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Zusammenfassung 

Die Etablierung des Trichomschicksals ist ein gut untersuchter de novo-Musterungsprozess im 

Modellorganismus A. thaliana. Die regulatorischen Netzwerke, die der Musterungsmaschinerie 

zugrunde liegen, sind umfassend erforscht, aber einige Prozesse bleiben schwer fassbar. Das 

Zusammenspiel zwischen mathematischen Modellen, die biologische Muster beschreiben, und 

experimentellen Beobachtungen führte zur Etablierung von Trichommusterbildungsmodellen. Diese 

Modelle können das Trichommuster des Wildtyps präzise vorhersagen, haben jedoch Einschränkungen 

bei der Erklärung komplexerer Trichomphänotypen. Darüber hinaus werden bestimmte Parameter in 

diesen Modellen geschätzt und basieren nicht auf experimentellen Daten, wie z. B. Proteinproduktion 

und Abbauraten. Darüber hinaus wurden einige Annahmen der Modelle noch nicht in biologischen 

Experimenten verifiziert, wie z. B. eine positive Rückkopplungsschleife von Aktivatoren auf ihre eigene 

Genexpression oder die Bewegung von Aktivatoren. In der vorgestellten Studie wurden verschiedene 

Aspekte der Trichommusterbildung untersucht, um einige ungelöste Fragen zu beleuchten. Um Daten 

zur Proteinstabilität, -produktion und -abbauraten zu generieren, wurden virale 

„Selbstspaltungsstellen“ verwendet, um gewünschte Trichommusterbildungsgene in einer 

ratiometrischen Menge mit einer internen Kontrolle zu exprimieren. Diese Experimente zeigten eine 

Stabilisierung von MYB-Proteinen in Gegenwart von bHLH-Proteinen, aber nicht umgekehrt. Darüber 

hinaus wurde eine Destabilisierung des bHLH-Proteins GL3 durch sich selbst aufgedeckt. Diese 

Stabilitätsänderungen erwiesen sich als abhängig von Protein-Protein-Interaktionen, und es wurde ein 

mutmaßlicher Zusammenhang mit dem proteasomalen Abbau dieser Proteine entdeckt. Zusätzlich zu 

den Proteinstudien wurde die Genexpression mehrerer regulatorischer Sequenzen, die an der 

Trichommusterbildung beteiligt sind, hinsichtlich ihrer cis-regulatorischen Elemente und der 

Transaktivierung durch verschiedene Musterbildungsgene untersucht. Die Mutation von WRKY-

Bindungsstellen im zweiten Intron von GL3 ergab, dass sie nicht an der GL3-Expressionskontrolle 

beteiligt sind, was auf andere Mechanismen hindeutet. Insgesamt wurde die GL3-Expression durch die 

Gegenwart der getesteten Trichommusterbildungsgene nicht in hohem Maße beeinflusst, und was 

noch wichtiger ist: In diesem Aufbau konnte eine Verringerung der GL3-Expression durch die eigene 

Gegenwart nicht nachgewiesen werden. Interessanterweise könnte die Untersuchung verschiedener 

GL1-regulatorischer Sequenzen auf ein fehlendes Enhancer-Element hinweisen. Die untersuchte 

Genomsequenz von GL1 kann Silencer-Elemente enthalten, die aufgrund der bisher verwendeten 

experimentellen Verfahren maskiert sind. Zusätzlich wurde für GL1 eine positive 

Rückkopplungsschleife in Kombination mit der Expression von GL3, TTG1 und TTG2 beobachtet, was 

ein fehlendes Bindeglied in Bezug auf Musterbildungsmodelle sein könnte. Schließlich führten 

Rettungsexperimente mit Cardamine R2R3MYB-Sequenzen zur überraschenden teilweisen Rettung 
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der Trichomphänotypen von Arabidopsis gl1 Mutanten, was auf konservierte Proteinfunktionen sowie 

ein gewisses Maß konservierter regulatorischer Sequenzen über Arten hinweg hinweist. 

Interessanterweise konnte ChWER Trichome in gl1 induzieren, was eine mögliche Divergenz in der 

Trichom- und Wurzelhaarbildung zwischen Arten aufzeigte. 
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Abstract 

The establishment of trichome fate is a well-studied de novo patterning process in the model organism 

A. thaliana. The regulatory networks underlying the patterning machinery are extensively researched 

but some processes remain elusive. The interplay between mathematic models describing biological 

patterns and experimental observations led to the establishment of trichome patterning models. 

These models can precisely predict the wildtype trichome pattern but face limitations in explaining 

more complex trichome phenotypes. Additionally, variables in these models are estimated and not 

based on experimental data, such as protein production and degradation rates. Moreover, some 

assumptions of the models have not been verified in biological experiments yet, like a positive 

feedback loop of activators on their own gene expression or the movement of activators. In the 

presented study, different aspects of trichome patterning were examined to shed light on some 

unresolved questions. To generate data on protein stability, production, and degradation rates, viral 

“self-cleavage” sites were utilized to express desired trichome patterning genes in a ratiometric 

amount with an internal control. These experiments revealed stabilization of MYB proteins in the 

presence of bHLH proteins but not vice versa. Moreover, a destabilization of the bHLH protein GL3 

through itself was uncovered. These stability changes were found to be dependent on protein-protein 

interactions, and a putative link to the proteasomal degradation of these proteins was discovered. 

Additionally to protein studies, the gene expression of several regulatory sequences involved in 

trichome patterning was examined regarding their cis-regulatory elements and transactivation by 

various patterning genes. Mutation of WRKY-binding sites in the second intron of GL3 revealed that 

they are not involved in GL3 expression control, indicating other mechanisms. Overall, GL3 expression 

was not affected to a high degree by the presence of any tested trichome patterning gene, and more 

importantly, in this setup, a decrease of GL3 expression by its own presence could not be verified. 

Interestingly, the rescue experiments using different GL1 regulatory sequences may indicate a missing 

enhancer element due to low rescue efficiency. The examined genomic sequence of GL1 may include 

silencer elements that are masked due to the experimental procedures using artificially increased gene 

expression for rescue experiments. Additionally, for GL1, a positive feedback loop was observed in 

combination with GL3, TTG1, and TTG2 expression; which may resolve one missing link regarding 

patterning models. Finally, rescue experiments using Cardamine R2R3MYB sequences led to the 

surprising partial rescue of Arabidopsis gl1 mutant trichome phenotypes, indicating conserved protein 

functions as well as a degree of conserved regulatory sequences across species. Interestingly, ChWER 

was able to induce trichomes in gl1, revealing a potential divergence in trichome and root hair 

formation between species. 
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1. Introduction 

The development of an organism relies on cell differentiation, cell growth, organ formation, and a 

variety of other processes. Cell differentiation into specialized cells is highly regulated. This 

differentiation does not happen randomly but is dependent on clues conferring, for example, spatial 

or temporal information to form a non-random pattern of different cells (Campos-Ortega, 1993; 

Ghysen et al., 1993; Oates et al., 2012; Uriu, 2016). Especially de novo patterns are interesting 

regarding their regulation, as per definition, they do not rely on spatial information, and the pattern is 

formed out of a uniform cell layer (Davies, 2017). Regulatory networks controlling de novo patterning 

are hard to decipher completely, and interactions are often complex and possess feedback loops 

(Gierer & Meinhardt, 1972; Meinhardt & Gierer, 1974, 2000; Turing, 1952). Examples of such de novo 

patterns are the formation of nitrogen-fixing cells (heterocysts) in cyanobacteria (Zhang et al., 2006) 

or the formation of trichomes in A. thaliana (Hülskamp & Schnittger, 1998; Larkin et al., 1997; Marks, 

1997; Schnittger et al., 1999).  

