pGWR8 Rozhon et al., 2010 

pGEX4T2 GE Healthcare 

pGADT7 Clontech 

pGBKT7 Clontech 
pDONR223 Invitrogen 
pDEST-AD Pascal Braun; TUM 
pDEST-DB Pascal Braun; TUM 

2.1.3 Microorganisms 

Table 3. Microorganism lines used in this study 

Microorganism lines Reference 

Escherichia coli XL1-blue Bullock, 1987 
 BL21 (DE3) Miroux and Walker, 1996 
 DB3.1 Invitrogen 
 HB101 Bolivar and Backman, 1979 
Agrobacterium tumefaciens GV3101 (pSoup) Hellens et al., 2000 
Saccharomyces cerevisiae AH109 Clontech 

2.1.4 Chemicals, buffers and solutions 

3-Amino-1,2,4,-triazole (3-AT) 1 M: Prepare a 1 M stock solution of 3-AT. Sterilize the 

solution by filtration. The solution may be stored for up to 1 year at 4 °C. 

10x Kinase buffer: 20 mM HEPES set pH=7.4 with NaOH; 15 mM MgCl2; 5 mM EGTA; 

1 mM DTT. 

50 mM K3[Fe(CN)6]: 1.65 g to 100 ml dH2O. 

50 mM K4[Fe(CN)6]: 4.6 g to 250 ml dH2O. 

10x LiAc: dissolve 1 mol LiAc in approximately 800 ml dH2O, adjust the pH with HAc 

to 7.5 and add dH2O to a total volume of 1000 ml. Sterilize by autoclaving. 

500 mM sodium phosphate buffer: mix 57.7 ml 0.5 M Na2HPO4 and 42.3 ml 0.5 M 

NaH2PO4. 
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10% (v/v) Triton X-100 for GUS staining: 1 ml Triton X-100 and 9 ml dH2O. 

25x TBS-T: 3.75 M NaCl, 1.25% Tween 20, 0.25 M Tris-HCl pH 8.0 (219.2 g NaCl, 

12.5 g Tween 20, 30.3 g TRIS; set pH with HCl to 8.0, and dilute with dH2O to 1000 ml). 

10x TE buffer for yeast transformation: 100 ml 1 M Tris-HCl pH 7.5 (100 mM) and 20 

ml 0.5 M EDTA pH 8.0 (10 mM) brought to 1000 ml with dH2O. Sterilize by 

autoclaving. 

APS 10%: dissolve 1 g APS in 9 ml dH2O; store the solution at 4°C for up to two 

months. 

AP buffer: 100 mM TRIS/HCl pH 9.5; 100 mM NaCl (dissolve 5.84 g NaCl, 12.11 g 

TRIS in 800 ml dH2O, set pH with HCl to 9.5, and add dH2O to 1000 ml). 

Blocking buffer: 1x TBS-T containing 5% milk powder (400 ml 1x TBS-T, 20 g milk 

powder). 

Buffer for a 10% gel: 50 ml 1 M TRIS/HCl pH 8.8 and 1.35 ml 10% SDS, add dH2O to 

100 ml. 

Buffer for a 15% gel: 60 ml 1 M TRIS/HCl pH 8.8 and 1.6 ml 10% SDS, add dH2O to 

100 ml. 

Destaining solution: mix 150 ml 2-propanol with 70 ml 100% acetic acid and add dH2O 

to 1000 ml. 

Electrode buffer 10x: 144 g glycine, 30 g TRIS base, and 10 g SDS sodium salt; add 

dH2O to 1000 ml. 

Elution buffer for protein purification: 150 mM NaCl, 5 mM DTT, 20 mM GSH reduced 

form, 50 mM TRIS/HCl pH 8.0. Keep the solution at -20°C. 

GUS buffer: 100 ml 0.5 M sodium phosphate buffer pH 7.0, 10 ml 0.5 M EDTA pH 8.0, 

5 ml 50 mM K3[Fe(CN)6], 5 ml 50 mM K4[Fe(CN)6] and add dH2O to 500 ml. Protect 

from light and store at 4 °C. 

K3 solution: mix 70 ml dH2O, 10 ml macro element solution, 0.1 ml micro element 
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solution, 0.1 ml vitamins stock, 0.5 ml EDTA stock, 1 ml calcium phosphate stock, 10 

mg myo-inositol, 25 mg xylose, 13.7 g sucrose, adjust the pH with KOH to 5.6 and add 

dH2O to 100 ml. 

K3-macro element solution: 1.5 g NaH2PO4·H2O, 9.0 g CaCl2·2H2O, 25 g KNO3, 2.5 g 

NH4NO3, 1.34 g (NH4)2SO4 and 2.5 g MgSO4·7H2O diluted in 1 L dH2O, sterilize by 

autoclaving. 

K3-micro element solution: 75 mg KI, 300 mg H3BO3, 600 mg MnSO4·H2O, 200 mg 

ZnSO4·7H2O, 25 mg Na2MoO4·2H2O, 2.5 mg CuSO4·5H2O and 2.5 mg CoCl2·6H2O 

diluted in 100 ml dH2O, sterilize by autoclaving. 

K3-vitamins stock: 100 mg Vitamin B3 (Niacin), 100 mg Vitamin B6 (pyridoxine 

hydrochloride), 1 g Vitamin B1 (thiamine hydrochloride) diluted in 100 ml dH2O, 

sterilize by autoclaving. 

K3-EDTA stock: 3.73 g EDTA-Na2 and 2.78 g FeSO4·7H2O diluted in 100 ml dH2O, 

sterilize by autoclaving. 

K3-calcium phosphate stock: 1.26 g CaHPO4·2H2O diluted in 200 ml dH2O, adjust pH to 

3.0 with 1 N HCl. 

Lysis buffer for luciferase assay: 2.5 mM Tris-phosphate pH 7.8, 1 mM DTT, 10% 

glycerol and 1% Triton X-100. Prepare freshly before use. 

MMM solution: 15 mM MgCl2, 0.1% MES, 0.5 M mannitol. 

PEG3350 stock for yeast transformation: dissolve 50 g PEG3350 with dH2O to a final 

volume of 100 ml (50% w/v), sterilize by autoclaving. 

PEG solution for protoplast transformation: 4 g PEG 4000, 5 ml 0.8 M mannitol and 100 

µl 0.2 M CaCl2, add dH2O to 10 ml, mix until PEG 4000 totally dissolved. Prepare 

freshly before use. 

SDS loading buffer 4x: 200 mM Tris/HCl pH = 6.8, 400 mM 1,4-dithiothreitol (DTT), 80 

g/l SDS, 400 g/l glycerol, 0.1 g/l bromophenol blue. 

Solution A for yeast transformation: 1 ml 10x TE buffer and 1 ml 10x LiAc (100 mM) 
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brought to 10 ml with sterile dH2O. 

Solution B for yeast transformation: 1 ml 10x TE buffer and 1 ml 10x LiAc (100 mM) 

combined with 8 ml 50% PEG3350. 

Stacking gel buffer: 13.6 ml 1 M TRIS/HCl pH 6.8 and 1.14 ml 10% SDS, add dH2O to 

100 ml. 

Staining solution: dissolve 0.5 g coomassie brilliant R250 blue in 250 ml 2-propanol; 

pour the solution into a mixture of 70 ml 100% acetic acid and 680 ml dH2O; avoid 

transferring any undissolved matter. 

Trizol buffer for Trizol RNA extraction: 38 g phenol, 9.45 g guanidine thiocyanate, 3.05 

g NH4SCN, 3.33 ml 3 M NaAc solution (9.84 g sodium acetate, 10 ml acetic acid, adjust 

pH to 5.0 with NaOH, add H2O to 100 ml), 5 ml glycerol, add H2O to 100 ml. 

Transformation buffer for E. coli: 10 mM PIPES adjusted with KOH to pH 6.7; 15 mM 

CaCl2; 250 mM KCl; 55 mM MnCl2. MnCl2 must be dissolved separately and added after 

adjusting the pH. Sterilize by filtration.  

TBE 5x: 54 g/l TRIS base; 27.5 g/l H3BO3; 4.65 g/l EDTA; adjust pH to 8.3. 

W5 solution: 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose. 

WD solution: 0.4 M mannitol, 8 mM CaCl2, prepare freshly before use. 

WD enzyme solution: dissolve 100 mg cellulose, 25 mg macerozym with 10 ml 0.4 M 

mannitol and heat at 50°C for 10 min; add 80 µl 1 M CaCl2 after cooling. Prepare freshly 

before use. 

WI solution: 4 mM MES (adjust pH with NaOH to 5.7), 0.5 M mannitol and 20 mM KCl. 

X-αGal stock: 6 mg X-αGal dissolved in 1 ml DMF. Add to the medium only when the 

medium has cooled to approximately 60 °C. 

X-Gluc 20 mM stock: 104 mg X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide) in 

10 ml DMF (dimethylformamide), protect from light and store at -20 °C. 
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2.1.5 Media 

LB medium: 10 g tryptone (casein hydrolysate-peptone), 5 g yeast extract, 10 g NaCl and 

15 g agar (for solid medium only) dissolved in dH2O to a final volume of 1 L. The pH 

was adjusted with NaOH to 7.0 and the medium was sterilized by autoclaving. 

YPD medium: 20 g peptone, 10 g yeast extract, 20 g sucrose and 20 g agar (for solid 

medium only) dissolved in dH2O to a final volume of 1 L. The medium was sterilized by 

autoclaving. 

20x drop out amino acid mix for yeast SD medium: 2 g L-arginine, 3 g L-isoleucine, 3 g 

L-lysine, 2 g L-methionine, 5 g L-phenylalanine, 20 g L-threonine, 3 g L-tyrosine, 15 g 

L-valine and 2 g L-serine were dissolved in 5 L dH2O and autoclaved. 

Missing amino acids for yeast SD medium: 

100x (30 mM) adenine hemisulfate stock (might need to be heated before use): adenine 

sulfate 2.55 g dissolved in 200 ml dH2O and autoclaved. 

333x (100 mM) L-histidine stock: 3.08 g L-histidine dissolved in 200 ml dH2O and 

autoclaved. 

60x (100 mM) L-leucine stock: 2.6 g L-leucine (MW 131.18) dissolved in 200 ml dH2O 

and autoclaved. 

100x (40 mM) L-tryptophan stock (store under light protection): 1.6 g L-trypthophan 

dissolved in 200 ml dH2O and autoclaved. 

100x (20 mM) Uracil stock: 0.44 g uracil dissolved in 200 ml dH2O and autoclaved. 

Yeast SD medium: 50 ml 20x drop out amino acid mix, 46.2 g yeast nitrogen base (with 

ammonium sulphate), 20 g sucrose and 20 g agar (only for solid medium) dissolved in 

dH2O to a final volume of 1 L and autoclaved. For preparing 1 L of SD-LTH medium, 

add 10 ml 100x adenine hemisulfate stock and 10 ml 100x uracil stock. For preparing 1 L 

of SD-LT medium, add 10 ml 100x adenine hemisulfate stock, 10 ml 100x uracil stock 

and 3 ml 333x L-histidine stock. 
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2.1.6 Antibiotics 

Table 4. Antibiotics used in this study 

Antibiotic Concentration (1000x stock) 

Kanamycin 30 mg/ml in H2O 
Ampicillin 100 mg/ml in H2O 
Spectinomycin 100 mg/ml in H2O 
Rifampicin 20 mg/ml in methanol 
Gentamycin  50 mg/ml in H2O 
Tetracycline  5 mg/ml in ethanol 

 

2.1.7 Primers 

Table 5. Primers used in this study 

Name  Sequence  

SlbHLH160-fwd-NcoI 5' CATGCCATGGCTCATCATTATTTCAATCCAG 3' 
SlbHLH160-rev-NotI 5' ATCGGCGGCCGCCGGTGTTGTAAGACAACTTGG 3' 
SlbHLH160-SUMOmt1-fwd 5' GAAAACGCGTAAGAAGGGATGAAAATGAAGAAGAG 3' 
SlbHLH160-SUMOmt1-rev 5' TTTTACGCGTTTTCCTCTTCCTTTGCCGG 3' 
SlbHLH160-SUMOmt2-fwd 5' GCAGAAGCTTAGGAAAGAAGGATGTGAAGGG 3' 
SlbHLH160-SUMOmt2-rev 5' TTCTTAAGCTTCTGCATCATGTTTG 3' 
M13-fwd 5' TGTAAAACGACGGCCAGT 3' 
M13-rev 5' AGCGGATAACAATTTCACAC 3' 
pGWR8-IVT-fwd 5' AAAAGTAATACGACTCACTATAGGGAGATTTA 

CGAACGATAGATATCACCATG 
3' 

pGWR8-IVT-rev 5' GCTTGCATGCCTGCAGGTCACTGG 3' 
TL-fwd 5' CGAATCTCAAGCAATCAAGC 3' 
T3-50 5' ATTAACCCTCACTAAAGG 3' 
T3-56 5' ATTAACCCTCACTAAAGGGA 3' 
T7 5' GTAATACGACTCACTATAGGGC 3' 
cYFP-fwd 5' CAGAAGAACGGCATCAAGGT 3' 
cYFP-rev 5' TCGTCCATGCCGAGAGTGAT 3' 
nYFP-fwd 5' TGAAGTTCATCTGCACCAC 3' 
nYFP-rev 5' GTTGTGGCTGTTGTAGTTGT 3' 
pGEX-fwd 5' TGAAATCCAGCAAGTATATAGCATG 3' 
pGEX-rev 5' GGCATCCGCTTACAGACAAG 3' 
TCI-Y2H-fwd 5' TATCCATATGGTGTGCAGAGCTGAAG 3' 
TCI-Y2H-rev 5' TCTAGAATTCTTAGAGATGATAAGAGAAGGATGAGC 3' 
pGADT7-fwd 5' TGGACGGACCAAACTGCG 3' 
pGADT7-rev 5' GAGATGGTGCACGATGCA 3' 
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pGADT7-fwd2 5' GATGAAGATACCCCACCAAACCC 3' 
pGADT7-rev2 5' TGGCCAAGATTGAAACTTAGAGGAG 3' 
pGBKT7-fwd 5' TGCGACATCATCATCGGAAGAG 3' 
MBP1-Y2H-fwd 5' TATCCATATGGTCCATGAACTTGACGGA 3' 
MBP1-Y2H-rev 5' CAAACCTGTGGAACCCTACTAAGAATTCTAGA 3' 
MBP1-attB-fwd 5' GGGACAAGTTTGTACAAAAAAGCAGGCTCAGGA 

ATGGTCCATGAACTTGACGG 
3' 

MBP1-attB-rev 5' GGGGACCACTTTGTACAAGAAAGCTGGGTCTCA 
TTAGTAGGGTTCCACAGGTTTGC 

3' 

TCI-attB-fwd 5' GGGACAAGTTTGTACAAAAAAGCAGGCTCAGGA 
ATGGTGTGCAGAGCTGAAG 

3' 

TCI-attB-rev 5' GGGGACCACTTTGTACAAGAAAGCTGGGTCTCA 
TTAGAGATGATAAGAGAAGGATGAGC 

3' 

CES-attB-fwd 5' GGGACAAGTTTGTACAAAAAAGCAGGCTCAGGA 
ATGGCACGGTTTGAGCCAT 

3' 