1.1. Trichomes develop in a de novo non-random pattern in A. thaliana 

Leaf hairs, also called trichomes, are appendages of epidermal cells on above-ground plant organs 

(Johnson, 1975). They are present in a variety of plant species and display a wide morphological range 

(Wang et al., 2021).  Trichomes can be composed of one or multiple cells and can be glandular or non-

glandular (Barthlott et al., 2009; Theobald et al., 1980). For instance, in cotton, the seed trichomes are 

the cotton fibers which are a valued agricultural resource (Guan et al., 2014; Wang et al., 2013). In tea 

(Camellia sinensis), the presence of trichomes is essential to ensure high product quality (Li et al., 

2020). Generally, trichomes are thought to play a role in protecting the plant against various biotic and 

abiotic stresses. An increased UV protection can be achieved by trichomes absorbing the UV radiation 

and reflecting light (Karabourniotis et al., 1992; Tattini et al., 2000; Yan et al., 2012). Additionally, 

trichomes can be beneficial in resistance against drought by retaining moist air between their branches 

(Fernández et al., 2014; Guerfel et al., 2009). The presence of trichomes can also render the respective 

plant less attractive to insects, even sometimes leading to insect death (Dalin et al., 2008; Levin 1973).  

In Arabidopsis, trichomes are specialized cells that emerge from a homogenous cell layer of epidermal 

cells, and on rosette leaves, they differentiate without known positional information (Hülskamp et al., 

1994). The Arabidopsis trichomes develop in a so-called de novo pattern that is highly regulated, non-

random, and was shown to be independent of cell lineage (Larkin et al., 1996; Schnittger et al., 1999). 

Under laboratory conditions, the absence of trichomes does not lead to decreased plant fitness. 

Therefore, they pose an ideal system to study cell differentiation (Hülskamp et al., 1999; Marks, 1997). 
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Figure 1. Trichome development in leaf epidermal cells. From left to right: In a homogenous cell layer, gene fluctuation leads 
to the establishment of trichome fate (green cell). The future trichome cell starts to grow out perpendicular to the leaf axis, 
undergoes several endoreduplications, and after two branching events, the mature trichome has developed. Figure based on 
Hülskamp, 1994. 

On rosette leaves, trichomes are formed from pluripotent epidermal cells in a so-called patterning 

zone at the base of each young leaf (Figure 1; Hülskamp et al., 1994; Larkin et al., 1996; Schnittger et 

al., 1999). Small fluctuations in gene expression start the process of establishing the trichome fate 

(Greese et al., 2012; Meinhardt & Gierer, 2000; Turing, 1952). The destined trichome cell grows out 

vertically and undergoes several rounds of endoreduplication, resulting in an enlarged cell size with a 

DNA content of 32C (Hülskamp et al., 1994; Melaragno et al., 1993). After two branching events and 

the re-localization of the nucleus into the trichome apex, the mature trichome has developed (Folkers 

et al., 1997).  

Two sets of genes regulate trichome cell fate: activators, which promote trichome fate, and inhibitors, 

which inhibit trichome fate. These two categories of genes were first identified in trichome mutant 

screens (Hülskamp et al., 1994). The genes activating trichome fate encode for three different protein 

classes: bHLH transcription factors, R2R3MYB transcription factors, and WD40 proteins. These proteins 

can form a complex called MBW complex (MYB/bHLH/WD40 complex). The only WD40 protein known 

to play a role in trichome patterning is TRANSPARENT TESTA GLABRA 1 (TTG1;  Walker et al., 1999). In 

contrast, several bHLH transcription factors are involved in trichome patterning. GLABRA 3 (GL3) and 

its functional redundant homolog ENHANCER of GLABRA3 (EGL3) (Bernhardt et al., 2005; Payne et al., 

2000; Zhang et al., 2003) are thought to be the major players of this protein class. Another bHLH 

transcription factor involved in trichome patterning is MYC1 (Morohashi & Grotewold, 2009; Symonds 

et al., 2011; Urao et al., 1996). Additionally, three R2R3MYB transcription factors are involved in 

trichome patterning: the redundant TFs GLABRA 1 (GL1) and MYB23, as well as MYB82 (Kirik et al., 

2001, 2005; Liang et al., 2014; Li et al., 2009; Oppenheimer et al., 1991). All inhibitors known so far 

belong to the class of small R3 single-repeat MYB transcription factors, lacking an activation domain 

(Kirik et al., 2004a, b; Schellmann et al., 2002; Wada et al., 1997; Wang et al., 2007). The seven 

identified inhibitors are TRIPTYCHON (TRY), CAPRICE (CPC), ENHANCER OF TRIPTYCHON AND CAPRICE 

(ETC1), ETC2 and ETC3 as well as TRICHOMLESS 1 (TCL1) and TCL2 (Esch et al., 2004; Gan et al., 2011; 
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Kirik et al., 2004a, b); Schellmann et al., 2007; Simon et al., 2007; Tominaga et al., 2008; Wada, 1997; 

Wang et al., 2007, 2008; Wester et al., 2009). 

1.2. Trichome mutants reveal distinct gene functions and redundancies 

Although several protein classes are involved in trichome patterning, not all genes encoding these 

proteins are equally important in this process, as seen for the bHLH transcription factors GL3, EGL3, 

and MYC1. Single gl3 mutants still develop trichomes, but the pattern is irregular with fewer and 

smaller under-branched trichomes that undergo fewer rounds of endoreduplication than wildtype 

(Hülskamp et al., 1994; Payne et al., 2000). The egl3 single mutant develops a slightly reduced number 

of trichomes with a minor decrease in branches. However, the gl3 egl3 double mutant lacks all 

trichomes, revealing the redundancy between GL3 and EGL3 (Zhang et al., 2003). In myc1 mutants, a 

decrease in trichome number can be observed, even more drastic than the reduction observed in gl3 

or egl3 (Zhao et al., 2012).  

Also, the two involved R2R3MYB transcription factors GL1 and MYB23 have different effects on the 

patterning process. The gl1 mutant displays a nearly glabarous phenotype, whereas myb23 only seems 

to be impaired in trichome branching (Kirik et al., 2005; Koornneef et al., 1982; Oppenheimer et al., 

1991). However, the gl1 myb23 mutant, showing glabarous leaves, revealed the redundancy between 

GL1 and MYB23 in initiating trichomes at the leaf edges and petioles (Kirik et al., 2005). This leads to 

the assumption that GL1 plays a more pronounced role in trichome patterning than MYB23.  Mutants 

of MYB82 are not affected regarding their trichome pattern. However, overexpression of a chimeric 

construct containing MYB82 and a repressor domain led to a decreased trichome number and thus 

revealed the activator role of MYB82 (Liang et al., 2014).   

In mutant screens, the inhibitors TRY (Schnittger et al., 1998) and CPC (Wada et al., 1997) were 

discovered. Plants possessing a mutation in TRY display a decreased number of trichomes but a high 

increase in cluster number. The cpc mutant, on the other hand, shows a drastic increase in trichomes 

but no difference in cluster frequency compared to wild-type plants (Schellmann et al., 2002). This led 

to the assumption that TRY is more involved in short-range trichome inhibition and CPC more in a long-

range context. Interestingly, the cpc try double mutant displays massive clusters and a high cluster 

frequency but a decreased trichome number compared to the wild type (Schellmann et al., 2002). 