CES-attB-rev 5' GGGGACCACTTTGTACAAGAAAGCTGGGTCTCA 
TTAAAAGGGTAATGTTGAACTGAAATT 

3' 

pDONR223-rev 5' AACATCAGAGATTTTGAGACACGG 3' 
pDEST-AD-fwd 5' CGCGTTTGGAATCACTACAGGG 3' 
pDEST-DB-fwd 5' TTGAGACAGCATAGAATAAGTGCG 3' 
pDEST-TermADH-rev 5' GGAGACTTGACCAAACCTCTGG 3' 
CES-fwd-BamHI 5' AGATGGATCCATGGCACGGTTTGAGCCATAT 3' 
CES-rev-PstI  5' ATATCTGCAGTCAAAAGGGTAATGTTGAACTGAAATTAG 3' 
TCI-fwd-BamHI 5' AGATGGATCCATGGTGTGCAGAGCTGAAGAAGC 3' 
TCI-rev-PstI 5' ATATCTGCAGTCAGAGATGATAAGAGAAGGATGAGC 3' 
TCI-fwd-NdeI2 5' TATCCATATGGTGTGCAGAGCTGAAGAAGCAATGAA 3' 
TCI-rev-XhoI 5' ATATCTCGAGTCAGAGATGATAAGAGAAGGATGAGC 3' 
LBb1 5' GCGTGGACCGCTTGCTGCAACT 3' 
TCI-genotyping-fwd 5' CAGGAGCTCCATAGTTTATAGACAT 3' 
TCI-genotyping-rev 5' CCATTTTTTGGGGTCAAAGATT 3' 
TCI-qPCR-fwd1 5' CGATAACGATGGAGCTTCCTCAGC 3' 
TCI-qPCR-rev1 5' AAGGATGAGCAGGCGATGCAAG 3' 
GAPC2-qPCR-fwd 5' TTGGTGACAACAGGTCAAGCA 3' 
GAPC2-qPCR-rev 5' AAACTTGTCGCTCAATGCAATC 3' 
P-TCI-fwd 5' TTTACTCGAGAGCATAACCTATGG 3' 
P-TCI-rev 5' CACACCATGGTCTTTTTGGTGAAAGAGC 3' 
GUS-rev 5' TGTGCCTGAACCGTTATTAC 3' 
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2.1.8 Commercial kits and enzymes	  

Table 6. Commercial kits and enzymes used in this study 

Name Company 

GoTaq DNA Polymerase Promega, Manheim, Germany 
GoTaq green buffer  Promega, Manheim, Germany 
DNase I, RNase-free Thermo Fisher Scientific, Braunschweig, Germany 
RevertAid RT Reverse Transcription Kit Thermo Scientific, Waltham, USA 
GeneRuler DNA ladder Thermo Fisher Scientific, Braunschweig, Germany 
Protein ladder Thermo Fisher Scientific, Braunschweig, Germany 
T4 DNA ligase Thermo Fisher Scientific, Braunschweig, Germany 
Restriction enzymes Thermo Fisher Scientific, Braunschweig, Germany 
SensiFAST SYBR® Lo-ROX Kit Bioline, London, UK 

E.Z.N.A.® Plant RNA Kit Omega Bio-Tek, Norcross, USA 

E.Z.N.A® Gel Extraction Kit Omega Bio-Tek, Norcross, USA 
E.Z.N.A.® Plasmid DNA Mini Kit I  Omega Bio-Tek, Norcross, USA 
JETstar Plasmid Purification Kit GENOMED, Löhne, Germany 
Dual-Luciferase® Reporter Assay Promega, Madison, USA 
Phusion® DNA Polymerase Thermo Fisher Scientific, Braunschweig, Germany 
Gateway® BP Clonase II Enzyme Mix Invitrogen, Darmstadt, Germany 
Gateway® LR Clonase II Enzyme Mix Invitrogen, Darmstadt, Germany 
T7 RNA Polymerase Thermo Scientific, Waltham, USA 
Wheat Germ Extract kit Promega, Manheim, Germany 
Rabbit Reticulocyte Lysate System kit Promega, Manheim, Germany 

 

2.2 Methods 

2.2.1 Plant work 

2.2.1.1 Seed sterilization and plant growth conditions 

For work with tomato ‘Money Maker’ seeds, all steps were performed in a clean bench. 

Approximately 20 tomato seeds were put in 50 ml screw cap tubes, and soaked in 30 ml 1% 

(w/v) soap water for 2 min. The seeds were washed with sterile dH2O, and then soaked in 

30 ml 70% ethanol for 3 min. After washing with sterile dH2O, the seeds were soaked in 

30 ml NaClO (4.6% active chlorine) solution for 5 min. The seeds were washed with 

sterile dH2O 4 times and left in the clean bench for drying. 
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The tomato seeds were transferred to 1/2 MS media and incubated at 4 °C for 2 days. The 

seeds were then transferred to an incubator (CLF Plant Climates GmbH, Wertingen, 

Germany) set to 24 °C and incubated at long day condition (16 h at 80 µmol s-1 m-2 light/ 

8 h dark). 

For Arabidopsis seeds, all steps were performed in a fume hood. Arabidopsis seeds were 

put in the 1.5 ml microcentrifuge tubes. The tubes were placed in a rack with the cap 

open and put into a 6.5 l plastic box with lid. Then a beaker with 40 ml of 25% 

hydrochloric acid (HCl) was put in the box. Subsequently, 5 g sodium bromate (NaBrO3) 

wrapped with filter paper was put into the beaker and the lid of the box was closed 

immediately. After 4 h of incubation in the fume hood, the box was opened for 15 min. 

Then the lids of the tubes were closed and transferred to the clean bench. 

Arabidopsis seeds were plated on 1/2 MS solid medium and initially incubated at 4 °C for 

2 days. The seeds were transferred to an incubator set to 24 °C and incubated under long 

day conditions (16 h of 80 µmol s-1 m-2 light/ 8 h dark) or short day conditions (8 h of 80 

µmol s-1 m-2 light/16 h dark). 

2.2.1.2 Plant growth under different light conditions 

The incubator for white light growth was set to 80 µmol s-1 m-2 and dark growth was set 

to 0 µmol s-1 m-2 (Model BB-XXL 3+, CLF Plant Climates GmbH, Wertingen, 

Germany). 

For the red light, far-red light and blue light conditions, the light intensity of the 

incubator (Model I-30NLX, CLF Plant Climates GmbH, Wertingen, Germany) was kept 

constantly at 80 µmol s-1 m-2. Simulated shade light consisted of 15.02 µmol s-1 m-2 red 

light and 65.17 µmol s-1 m-2 far-red light; the red light/far-red light (R: FR) ratio was 

approximately 0.23. 

2.2.1.3 Plant transformation (Floral dip) 

The floral dip protocol was based on a previous description (Clough and Bent, 1998). 
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One colony of Agrobacterium strain GV3101, which contained the desired construct, was 

inoculated in 2 ml of MLB medium containing appropriate antibiotics (e.g., GV3101 

Agrobacterium strain bearing pGWR8 was inoculated to MLB medium containing 30 

mg/l kanamycin), and incubated at 28 °C with good aeration overnight. Then 1 ml culture 

was transferred to 50 ml fresh MLB medium and cultured at 28°C with good aeration 

overnight. The next day the overnight culture was used to inoculate approximately 300 

ml MLB to an OD600 of 0.3. After 4 to 6 h further incubation at 28 °C with good aeration, 

the agrobacteria culture reached OD600 0.8. The culture was centrifuged at 5000 rpm for 

15 min and the agrobacteria were re-suspended in 300 ml 5% sucrose containing 0.05% 

Sylvet L-77. The whole plants were dipped in the suspension for approximately 30 sec 

and then covered with a plastic bag and kept in the dark for one night at room temperature. 

Afterwards the plastic bag was removed and the plants were transferred back to the 

incubator. After harvesting, the seeds were sterilized and grown on 1/2 MS medium 

containing appropriate antibiotics (e.g., seeds transformed with pGWR8 constructs were 

selected on 1/2 MS medium containing 30 mg/l kanamycin). 

2.2.2 Molecular biology methods 

2.2.2.1 PCR and agarose gel electrophoresis 

The polymerase chain reaction (PCR) was performed with a total volume of 20 µl. The 

reaction mix consisted of 2 µl template, 4 µl PCR GoTaq green buffer (Promega, 

Manheim, Germany), 200 µM dNTPs, 1 µl forward and reverse primers (5 µM stock) and 

0.1 µl 5 U/µl GoTaq polymerase (Promega, Manheim, Germany). The PCR program was 

set as follows: 94 °C initial denaturation for 5 min, 30 or 35 cycles including 94 °C of 

denaturation for 30 sec, annealing at optimal temperature (50~60 °C) for 1 min, extension 

at 72 °C for 1 min/kb. Final extension step was 72 °C for 10 min. The amplified DNA 

fragments were verified by electrophoresis on a 1% w/v agarose gel. 

The PCR with Phusion® DNA Polymerase (Thermo Fisher Scientific, Braunschweig, 

Germany) was performed with a total volume of 20 µl. 2 µl template cDNA, 4 µl 5x 
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Phusion HF buffer, 0.4 µl 10 mM dNTPs and 1 µl forward and reverse primers (10 µM 

stock) and 0.2 µl Phusion DNA polymerase were used in the reaction. The PCR program 

was set as follows: 98 °C initial denaturation for 30 sec, 30 or 35 cycles including 98 °C 

of denaturation for 10 sec, annealing at optimal temperature (50~60 °C) for 30 sec, 

extension at 72 °C for 20 s/kb. Final extension step was 72 °C for 10 min. 

2.2.2.2 RNA extraction and cDNA synthesis 

Approximately 30-100 mg seedlings or specific plant organs were harvested and frozen 

in liquid nitrogen. Subsequently, the plant material was ground to a fine powder with a 

Retsch mill. Total mRNA was extracted with the E.Z.N.A.® Plasmid DNA Mini Kit I 

(Omega Bio-Tek, Norcross, USA) according to the kit manual. 

Some mRNA samples were prepared by Trizol RNA isolation protocol. Approximately 

50-100 mg plant material was ground in the Retsch mill to a fine powder. 500 µl Trizol 

buffer was added to the powder and homogenized by shaking moderately for several 

seconds. The solution was incubated 2-3 minutes at room temperature. 0.1 ml chloroform 

was added and the tubes were shaken for 15 sec prior incubation for 2-3 minutes at room 

temperature. The tubes were centrifuged for 5 min at 13000 rpm. The clear supernatant 

was transferred to a new tube, then an equal volume of 2-propanol was added and 

incubated for 2-3 min at room temperature. The tubes were centrifuged for 5 min at 

13000 rpm and the supernatant was discarded. Then 500 µl 70% ethanol was added and 

centrifuged for 1 min at 13000 rpm. The supernatant was discarded and the pellet was air 

dried for several minutes. The pellet was dissolved in 40 µl dH2O. 

The concentration of total mRNA was determined by measuring the absorbance at 260 

nm (A260) with a Jenway 7315 spectrophotometer (Bibby scientific, Staffordshire, UK). 

100 ml dH2O was pipetted to a UV-transparent cuvette and set as blank. After washing 

the cuvette with dH2O, 5 µl of the dissolved RNA was added into 95 µl of dH2O, 

vortexed, briefly centrifuged and pipetted to the cuvette. The A260 was recorded and the 

RNA concentration was calculated as follows: 

Concentration of RNA sample (ng/µl) = 40 × A260 × dilution factor (20) 
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For the cDNA synthesis, an aliquot of 1 µg RNA was used and the genomic DNA from 

the RNA preparations was removed with DNase I treatment (Thermo Fisher Scientific, 

Braunschweig, Germany) according to the manual. The reverse strand cDNA was then 

synthesized by using the DNase I treated RNA aliquot as template with the RevertAid RT 

Reverse Transcription Kit (Thermo Scientific, Waltham, USA) according to the kit 

manual.  

2.2.2.3 Quantitative real-time PCR (qPCR) 

The qPCR was performed by using the previously prepared cDNA with SensiFAST 

SYBR® Lo-ROX Kit (Bioline, London, UK) in a Mastercycler Realplex (Eppendorf, 

Hamburg, Germany). According to the kit manual, the total reaction volume was 20 µl 

and consisted of 2 µl template, 10 µl 2x SensiFAST SYBR Lo-ROX Mix, and 0.8 µl 

forward and reverse primers (5 µM stock). The qPCR program was set as follows: 95 °C 

polymerase activation for 2 min, 40 cycles including 95 °C of denaturation for 5 sec, 

annealing at 60 °C for 10 sec, extension at 72 °C for 15s. A melting curve was recorded. 

For calibration, a dilution series of cloned cDNA was run under the same conditions and 

the standard curve was calculated. The transcript abundance in the samples was then 

calculated based on the standard curve. The relative expression levels were calculated 

from four replicates and normalized to Glyceraldehyde 3-phosphate dehydrogenase C2 

(GAPC2). Standard deviations were calculated by three biological repeats. 

2.2.2.4 Cloning and E. coli transformation 

The desired DNA fragments were amplified with PCR and digested by appropriate 

restriction enzymes (Thermo Fisher Scientific, Braunschweig, Germany) or directly 

digested from a plasmid. The digestion products were separated on a 1% w/v agarose gel 

and the gel blocks containing the desired DNA fragments were excised and purified with 

the E.Z.N.A® Gel Extraction Kit (Omega Bio-Tek, Norcross, USA). Then the DNA 

fragments were ligated into the vector backbone with T4 DNA ligase (Thermo Fisher 

Scientific, Braunschweig, Germany). All recombinant plasmids were sequenced for 



 32 

confirmation. 

For preparation of competent E. coli cells a single colony of the desired strain was used 

for inoculation of approximately 100 ml MLB and incubated at room temperature for 

approximately 24 hours. Then the bacterial culture was used to inoculate fresh MLB 

medium to an OD600 of approximately 0.2 and further incubated at room temperature to 

obtain an OD600 of 0.5. Then the culture was cooled on ice for 10 min. The culture was 

centrifuged at 4000 rpm for 10 min under 4°C. The supernatant was discarded while the 

cell pellet was gently re-suspended in 80 ml ice-cold transformation buffer. The solution 

was kept on ice for 10 min and centrifuged again at 4000 rpm for 10 min at 4°C. The 

pellet was gently re-suspended in 20 ml ice-cold transformation buffer and 1.5 ml DMSO 

was added. The bacterial suspension was aliquoted (200 µl) into microfuge tubes, frozen 

in liquid nitrogen and stored at -80 °C. 

For transformation of E. coli, a 200 µl aliquot of competent cells was thawed on ice. 100 

ng plasmid or 10 µl from a ligation reaction was added to the competent cells, gently 

mixed and incubated on ice for 20 min. Then the tube was transferred to a heating block 

preheated to 42°C for 2 min and promptly transferred back to ice for 2 min. Afterwards 1 

ml MLB medium was added to each tube and incubated at 37°C on a shaker for 1 h. Then 

50 µl of the mixture was plated on solid MLB medium containing appropriate antibiotics. 

The remaining mixture was centrifuged and most of the supernatant was removed. The 

cells were re-suspended with a pipet and plated on a second plate. 

For miniprep plasmid extraction, the bacteria colonies containing the recombinant 

plasmids were inoculated in 3 ml MLB medium containing appropriate antibiotics and 

the plasmids were extracted with E.Z.N.A.® Plasmid DNA Mini Kit I (Omega Bio-Tek, 

Norcross, USA) according to the kit manual. For midiprep plasmid extraction, the 

bacteria colonies were inoculated in 50 ml medium with antibiotics and the plasmids 

were extracted with JETSTAR 2.0 Plasmid Purification Kit (GENOMED, Löhne, 

Germany) according to the kit manual. 
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2.2.2.5 Agrobacteria transformation 

Prior to transformation, the electrocompetent A. tumefaciens cells were prepared. One 

colony from a fresh plate was inoculated into 2 ml MLB containing the appropriate 

antibiotics and incubated at 28 °C overnight. The next day the overnight culture was used 

to inoculate approximately 200 ml MLB to an OD600 of approximately 0.2. This culture 

was then incubated with good aeration at 28 °C until the OD600 reached 0.8. The culture 

was cooled on ice for 10 min and then centrifuged at 4000 rpm for 10 min at 4°C. The 

supernatant was discarded and the pellet was re-suspended in 20 ml sterile ice-cold 10% 

glycerol. The centrifugation and re-suspension was repeated with ice-cold 10% glycerol 

for 4 times. Then the cells were centrifuged again and re-suspended in 2 ml ice-cold 

glycerol. The competent agrobacteria solution was distributed in 200 µl aliquots into 

microfuge tubes, frozen in liquid nitrogen and stored at -80 °C. 

The competent A. tumefaciens cells were transformed using the electroporation method. 

The competent cells were thawed on ice for 10 min and simultaneously 2 mm 

electroporation cuvettes were cooled on ice. Then 100 ng plasmid DNA solution was 

added into the cuvette followed by addition of an aliquot of 45 µl competent cell 

suspension. The cuvette was placed in the cuvette holder of the electroporation apparatus. 