Three closely related genes are also involved in inhibiting trichome fate: ETC1, ETC2, and ETC3. The 

etc1 single mutant displays a wild-type phenotype and the double mutants etc1 try and ect1 cpc 

possess the same phenotype as try and cpc plants, respectively. Interestingly, the triple mutant etc1 

try cpc, forms clusters that nearly cover the whole leaf surface. Expression pattern analysis revealed a 

closer similarity with CPC expression than with TRY. Both, CPC and ETC1, are expressed in trichome 
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precursor cells and developing trichomes, as well as non-root hair cells (N-cells) in roots (Kirik et al., 

2004a). Consequentially, ETC1 may be involved in long-range inhibition together with CPC (Kirik et al., 

2004a). The etc2 single mutant, as well as the double mutants etc2 try and etc2 cpc, display a higher 

number of trichomes compared to wildtype or the respective single mutants. However, the triple 

mutant etc2 try cpc is comparable to the cpc try double mutant regarding cluster size and number of 

trichomes but develops ectopic trichomes at the leaf margin and on the petioles. Expression analysis 

of ETC2 revealed a similar expression pattern as TRY, both are expressed ubiquitously in young leaves 

and trichomes (Kirik et al., 2004b). The etc3 single mutant displays a higher trichome number than the 

wild type. In the double mutant etc3 try, a weak synergistic phenotype can be observed that is absent 

in the etc3 cpc mutant. The etc1 etc2 etc3 mutant possesses more trichomes than the single mutants, 

revealing the redundancy between the ETCs (Wester et al., 2009). Interestingly, the overexpression of 

any of the ETCs leads to a glabrous phenotype (Kirik et al., 2004a, b; Wester et al., 2009). The 

expression pattern of ETC3 is comparable to TRY expression. ETC3 is expressed in the patterning zone 

of young leaves and developing trichomes, but no expression was detected in mature trichomes 

(Wester et al., 2009). Additionally, TCL1 and TCL2 are involved in trichome inhibition. The tcl1 mutant 

does not display any change in trichome pattern on rosette leaves, however trichome formation on 

pedicels and inflorescence stems is impaired (Wang et al., 2007). Also, the tcl2 mutant does not display 

a trichome phenotype on rosette leaves (Gan et al., 2011). However, overexpression of TCL1 or TCL2 

leads to a glabrous phenotype (Gan et al., 2011; Wang et al., 2007). 

1.3. Regulation of trichome patterning in Arabidopsis 

Currently, two models have been published that individually are sufficient to explain the observed 

trichome pattern in wildtype Arabidopsis plants: The Activator-Inhibitor (AI) model and the Activator-

Depletion (AD) model (Figure 2;  Pesch & Hülskamp, 2009). 
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Figure 2. Models to describe trichome patterning in A. thaliana.  Two simple models are published that can describe the 
wildtype trichome pattern in Arabidopsis rosette leaves: the activator-inhibitor model (AI; top row) and the activator-
depletion model (AD, bottom row). In the AI model, the activator proteins (WD40, bHLH, MYB) form an active complex 
(indicated by the blue cloud) that activates the gene expression of its own components and of inhibitors (R3MYB). These 
inhibitors then move to neighbouring cells (right column) and replace the MYB in the active complex, thus rendering it 
inactive. The active complex leads to the activation of downstream genes and thus promotes trichome formation. The inactive 
complex leads to the maintenance of epidermal cell fate. In the AD model, the same active complex is formed but rendered 
inactive by the recruitment of the WD40 protein into the future trichome cell (left column). Figure based on Pesch & 
Hülskamp, 2009. 

In the AI model, the activators form the active MBW complex consisting of the WD40, a bHLH, and an 

R2R3MYB protein. This active complex activates the gene expression of downstream genes that initiate 

the trichome fate, such as GLABRA2 (GL2), a transcription factor belonging to HD-ZIP homeobox family 

(Cristina et al., 1996; Masucci et al., 1996; Rerie et al., 1994), or the WRKY transcription factor 

TRANSPARENT TESTA GLABRA 2 (TTG2; Ishida et al., 2007; Johnson et al., 2002). Moreover, this active 

complex also activates the gene expression of the inhibitors as well as the expression of the activators 

that form the MBW complex. The inhibitor proteins then migrate into neighbouring cells and replace 

the R2R3MYB transcription factor in the active complex by binding to the bHLH protein, thus rendering 

the complex inactive. In these cells, no downstream genes are activated, and they retain their 

epidermal cell fate.  
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In the AD model, the active complex is also formed by the WD40 protein, a bHLH, and an R2R3MYB 

transcription factor. Contrary to the AI model, the active complex in the AD model is rendered inactive 

by the absence of the WD40 protein. The active complex recruits TTG1 into the future trichome cell 

and, therefore, disables the formation of an active complex in the surrounding cells (Balkunde et al., 

2010, 2011; Hülskamp, 2004; Pesch & Hülskamp, 2004, 2009).  

As illustrated in the description of the two patterning models, it is obvious that the trichome patterning 

genes and proteins have to interact with each other via protein-DNA and protein-protein interactions. 

Many publications are available in which protein-protein interactions in trichome patterning were 

examined. In these studies, it was observed that GL1, TTG1, and MYB23 each interact with GL3/EGL3 

(Digiuni et al., 2008; Kirik et al., 2005; Payne et al., 2000; Zhang et al., 2003; Zhao et al., 2008; 

Zimmermann et al., 2004) and that GL3/EGL3 interact with all known inhibitors (Digiuni et al., 2008; 

Gan et al., 2011; Tominaga et al., 2008; Wang & Chen, 2008; Wester et al., 2009). Moreover, there are 

some indications for protein-protein interactions between TRY and GL1 (Digiuni et al., 2008), as well 

as between GL1 and TTG1 (Zhao et al., 2008). In addition to the protein-protein interactions, cross-

regulatory interactions on the transcriptional level were observed. GL3/EGL3 positively influence the 

expression of several genes, either in concert with other proteins or alone (Pesch & Hülskamp, 2009). 

For instance, together with TTG1, it promotes the expression of TRY, as well as the expression of CPC 

together with GL1 (Pesch et al., 2015). MYB23 expression seems to be influenced by GL1 and TTG1 

(Kirik et al., 2005). Moreover, GL3 seems to negatively influence its own gene expression (Morohashi 

et al., 2007; Zhao et al., 2008). 
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1.4. The MBW complex regulates five different traits in Arabidopsis 

In Arabidopsis, the MBW complex is involved in trichome formation but also regulates four additional 

traits: root hair formation, seed coat mucilage production as well as proanthocyanidin and 

anthocyanidin biosynthesis (Broun, 2005; Ramsay & Glover, 2005; Zhang & Schrader, 2017; Figure 3).  

 

Figure 3. TTG1-dependent gene regulatory network in A. thaliana. The WD40 protein TTG1 regulates five different traits in 
Arabidopsis: root hair formation, trichome patterning, anthocyanidin & proanthocyanidin biosynthesis, and seed coat 
mucilage production. The regulated trait depends on the interaction partners, such as different bHLH transcription factors 
(GL3, EGL3, MYC1, TT8) and R2R3MYB transcription factors (WER, MYB82, GL1, MYB23, PAP 1-4, TT2, MYB5). Figure based 
on Zhang & Schrader, 2017. 