An electric pulse of 1.8 kV for A. tumefaciens was applied. The cuvette was transferred 

back to ice, then 1 ml MLB was added to the cuvette and the whole liquid was transferred 

to a new microcentrifuge tube and incubated at 28°C for at least 1 h. Then 50 µl of the 

mixture was plated on solid MLB medium containing the appropriate antibiotic. The 

remaining mixture was centrifuged and most of the supernatant was removed. The cells 

were re-suspended with a pipet and plated on a second plate. 

2.2.2.6 GUS staining 

Just before staining 19 ml GUS buffer, 200 µl 10% Triton X-100 (0.1%) and 1 ml 20 mM 

X-Gluc stock (final concentration 1 mM) were mixed in a 50 ml screw cap tube. The 

staining buffer was aliquoted to multiple well plates and the desired plant materials were 
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soaked in the solution and incubated at 37 °C. The staining time varied from 30 min to 

overnight according to different lines and growing conditions. Plant materials were then 

dehydrated in 70% ethanol. 

2.2.2.7 PEG-mediated protoplast transformation 

For preparation of Arabidopsis protoplasts from leaves, plants were grown under sterile 

conditions at 21°C for 2 weeks. For tomato protoplasts, the leaves of 30-day-old sterile 

plants grown under long day conditions were used.  

The leaves of approximately 20 Arabidopsis plants were cut using a sharp razor blade to 

small strips of approximately 1 mm width and immediately transferred to a 9 mm petri 

dish containing 10 ml 0.5 M mannitol (for approximately 4 transformations). The leaf 

strips were soaked for 30 min at room temperature to allow plasmolysis. Then the 

mannitol solution was replaced by 10 ml WD enzyme solution. The petri dishes were 

sealed with parafilm (Beims, USA) and incubated in the dark with shaking at 60 rpm for 

5 h. The mixture was filtered through one layer of miracloth (Merck Chemicals, 

Darmstadt, Germany). The residue in the petri dish was washed with 6 ml 0.2 M CaCl2 

and filtered using the same piece of miracloth. Both filtrates were combined and 

transferred to a 50 ml screw cap tube and centrifuged at 100 g for 3 min. The supernatant 

was discarded and the protoplast pellet was re-suspended with pre-mixed 3 ml 0.5 M 

mannitol and 6 ml 0.2 M CaCl2. The mixture was transferred to a 15 ml screw cap tube 

and centrifuged at 100 g for 3 min. After removal of the supernatant, 2 ml of W5 solution 

was added, mixed gently and centrifuged at 100 g for 2 min. The protoplast pellet was 

re-suspended in W5 solution, cooled on ice for 30 min and centrifuged at 100 g for 2 min. 

The protoplasts pellet was re-suspended in 1 ml MMM solution and mixed gently.  

For each transformation, 20 µg DNA was mixed with 200 µl protoplast suspension. 200 

µl PEG was added and mixed gently but thoroughly by tapping and inverting the tube 4 

times. The tube was incubated on ice for 30 min, followed by addition of 1 ml W5 

solution. Then the mixed solution was centrifuged at 100 g for 4 min. The supernatant 

was removed as complete as possible without disturbing the cell pellet. Washing with W5 
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solution was repeated once more. The cells were suspended in 300 µl K3 solution for 

YFP signal analysis with an Olympus BX61 fluorescence microscope (Olympus, Tokyo, 

Japan), or in 300 µl WI solution for luciferase assay. Afterwards the cells were incubated 

at 22°C in the dark for 12-20 hours.  

2.2.2.8 Gateway cloning the desired genes in yeast pDEST vectors 

By using specifically designed attB primers, the desired DNA fragments containing 

terminal attB sites were generated by PCR. attB sites can combine with attP sites and 

subsequently creat attL sites. Since pDONR223 contains attP sites, the target DNA 

fragments were combined into the pDONR223 vectors through BP reaction with 

Gateway® BP Clonase II Enzyme Mix (Invitrogen, Darmstadt, Germany) according to 

the kit manual. Similarly, the generated attL sites could combine with attR sites in 

pDEST-AD and pDEST-DB vectors. Then through LR reaction, the target DNA 

fragments were cloned into pDEST-AD and pDEST-DB vectors by utilizing the 

Gateway® LR Clonase II Enzyme Mix (Invitrogen, Darmstadt, Germany) as indicated in 

the manual. 

2.2.2.9 Yeast transformation and long-term storage 

The preparation of salmon sperm DNA was based on the Cold Spring Harbor protocol. 

Salmon sperm DNA (Sigma type III sodium salt) was dissolved in dH2O at a 

concentration of 10 mg/ml. The solution was stirred on a magnetic stirrer for 2-4 h at 

room temperature to help the DNA to dissolve. NaCl was added to 0.1 M and the solution 

was extracted once with phenol and once with phenol:chloroform. The aqueous phase 

was collected and the DNA was sheared by passing it 12 times rapidly through a 

17-gauge hypodermic needle. Then two volumes of ice-cold ethanol were added, and the 

tubes were centrifuged at 10000 rpm for 5 min. The precipitated DNA was dissolved 

again with dH2O. The A260 of the solution was determined and according to the 

calculated concentration the DNA was adjusted to 10 mg/ml. The solution was boiled for 

10 min and stored at -20°C in small aliquots. Just before use, the solution was heated for 
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5 min in a boiling-water bath and chilled quickly in ice water. 

For transformation of the desired plasmids into yeast, one big yeast colony was diluted in 

200 ml fresh YPD medium and incubated overnight at 30 °C. The culture was incubated 

until the density reached OD600 0.5-0.7 at mid-exponential phase. Then 20 ml cell culture 

were harvested by centrifugation at 5000 g for 3 min. The pellet was suspended in 1 ml 

solution A and transferred into a microfuge tube. The cells were collected again by short 

centrifugation for 10 sec at 4000 rpm and gently re-suspended with 100 µl of solution A. 

Then 5 µl salmon sperm DNA and 700 µl solution B were added to the prepared 100 µl 

yeast suspension. The corresponding plasmids (5 µg each, not more than 20 µl in total) 

were added to the mixture and incubated at 30 °C for 30 sec with shaking. The cells were 

heat-shocked at 42 °C for 15 min and then briefly centrifuged (5 sec). The cells were 

re-suspended in 200 µl 1x TE and plated on appropriate selection medium (Drop-out 

medium). Plates were incubated for 2-5 days at 30 °C until colonies grew to a proper size. 

Long-term storage and recovery of the yeast glycerol stock was based on Yeast Protocols 

Handbook PT3024-1 (Clontech, California, USA). Yeast strains can be stored 

indefinitely in YPD medium with 25% glycerol at -80°C. Transformed yeast strains are 

best stored in the appropriate SD dropout medium to keep selective pressure on the 

plasmid. To prepare new glycerol stock cultures of yeast, an isolated colony from the 

agar plate was scraped and re-suspended in 200-500 µl of YPD medium (or appropriately 

supplemental appropriate SD medium) in a 1.5 ml microcentrifuge tube. The tube was 

vortexed vigorously to disperse the cells. Sterile 50% glycerol was added to a final 

concentration of 25%. The aliquot of cells was frozen in liquid nitrogen and stored at 

-80°C. 

For recovery of frozen strains, a small portion of the frozen glycerol stock was streaked 

onto a YPD (or appropriate SD) agar plate. The plate was incubated at 30°C until yeast 

colonies reach ~2 mm in diameter (3-5 days). Then the plate was used as working stock 

for up to two months when stored at 4°C. 
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2.2.2.10 Yeast two-hybrid tests on plate 

The drop-out SD medium (SD-LTH) was prepared in the absence of L-histidine (H), 

L-leucine (L), and L-tryptophan (T). X-αGal (0.004% w/v) was added to report the 

interaction and 3-AT (ranging from 1 mM to 10 mM, as required) was added to inhibit 

the potential auto-activation. 

The plasmids containing RCAR1/PP2CA or RCAR1/ABI1 were used as positive controls 

and empty pGADT7 and pGBKT7 as negative controls. For each test, 2-4 single fresh 

colonies were used as biological replicates and each biological replicate was performed in 

technical duplicates. A yeast colony containing the desired plasmid combination was 

suspended in an appropriate amount of sterile dH2O (ranging from 150 µl to 1 ml 

according to the colony size). 50 µl of the suspended culture was diluted in 950 µl dH2O 

and the density was determined with the Jenway spectrophotometer (Bibby scientific, 

Staffordshire, UK) at 600 nm. The culture was diluted with water to a final concentration 

of OD600 0.05.  

Then further diluted suspensions correspondingly have an OD600 of 0.005 and OD600 of 

0.0005 were prepared using sterile dH2O. In 2 µl suspension, the cell amount of the 

dilutions corresponds to 1000, 100 and 10 colony-forming units, respectively. 2 µl of 

each cell suspension was applied on the plate to test the interaction. 

2.2.2.11 Luciferase assay 

The Luciferase assays were performed with the tM (haf bee1 bee3) protoplasts containing 

corresponding plasmids by using the Dual-Luciferase Reporter Assay kit (Promega, 

Madison, WI, USA), and the luminescence was determined by a Lumat LB9501 

luminometer (Berthold, Bad Wildbach, Germany). The Luciferase Assay Reagent II 

solution and the Stop and Glo® Reagent were prepared according to the kit manual. 

The protoplasts were pre-incubated in WI solution for 16 h. Then the protoplasts were 

centrifuged at 100 g for 3 min, and the supernatant was removed completely without 

disturbing the pellet. The pellet was immediately frozen in liquid nitrogen. Then the tubes 
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were taken out, 100 µl lysis buffer was added and the tubes were promptly and 

thoroughly vortexed prior to putting them back on ice. The samples were subsequently 

centrifuged at 13000 rpm for 10 min at 4°C, and placed back on ice. Then 100 µl of 

Luciferase Assay Reagent II solution was pipetted to the tube, followed by 10 µl of the 

prepared cell lysis sample, the liquid was mixed by pipetting. 10 sec after adding the 

samples to the tube, the first luminescence (LUC) was recorded. Then 100 µl Stop and 

Glo® Reagent was added to the tube and mixed by pipetting. After another 10 sec, the 

second luminescence (Ren-LUC) was recorded. 

2.2.2.12 Western blot analysis 

Approximately 30~50 mg plant material was harvested in a 2 ml safe-lock tube 

containing two steel balls (all samples should have a similar weight) and immediately 

frozen in liquid nitrogen.  

10% or 15 % separation gels and stacking gels were prepared as indicated in Table 7. 

Table 7: Components of the gel for protein electrophoresis 

Reagent Separation gel 10%  Separation gel 15% Stacking gel  
Buffer for a 10% gel 7.5 ml - - 
Buffer for a 15% gel - 6.25 ml - 
Stacking gel buffer - - 5.5 ml 
Acrylamide 40%  2.5 ml 3.75 ml 0.75 ml 
TEMED  10 µl 10 µl 6.25 µl 
APS 10% 100 µl 100 µl 62.5 µl 
Note: APS starts the polymerization reaction. 
This is the recipe for 1 gel with 1.5 mm spacers or 2 gels with 0.8 mm spacers. 
 

The separation gel solution was added to the electrophoresis chamber and a free space of 

approximately 1 cm was left for the stacking gel. The gel was covered immediately with 

2-propanol and left for polymerization for 30 min. Then 2-propanol was removed and the 

stacking gel solution was filled in and a comb was inserted. After the gel had solidified, it 

was put into the gel electrophoresis apparatus, which was subsequently filled with 1x 

electrode buffer.  
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The frozen plant material was ground 2 min with a Retsch mill to get a fine powder. Then 

the 4 fold amount of 1.25x SDS loading buffer was added and mixed vigorously. The 

tube was incubated immediately at 95 °C for 5 min and subsequently centrifuged at 

maximum speed for 10 min. 10-15 µl of the supernatant was pipetted into the slots of the 

gel. The electrophoresis apparatus was set to 30 mAmax for 0.8 mm spacers (50 mAmax for 

1.5 mm spacers) and 200 Vmax. The time for electrophoresis was approximately 60 min or 

longer until the bromophenol blue front migrated out of the gel. 

For Western blot analysis, a piece of nylon membrane was soaked for one second in 

methanol and transferred immediately to 0.5x TBE. 6 pieces of 3MM filter paper soaked 

with 0.5x TBE were placed on the semi-dry blotting apparatus. The nylon membrane was 

placed on the filter paper. The gel was removed from the electrophoresis chamber, 

washed with 0.5x TBE and then placed on top of the membrane. Another 6 pieces of 

3MM filter paper soaked with 0.5x TBE were placed on top of the gel/membrane 

assembly. The semi-dry blotting apparatus was set to 20V and 200 mA per gel and ran 

for 2 h. After the transfer finished, the gel was discarded. The membrane was transferred 

to 20 ml blocking buffer and incubated with gentle shaking for at least 1 h. The blocking 

buffer was then replaced by a 1:5000 dilution of the first antibody (4 µl) in 20 ml 

blocking buffer and incubated with gentle shaking at 4°C overnight. The membrane was 

washed 4 times with blocking buffer, 15 min each time. After washing, the second 

antibody with a 1:5000 dilution was added in blocking buffer with gentle shaking for at 

least 1 h. The gel was washed at least 5 times with 1x TBS-T, 15 min each time. Then the 

membrane was equilibrated with AP buffer for approximately 5 min. The liquid on the 

membrane was drained with 3MM paper and 0.5 ml Phospa GLO ReverseTM AP 

substrate was added directly on the membrane. The membrane was drained again and 

placed between two sheets of clear plastic foil.  

Under dark conditions, an Amersham Hyperfilm ECL film (GE Healthcare, Freiburg, 

Germany) was exposed to the membrane (ranging from 30 sec to 1 h). The exposed film 

was put into 250 ml of 10% v/v of the Carestream® Kodak® autoradiography GBX 

developer (Sigma-Aldrich, Steinheim, Germany) until the bands were visible. 



 40 

Subsequently, the film was rinsed with H2O prior transferring it to the 250 ml of 10% v/v 

the Carestream® Kodak® autoradiography GBX fixer (Sigma-Aldrich, Steinheim, 

Germany). The film was incubated in the fixer for 10 min, and then incubated with water 

for 10 min. The film was dried in air and scanned. Afterwards the membrane was stained 

with coomassie brilliant blue R250 staining solution for 1 min and rinsed in destaining 

solution until the background cleared. Then the membrane was air dried and scanned. 

2.2.2.13 Protein purification 

Initially protein expression was induced in E. coli. A single colony of E. coli BL21 (DE3) 

containing the desired pGEX construct was used to inoculate approximately 50 ml MLB 

containing ampicillin and incubated at 28°C with mild shaking overnight. With the 

overnight culture, 300 ml fresh MLB was inoculated to an OD600 of 0.2 and incubated 

OD600 of 0.5. Then the culture was further incubated at 28°C for 5 h and centrifuged at 

5000 g for 10 min and the supernatant was discarded completely. 

Subsequent steps were performed on ice or at 4°C. 10 ml ice cold 1x PBS, 50 µl 400 mM 

PMSF and 50 µl 1 M DTT was added to the pellet and the bacteria were re-suspended. 

The bacteria were transferred to a 30 ml centrifugation tube and 200 µl of a freshly 

prepared 100 mg/ml lysozyme solution was added. The cells were kept on ice for 10 min. 

Then 500 µl 20% water diluted Triton X-100 was added and mixed thoroughly by 

inverting the tube several times. The cells were sonicated 4 times with an output power of 

35%, each time 15 sec. Then the cells were centrifuged with a Sigma 3-18K centrifuge 

(Sigma, Osterodes am Harz, Germany) at 19872 g for 10 min. The supernatant was 

transferred to a new tube and centrifuged again at 19872 g for 10 min.  

The GSH beads were initially washed with 10 ml PBS containing 5 mM DTT. 50 µl clear 

supernatant was transferred to a 15 ml screw cap tube containing 200 µl GSH beads. The 

tube was incubated for 1 h at 4°C with shaking and then centrifuged at 1000 rpm for 1 

min. The supernatant was discarded without disturbing the GSH beads. The GSH beads 

were washed with 10 ml 1x PBS containing 5 mM DTT and incubated at 4°C with 

shaking for 5 min. The GSH beads were washed 4 times more. Then the washed beads 



 41 

were re-suspended in approximately 1.5 ml 1x PBS containing 5 mM DTT and 

transferred to a new 2 ml tube. Then the beads were centrifuged at 1000 rpm for 1 min 

and the supernatant was discarded. Afterwards 500 µl elution buffer was added and 

incubated at 4°C with shaking for at least 30 min. The tube was centrifuged at 1000 rpm 

for 1 min and the clear supernatant was transferred to a SigmaPrep spin column (Sigma 

order no. SC1000-1KT). The SigmaPrep spin column was centrifuged at 2000 rpm for 2 

min and the flow through was loaded to a Roti-spin MINI-3 column (Roth order no. 

CL12.1), which was subsequently centrifuged for 15 min at 13000 rpm. Using the same 

SigmaPrep spin column and Roti-spin MINI-3 column, a second elution with 500 µl 

elution buffer was proceeded and combined with the previous elution. The eluted protein 

was stored at -80°C.  

2.2.2.14 In vitro kinase assay 

In vitro kinase assays were performed with previously purified recombinant BIN2-GST 

and SlCES-GST proteins. Initially, 2 µl 10x kinase buffer was added to a 1.5 ml tube and 

then the substrate containing approximately 500 ng of SlCES-GST was added. Then 

dH2O was added to a total reaction volume of 20 µl. The tube was transferred to the 

radioactivity room, and then [γ-33P]-ATP (2 µCi) (BIOTREND, Köln, Germany) and 

approximately 50 ng of BIN2-GST were added. The tube was placed for 30 minutes at 

room temperature. The reaction was stopped by adding 5 µl of 4x SDS loading buffer and 

the whole volume was loaded onto a previously prepared 10 % SDS-PAGE gel and run 

for approximately 60 min or longer until the bromophenol blue front migrated out of the 

gel. The gel was then stained with staining solution for 30 minutes on shaker and 

subsequently destained with destaining solution. The gel was dried at 80°C for 30 

minutes.  

Under dark condition, an Amersham Hyperfilm ECL film (GE Healthcare, Freiburg, 

Germany) was exposed to the gel. The exposed film was put into 250 ml of 10% v/v of 

the Carestream® Kodak® autoradiography GBX developer (Sigma-Aldrich, Steinheim, 

Germany) until the bands were visible. Subsequently, the film was rinsed with H2O prior 
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transferring it to the 250 ml of 10% v/v the Carestream® Kodak® autoradiography GBX 

fixer (Sigma-Aldrich, Steinheim, Germany). The film was incubated in the fixer for 10 

min, and then incubated with water for 10 min. The film was dried in air and scanned.  

2.2.2.15 Protein synthesis with Wheat Germ Extract or Rabbit Reticulocyte Lysate 

Using the pGWR8-IVT primers, the cDNAs that encoding the target variant SlCES 

proteins were amplified by PCR. With 1 µg of the acquired cDNA, the corresponding 

RNAs were synthesized with the T7 RNA Polymerase (Thermo Scientific, Waltham, 

USA) according to the manual. Then the target proteins were synthesized using the 

obtained RNA by the Wheat Germ Extract and Rabbit Reticulocyte Lysate System kit 

(Promega, Manheim, Germany). The [3H]-leucine radiolabeled amino acids were used to 

label the proteins. 

2.2.2.16 In vitro SUMOylation assay 

In vitro SUMOylation assays were based on a previous protocol (Budhiraja et al., 2009). 

Together with 2 µg of the [3H]-leucine radiolabeled proteins, 2 µg of recombinant SUM1 

or SUM2, 1 µg SAE (Boston Biochem, Cambridge, MA, USA), 0.5 µg SCE (Boston 

Biochem) were added to 20 µl 1x ︎ SUMO buffer (20 mM Tris/HCl pH= 7.5, 5 mM 

MgCl2) in the presence of 5 mM ATP. The mixture was incubated overnight at 30 °C and 

then the reaction was stopped by adding 6 µl 4 x SDS loading buffer and incubating it at 

95 °C for 5 min. The whole volume was loaded onto a previously prepared 10 % 

SDS-PAGE gel and run for approximately 60 min or longer until the bromophenol blue 

front migrated out of the gel. The gel was then stained with staining solution for 30 min 

on shaker and subsequently destained with destaining solution for 20 min. The gel was 

washed with distilled water for 20 min and then incubated in 16% sodium salicylate for 

30 min. The gel was dried at 80°C for 30 minutes.  

Under dark condition, an Amersham Hyperfilm ECL film (GE Healthcare, Freiburg, 

Germany) was exposed to the gel. The exposed film was put into 250 ml of 10% v/v of 

the Carestream® Kodak® autoradiography GBX developer (Sigma-Aldrich, Steinheim, 
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Germany) until the bands were visible. Subsequently, the film was rinsed with H2O prior 

transferring it to the 250 ml of 10% v/v the Carestream® Kodak® autoradiography GBX 

fixer (Sigma-Aldrich, Steinheim, Germany). The film was incubated in the fixer for 10 

min, and then incubated with water for 10 min. The film was dried in air and scanned. 

2.2.3 Identification of genes encoding bHLH-type proteins in the 

Solanum lycopersicum genome 

In order to define the bHLH subfamily of tomato, a search for previously characterized 

tomato bHLH proteins was conducted in the National Center for Biotechnology 

Information (NCBI, http://www.ncbi.nlm.nih.gov/) protein database. The sequences of 

four proteins identified were then analyzed with the Pfam function in the Simple Modular 

Architecture Research Tool (SMART http://smart.embl-heidelberg.de/). The HLH 

domain sequences were extracted and were used to screen for bHLH containing proteins. 

Since the tomato genome sequence was published recently (Tomato Genome Consortium, 

2012), it was possible to search the translated nucleotides using a protein query (i.e., 

tblastn). Therefore, by using the four identified HLH domain sequences as query 

sequences, multiple tblastn searches were performed in the Solanum lycopersicum 

databases of the NCBI, TIGR Plant Transcript Assemblies (TA) (http://plantta.jcvi.org/) 

and Sol Genomics Network (SGN https://solgenomics.net). The results were examined 

and the redundant sequences were removed manually. With this approach, 90 HLH 

domains in tomato were identified.  

Subsequently, utilizing these 90 HLH domains, multiple blastp (protein-protein blast) 

were performed in the ITAG RELEASE 2.3 PREDICTED PROTEINS (sl2.4) database 

of the SGN website. The expect (e-value) threshold and the maximum hits were set to 10 

and 10000, respectively. The acquired protein names were recorded, and according to the 

protein names, the sequences of these proteins were also identified in SGN. 

The derived protein sequences were then checked again with three independent protein 

structure analysis databases, including the SMART, Pfam and Conserved Domain 

Database (CDD, http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). According to the 
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analysis, the proteins containing no HLH domain, or identified as TCP proteins (which 

also contain HLH domain), were removed. After the final selection, in total 166 genes 

were identified as bHLH family genes in tomato and were numbered consecutively, 

according to their distribution on the chromosomes. 

Phylogenetic analyses were conducted in MEGA7 (Kumar et al., 2016). The sequences of 

166 tomato bHLH proteins together with the published 162 Arabidopsis bHLH proteins 

were aligned with the ClustalW Multiple alignment method in MEGA7. The phylogeny 

was inferred using the Neighbor-Joining method. The percentage of replicate trees in 

which the associated taxa clustered together in the bootstrap test (1000 replicates) was 

calculated. The evolutionary distances were computed using the number of differences 

method.  



 45 

3 Results 

3.1 Phosphorylation regulates CESTA nuclear localization 

3.1.1 Phosphorylation of CES negatively regulates BR-induced CES 

re-localization 

Since CES nuclear compartmentalization was induced not only by BL but also by bikinin, 

which promotes BR signaling by inhibiting the activity of BIN2 and redundant ASKs, 

there was evidence that ASK-controlled phosphorylation may regulate CES subnuclear 

localization (Poppenberger et al., 2011). To test this hypothesis, an in vitro interaction of 

CES and ASKθ, a BIN2 homolog that acts in BR signaling (Rozhon et al., 2010), was 

tested using bimolecular fluorescence complementation assays (BiFC). CES was fused to 

the N-terminal portion of the yellow fluorescent protein (YFP) and ASKθ was fused to 

the C-terminal portion of YFP. When co-expressed in Arabidopsis protoplasts, 

fluorescence was visible in the nucleus (Figure 2A), providing evidence that CES can 

interact with ASKθ in planta.  

To further explore the role of ASK-mediated phosphorylation in CES nuclear 

compartmentalization, a 35S::CES-YFP construct was expressed in protoplasts of 

wild-type and bin2-1, where BIN2 is constitutively active (Li et al., 2001). In wild-type 

protoplasts, BL and bikinin treatment both caused a rapid compartmentalization of CES 

in the nucleus confirming previous results (Figure 2B). In bin2-1 protoplasts, CES-YFP 

localization was unresponsive to BL treatment, whereas bikinin treatment efficiently 

re-localized CES to NB (Figure 2C). Therefore, there is evidence that inhibition of 

BIN2-activity by BL allows for CES accumulation in NB. 
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3.1.2 Phosphorylation of S75 and S77 blocks K72 SUMOylation and 

CES subnuclear compartmentalization 

There was evidence that phosphorylation of CES at both S75 and S77 antagonizes 

SUMOylation of K72 (Khan et al., 2014). In order to verify whether phosphorylation of 

one site only is sufficient for inhibiting SUMOylation-induced CES 

compartmentalization, plants expressing YFP-fusions with the phospho-deficient 
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A� Figure 2. BL-induced CES 
localization in NB is under control 
of ASK-mediated phosphorylation. 
(A) Bimolecular fluorescence 
complementation assay (BiFC) 
showing representative protoplasts 
transformed with CES-nYFP and 
ASKθ-cYFP. Scale bar: 10 µm. 
Fluorescence microscopic images of 
representative mesophyll protoplast 
of either wild-type Col-0 (B) or 
bin2-1 (C) containing CES-YFP, 
untreated or treated with 1 µM BL 
or 30 µM bikinin for 2 h. Scale bars: 
filter, 10 µm, magnified, 6 µm. 
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CESS75A and CESS77A mutant constructs were analyzed (Figure 3A). Fluorescence 

microscopic imaging of stomatal guard cells showed that whereas CESS75A+S77A-YFP 

speckled constitutively (Khan et al., 2014), neither CESS75A-YFP nor CES S77A-YFP 

showed nuclear compartmentalization. Instead, they were diffusely localized in the 

nucleus like CESwt (Figure 3B).  

 

When analyzing 35S::CESS75A+S77A-YFP expressing plants using western-blot analyses, 

higher molecular weight bands were observed (Figure 3C), which were not present in 
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Figure 3. Phosphorylation of serine (S) 75 and 77 sites blocks SUMOylation of neighboring lysine (K) 
72. (A) The position of the SUMOylation motif and S75 and S77 in CES. (B) Representative fluorescence 
images of stomata of 14-day-old plants of 35S:CESS75A-YFP (line 8, upper row) and 35S:CESS77A-YFP 
(line 6, lower row). Scale bars: filter, 10 µm, magnified, 5 µm. Protein immunoblot analysis of two-week 
old seedlings of the indicated lines grown on 1/2MS (C) or grown on 1/2 MS containing 1 µM BRZ and 
treated with 1 µM BL for 2 h (D), using α-GFP antibody for CES-YFP detection. Coomassie brilliant blue 
(CBB) staining as a loading control. 
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plants expressing 35S::CESS75A-YFP or 35S::CESS77A-YFP. Therefore, abolishment of 

phosphorylation at both sites, S75 and S77, is required to promote CES SUMOylation.  

3.1.3 Phosphorylation of T35 is important for CES abundance 

T35 is the primary amino acid required for BIN2 phosphorylation in vitro (Khan et al., 

2014). In order to test the effect of T35 phosphorylation on CES protein fate, plants 

expressing comparable amounts of a phospho-mimeic CEST35E or a phospho-deficient 

CEST35A construct fused to YFP were analyzed. 

 

 

 

 

 

 

 

 

 

 

First, 35S::CEST35E-YFP and 35S::CESwt-YFP expressing lines were treated with MG132, 

a protease inhibitor for 3 h. YFP-fusion protein contents were then determined by 

western-blotting using an α-GFP antibody. The bands were quantified with the ImageJ 

software. The results showed that after 3 h of MG132 treatment, CEST35E-YFP protein 

amounts had increased considerably as compared to untreated plants, whereas 

CESwt-YFP amounts increased less strongly (Figure 4). Therefore, there is evidence that 

T35E promotes CES degradation by the proteasome.  

 

Figure 4. Mimicking phosphorylation at threonine 
(T) 35 decreases CES protein abundance. 
Immunoblotting of protein extracts of 7-day-old 
seedlings of 35S:CEST35E-YFP/16 and 
35S:CESwt-YFP/32 in the presence or absence of 
MG132 (3 h treatment) using α-GFP antibody for 
CES-YFP detection, all three biological replicates 
are shown. Bands were quantified with the ImageJ 
software and the increase as compared to the 
untreated control was calculated. Coomassie 
brilliant blue (CBB) staining is shown as a loading 
control. 
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Then, the 35S::CEST35E-YFP, 35S::CEST35A-YFP and 35S::CESwt-YFP expressing lines 

were treated with MG132 and cycloheximide (CHX), a protein biosynthesis inhibitor. 

The protein contents were determined by western-blot analysis using an α-GFP antibody. 

The bands were quantified with the ImageJ software (Figure 5). The protein amounts of 

each plant line before treatment (0 h) were set to 1. When treating plants only with CHX 

or both with CHX and MG132, the relative protein amount of CEST35A-YFP was the 

highest, followed by CESwt-YFP (Figure 5A and C). However, CEST35E-YFP was barely 

detectable after CHX treatment, indicating that phospho-mimeic CES is highly unstable. 

It is noteworthy that in untreated conditions the relative protein amount of CEST35A-YFP 

was highest (Figure 5C). These results might imply that the phospho-deficient T35A 
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Figure 5. Phosphorylation of threonine (T) 35 promotes CES degradation. Immunoblotting of protein 
extracts of 9-day-old seedlings of 35S:CESwt-YFP/32 (A), 35S:CEST35E-YFP/19 (B) and 
35S:CEST35A-YFP/17 (C) in the presence or absence of 50 µM MG132 and 100 µM CHX (3 h and 6 h 
treatment) using α-GFP antibody for CES-YFP detection. Bands were quantified with the ImageJ 
software and the increase as compared to the untreated control was calculated. Coomassie brilliant blue 
(CBB) staining is shown as a loading control.  
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mutation stabilizes the CES protein. 

Taken together, phosphorylation of T35, which is a BIN2 target, plays an important role 

in regulating CES abundance. 

3.1.4 The Phosphorylation and SUMOylation state affects CES 

transcriptional activity 

To investigate if, in addition to regulating subnuclear localization and protein abundance, 

SUMOylation and phosphorylation may also influence CES transcriptional activity, 

luciferase (LUC) reporter transactivation assays utilizing the Ren-Luc system, were 

performed in Arabidopsis protoplasts. In previous studies, CYP718 and GA20ox1 were 

identified as direct targets of CES (Poppenberger et al., 2011; Unterholzner et al., 2015). 

Therefore, promoter regions of these two genes were fused to the firefly LUC reporter 

and together with 35S promoter-driven Renilla LUC (Ren-LUC) as control, were 

introduced into protoplasts generated from the haf/ces bee1 bee3 triple mutant (tM; 

Crawford and Yanofsky, 2011). The CES protein variants CESwt, CESS75A + S77A, CESS75E 

+ S77E, CESK72R, CEST35A and CEST35E were used as effectors and were co-expressed with 

the LUC reporters. Quantification of the resulting luminescence showed that CESwt was 

able to increase CYP718 and GA20ox1 promoter activity in this system (Figure 6).  