While TTG1 is the core protein necessary for all complexes (Walker et al., 1999), bHLH TFs are involved 

in multiple traits, and the R2R3MYBs confer specialization for single traits. Together with the bHLH TFs 

TRANSPARENT TESTA 8 (TT8), MYC1 and ENHANCER OF GLABRA 3 (EGL3) as well as the R2R3MYB 

MYB5 seed coat mucilage production is regulated (Li et al., 1996; Morohashi & Grotewold, 2009; Nesi 

et al., 2000; Shirley et al., 1995; Symonds et al., 2011; Urao et al., 1996; Zhang et al., 2003). The same 

bHLHs are also active in proanthocyanidin production, but the involved R2R3MYB is TRANSPARENT 

TESTA 2 (TT2; Debeaujon et al., 2003; Nesi et al., 2001). Anthocyanidin production is regulated by the 

bHLH TFs TT8, MYC1, GLABRA 3 (GL3), and EGL3 and the R2R3MYBs PRODUCTION OF ANTHOCYANIN 

PIGMENT 1 (PAP1) and PAP2 as well as MYB113 (PAP3) and MYB114 (PAP4;  Borevitz et al., 2000; 

Gonzalez et al., 2008; Stracke et al., 2001; Teng et al., 2005). In trichome and root hair formation, 

similar genes play a role in establishing specialized cell fate. In both patterning processes, TTG1 and 

the bHLH TFs MYC1, GL3, and EGL3 are involved. In trichome patterning, as described above, the 

R2R3MYBs GL1, MYB23, and MYB82 are involved (Kirik et al., 2001; Liang et al., 2014; Oppenheimer et 
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al., 1991). Root hair initiation is controlled by the R2R3MYB WERWOLF (WER; Lee & Schiefelbein, 

1999). Interestingly, the principle of pattern initiation is reversed in roots. The MBW complex leads to 

the formation of normal epidermal cells in roots (Pesch & Hülskamp, 2004; Schiefelbein, 2003), 

meaning it represses the root hair cell fate (Masucci et al., 1996). Whereas in trichome patterning, the 

complex formation leads to the establishing of trichome fate (Pesch & Hülskamp, 2004; Schiefelbein, 

2003). 

1.5. Regulation of gene expression in plants 

The MBW complex leads to the expression of specific genes dependent on its components. In general, 

gene expression depends on the accessibility of the DNA encompassing the gene of interest and its 

regulatory sequences, as well as the presence and binding of transcription factors and co-factors to 

cis-regulatory elements (CREs) to recruit the transcription machinery (Cirillo et al., 2002; Kaufmann et 

al., 2010; Lambert et al., 2018; Marand et al., 2023; Nolis et al., 2009; Quevedo et al., 2019; Schmitz et 

al., 2022). The DNA accessibility based on chromatin structure just recently gained more attention in 

plants, in animals epigenome maps and chromatin arrangement are extensively researched (De Laat 

& Duboule, 2013; Klemm et al., 2019; Schmitz et al., 2022; Shlyueva et al., 2014). CREs, however, are 

known to occur in the genome in so-called cis-regulatory modules (CRMs) and influence the expression 

of noncoding RNA genes or protein-coding genes (Andersson & Sandelin, 2020; Della Rosa & Spivakov, 

2020; Kopp & Mendell, 2018; Shlyueva et al., 2014).  

Some CREs are known binding sites for a specific class of transcription factors, such as W-boxes as 

WRKY-TF binding sites, MYB- or MYC-TF binding sites, and binding motifs for homeodomain-containing 

proteins (H. Abe et al., 2003; Eulgem et al., 1999, 2000; Johannesson et al., 2001; Rushton et al., 2010; 

Sablowski et al., 1994; Sessa et al., 1993; Stalberg et al., 1996; Sun et al., 2003; Urao et al., 1993; 

Yamamoto et al., 2004; Zhu et al., 2003). Other motifs are associated with genome organization, such 

as scaffold/matrix attachment sites (SMAR), or associated with transcription, such as poly(A) signals or 

putative splice junctions (Brown, 1986; Gasser, 1989; Joshi, 1987; Loke et al., 2005; O’Neill et al., 1990). 

For basic gene expression, the core promoter is important, which is located in very close proximity to 

the transcription start site (TSS) and is needed for the recruitment of the pre-initiation complex (PIC, 

Brooks et al., 2023). The PIC contains RNA polymerase II and general transcription factors (Brooks et 

al., 2023). Formation of the PIC is initiated at specific core promoter elements, such as TATA boxes or 

downstream promoter elements (DPEs; Jores et al., 2021; Kumari & Ware, 2013; Porto et al., 2014). 

Promoters either possess a TATA box or a DPE (Brooks et al., 2023). TATA boxes are normally found 

30-70 bp upstream of the TSS (Jores et al., 2021; Kumari & Ware, 2013). A subunit of the transcription 

factor IID (TFIID), the TATA-binding protein (TBP), recruits the RNA polymerase II by binding to the 
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TATA box. This initiates the formation of the PIC, and transcription starts (Brooks et al., 2023). In 

Arabidopsis, TATA box-containing promoters are often associated with tissue-specific expression 

(Molina & Grotewold, 2005). In DPE-containing promoters, the RNA polymerase II is recruited to DPE 

upon TFIID binding. DPEs are usually situated 30 bp downstream of the TSS, and often DPE-containing 

promoters are associated with stimulus-response (Burke & Kadonaga, 1996; Porto et al., 2014). In 

Arabidopsis, initiator elements (Inr) and Y-patches are often associated with promoters containing 

TATA boxes (Yamamoto et al., 2009). A Y-patch is an 8 pb long motif that is defined by the presence of 

C and T dimers, and it is normally located 1-100 bp upstream of the TSS (Yamamoto et al., 2007). The 

initiator element is also closely situated to the TSS and, together with either the DPE or TATA box, 

enables TFIID to bind and assemble the PIC (Nakamura et al., 2002; Smale & Kadonaga, 2003). The 

CCAAT (or CAAT, CAT) box can also be part of the core promoter (Brooks et al., 2023). It is the binding 

site for nuclear transcription factor Y (NF-Y), also known as CCAAT-binding factor (CBF). Binding of NF-Y 

to the CCAAT box can cause an increase or decrease in gene expression (Laloum et al., 2013).  

 

Figure 4. Structure of the promoter and enhancer regions in plants.  Figure based on Porto et al., 2014. 

Additionally to the core promoter, other regulatory sequences can play a role in gene expression 

regulation. Upstream to the TSS and core promoter, proximal promoter sequences can be localized. 

Enhancer/silencer elements can be located up- or downstream of the gene sequence (Porto et al., 

2014). Interestingly, the directionality and distance of the silencer or enhancer often do not play a role 

(Brooks et al., 2023). Enhancer sequences alone cannot initiate transcription, but upon activation by 

specific transcription factor binding, they enhance the transcription of the core promoter. This is most 

likely achieved by increasing the transcription initiation frequency and not the amount of mRNA 

transcribed (Haberle & Stark, 2018). Silencers are harder to detect, and thus less studied (Marand et 

al., 2017, 2023; Pajoro et al., 2014; Weber et al., 2016; Xiao et al., 2017). They can lead to gene 

silencing, either by silencing enhancers or by directly silencing the gene (Harris et al., 2016; Ngan et 

al., 2020; Pang & Snyder, 2020).  

However, transcription not only needs to be initiated but also terminated. This is orchestrated by 

terminators to ensure translation efficiency and stability, as well as 3’ end processing and the transport 

of the mRNA from the nucleus into the cytoplasm (Zhao et al., 1999). The terminator is localized in the 

3’-UTR (untranslated region) and encompasses one or more poly(A) signals. After gene transcription, 

a site-specific cleavage happens in the terminator and enables further processing or the mRNA 

(Mandel et al., 2008).  
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In Arabidopsis, due to the small genome, CRMs are often localized close to the gene they regulate. 

However, with increasing genome size, the distance between CRMs and regulated genes also increases 

(Li et al., 2019; Oka et al., 2017; Ricci et al., 2019). Different transcription factor binding sites are 

defined as CREs. The binding of a different set of TFs binding in different plant tissues at specific 

developmental stages, the gene expression is orchestrated accordingly (Brooks et al., 2023; Marand et 

al., 2023; Porto et al., 2014; Schmitz et al., 2022). A wide variety of CREs are already identified and can 

be searched for in sequences of interest by utilizing databases, such as PLACE and PlantCARE (Higo et 

al., 1999; Lescot et al., 2002). However, the lone presence of a CRE does not automatically determine 

the outcome of gene regulation, as different CREs together define a certain CRM and, in concert with 

chromatin structure and other binding proteins, regulate gene expression (Brooks et al., 2023; Marand 

et al., 2023; Porto et al., 2014; Schmitz et al., 2022). Interestingly, computational prediction of CREs 

seems to decrease the chance to find functional motifs. A high number of CREs is predicted but only a 

few of them are actually active in the examined sequence array. Thus, experiments to find and 

characterize the individual CRE function are needed (Hu et al., 2005; Tompa et al., 2005). 

1.6. Regulation of protein stability in plants 

In addition to the regulation of gene expression, protein function, properties, and translation, play 

important roles in determining the outcome of biological processes like trichome patterning. Protein 

turnover is essential for proper eukaryotic cell function and includes the degradation of proteins that 

are denatured, misfolded, or no longer needed (Ciechanover, 1998; Glickman & Ciechanover, 2002). 

Preferably, these proteins are recycled by the cell (Goldberg, 2003). Two main pathways orchestrate 

the degradation of proteins: The ubiquitin-proteasome pathway and the lysosome/vacuole pathway 

(Levine et al., 2011; Pickart & Eddins, 2004). Most plant proteins are degraded via the ubiquitin-

proteasome pathway (Moon et al., 2004). The lysosome/vacuole pathway deals with the degradation 

of cell organelles or protein aggregates that are too large to be degraded via the ubiquitin-proteasome 

pathway (Levine et al., 2011).  

Proteasomal degradation is dependent on the ubiquitination of lysine residues in the target protein 

(Glickman & Ciechanover, 2002; Hershko & Ciechanover, 1998; Scheffner et al., 1995; Wang et al., 

2006). This ubiquitination is orchestrated by three enzymes: the ubiquitin-activating enzyme (E1), the 

ubiquitin-conjugating enzyme (E2), and the ubiquitin-protein ligase (E3) (Scheffner et al., 1995). The 

E1 activates ubiquitin in an ATP-dependent manner and transfers it to the E2, which then transfers the 

activated ubiquitin either directly to the target protein or first to the E3. Both transfers involve the 

binding of E2 to E3 (Smalle & Vierstra, 2004; Wilkinson, 2000). Two classes of E3 ligases are known: 

HECT (homology to E6-AP C terminus; Pickart & Eddins, 2004) and RING/U-box (Real Interesting New 
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Gene; Freemont, 2000; Seol et al., 1999). HECT E3 ligases receive the ubiquitin from E2 and transfer it; 

RING/U-box E3 ligases act as bridges to enable the E2 to transfer the ubiquitin to the substrate (Moon, 

2004). Ubiquitinated proteins can then be recognized by the 26S proteasome. The 26S proteasome 

consists of three main subunits, a cylindrical core proteasome (20S) and two regulatory cap particles 

(19S) situated at each end of the core proteasome (Groll & Huber, 2003; Voges et al., 1999; P. Yang et 

al., 2004). The core proteasome is subdivided into α and β units, forming the cylindrical chamber. In 

this chamber, the proteins are degraded, and recycling can proceed (Voges et al., 1999; P. Yang et al., 

2004). The 19S regulatory caps are divided into two more subunits, responsible for substrate 

recognition (the lid subunit) and substrate unfolding (the base component; Groll & Huber, 2003). In A. 

thaliana, a staggering number of around 1400 genes are involved in the proteasome pathway (Smalle 

& Vierstra, 2004). The majority of these genes, around 90%, are responsible for substrate specificity, 

as they encode subunits of the E3 ubiquitin ligases (Smalle & Vierstra, 2004). 

In mathematical pattern models, the differential equations often include a term for degradation rates 

of the model components (Deneer, 2022; Gierer & Meinhardt, 1972; Meinhardt & Gierer, 1974; Turing, 

1952). So far, regarding trichome patterning, these parameters were estimated and tested for their 

ability to induce a normal pattern (personal communication with A. Deneer). Interestingly, there are 

indications that GL3/EGL3 interact with UBIQUITIN PROTEIN LIGASE3 (UPL3, KAKTUS, KAK) and thus 

are degraded via the 26S proteasome (Patra et al., 2013b). Also, for GL1, there may be some indications 

that it is a target of KAKTUS as well (Jaime, 2007). Preferably, experimentally determined values for 

protein production, degradation, or stability should be used in the mathematical models. However, 

determining these parameters is challenging.  

One such method to determine protein production, degradation, and stability could utilize viral “self-

cleavage” sites (Szymczak et al., 2004). These so-called 2A sequences were first discovered in the foot-

and-moth-disease virus (Ryan et al., 1991).  This virus, as well as many others, possesses a polyprotein 

coding sequence, meaning all genes within a certain region are transcribed and translated as one 

sequence in a 1:1 ratio (Kim et al., 2011a). During translation, the proteins are cleaved, mostly by virus-

encoded proteinases (Ryan et al., 1991). However, one of the first cleavage events is mediated by the 

2A sequence itself, presumably by causing ribosomal skipping of the glycyl-propyl bond (Donnelly et 

al., 2001a, b). After cleavage, the N-terminal protein has nearly the whole 2A sequence attached to its 

C-term, whereas the C-terminal protein has an additional proline on its N-term (Atkins et al., 2007). 

Additionally to the 2A sequence found in the foot-and-mouth-disease virus (F2A), other 2A sequences 

with self-cleavage activity were identified: E2A from equine rhinitis A virus, P2A from porcine 

teschovirus-1, and T2A from the thosea asigna virus (de Lima & Lanza, 2021; Lewis et al., 2015; Nibert, 

2007; Szymczak & Vignali, 2005). Alignment of the 2A sequences identified a conserved cleavage motif, 
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which is essential to all 2A sequences (Donnelly, et al., 2001a, b). An GSG motif was artificially added 

to the N-term of the 2A sequence and functions as a linker motif to increase cleavage efficiency 

(Szymczak et al., 2004).  

Another method for the determination of protein degradation and production while also monitoring 

movement, expression, and co-localization, would be utilizing photoconvertible fluorescence proteins 

(Hofmann et al., 2005; Schwentker et al., 2007; Wu et al., 2011; Zhang et al., 2007). The conversion of 

the photoconvertible protein can be either reversible or irreversible and is often induced by UV light 

(Chudakov et al., 2010). A variety of photoconvertible proteins are available such as Kaede and Dendra 

(Ando et al., 2002; Gurskaya et al., 2006). Most photoconvertible proteins are switchable from green 

to red upon illumination with UV light (Mizuno et al., 2003). However, there are also some variants 

available that switch from none to green fluorescence upon UV irradiation, such as Dronpa and PA-

CFP (Ando et al., 2004; Patterson & Lippincott-Schwartz, 2002).  