The SUMOylation deficient mutant CESK72R was less active in inducing both CYP718 

and GA20ox1 reporter expression, whereas the constitutively SUMOylated CESS75A + S77A 

mutant was more active on the CYP718 promoter but surprisingly not on the GA20ox1 

promoter. Also, the phospho-mimeic mutant CESS75E + S77E behaved differently on the two 

promoters with the same activity as CESwt on the CYP718 promoter but increased activity 

on the GA20ox1 promoter (Figure 6). This result is difficult to explain and will have to be 

verified on additional promoters. 

Mutation of the BIN2 target site T35 to A strongly reduced CES activity on both 

promoters whereas the T35E mutation did not significantly alter CES transcriptional 

activity (Figure 6). Therefore, in summary, SUMOylation and phosphorylation also 

impact on CES activity in target gene transcription. 
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3.2 Identification of a CESTA orthologue in tomato 

3.2.1 Phylogenetic analysis of the bHLH protein family of Solanum 

lycopersicum and comparison with Arabidopsis 

To investigate whether modes of CES activity are conserved in plant species with 

economic relevance, a translational research approach was chosen. Tomato (Solanum 

lycopersicum) is a fleshy fruit crop with high economic value for which tools for 

molecular genetics, such as a sequenced genome, are available (Tomato Genome 

Consortium, 2012). Therefore, tomato was chosen for this approach. 
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Figure 6. Phosphorylation affects CES activity in downstream gene transcription. Promoter regions of 
CYP718 (A) and GA20ox1 (B) were cloned into the pGreen008-II-LUC vector. These LUC reporter 
constructs were transiently expressed in protoplasts generated from tM (haf bee1 bee3) plants together 
with either the pGWR8 empty construct as control or with the effectors CESwt, CESS75A + S77A, CESS75E + 

S77E, CESK72R, CEST35A or CEST35E. The y-axis is the fold change in the ratio between the activities of 
firefly LUC and 35S promoter-driven control Renilla LUC (Ren-LUC), normalized using pGWR8 empty 
construct to 1. The SD of three independent biological replicates is shown.  
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To identify CES orthologues in the tomato genome, the bHLH domain sequence was 

used as a query sequence, and multiple tblastn searches were performed in the databases 

of NCBI, SGN and TIGR. With this approach, 90 bHLH-like domains of tomato were 

obtained. With their bHLH domain sequences, the ITAG RELEASE 2.3 PREDICTED 

PROTEINS (sl2.4) database of SGN was searched. In order to remove genes that do not 

belong to the bHLH family, the identified tomato genes were verified with SMART, 

Pfam and Conserved Domain Database. This yielded 166 proteins as putative members of 

the tomato bHLH family, which were numbered consecutively.  

After aligning the Arabidopsis bHLH proteins (Bailey et al., 2003) with the identified 

tomato bHLH-type proteins using the ClustalW Multiple alignment method, their 

phylogenetic relationship was analyzed. A phylogenetic tree was constructed with the 

Molecular Evolutionary Genetics Analysis (MEGA) software version 7 (Kumar et al., 

2016) using the neighbor-joining method (Figure 7A-D). In this phylogenetic tree, three 

close CES orthologues of tomato were identified (Figure 7A), namely SlbHLH062 

(Solyc04g007300.2.1), SlbHLH054 (Solyc03g119390.2.1) and SlbHLH160 

(Solyc12g036470.1.1).  

3.2.2 Identification of BR-related motifs in tomato CES orthologues 

To address if the identified tomato bHLH proteins may also contain motifs that have been 

found to be of functional relevance for Arabidopsis CES modes of activity, an amino acid 

sequence alignment was assembled. This showed that in SlbHLH160 both AtCEST35 and 

the SUMO target site AtCESK72 were conserved (Figure 8). In addition, SlbHLH160 also 

contained a second SUMOylation motif. Both SUMO motifs were conserved in 

Figure 7. Phylogenetic connections of all A. thaliana and S. lycopersicum basic helix-loop-helix (bHLH) 
family members. All 166 S. lycopersicum bHLH genes and 162 A. thaliana bHLH family genes were 
analyzed. Unrooted neighbor-joining tree based on the bHLH domains of the bHLH gene family across A. 
thaliana and S. lycopersicum was calculated with the MEGA7 software, and shown in four parts (A), (B), 
(C) and (D). Local bootstrap probabilities are shown on or below branches. The identified CES 
orthologues in S. lycopersicum and A. thaliana CES, BEE1 and BEE3 are marked red in (A). 
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SlbHLH54, which in addition contained a third motif. In SlbHLH62 no SUMOylation 

motifs could be identified (Figure 8). 

 

 

To investigate if SlbHLH160 may be a BIN2 target, in vitro kinase assays were 

performed. SlbHLH160 was cloned from tomato cDNA and expressed as a GST fusion 

protein in E.coli. Recombinant SlbHLH160-GST and BIN2-GST were then used for  
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Figure 9. BIN2 phosphorylates SlbHLH160 in 
vitro. In vitro kinase assays using recombinant 
BIN2-GST and SlbHLH160-GST. 

Figure 8. Alignment of amino acid sequences of CES and three identified CES orthologues in        
S. lycopersicum. The multiple alignment was obtained with the ClustalW method in MEGA7. Blue 
outlined amino acids are bHLH domains and red outlined are putative SUMOylation sites as predicted 
by GPS SUMO 2.0. The threonine (T) 35 of CES acting as BIN2 recognition site and T84, its putative 
homologue in SlbHLH160, are highlighted in green. 
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in vitro kinase assay. The results demonstrated that BIN2 could phosphorylate 

SlbHLH160 in vitro (Figure 9), providing evidence that SlbHLH160 can be 

phosphorylated by GSK3/shaggy-like kinases. Therefore, SlbHLH160 was chosen for 

further analyses and was named SlCES. 

3.2.3 SlCES re-localizes to nuclear bodies in response to BL or bikinin 

treatment in tomato protoplasts 

In light of the sequence similarities of CES and SlCES it was of interest to investigate 

whether SlCES subcellular localization may also be BR-controlled. A reporter construct 

consisting of full length SlCES fused to YFP and driven by the CaMV 35S promoter was 

created and transformed into Arabidopsis and tomato protoplasts (Figure 10).  

Under non-induced conditions, SlCES-YFP localized diffusely to the nucleus. After 2 h 

of treatment with BL or bikinin SlCES-YFP compartmentalized in nuclear bodies in both 

species (Figure 10). Therefore, there is a conservation of the regulation of subnuclear 

localization by BRs between CES and SlCES providing further evidence that they are 

functional orthologues. 

 

 

 

protoplasts(from(tomato(+(SlCES/YFP�

0�

+(BL�

+(bikinin�

bright(field� filter� magnified� overlay�

protoplasts(from(Arabidopsis(+(SlCES/YFP�

bright(field� filter� magnified� overlay�

Figure 10. SlCES resembles CES nuclear localization to nuclear bodies. Representative fluorescence 
microscopic images of SlCES-YFP localization in either Arabidopsis (left) or tomato (right) mesophyll 
protoplast untreated or treated for 2 h with 1 µM BL or 30 µM bikinin are shown. Scale bars: filter, 10 
µm, magnified, 6 µm. 
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3.2.4 SlCES re-localization to nuclear bodies requires the predicted 

SUMOylation site K126 

To address if, as in Arabidopsis, SUMOylation of SlCES may govern BR-induced 

compartmentalization, the putatively targeted lysine of the two predicted SUMOylation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Lysine (K) 126 is the putative SUMOylation site that controls BR-induced CES nuclear body 
localization. Representative fluorescence microscopic images of tomato mesophyll protoplasts bearing 
constructs 35S::SlCESK126R-YFP (A), 35S::SlCESK242R-YFP (B) and 35S::SlCESK126R+K242R-YFP (C), 
untreated or treated with 1 µM BL or 30 µM bikinin for 2 h. Scale bars: filter, 10 µm, magnified, 6 µm. 
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motifs were mutated to arginine by site directed mutagenesis. The resulting K126R and 

K242R single mutants as well as a double mutant were fused to YFP and transformed 

into tomato protoplasts. The protoplasts were then treated with either BL or bikinin and 

analyzed with fluorescence microscopy. 

The results showed that mutation of K126 rendered SlCES nuclear localization 

unresponsive to BL and bikinin treatment in both the K126R single mutant and the 

double mutant (Figure 11). Mutation of K242 had no effect providing evidence that K126, 

which is part of a predicted SUMOylation motif conserved between Arabidopsis CES and 

SlCES, is required for BR-induced nuclear compartmentalization. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further analyze if SlCES may be SUMOylated and if K242 or K126 may be targets, 

Figure 12. SlCES variant proteins can not be SUMOylated in vitro. (A) Page analysis of the in vitro 
synthesized SlCES variant proteins including SlCESwt, SlCESK126R, SlCESK242R and SlCESK126R+K242R. 
Samples were labeled with [3H]-leucine. The Luciferase control RNA translated products (61 kDa) as 
control. (B) In vitro SUMOylation assays using the heterodimeric SUMO-activating enzyme E1 and 
SUMO-conjugating enzyme E2, SUM1 and SUM2 as modifiers, and assessing affinity purified, 
[3H]-leucine labeled SlCESwt, SlCESK126R, SlCESK242R and SlCESK126R+K242R as substrate proteins. 
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the cDNAs encoding the target variant SlCES proteins were amplified by PCR using T7 

promoter anchored primers. The obtained cDNA were utilized to synthesize SlCES 

variant RNAs with T7 RNA Polymerase (Thermo Scientific, Waltham, USA) and 

[3H]-leucine labeled variant proteins using the Wheat Germ Extract based system and 

Rabbit Reticulocyte Lysate System kits (Promega, Manheim, Germany) (Figure 12A).  

The obtained proteins were subjected to in vitro SUMOylation assays. However, when 

using SUM1 and SUM2 as modifiers, no SUMOylation was detected (Figure 12B).  

3.3 Characterization of a putative CES interacting factor 

3.3.1 Verification of CES interactions in yeast 

To obtain a better understanding of the function of CES in down-stream regulatory 

activities, a yeast two-hybrid (Y2H) screen had previously been performed in the lab with 

the aim to identify CES-interacting factors. The screen pulled two proteins that were 

considered of interest, AtMBP-1 (A. thaliana cMyc binding protein), which is encoded by 

the LOS2 locus (AT2G36530) (Eremina et al., 2015) and a small molecular weight 

protein, encoded by At5g50335 with an unknown function. 

To verify if the two candidates can interact with CES in yeast, the AtMBP-1 and 

At5g50335 full-length sequences were cloned into the Y2H vectors pGADT7 and 

pGBKT7 to generate fusions with the activation (AD) and binding domains (BD) of 

GAL4, respectively. The constructs, together with CES-AD and CES-BD containing 

vectors, were transformed into the yeast strain AH109 in different combinations and the 

resulting yeast strains were spotted on selection drop-out medium (SD medium) with or 

without X-alpha-Gal (X-αGal) and 3-AT in dilutions. X-αGal is a chromogenic substrate 

for yeast galactosidase (MEL1) and can be used for detecting GAL4-based Y2H 

interactions (Fields and Song, 1989; Aho et al., 1997). 3-AT is a competitive inhibitor of 

histidine production, used to attenuate the bait-autoactivation effects (Joung et al., 2000). 

As shown in Figure 13A, 3-AT did not completely suppress CES reporter autoactivation. 

Yeast transformed with BD-CES and AD-At5g50335 grew slower than the 
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BD-CES+AD-empty expressing control. The combination of BD-At5g50335 with 

AD-CES showed no detectable growth (Figure 13B). Therefore, in this assay CES had a 

strong auto-activation effect, and At5g50335 was unable to further promote this activity.  

  

 

Whereas an interaction of CES with At5g50335 in Y2H could not be confirmed, CES 

efficiently interacted with MBP-1 in the system. Yeast expressing the combination of 
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Figure 13. AtMBP-1 interacts with CES in yeast while At5g50335 showed no interaction with 
CES. CES, At5g50335 and AtMBP-1 were cloned into pGADT7 or pGBKT7 vectors and 
transformed into AH109 yeast cells. (A) and (B), yeast two-hybrid assay between CES and 
At5g50335 after incubation for 168 hours and 96 hours, respectively; (C) and (D) between CES 
and AtMBP-1 after incubation for 120 hours and 144 hours. Yeast growth on SD-LTH medium or 
shown blue staining in SD-LTH + X-αGal (0.004% w/v) + 3-AT (1 mM) indicate interaction. Yeast 
on SD-LT as loading control. Yeast containing both empty pGADT7 and pGBKT7 plasmids served 
as negative control; positive controls are RCAR1-BD/PP2CA-AD. 1000, 100 and 10 represent the 
approximate amount of yeast cells inoculated on the medium.  
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AD-AtMBP-1 + BD-CES (Figure 13C) grew nicely and also formed blue pigments. Also 

the reverse orientation with AD-CES and BD-AtMBP-1 was able to activate the GAL4 

reporter albeit to a smaller extent (Figure 13D). 

In order to investigate with which other type of proteins At5g50335 may be able to 

interact, a Y2H interactome screen was initiated in collaboration with the lab of Pascal 

Braun. For this purpose, the At5g50335 coding region was cloned into the pDEST-DB 

vector and was screened against a comprehensive library of prey proteins by the Braun 

lab as described previously (Dreze et al., 2010). In this screen 5 proteins were identified 

as putative interactors of At5g50335: AKR2, AT5G01380, AT2G38250, VFP3 and VFP5. 

AKR2 is an Arabidopsis ankyrin repeat protein, which is important for chloroplast 

biogenesis (Bae et al., 2008). The proteins encoded by AT5G01380 and AT2G38250 are 

closely related Homeodomain-like superfamily proteins with unknown function. VFP3 

and VFP5 are very close related bHLH transcription factors that have been shown to 

interact with the Agrobacterium virulence F-box protein VirF (García-Cano et al., 2015). 

An in-depth functional characterization of these VFP proteins has not been performed as 

yet. 

3.3.2 At5g50335 encodes the small protein TCI that represses CES 

transcriptional activity 

At5g50335 encodes a small protein of 74 amino acids only, for which the working name 

tiny CES interactor (TCI) was chosen. According to protein structure prediction using 

Phyre2 (Kelley et al., 2015), TCI forms multiple helix-folds (Figure 14A). The 

SWISS-MODEL (Biasini et al., 2014) tool predicts a tertiary structure of a trihelix type 

(Figure 14B).  

To address if TCI can interact with CES in vivo, and how such an interaction may affect 

CES transcriptional activity, luciferase (LUC) reporter transactivation assays were 

employed. For this purpose the LUC reporter constructs driven by the promoters of 

CYP718 and GA20ox1 were co-expressed with 35S::CES and 35S::TCI in protoplasts of 

the ces tM. The results showed that TCI clearly repressed CES activity on the CYP718 
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and GA20ox1 promoters (Figure 14C and D). TCI itself did not exhibit transactivation 

activity in this system.  

 

Since TCI impacts on CES transcriptional activity in the protoplast system, the question 

arose if TCI can co-localize with CES to the same cellular compartments. To address this 

question, the subcellular localization of TCI was studied. A TCI-YFP fusion driven by the 

35S promoter was generated and was stably introduced into Arabidopsis plants. 
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Figure 14. TCI attenuates CES function. (A) Predicted TCI protein secondary structure. Green helices 
indicate the predicted location of the helices. (B) Predicted trihelix structure formed by TCI. The LUC 
reporter constructs bearing either the promoter region of CYP718 (C) or GA20OX1 (D) were transiently 
expressed in protoplasts generated from tM (haf bee1 bee3) plants either with empty pGWR8 or with the 
effectors pGWR8 containing CES or TCI or both. The y-axis is the fold change in the ratio between the 
activities of firefly LUC and 35S promoter-driven control Renilla LUC (Ren-LUC), normalized using 
pGWR8 empty construct to 1. The SD of three independent biological replicates is shown. (E) 
Representative fluorescence images of stomata of 12-day-old 35S::TCI-YFP plants. Scale bars: filter, 10 
µm, magnified, 5 µm. 
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Fluorescence microscopic imaging showed that TCI-YFP was specifically present in the 

nucleus (Figure 14E), where also CES is localized (Poppenberger et al., 2011). In 

summary there is evidence that TCI acts in the nucleus to repress CES activity in gene 

transcription. 