1.7. Regulation of trichome patterning in different Brassicaceae species 

Establishment of trichome fate, trichome development as well as trichome morphology are extensively 

researched in the model plant Arabidopsis (Hülskamp et al., 1994; Pesch & Hülskamp, 2009; Wang et 

al., 2021). However, trichomes are formed in various plant species and are even used to categorize 

angiosperms taxonomically (Judd et al., 1999; Tutin et al., 1993). Two Brassicaceae closely related to 

Arabidopsis also form trichomes and have fully sequenced genomes (Hay et al., 2014; Jiao et al., 

2017;Willing et al., 2015): Arabis alpina diverged from A. thaliana around 26-40 million years ago 

(Beilstein et al., 2010; Koch et al., 2006), and Cardamine hirsuta diverged from A. thaliana around 32 

million years ago (Baumgarten et al., 2023; Koch et al., 2001; Koch et al., 2006). While Arabidopsis and 

Cardamine are annual plants inhibiting similar geographic regions (Fulgione & Hancock, 2018; Fuster-

Pons et al., 2024; Lee et al., 2017), Arabis is a perennial plant adapted to survive harsh environmental 

conditions, e. g. low temperatures (Koch 2006, Wang 2009). Although all three species form trichomes, 

they differ morphologically. Cardamine, similar to half of all Brassicaceae, forms unbranched trichomes 

(Huang et al., 2016; Tutin et al. 1993). Contrastingly, Arabis and Arabidopsis form three branched 

trichomes (Chopra et al., 2014; Hülskamp et al., 1994). Interestingly, Arabidopsis and Cardamine only 

possess one class of leaf trichomes (Hay et al., 2014; Hay & Tsiantis, 2016; Hülskamp et al., 1994), 

Arabis on the other hand, seems to possess two distinct classes (Chopra et al., 2014). While trichome 

and root hair formation are extensively researched in Arabidopsis, only a few studies exist for Arabis 

(Chopra et al., 2014, 2019; Mapar et al., 2021). In Cardamine, just recently, leaf trichomes were 

analyzed in more detail on the largest and terminal leaflet (Fuster-Pons et al., 2024) and root hair 

patterning was only superficially examined in a study from the early 19th century (Leavitt, 1904).  
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Figure 5. A. thaliana and C. hirsuta rosette leaf & terminal leaflet. Scale bar refers to 1 mm. 

Several orthologous trichome patterning genes of Arabidopsis were identified in Cardamine and Arabis 

(Chopra et al., 2014, 2019; Fuster-Pons et al., 2024; Mapar et al., 2021). In addition, EMS mutagenesis 

screens facilitated the identification of multiple patterning genes involved in trichome patterning in 

Arabis: AaTTG1, AaGL3, AaEGL3, and potentially AaTRY and AaGL2 (Chopra et al., 2019). Mutations in 

AaTTG1 and AaGL3 caused glabrous leaves, indicating conserved roles as trichome fate activators 

(Chopra et al., 2019). Interestingly, in Arabidopsis, gl3 is not glabrous but displays fewer trichomes 

than wild-type leaves. Only the double mutant gl3 egl3 displays a glabrous phenotype (Zhang et al., 

2003). This indicates a redundant role of GL3 and EGL3 in Arabidopsis but not Arabis. Root hair 

patterning in Arabis is also regulated by AaTTG1, identical to the TTG1-dependent pathways in 

Arabidopsis (Chopra et al., 2014).  

For Cardamine, orthologues of GL1, WER, and MYB23 were identified by synteny analysis (Pietsch, 

2022). In a recent study, the same gene, CARHR149430, was identified as ChGL1 and in a GWAS 

approach, other genes associated with trichome pattern regulation were identified (Fuster-Pons et al., 

2024). Fuster-Pons and colleagues (2024) indicated that trichome patterning is a genetic mechanism 

partially conserved between Cardamine and Arabidopsis. However, some differences were observed 

regarding environmental adaptation. In Arabidopsis, higher temperatures and radiation combined 

with low precipitation lead to an increased trichome density (Arteaga et al., 2022). In contrast, 

Cardamine produced a higher trichome density when exposed to low temperatures and high 

precipitation (Fuster-Pons et al., 2024). Consistently, these contrasting adaptations to environmental 

conditions were also observed in various other species producing unbranched trichomes (Hufford et 

al., 2013; Tan et al., 2020). 
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1.8. Aim of the study 

Although genes involved in the regulation of trichome patterning and some general principles are 

known, some links are still missing to fully explain the trichome patterning network. Therefore, in this 

study, the regulatory mechanisms underlying trichome patterning in Arabidopsis were examined on 

the DNA and protein levels.  

The effect of other trichome patterning proteins on the gene expression of GL1, GL3, ETC1, ETC2, and 

ETC3 was studied via quantitative GUS assays in cell suspension cultures of A. thaliana. Moreover, the 

regulatory sequences were analyzed via PLACE analysis and, in the case of GL1, were used in rescue 

experiments to identify the minimal regions needed for proper gene expression. Also, for GL3, the 

effect of mutations in its second intron was studied regarding their influence on gene expression. 

Additionally, interspecies comparisons between the MYBs GL1, MYB23, and WER in Arabidopsis and 

Cardamine were conducted to shed light on their evolutionary relation. The first introns were analyzed 

via PLACE analysis, and Cardamine constructs were used to test their ability to rescue gl1, myb23, and 

gl1 myb23 trichome phenotypes in Arabidopsis.  

On the protein level, the protein-protein interactions of trichome patterning proteins were studied 

regarding their effects on protein stability. To examine this, the viral P2A “self-cleavage” system was 

utilized. Furthermore, photoconvertible proteins were tested as an alternative method to study 

protein production and degradation rates. Utilizing the “self-cleavage” 2A sequences and 

photoconvertible proteins in two independent experimental approaches may open new ways to 

determine protein stabilities and production and degradation rates.  Additionally, GL1 and GL3 were 

analyzed regarding their degradation via the ubiquitin-proteasomal pathway.  

Finally, to facilitate the development of published mathematic models regarding trichome patterning, 

weak ttg1 mutants and the double mutant cpc try were analyzed in more detail regarding their cluster 

phenotypes. In wildtype plants the depletion of the mutated TTG1 were examined in leaf epidermal 

cells and trichomes. The cpc try double mutant was analyzed regarding cluster formation and 

expression pattern of inhibitors were examined.   
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2. Material and Methods 

2.1. Material 

2.1.1. List of chemicals 

Table 1. List of chemicals used in this study. 