3.3.3 TCI represses growth in white light 

To characterize the function of TCI in plant development, two SALK T-DNA insertional 

mutants N576292 (SALK_076292) and N663261 (SALK_089158), with predicted 

insertions in the TCI promoter region (Figure 15A), were ordered from The European 

Arabidopsis Stock Centre (NASC). The mutant N576292 was named tci-1 and N663261 

was named tci-2. Quantitative real-time PCR showed that mRNA levels of TCI were 

nearly abrogated in both mutant alleles (Figure 15B).  
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Figure 15. Characterization of tci knock-out mutants and TCIoe overexpression lines. (A) Position of 
T-DNA insertion in tci mutant alleles N576292 (tci-1, T-DNA insertion SALK_076292) and N663261 
(tci-2, SALK_089158). (B) Quantitative real-time PCR analysis of TCI transcription in flowers and buds 
of these two mutant alleles. (C) Relative TCI transcription level of two 35S::TCI transgenic lines, 
transcription level of wild-type Col-0 as control. Values are the means of three biological replicates 
measured in four technical repeats, error bars are the SD. GAPC2 was used for normalization.  
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In addition to the loss of function lines, TCI overexpressors were generated. An 

overexpression construct, in which TCI expression is driven by the 35S promoter, was 

cloned and transformed into Arabidopsis by Agrobacterium-mediated transformation. 

From 30 independent transgenic lines, two lines with high TCI expression levels, 

35S::TCI line 23 (TCIoe23) and line 5 (TCIoe5), were selected by qPCRs for further 

analysis (Figure 15C). 

An initial assessment of the effects of altered TCI expression on overall growth of 

Arabidopsis plants was performed and showed that TCI represses growth: when grown in 

16 h of white light/ 8 h dark cycles, in soil until bolting, adult tci-1 and tci-2 knock-out 

plants were larger in size as compared to wild-type Col-0 and the TCI overexpression 

lines TCIoe23 and TCIoe5 were smaller (Figure 16). 

 

 

 

 

 

  

 

3.3.4 tci loss of function results in similar growth responses like CES 

gain of function in specified light conditions and tissues 

Since there were indications that tci mutants have defects in development in white light it 

was of interest to further dissect the potential role of TCI in light-regulated growth. For 

this purpose, tci mutants were grown in white light, different monochromatic light 

conditions, in simulated shade and in the dark, their phenotypes were assessed and 

Figure 16. Phenotypes of tci-1, tci-2, TCIoe23 and TCIoe5 in comparison to ces-D. Wild-type Col-0 was 
used as control. Representative images (15 plants per line) were taken. The upper panel shows 19-day-old 
plants and the lower panel 25-day-old plants. 
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compared to ces-D grown under the same conditions. 

 

 

The results indicate that in particular hypocotyl length, petiole length and cotyledon area 

may be affected in tci mutants (Figure 17). To quantitatively determine these parameters, 

40 seedlings of each line were grown and hypocotyls, cotyledon length and width and 

petiole length were measured with the ImageJ software. 

The results of the hypocotyl measurements showed that in tci mutants no consistent 

changes occurred (Figure 18). ces-D, however, promoted hypocotyl growth in white, 

far-red and blue light and repressed hypocotyl growth in the dark and simulated shade as 

compared to wild-type. 
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Figure 17. tci mutants and ces-D plants show ectopic growth under different light conditions. 
Representative pictures of wild-type Col-0, tci-1, tci-2, TCIoe23, TCIoe5 and ces-D seedlings (from left to 
right) grown on 1/2 MS plates vertically under white light condition for 9 days (A), dark condition for 7 
days (B), simulated shade light condition (R: FR = 0.23) for 9 days (C), red light condition for 9 days (D), 
far-red light condition for 9 days (E) and blue light condition for 9 days (F). The light intensity of all light 
conditions was set at 80 µmol s-1 m-2. Scale bars in (A-F): 5 mm.   

 



 66 

 

 

 

 

a" a" a" a" a" b"

c"
d" d"

ab"b" a"

b"
c" c"

c" b"
a" c" d"cd"

b"
a"
b"

c" b" b"ab"a"
d"

b" c"bc"a" a"
d"

0"

5"

10"

15"

20"

25"

30"

35"

w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D" w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D" w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D" w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D" w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D" w
t"

tc
i.1

"
tc
i.2

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s.
D"

White"light" Dark" Shade" Red"light" Far.red"light" Blue"light"

Hy
po

co
ty
l(l
en

gt
h(
(m

m
)�

a"

b"
b"

a" a"

c"

a"

c" c"

b" ab"

c"

b"

d" cd"

ab"
a"

c"

bc"

c"
c"
ab" a"

d"

a"

b"

c"

a"
a"

c"

0"

1"

2"

3"

4"

5"

6"

w
t"

tc
i01

"
tc
i02

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s0
D" w
t"

tc
i01

"
tc
i02

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s0
D" w
t"

tc
i01

"
tc
i02

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s0
D" w
t"

tc
i01

"
tc
i02

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s0
D" w
t"

tc
i01

"
tc
i02

"
TC

Io
e2
3"

TC
Io
e5
"

ce
s0
D"

Dark" Shade" Red"light" Far0red"light" Blue"light"

Pe
#o

le
&le
ng
th
&(m

m
)�

Figure 18. Hypocotyl length of tci and ces-D plants under different light conditions. Wild-type Col-0, 
tci-1, tci-2, TCIoe23, TCIoe5 and ces-D seedlings were grown on 1/2 MS plates vertically under white 
light condition for 9 days, dark condition for 7 days, simulated shade light condition (R: FR = 0.23) for 9 
days, red light condition for 9 days, far-red light condition for 9 days and blue light condition for 9 days, 
respectively. The light intensity of all light conditions was set at 80 µmol s-1 m-2. The hypocotyl length 
was then measured (means ± SD of the mean; n ≥ 12). Within the same growth condition, different letters 
i.e., a, b, c and d above the error bars indicate significant differences at p < 0.05 levels as estimated by 
Duncan’s multiple range test (DMRT). 

Figure 19. tci mutants and ces-D plants show ectopically elongated petioles under different light 
conditions. Wild-type Col-0, tci-1, tci-2, TCIoe23, TCIoe5 and ces-D seedlings were grown on 1/2 MS 
plates vertically under dark condition for 7 days, simulated shade light condition (R: FR = 0.23) for 9 
days, red light condition for 9 days, far-red light condition for 9 days and blue light condition for 9 days, 
respectively. The light intensity of all light conditions was set at 80 µmol s-1 m-2. The cotyledon petiole 
length was then measured (means ± SD of the mean; n ≥ 12). Within the same growth condition, different 
letters i.e., a, b, c and d above the error bars indicate significant differences at p < 0.05 levels as estimated 
by Duncan’s multiple range test (DMRT). 
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Very interestingly, loss of TCI function in tci-1 and tci-2 and gain of CES function in 

ces-D resulted in the same petiole length (Figure 19) and cotyledon area (Figure 20) 

phenotypes in all light conditions assessed: the cotyledons were clearly larger and 

petioles of the cotyledons were significantly longer than those of wild-type. In the TCIoe 

lines no changes as compared to wild-type were observed. In summary, there is evidence 

that TCI acts in an antagonistic manner to CES in cotyledon growth and development. 

 

 

 

3.3.5 TCI is expressed in vascular tissues 

CES is mainly expressed in floral and vascular tissues and its promoter is 

developmentally regulated (Poppenberger et al., 2011). To analyze whether TCI shows an 

expression pattern similar to CES, the TCI promoter region was cloned and used to drive 

GUS expression in a reporter construct. 10 independent lines stably expressing the 

pTCI::GUS reporter were selected and one line with a representative staining pattern was 
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Figure 20. tci mutants and ces-D plants show ectopic cotyledon expansion under different light 
conditions. Wild-type Col-0, tci-1, tci-2, TCIoe23, TCIoe5 and ces-D seedlings were grown on 1/2 MS 
plates vertically under white light condition for 9 days, simulated shade light condition (R: FR = 0.23) for 
9 days, red light condition for 9 days, far-red light condition for 9 days and blue light condition for 9 
days, respectively. The light intensity of all light conditions was set at 80 µmol s-1 m-2. The cotyledon 
area was then determined with ImageJ software (means ± SD of the mean; n ≥ 12). Within the same 
growth condition, different letters i.e., a, b, c and d above the error bars indicate significant differences at 
p < 0.05 levels as estimated by Duncan’s multiple range test (DMRT). 
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chosen for an in-depth analysis. GUS activity assays conducted with plants in different 

developmental stages and in different light conditions showed that the TCI promoter is 

most active in vascular tissues, in particular of the hypocotyl, leaf blades, petioles and 

roots (Figure 21). In floral tissues pTCI::GUS was active in the buds and later in flower 

development in the pistil, the petals and in stamen. 

 

 

To verify these findings, qPCR analysis of TCI expression was performed in different 

tissues of wild-type Col-0 plants. This confirmed that TCI is mainly expressed in shoots, 

buds and flowers (Figure 22). 
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Figure 21. pTCI::GUS staining pattern. (A) 3-day-old seedlings grown under red light. (B) Light grown 
4-day-old seedling. (C) Hypocotyl of light grown 4-day-old seedling. (D) Root tip of light grown 
4-day-old seedling. (E) 15-day-old light grown seedling. (F) Hypocotyl and axillary meristem of 
15-day-old light grown seedling. (G) Leaf of 15-day-old light grown seedling. (H-J) Buds and flowers. 
(K) 5-day-old dark grown seedling. 
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3.3.6 BL treatment induces TCI expression 

An analysis of publicly available microarray data had indicated that TCI expression may 

be induced by BRs (Nemhauser et al., 2006). To verify this, TCI expression was 

quantified by qPCR in wild-type plants treated with BL in a time course manner. The 

result showed that TCI expression responded strongly to BL treatment with a more than 

10-fold increase 24 h after treatment (Figure 23).  
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Figure 23. BL treatment induces TCI expression. Quantitative real-time PCR analysis of TCI 
transcription in 8-day-old wild-type Col-0 seedlings before and after 3 h, 6 h, 12 h and 24 h 
application of 0.5 µM BL. GAPC2 was used for normalization. Values represent the means of three 
biological replicates measured in four technical repeats; error bars are the SD. 

Figure 22. TCI expression in different organs. Quantitative real-time PCR analysis of TCI transcription in 
wild-type Col-0 plants. Roots and shoots were sampled from 14-day-old seedlings; main stems, cauline 
leaves, buds and flowers were from 30-day-old plants. Values represent the means of three biological 
replicates measured in four technical repeats, error bars are the SD. GAPC2 was used for normalization.  
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To investigate how BR treatment affects TCI expression at the tissue-specific level, 

pTCI::GUS seedlings were grown for 10 days, and were then treated with 1 µM BL for 

12 h, 24 h, 48 h or 72 h.  

 

 

 

As shown in Figure 24A, pTCI::GUS was active mainly in petioles and also in vascular 

tissues at the base of the leaves. 12 h of BL treatment were sufficient to induce 

pTCI::GUS expression. No further overall increase was obvious at later time-points. 

However, it is noteworthy that in seedlings treated with BL for 72 h, a strong staining in 

the hypocotyl was observed (Figure 24B), which was absent in seedlings treated with 

DMSO or in seedlings treated with BL for shorter periods of time.  

DMSO� 72'h'1'µM'BL�B�

12'h� 24'h� 48'h� 72'h�A�
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Figure 24. BL enhances TCI expression. (A) Representative pictures of 10-day-old pTCI::GUS seedlings 
treated with 1 µM BL or 1 µM BRZ for 12 h, 24 h, 48 h and 72 h respectively. DMSO treated seedlings 
were used as control. All seedlings were equally stained for 90 min. Scale bar: 5 mm. (B) pTCI::GUS 
staining pattern in hypocotyl after 12 h, 24 h, 48 h and 72 h BL treatment in comparison to 72 h BRZ 
treatment. DMSO treated seedlings were used as control. Scale bar: 2 mm. 
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In addition to BL, pTCI::GUS expressing plants were also treated with the BR 

biosynthesis inhibitor BRZ, to investigate the effects of BR-depletion on TCI expression. 

The result showed that 12 h of BRZ treatment was not sufficient to cause changes (Figure 

24A). However, after 24 h of BRZ exposure, a clear reduction in pTCI::GUS expression 

was visible. 72 h of treatment almost completely repressed TCI promoter activity.  

Interestingly, the BR-induction of pTCI::GUS expression required light, since in 

dark-grown seedlings neither BL nor BRZ exposure caused changes in pTCI::GUS 

reporter activity (Figure 25). 

 

  

 

To investigate the BR-regulation of TCI expression in more detail, mutants with defects 

in BR or light signaling were treated with BL and TCI mRNA levels were quantified by 

qPCR in the different genetic backgrounds (Figure 26). The results showed that the 

induction of TCI expression by BR relied on functional BR signaling since in bri1-1 and 

ASKθoe, which are both compromised in BR signaling, it did not take place. Interestingly, 

the induction was more pronounced in bes1-D indicating that BES1 can promote TCI 

transcription in response to BR. 
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Figure 25. BL and dark treatment induce 
TCI expression independently. 
Representative pictures of 5 day-old 
pTCI::GUS seedlings grown under white 
light on 1/2 MS medium containing 1 µM 
BL or BRZ, or under dark condition on 1/2 
MS medium containing 0.1 µM BL or 1 
µM BRZ. DMSO was used as control. All 
seedlings were stained equally for 2 h. 
Scale bars: 2 mm. 
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In CES mutants basal TCI expression levels were affected, being increased in ces-D and 

decreased in the qM. However, the TCI BR response was not altered as compared to 

wild-type. Therefore, CES appears to be required for constitutive TCI expression but does 

not contribute to the BR-regulation of TCI levels. 

Interestingly, also in pifq (pif1pif3pif4pif5) plants (Leivar et al., 2008b), basal TCI 

expression levels were reduced, indicating that, in addition to CES, also the PIFs may 

contribute to the maintenance of basal TCI mRNA levels. 

3.3.7 TCI expression is strongly induced by shade in a PIF and PHYA 

dependent manner 

A PIF-context in TCI regulation had previously been indicated by a study that had 

identified TCI as one of a number of genes whose expression is induced by shade in a 

PIF-dependent manner (Leivar et al., 2012). To verify if shade can induce TCI expression 

and whether this potential shade-induction may be controlled by the PIFs or by PHYA or 
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Figure 26. The enhancement of TCI expression level by BL is changed in different mutants and 
transgenic lines. Quantitative real-time PCR analysis of TCI transcription in 10-day-old bri1-1, 

ASKθoe, bzr1-1D, bes1-D, ces-D, qM and pifq seedlings before and after 48 h of 0.5 µM BL treatment. 
Wild-type Col-0 was used as control. GAPC2 was used for normalization. Values are the means of three 
biological replicates measured in four technical repeats; error bars are the SD. 
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PHYB, qPCR analysis of TCI expression was performed in seedlings of wild-type, pifq, 

phyA-201 (Nagatani et al., 1993) and phyB-5 (Reed et al., 1993). The seedlings were 

grown for 10 days and then treated with simulated shade for 12 h. 

 

  

In Figure 27 it is shown that in wild-type, shade treatment indeed strongly increased TCI 

expression. This induction was clearly reduced in the pifq mutant, confirming the 

previously published microarray results (Leivar et al., 2012). In addition to the PIFs, TCI 

induction by simulated shade also relied on functional PHYA signaling since it was 

clearly compromised in the phyA-201 mutant background (Figure 27). In the phyB-5 

mutant, TCI induction by shade was not strongly altered. Thus, PHYA and certain PIFs 

participate in the shade-induction of TCI expression. 

3.3.8 TCI expression is light controlled 

The qPCR analyses were complemented with pTCI::GUS expression studies to 

investigate the impact of the light environment on TCI abundance at a tissue specific 
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Figure 27. The enhancement of TCI expression by shade is changed in different mutants. Wild-type 
Col-0, pifq, phyA-201 and phyB-5 seedlings were vertically grown on 1/2 MS under 80 µmol s-1 m-2 white 
light condition for 10 days. TCI relative transcription levels of these seedlings were determined by 
quantitative real-time PCR before and after 12 h simulated shade (80 µmol s-1 m-2, R: FR = 0.23) 
treatment. GAPC2 was used for normalization. Values represent the means of three biological replicates 
measured in four technical repeats; error bars are the SD.  
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level. Also, the effects of light-dark transitions were studied. pTCI::GUS seedlings were 

grown under white light and dark conditions for 4 days and TCI expression patterns were 

analyzed. In the light the pTCI::GUS reporter was highly active at the base of the 

hypocotyl and weakly expressed in the cotyledons. In the dark pTCI::GUS expression 

was very strong in the hypocotyl (Figure 28A). 
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Figure 28. TCI expression is enhanced in elongated hypocotyls and petioles under dark condition. All 
samples were stained for 2 h. Representative pictures are shown. (A) Staining pattern of 4 day-old 
pTCI::GUS seedlings grown under white light and dark conditions. (B) From left to right: pTCI::GUS 
seedlings grown under white light for 5 days; white light 4 days transfer to dark 1 day; white light 7 days; 
white light 4 days transfer to dark 3 days. (C) From left to right: pTCI::GUS seedlings grown under dark 
for 5 days; dark 4 days transfer to white light 1 day; dark 7 days; dark 4 days transfer to white light 3 
days. Scale bars in (A-C): 2 mm. 
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To address if white light actively represses TCI mRNA accumulation, transfer 

experiments were carried out. 4-day-old seedlings grown in white light were transferred 

to the dark for 1 or 3 days and pTCI::GUS expression was compared to control plants 

kept in the light. The results showed that after 3 days of incubation in the dark, when the 

hypocotyls had elongated, pTCI::GUS expression had clearly increased as compared to 

the light-grown control plants (Figure 28B). Upon transfer from the dark to the light, TCI 

expression did not decrease (Figure 28C). 
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4 Discussion 

BRs are steroidal plant hormones that control diverse aspects of plant growth and 

development (Clouse, 2011; Gudesblat and Russinova, 2011). One feature of BR modes 

of activity is their role in photomorphogenic development, whereby our understanding of 

the molecular modes of this function has only recently began to form. A pathway that 

contributes is the BR-BIN2-BZR1+PIF4 module, which is utilized to unite BR and light 

signals into photomorphogenic growth outputs (Oh et al., 2012; Bernardo-García et al., 

2014). PIF4 is a bHLH protein that, together with other PIF proteins, had initially been 

identified as a central regulator of light and shade responsive gene expression (Leivar et 

al., 2008a). Upon perception of red and/or far-red light, the PHYA and PHYB light 

receptors interact with certain PIF proteins to alter their phosphorylation state, which 

regulates PIF protein abundance (Al-Sady et al., 2006; Leivar and Quail, 2011). 

Interestingly, one of the earliest plant responses to red/far-red light is nuclear 

compartmentalization of PHY and PIF proteins (Van Buskirk et al., 2012), the so-called 

photobody formation, which, being an inducible process, resembles BR-induced 

re-localization of CES to subnuclear compartments.  

Whereas the molecular modes of PHY and PIF nuclear compartmentalization are not 

understood by now, there is evidence that SUMOylation controls CES re-localization to 

subnuclear foci, since the SUMOylation-deficient CES K72R mutant was unable to 

re-localize in response to BR (Khan et al., 2014). Here it is shown that phosphorylation of 

S75 or S77, which are serines located in very close proximity to the SUMOylation motif, 

can antagonize SUMOylation and CES nuclear re-localization. Importantly, 

phosphorylation of one site only was found to be sufficient, since single 

phospho-deficient S75A and S77A mutants re-localized normally. In addition to 

controlling nuclear localization SUMOylation also controls CES protein stability, since 

plants expressing a CES S75A+S77A double mutant, which is constitutively 

SUMOylated, strongly elevated CES protein amount (Khan et al., 2014).  

In this work evidence is provided that the ability of BRs to re-localize CES depends on 
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the activity of BR-controlled ASKs such as BIN2 (Kim and Kimmel, 2000), since in 

bin2-1 protoplasts, in which BIN2 is constitutively active, CES re-localization was 

compromised. When bikinin, a specific inhibitor of ASK activity (De Rybel et al., 2009), 

was applied to bin2-1 protoplasts, CES-YFP was compartmentalized, providing evidence 

that BRs control CES nuclear foci formation through inhibition of ASK activity. 

Surprisingly, S75 and S77 phosphorylation is not controlled by BIN2 but by other types 

of kinases, likely calcium-dependent protein kinases (CDPK) (Khan et al., 2014), which 

have not as yet been implicated in BR signaling (Chico et al., 2002). Instead, BIN2 

phosphorylates CES at T35 in vitro (Poppenberger et al., 2011). This phosphorylation 

appears to control CES protein abundance since mimicking T35 phosphorylation by 

introducing a T35E mutation clearly decreased CES protein stability. The application of 

the 26S proteasome inhibitor MG132 restored CES protein accumulation in CES T35E 

expressing mutant lines, indicating that BIN2-controlled phosphorylation promotes CES 

proteasomal degradation. This is in analogy to the control of PIF4 protein abundance by 

BRs. PIF4 is phosphorylated by BIN2 to initiate PIF4 proteasomal degradation 

(Bernardo-García et al., 2014). Therefore, in addition to similarities in regard to inducible 

nuclear compartmentalization (by red light or BRs, respectively), PIF4 and CES also 

share other modes of regulation. It will be interesting to address if, in addition to 

conserved upstream regulatory modes, CES and PIF4 also share down-stream functions. 

4.1 Identification of a CES orthologue in tomato 

The detailed understanding of the requirements for BR control of CES protein fate was 

utilized to identify a CES orthologue in the fleshy fruit crop tomato. Since the bHLH 

protein family of tomato had not yet been characterized when this work was initiated, as a 

first step, the published tomato genome (Tomato Genome Consortium, 2012) was 

screened for bHLH-type proteins by amino acid sequence similarity-based BLAST 

searches. 166 tomato proteins were identified that contain the highly-conserved bHLH 

signature domain (Toledo-Ortiz, 2003) and were given chronological identifiers, based on 

their distribution on the chromosomes. A phylogenetic analysis of the tomato bHLH 

protein family, in which the Arabidopsis bHLH family was included, identified three 
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tomato proteins as being most closely related to Arabidopsis CES, which are encoded by 

the loci Solyc03g119390.2.1 (SlbHLH54), Solyc04g007300.2.1 (SlbHLH62) and 

Solyc12g036470.1.1 (SlbHLH160). Two studies, which were published while this thesis 

was in progress, that also performed a characterization of the tomato bHLH protein 

family, concluded that this family consists of 152 or 159 members, respectively (Sun et 

al., 2015; Wang et al., 2015). It is difficult to judge why these different numbers were 

obtained. The differences of the identified bHLH genes between this work and the two 

recent publications were listed in the appendix section (Table 8). Among the 166 bHLH 

genes identified in this work, only 3 genes were not found in these two publications; 

approximately 85% (141 out of 166) genes were also identified as bHLH genes in both 

publications. Moreover, also in these two recent papers Arabidopsis CES was most 

closely related to SlbHLH54, SlbHLH62 and SlbHLH160, confirming my results. 

Since sequence similarity alone is often insufficient to predict protein function, in 

particular in larger protein families (Bowles et al., 2006), a secondary screening approach 

was applied in order to increase the likelihood of identifying CES orthologues. This 

secondary approach utilized the knowledge of the BR-controlled CES regulatory motifs 

and assessed whether they are conserved. An amino acid sequence alignment of CES 

with the three CES-like tomato proteins showed that in two proteins the BR-controlled 

SUMOylation motif was conserved, whereas only one, SlbHLH160, also contained the 

BIN2 phosphorylation site. Therefore, SlbHLH160 was chosen for further analyses and 

was named SlCES. 

When BR-inducible SlCES re-localization was assessed, it was found that SlCES could 

re-localize to nuclear foci, both in response to BL and bikinin treatment in tomato 

protoplasts. Therefore, there is evidence that SlCES subnuclear localization is also BR 

controlled and that a repression of GSK3/shaggy-like kinase activity promotes SlCES 

nuclear re-localization. Since SlCES could be phosphorylated by BIN2 in vitro, it will be 

interesting to address if GSK3-mediated phosphorylation is of relevance for SlCES 

protein fate and which tomato kinases contribute. 

SlCES contains two predicted SUMOylation sites. Both were tested for their requirement 
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for SlCES compartmentalization by mutational analysis. Importantly only K126, which is 

conserved in Arabidopsis CES, was required. In in vitro SUMOylation assays SlCES was 

not SUMOylated when using the SUMO modifiers SUM1 and SUM2. However, this 

does not exclude an in vivo SUMOylation of SlCES. It is possible that the in vitro 

conditions did not allow for SUMOylation, that other SUMO modifiers than SUM1 and 

SUM2 may be attached, or that additional posttranslational modifications, which are not 

allowed for when the protein is produced in vitro, are required for SUMOylation. This 

will have to be investigated in future experiments. 

In summary, there is first evidence that SlCES is a CES orthologue and that modes of 

CES regulation are conserved between plant species. Additional studies will be required 

to conclusively proof orthologous modes of activity, for example by complementation of 

Arabidopsis CES knock-out mutants with the tomato CES orthologue or by generating 

SlCES gain and loss-of-function mutants and assessing the genotypic and phenotypic 

outcomes. 

4.2 The novel small molecular weight protein TCI represses CES 

transcriptional activity 

bHLH transcription factors often act in complex with other proteins, forming homo- or 

heterodimers to control target gene expression (Toledo-Ortiz, 2003). CES has previously 

been shown to be able to interact with BEE1 and BEE3 in planta (Poppenberger et al., 

2011) and in this work evidence is provided that it can also interact with TCI, a small 

peptide of 74 amino acids that was fished in a Y2H screen with CES as a bait. 

Unfortunately, the verification of CES-TCI interaction in yeast failed and also with 

split-YFP assays a direct CES-TCI interaction could not be shown. Since TCI is very 

small, creating fusions with larger proteins such as GAL4 or YFP may compromise TCI 

function. Also, it was not possible to obtain recombinant TCI protein to investigate in 

vitro CES-TCI interactions. Therefore, proof for a direct interaction of TCI with CES is 

still lacking. 

However, in addition to the fact that TCI was pulled with CES in a Y2H screen, there are 
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other indications that argue for an ability of TCI to directly interact with CES. First, when 

the lab of Pascal Braun performed a Y2H interactome screen, using TCI as bait, 

additional bHLH proteins were pulled. Since bHLH transcription factors dimerize using 

the HLH motif, which consists of approximately 50 amino acids and is highly conserved 

in the bHLH family (Toledo-Ortiz, 2003), the structural requirements for a TCI 

interaction with bHLH proteins appear to be given. Second, TCI has predicted helix-folds, 

which are needed for interactions with bHLH proteins (Toledo-Ortiz, 2003). Since TCI 

does not have a predicted DNA binding motif, it resembles other small proteins with 

helix-fold domains that can dimerize with bHLH proteins, but lack the ability to bind 

DNA. Such atypical bHLH proteins function in the repression of the transcriptional 

activity of bHLH transcription factors (Bai et al., 2012; Hong et al., 2013) and there is 

evidence that also TCI acts to repress CES activity in target gene expression. In 

transactivation assays in protoplasts, TCI strongly repressed CES transcriptional activity 

on two different types of promoters.  

A prerequisite for a role of TCI in CES function in planta is the localization to the same 

tissues and cellular compartments. GUS reporter analysis showed that TCI is mainly 

expressed in vascular and floral tissues, as well as in the elongation zones of hypocotyls 

and petioles, which is where also CES is most strongly expressed (Poppenberger et al., 

2011). In addition, the TCI promoter is also active in tissues in which CES is absent such 

as in stamen and in the root tips. In regard to the cellular localization, like CES 

(Poppenberger et al., 2011), TCI localizes to the nucleus. In summary there is first 

evidence that TCI can repress the activity of CES and possibly also other bHLH proteins 

in planta. 

4.3 TCI functions in restraining growth 

To investigate the role of TCI in plant growth and development, TCI gain- and 

loss-of-function plants were generated and analyzed. This showed that whereas TCI 

over-expression had no obvious effect, a loss of TCI function resulted in increased 

growth of true leaves in adult plants. In addition, the growth of the cotyledon blades and 
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petioles was enhanced in tci knock-out lines in different light conditions tested. These 

phenotypes match the phenotypes of ces-D gain-of-function plants which show increased 

leaf growth (Poppenberger et al., 2011) and also increased cotyledon blade area and 

petiole elongation.  

In addition to leaf growth, ces-D also impacted on hypocotyl elongation with different 

activities depending on the light environment. ces-D promoted hypocotyl growth in white, 

far-red and blue light but repressed hypocotyl elongation in the dark and in simulated 

shade. In the dark and shade tci knock-out lines again showed opposite phenotypes to 

ces-D, promoting hypocotyl elongation, whereas in the light conditions tested no 

significant changes were observed. Therefore, there is evidence that TCI represses 

growth in dedicated tissue types such as hypocotyls, cotyledons and true leaves and acts 

in an antagonistic manner to CES. These opposing roles provide further support to the 

notion that TCI may repress CES transcriptional activity in planta and provided first 

evidence that the light environment impacts on TCI and CES modes of action. 

4.4 The control of TCI expression by PYHA and BR signaling 

A light signaling context of TCI function is further supported by the fact that TCI 

expression is strongly induced by simulated shade. Shade treatment elevated TCI 

expression levels in wild-type by approximately 10-fold. This induction depended on 

functional PHYA signaling and on PIF1, 3, 4 and 5, confirming previous results (Leivar 

et al., 2012). In plants lacking PHYB activity, the shade-induction of TCI expression was 

not clearly reduced, indicating that it is mainly conferred by the PHYA signaling pathway. 

Together, these results suggest a model in which, in response to shade, TCI expression is 

enhanced utilizing the PHYA-PIF regulatory pathway, to yield repression of CES activity 

in shade responses (Figure 29). Since CES appears to promote elongation growth in the 

shade, this pathway could be utilized to promote shade avoidance. 

In addition to shade, TCI expression was also clearly induced by BRs. BR treatment 

resulted in a strong elevation of TCI mRNA levels, which relied on functional BR 

signaling. Interestingly, this induction was more pronounced in the dominant bes1-D 
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mutant, indicating that BES1 may promote TCI expression. Also, in ces-D TCI was 

constitutively upregulated whereas in ces tM and qM knock-out lines, TCI levels were 

constitutively reduced. Therefore, BRs control TCI expression, which may allow for the 

hormones to adjust TCI amounts depending on the requirement for repression of CES 

activity (Figure 29). 

  

 

A role of atypical bHLH proteins in BR signaling has previously been reported (Wang et 

al., 2009; Zhang et al., 2009; Bai et al., 2012; Zhiponova et al., 2014). These atypical 

bHLH proteins, like Paclobutrazol Resistance1 (PRE1) and IBH1 (ILI1 binding bHLH), 

can either interact with other atypical bHLH proteins (Wang et al., 2009; Zhang et al., 

2009; Bai et al., 2012) or interact with the DNA binding bHLH factors to regulate BR 

signaling (Bai et al., 2012). Interestingly, in light signaling atypical bHLH proteins like 

KIDARI, LONG HYPOCOTYL IN FAR-RED 1 (HFR1) and IBH1 can also interact with 

other atypical bHLH proteins, and then interact and inhibit the function of bHLH 

transcription factors like PIF3 and PIF4 (Fairchild et al., 2000; Hyun and Lee, 2006; 

Zhiponova et al., 2014).  

This work provides first evidence for the novel peptide TCI to act in a similar manner 
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like atypical bHLH proteins. TCI appears to be co-regulated by BR and light signaling 

and may inhibit the DNA binding capacities of bHLH transcription factors including CES. 