Chemical Manufacturer 

4-Methylumbelliferyl-β-D-glucuronide hydrate (4-MUG) Roth 

Acetosyringon (Dimethoxy4-hydroxyacetophenon) Sigma-Aldrich 

Acetyl-coenzyme A Biomol 

Adenosine 5’-triphosphate Sigma-Aldrich 

Agar (Micro agar) Duchefa 

Agar (Plant agar) Duchefa 

Agarose (LE Agarose) Biozym 

Bacto-Peptone Roth 

Bacto-Yeast-Extract Difco 

BP enzyme mix Thermo Fisher Scientific 

Calcium chloride dihydrate (CaCl2*2H2O) Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) Thermo Fisher Scientific 

Disodium phosphate (Na2HPO4) Roth 

1,4-Dithiothreitol (DTT) Roth 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Ethidium bromide Roth 

Ethanol (EtOH) absolute VWR Chemicals 

Gamborg B5 Vitamin Mix PlantMediabioWORLD 

Glacial acetic acid Roth 

D-Glucose Sigma-Aldrich 

Glutamine Sigma-Aldrich 

Glycerol Roth 

Gold particle BioRad 

LR enzyme mix Thermo Fisher Scientific 

Magnesium sulfate heptahydrate Roth 

Methanol Roth 

D-Mannitol Sigma-Aldrich 

MES (2-(N-morpholino) ethane sulfonic acid) Roth 

Magnesium chloride hexahydrate (MgCl2*H2O) Roth 

Magnesium carbonate pentahydrate (MgCO3*5H2O) Roth 

Magnesium sulfate heptahydrate (MgSO4*7H2O) Roth 
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Magenta-Glc Duchefa 

Orange G Sigma-Aldrich 

Perfluorodecalin Sigma-Aldrich 

Potassium chloride (KCl) Roth 

Potassium ferricyanide (K-FerriCyanid) Sigma-Aldrich 

Potassium ferrocyanide (K-FerroCyanid) Sigma 

Sucrose Roth 

Sodium chloride (NaCl) Roth 

Sodium dihydrogen phosphate (NaH2PO4) Roth 

Sodium hydroxide Roth 

Spermidine Duchefa 

Tricine Roth 

Tris base Roth 

Triton X-100 Roth 

X-Gluc Thermo Fisher Scientific 

Xylene cyanol Roth 
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2.1.2. List of plasmids 

List of general plasmids 

Table 2. List of general plasmids used in this study. Kan – kanamycin, Gent – gentamycin, Carb – carbenicillin, Chlor – 
chloramphenicol, Hygro - hygromycin 

Plasmid Description Resistance Publication/Origin 

pDONR201 Gateway entry vector Kan Invitrogen 

pDONR207 Gateway entry vector Gent Invitrogen 

pENTR1A Gateway entry vector Kan Invitrogen 

pENTR4 Gateway entry vector Kan Invitrogen 

pAMPAT Gateway expression vector; p35S 
followed by GW cassette 

Carb, Chlor Based on GenBank ID 
AY436765 

pENSG-CFP Gateway expression vector; p35S 
followed by CFP and GW cassette 

Carb, Chlor (Feys et al., 2005) 

pENSG-YFP Gateway expression vector; p35S 
followed by YFP and GW cassette 

Carb, Chlor (Feys et al., 2005) 

PARB Gateway expression vector; GW 
cassette followed by minimal p35S-
TATA box and GUS 

Carb, Chlor (Pesch & Hülskamp, 2011) 

pGWB2 Gateway expression vector; p35S 
followed by GW cassette 

Kan, Hygro, Chlor (Nakagawa et al., 2007) 

pGWB3 Gateway expression vector; GW 
cassette followed by GUS 

Kan, Hygro, Chlor (Nakagawa et al., 2007) 

 

List of specific plasmids used in this study 

Table 3. List of expression vectors used in this study. 

Plasmid Purpose Provided/generated 
by 

pAMPAT-pCPC:GUS Stable lines J. Pietsch 

pAMPAT-pTRY:GUS Stable lines J. Pietsch 

pGWB2 GW Transformation cell culture C. Dietzen 

pGWB3 GW Transformation cell culture C. Dietzen 

pGWB2-p35S:GUS Transformation cell culture this study 

pGWB2-p35S:CPC Transformation cell culture this study 

pGWB2-p35S:TRY Transformation cell culture this study 

pGWB2-p35S:GL1 Transformation cell culture this study 

pGWB2-p35S:GL3 Transformation cell culture this study 

pGWB2-p35S:TTG1 Transformation cell culture this study 

pGWB2-p35S:TTG2 Transformation cell culture this study 

pGWB2 w/o ccdB Transformation cell culture this study 

pGWB3 w/o ccdB Transformation cell culture this study 
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pGWB3-pETC1:GUS Transformation cell culture this study 

pGWB3-pETC2:GUS Transformation cell culture this study 

pGWB3-pETC3:GUS Transformation cell culture this study 

pGWB3-pTRY:GUS Transformation cell culture this study 

pGWB3-pTRY_mini:GUS Transformation cell culture this study 

pGWB3-pCPC_mini:GUS Transformation cell culture this study 

pGWB3-pGL1 Wang:GUS Transformation cell culture this study 

pGWB3-pGL3:GUS Transformation cell culture this study 

pGWB3-pGL3-EX1+2-In2-Ex3(10bp):GUS  Transformation cell culture this study 

pGWB3-Intron1_GL1:GUS  Transformation cell culture this study 

pGWB3-3’enhancer Wang:GUS  Transformation cell culture this study 

pGWB3-3‘ enhancer box Larkin:GUS  Transformation cell culture this study 

pGWB3-pGL3-EX1+2-IN2(1-138)-
Ex3(10bp):GUS  

Transformation cell culture this study 

pGWB3-pGL3-EX1+2-IN2(1-138)-
Ex3(10bp)_Mut1&2:GUS  

Transformation cell culture this study 

pGWB3-3’enhancer_Wang-GW:GUS Transformation cell culture this study 

pGWB3-3’ enhancer-pGL1:GUS  Transformation cell culture this study 

pGWB3-pGL1-Ex1-In1-Ex2(11bp):GUS  Transformation cell culture this study 

pGWB3-3‘enhancer-pGL1-Ex1-In1-
Ex2(11bp):GUS  

Transformation cell culture this study 

pGWB3-pGL1+intron1:GUS  Transformation cell culture this study 

pGWB3-3’enhancer-pGL1+intron1:GUS  Transformation cell culture this study 

pENSG-p35S:YFP-ccdB-P2A-NLSNLS-
mCherry GW 

Protein stability I. Schultheiß Araújo 

pENSG-p35S:YFP-ccdB-P2A-RFP-NLS GW Protein stability I. Schultheiß Araújo 

pENSG-p35S:YFP-TRY-P2A-NLSNLS-mCherry Protein stability I. Schultheiß Araújo 

pENSG-p35S:YFP-CPC-P2A-NLSNLS-mCherry Protein stability I. Schultheiß Araújo 

pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry Protein stability I. Schultheiß Araújo 

pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry Protein stability this study 

pENSG-p35S:YFP-EGL3-P2A-NLSNLS-
mCherry 

Protein stability this study 

pENSG-p35S:YFP-MYB23-P2A-NLSNLS-
mCherry 

Protein stability this study 

pENSG-p35S:YFP-TTG1-P2A-NLSNLS-
mCherry 

Protein stability this study 

pENSG-p35S:YFP-GL1R97D-P2A-NLSNLS-
mCherry 

Protein stability this study 

pENSG-p35S:NLSNLS-mCherry-P2A-YFP GW Protein stability this study 

pENSG-p35S:NLSNLS-mCherry-P2A-EGL3 Protein stability this study 

pENSG-p35S:NLSNLS-mCherry-P2A-TTG1 Protein stability this study 

pENSG-p35S:YFP-HY5-P2A-RFP-NLS Protein stability this study 

pENSG-p35S:YFP-GL1-P2A-RFP-NLS Protein stability this study 



Material and Methods 

19 

 