Therefore, it may allow for cross-talk of the BR and light signaling pathways, which 

warrants future investigation.
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Appendix 

 

In this work Wang et al. 2015 Sun et al. 2015
0 Solyc00g050430.2.1 SlbHLH001 SlybHLH001 SlbHLH073
1 Solyc01g010130.2.1 SlbHLH002 SlybHLH002 SlbHLH001
1 Solyc01g014910.1.1 SlbHLH003 SlybHLH003 SlbHLH111
1 Solyc01g020170.1.1 SlbHLH004 SlybHLH004 SlbHLH074
1 Solyc01g057300.1.1 SlbHLH005 SlybHLH005 SlbHLH002
1 Solyc01g067340.1.1 SlbHLH006 SlybHLH006 SlbHLH075
1 Solyc01g080050.2.1 SlbHLH007 SlybHLH007 SlbHLH112
1 Solyc01g081090.1.1 SlbHLH008 SlybHLH008 SlbHLH003
1 Solyc01g081100.1.1 SlbHLH009 SlybHLH009 SlbHLH004
1 Solyc01g086870.2.1 SlbHLH010 SlybHLH010 SlbHLH076
1 Solyc01g090790.2.1 SlbHLH011 SlybHLH011 SlbHLH005
1 Solyc01g096050.2.1 SlbHLH012 SlybHLH012 SlbHLH113
1 Solyc01g096370.2.1 SlbHLH013 SlybHLH013 SlbHLH114
1 Solyc01g098720.2.1 SlbHLH014 SlybHLH014 SlbHLH115
1 Solyc01g102300.2.1 SlbHLH015 SlybHLH015 SlbHLH006
1 Solyc01g106460.2.1 SlbHLH016 SlybHLH016 SlbHLH007
1 Solyc01g107140.1.1 SlbHLH017 SlybHLH017 SlbHLH116
1 Solyc01g107490.1.1 SlbHLH018 - SlbHLH117
1 Solyc01g107950.1.1 SlbHLH019 SlybHLH018 SlbHLH008
1 Solyc01g107960.2.1 SlbHLH020 SlybHLH019 SlbHLH009
1 Solyc01g107970.1.1 SlbHLH021 SlybHLH020 SlbHLH077
1 Solyc01g109700.2.1 SlbHLH022 SlybHLH021 SlbHLH010
1 Solyc01g111130.2.1 SlbHLH023 SlybHLH022 SlbHLH011
2 Solyc02g062690.2.1 SlbHLH024 SlybHLH023 SlbHLH012
2 Solyc02g063430.2.1 SlbHLH025 SlybHLH024 SlbHLH078
2 Solyc02g067380.2.1 SlbHLH026 - -
2 Solyc02g070880.1.1 SlbHLH027 SlybHLH025 SlbHLH118
2 Solyc02g076920.2.1 SlbHLH028 SlybHLH026 SlbHLH013
2 Solyc02g078130.2.1 SlbHLH029 SlybHLH027 SlbHLH079
2 Solyc02g079760.2.1 SlbHLH030 SlybHLH028 SlbHLH119
2 Solyc02g079810.1.1 SlbHLH031 SlybHLH029 SlbHLH080
2 Solyc02g079970.2.1 SlbHLH032 SlybHLH030 SlbHLH014
2 Solyc02g084880.2.1 SlbHLH033 SlybHLH031 SlbHLH120
2 Solyc02g087860.2.1 - SlybHLH032 -
2 Solyc02g090950.1.1 SlbHLH034 SlybHLH033 SlbHLH099
2 Solyc02g091440.1.1 SlbHLH035 SlybHLH034 SlbHLH121
2 Solyc02g091690.2.1 SlbHLH036 SlybHLH035 SlbHLH081
2 Solyc02g091800.2.1 SlbHLH037 SlybHLH036 SlbHLH122
2 Solyc02g091810.1.1 SlbHLH038 SlybHLH037 SlbHLH015
2 Solyc02g091820.1.1 SlbHLH039 SlybHLH038 SlbHLH016
2 Solyc02g093280.2.1 SlbHLH040 SlybHLH039 SlbHLH017
3 Solyc03g005350.2.1 SlbHLH041 SlybHLH040 SlbHLH018
3 Solyc03g006910.2.1 SlbHLH042 SlybHLH041 SlbHLH019
3 Solyc03g007410.2.1 SlbHLH043 SlybHLH042 SlbHLH123
3 Solyc03g031450.2.1 SlbHLH044 - SlbHLH124
3 Solyc03g034000.2.1 SlbHLH045 SlybHLH043 SlbHLH020
3 Solyc03g044460.1.1 SlbHLH046 SlybHLH044 SlbHLH100
3 Solyc03g095980.2.1 SlbHLH047 SlybHLH045 SlbHLH021
3 Solyc03g097820.1.1 SlbHLH048 SlybHLH046 SlbHLH022
3 Solyc03g113560.2.1 SlbHLH049 SlybHLH047 -
3 Solyc03g114230.1.1 - SlybHLH048 SlbHLH082
3 Solyc03g114720.2.1 SlbHLH050 SlybHLH049 SlbHLH023
3 Solyc03g115540.1.1 SlbHLH051 SlybHLH050 SlbHLH024
3 Solyc03g116340.2.1 SlbHLH052 - SlbHLH025
3 Solyc03g118310.2.1 SlbHLH053 - SlbHLH083
3 Solyc03g119390.2.1 SlbHLH054 SlybHLH051 SlbHLH026
3 Solyc03g120530.2.1 SlbHLH055 SlybHLH052 SlbHLH101

SlbHLHs
Chromosome Slg number

continued�

Table 8. SlbHLH genes in this work and in two recent publications Wang et al. 2015  
and Sun et al. 2015.�
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3 Solyc03g121240.1.1 SlbHLH056 SlybHLH053 SlbHLH125
4 Solyc04g005130.2.1 SlbHLH057 SlybHLH054 SlbHLH027
4 Solyc04g005220.1.1 SlbHLH058 SlybHLH055 SlbHLH126
4 Solyc04g005280.2.1 SlbHLH059 SlybHLH056 SlbHLH028
4 Solyc04g005660.2.1 SlbHLH060 SlybHLH057 -
4 Solyc04g006990.2.1 SlbHLH061 SlybHLH058 SlbHLH029
4 Solyc04g007300.2.1 SlbHLH062 SlybHLH059 SlbHLH030
4 Solyc04g007430.1.1 SlbHLH063 SlybHLH060 SlbHLH031
4 Solyc04g014360.2.1 SlbHLH064 SlybHLH061 SlbHLH032
4 Solyc04g074810.2.1 SlbHLH065 SlybHLH062 SlbHLH127
4 Solyc04g076030.1.1 SlbHLH066 - SlbHLH128
4 Solyc04g076240.1.1 SlbHLH067 SlybHLH063 SlbHLH033
4 Solyc04g077480.2.1 SlbHLH068 SlybHLH064 SlbHLH034
4 Solyc04g077960.1.1 SlbHLH069 SlybHLH065 SlbHLH129
4 Solyc04g078690.2.1 SlbHLH070 SlybHLH066 SlbHLH035
4 Solyc04g078790.2.1 SlbHLH071 SlybHLH067 SlbHLH130
4 Solyc04g080710.2.1 SlbHLH072 SlybHLH068 SlbHLH102
5 Solyc05g005300.2.1 SlbHLH073 SlybHLH069 SlbHLH084
5 Solyc05g006650.2.1 SlbHLH074 SlybHLH070 SlbHLH036
5 Solyc05g007210.2.1 SlbHLH075 SlybHLH071 SlbHLH131
5 Solyc05g009640.2.1 SlbHLH076 SlybHLH072 SlbHLH037
5 Solyc05g009880.2.1 SlbHLH077 SlybHLH073 SlbHLH038
5 Solyc05g010610.2.1 SlbHLH078 SlybHLH074 SlbHLH039
5 Solyc05g011810.2.1 SlbHLH079 SlybHLH075 SlbHLH040
5 Solyc05g014590.2.1 SlbHLH080 SlybHLH076 SlbHLH132
5 Solyc05g050560.1.1 SlbHLH081 SlybHLH077 SlbHLH133
5 Solyc05g053660.1.1 SlbHLH082 SlybHLH078 SlbHLH134
6 Solyc06g008030.2.1 SlbHLH083 SlybHLH079 SlbHLH041
6 Solyc06g035490.2.1 SlbHLH084 SlybHLH080 SlbHLH042
6 Solyc06g050840.2.1 SlbHLH085 SlybHLH081 SlbHLH135
6 Solyc06g051260.2.1 SlbHLH086 SlybHLH082 SlbHLH043
6 Solyc06g051550.2.1 SlbHLH087 SlybHLH083 SlbHLH085
6 Solyc06g062460.2.1 SlbHLH088 SlybHLH084 SlbHLH136
6 Solyc06g064580.1.1 SlbHLH089 SlybHLH085 SlbHLH044
6 Solyc06g064590.1.1 SlbHLH090 SlybHLH086 SlbHLH045
6 Solyc06g065040.2.1 SlbHLH091 SlybHLH087 SlbHLH086
6 Solyc06g066580.2.1 SlbHLH092 - SlbHLH137
6 Solyc06g068870.2.1 SlbHLH093 SlybHLH088 SlbHLH087
6 Solyc06g069370.2.1 SlbHLH094 SlybHLH089 SlbHLH046
6 Solyc06g069600.1.1 SlbHLH095 SlybHLH090 SlbHLH047
6 Solyc06g070910.2.1 SlbHLH096 SlybHLH091 SlbHLH103
6 Solyc06g072520.1.1 SlbHLH097 SlybHLH092 SlbHLH048
6 Solyc06g083170.2.1 SlbHLH098 SlybHLH093 SlbHLH049
6 Solyc06g083980.1.1 SlbHLH099 SlybHLH094 SlbHLH138
7 Solyc07g005400.2.1 SlbHLH100 SlybHLH095 SlbHLH050
7 Solyc07g018010.2.1 SlbHLH101 SlybHLH096 SlbHLH139
7 Solyc07g020960.2.1 SlbHLH102 - SlbHLH140
7 Solyc07g039570.2.1 SlbHLH103 SlybHLH097 SlbHLH051
7 Solyc07g043580.2.1 SlbHLH104 SlybHLH098 SlbHLH052
7 Solyc07g052670.2.1 SlbHLH105 SlybHLH099 SlbHLH053
7 Solyc07g052930.2.1 SlbHLH106 SlybHLH100 SlbHLH141
7 Solyc07g053290.2.1 SlbHLH107 SlybHLH101 SlbHLH054
7 Solyc07g062200.1.1 SlbHLH108 SlybHLH102 SlbHLH088
7 Solyc07g063830.2.1 SlbHLH109 SlybHLH103 SlbHLH142
7 Solyc07g064040.2.1 SlbHLH110 SlybHLH104 SlbHLH143
8 Solyc08g005050.2.1 SlbHLH111 - -
8 Solyc08g008600.2.1 SlbHLH112 - SlbHLH055
8 Solyc08g014120.2.1 SlbHLH113 - SlbHLH104
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Note: Among the three bHLH gene identification projects in this work, in Wang et al. 2015 and in Sun et al. 
2015, Slg numbers marked in red means that this gene is identified as bHLH genes only in one project; blue 
means identified as bHLH genes in two projects. 

8 Solyc08g062780.1.1 SlbHLH114 SlybHLH105 SlbHLH089
8 Solyc08g075090.2.1 SlbHLH115 SlybHLH106 SlbHLH144
8 Solyc08g075110.1.1 SlbHLH116 SlybHLH107 SlbHLH145
8 Solyc08g076820.2.1 SlbHLH117 SlybHLH108 SlbHLH146
8 Solyc08g076930.1.1 SlbHLH118 SlybHLH109 SlbHLH147
8 Solyc08g081140.2.1 SlbHLH119 SlybHLH110 SlbHLH090
8 Solyc08g083170.1.1 SlbHLH120 SlybHLH111 SlbHLH056
9 Solyc09g005070.1.1 SlbHLH121 SlybHLH112 SlbHLH148
9 Solyc09g011170.2.1 SlbHLH122 - SlbHLH105
9 Solyc09g018130.1.1 SlbHLH123 SlybHLH113 SlbHLH091
9 Solyc09g018150.1.1 SlbHLH124 SlybHLH114 SlbHLH149
9 Solyc09g057710.2.1 SlbHLH125 SlybHLH115 SlbHLH057
9 Solyc09g063010.2.1 SlbHLH126 SlybHLH116 SlbHLH058
9 Solyc09g064920.2.1 SlbHLH127 SlybHLH117 SlbHLH106
9 Solyc09g065100.1.1 SlbHLH128 SlybHLH118 SlbHLH150
9 Solyc09g065820.2.1 SlbHLH129 SlybHLH119 SlbHLH059
9 Solyc09g066280.2.1 SlbHLH130 - SlbHLH107
9 Solyc09g074810.2.1 SlbHLH131 SlybHLH120 -
9 Solyc09g083220.2.1 SlbHLH132 SlybHLH121 SlbHLH060
9 Solyc09g083360.2.1 SlbHLH133 SlybHLH122 -
9 Solyc09g089870.2.1 SlbHLH134 SlybHLH123 SlbHLH061
9 Solyc09g091760.1.1 SlbHLH135 SlybHLH124 SlbHLH151
9 Solyc09g097870.2.1 SlbHLH136 SlybHLH125 SlbHLH062
9 Solyc09g098110.2.1 SlbHLH137 SlybHLH126 SlbHLH092
10 Solyc10g006510.2.1 SlbHLH138 SlybHLH127 SlbHLH152
10 Solyc10g006640.2.1 SlbHLH139 SlybHLH128 SlbHLH153
10 Solyc10g008250.1.1 SlbHLH140 SlybHLH129 -
10 Solyc10g008260.1.1 SlbHLH141 SlybHLH130 SlbHLH093
10 Solyc10g008270.2.1 SlbHLH142 SlybHLH131 SlbHLH094
10 Solyc10g009270.2.1 SlbHLH143 SlybHLH132 SlbHLH154
10 Solyc10g009290.1.1 SlbHLH144 SlybHLH133 SlbHLH155
10 Solyc10g018510.1.1 SlbHLH145 SlybHLH134 SlbHLH063
10 Solyc10g049720.1.1 SlbHLH146 SlybHLH135 SlbHLH156
10 Solyc10g049780.1.1 SlbHLH147 SlybHLH136 SlbHLH157
10 Solyc10g078380.1.1 SlbHLH148 SlybHLH137 SlbHLH064
10 Solyc10g079050.1.1 SlbHLH149 SlybHLH138 SlbHLH095
10 Solyc10g079070.1.1 SlbHLH150 SlybHLH139 SlbHLH065
10 Solyc10g079650.1.1 SlbHLH151 SlybHLH140 SlbHLH066
10 Solyc10g079660.1.1 SlbHLH152 - SlbHLH067
10 Solyc10g079680.1.1 SlbHLH153 SlybHLH141 SlbHLH068
11 Solyc11g005780.1.1 SlbHLH154 SlybHLH142 SlbHLH158
11 Solyc11g010340.1.1 SlbHLH155 SlybHLH143 SlbHLH069
11 Solyc11g056650.1.1 SlbHLH156 SlybHLH144 SlbHLH096
11 Solyc11g068960.1.1 SlbHLH157 - SlbHLH108
12 Solyc12g010170.1.1 SlbHLH158 SlybHLH145 SlbHLH070
12 Solyc12g036430.1.1 SlbHLH159 - -
12 Solyc12g036470.1.1 SlbHLH160 SlybHLH146 SlbHLH071
12 Solyc12g042010.1.1 SlbHLH161 SlybHLH147 SlbHLH109
12 Solyc12g087850.1.1 SlbHLH162 SlybHLH148 SlbHLH110
12 Solyc12g088130.1.1 SlbHLH163 SlybHLH149 SlbHLH097
12 Solyc12g088790.1.1 SlbHLH164 SlybHLH150 SlbHLH159
12 Solyc12g098620.1.1 SlbHLH165 SlybHLH151 SlbHLH072
12 Solyc12g100140.1.1 SlbHLH166 SlybHLH152 SlbHLH098
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