pENSG-p35S:YFP-GL3-P2A-RFP-NLS Protein stability I. Schultheiß Araújo 

pENSG-p35S:CFP w/o Protein stability this study 

pENSG-p35S:CFP-TRY Protein stability this study 

pENSG-p35S:CFP-CPC Protein stability this study 

pENSG-p35S:CFP-GL1 Protein stability this study 

pENSG-p35S:CFP-TTG1 Protein stability this study 

pENSG-p35S:CFP-GL3 Protein stability I. Schultheiß Araújo 

pENSG-p35S:CFP-EGL3 Protein stability this study 

pENSG-p35S:CFP-MYB23 Protein stability this study 

pENSG-p35S:CFP-Δ96 GL3 Protein stability this study 

pENSG-p35S:CFP-GL1-R97D Protein stability this study 

pENSG-p35S:CFP-GL3Δ78 (Δ360-437) Protein stability this study 

pENSG-p35S:CFP-KAK Protein stability J. Pietsch 

pENSG-p35S:moxDendra2 GW Protein stability this study 

pENSG-p35S:moxDendra2-GL1 Protein stability this study 

pENSG-p35S:moxDendra2-GL3 Protein stability this study 

pENSG-p35S:Dendra2 GW Protein stability this study 

pENSG-p35S:Dendra2-GL1 Protein stability this study 

pAMPAT-p35S:Dendra2 Protein stability this study 

pAMPAT-p35S:moxDendra2 Protein stability this study 

PARB GW Rescue experiments M. Pesch 

PARB-GL1 CDS GW Rescue experiments this study 

PARB-GL1 gDNA GW Rescue experiments this study 

PARB-pGL1 Wang -35S TATA-GL1 CDS-
3'enhancer Wang 

Rescue experiments this study 

PARB-pGL1 Wang-35S TATA-GL1 gDNA-
3'enhancer Wang 

Rescue experiments this study 

PARB-pGL1 1.4 kb Wang:GL1 CDS Rescue experiments this study 

PARB-pGL1 Wang:GL1 gDNA Rescue experiments this study 

PARB w/o 35S TATA & GUS GW Rescue experiments this study 

PARB-pGL1 Wang:35S TATA:GL1 CDS-BglII 
3‘enhancer Larkin 

Rescue experiments this study 

PARB-pGL1 Wang:35S TATA:GL1 gDNA-BglII 
3‘enhancer Larkin 

Rescue experiments this study 

PARB-3‘enhancer Larkin SpeI-pGL1 
Wang:35S TATA:GL1 CDS 

Rescue experiments this study 

PARB-3’enhancer Larkin SpeI-pGL1 
Wang:35S TATA:GL1 gDNA 

Rescue experiments this study 

PARB-pGL1 Wang-GL1 gDNA-3'enhancer 
Wang 

Rescue experiments this study 

PARB-pGL1 Wang et al.-GL1 CDS-3'enhancer 
Wang 

Rescue experiments this study 
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PARB-intron1-3‘enhancer Larkin SpeI-pGL1 
Wang:35S TATA:GL1 CDS 

Rescue experiments this study 

PARB-3‘enhancer Larkin SpeI-pGL1 
Wang:35S TATA:GL1 CDS-intron1 

Rescue experiments this study 

pAMPAT-pTTG1:TTG1-YFP Rescue experiments R. Balkunde 

pAMPAT-pTTG1:TTG1ΔC26-YFP Rescue experiments R. Balkunde 

pAMPAT-pTTG1:TTG1(S282F)-YFP Rescue experiments R. Balkunde 

pAMPAT-pTTG1:TTG1(G43R)-YFP Rescue experiments R. Balkunde 

pAMPAT-pTTG1:TTG1(G149R)-YFP Rescue experiments R. Balkunde 

pAMPAT-pGL1-GL1 gDNA-3‘enhancer_ 
Cardamine 

Rescue experiments this study 

pAMPAT-pMYB23-MYB23 
gDNA3‘enhancer_ 
Cardamine 

Rescue experiments this study 

pAMPAT-pWER-WER gDNA-3‘enhancer_ 
Cardamine 

Rescue experiments this study 

 

  



Material and Methods 

21 

 

2.1.3. List of oligonucleotides 

Table 3. List of oligonucleotides used in this study. 

Oligo-
nucleoti
de 

Sequence 5' to 3' Provided 
by 

ANS11 CGGGGAAGAAGTGGCTGATCTCAGC A. 
Schrader 

ANS44 CCTGCTTTTTTGTACAAA A. 
Schrader 

ANS99 CTCAGGAGAGCGTTCACCGACAAACAAC A. 
Schrader 

ANS142 CATTGGGATATATCAACGGTGG A. 
Schrader 

ANS218 GTCGCCGTCCAGCTCGACCAGGATG A. 
Schrader 

ANS299 TCTGAACCATGGTTACAAGCTAGCGTAATCTGGAACATCGTATGGGTAAGCGAA
TTCGATC 

A. 
Schrader 

ANS406 ATTACATGCTTAACGTAATTCAACAG A. 
Schrader 

J1475 TTATTAGCTATTGCTTCACCGCCTTA M. Jakoby 

J1649 CTTGTCAAGTCTCAATCCAATTATCC M. Jakoby 

H007 AGCGAAACCCTATAAGAAC A. Friede 

H010 CGGCGAAAACGGCAACTGTTTCATC A. Friede 

H011 GTACACATACAAATGGACGAACGGATAAACC A. Friede 

H013 AGTTCCAAACGTAAAACGGCTTGTCC A. Friede 

H023 GGGGACAAGTTTGTACAAAAAAGCAGGCTTACGATCACTCAAATAGTAATA this study 

H034 ACAAGTTTGTACAAAAAAGCAGGCT this study 

H035 ACCACTTTGTACAAGAAAGCTGGGT this study 

H036 TCGCGTTAACGCTAGCATGGATCTC this study 

H037 GTAACATCAGAGATTTTGAGACAC this study 

H038 GTTAAAACTGCCTGGCACAGCAAT this study 

H041 GCTTCCGGCTCGTATGTTGT this study 

H146 GGGGCTCGAGGTCGACGGTATCGAATAAGCTTATAATGCCAAAGAAGAAAAGA
AA 

this study 

H148 GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGA
GAACCCTGGACCTATGGTGAGCAAGGGCGAGGAG 

this study 

H149 CCCCGAATTCCGGATGAGCATTCATC this study 

H153 GGGGCTCGAGATGAGAATAAGGAGAAGAGATGAAAA this study 

H154 GGGGGAGCTCCTAAAGGCAGTACTCAACATCACCAG this study 

H155 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATAATTGTTTGTACTTTCTCGAG
TTAGTC 

this study 

H164 ATAGAAGGAATCAGAGAATAAAAAAAGAATGAGAATAAGGAGAAGAGATGAA
AA 

this study 

H165 TTTTCATCTCTTCTCCTTATTCTCATTCTTTTTTTATTCTCTGATTCCTTCTAT this study 

H167 CTGGTGATGTTGAGTACTGCCTTTAGTTGATGTTTTGAATTTGTCTTTGAATTT this study 

H170 GGGGAGATCTATCTTCCGCGTAGGTTTTCATTTA this study 

H171 GGGGAGATCTACCACTTTCATCTTAAATATTTTA this study 
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H172 GGGGACTAGTATCTTCCGCGTAGGTTTTCATTTA this study 

H173 GGGGACTAGTACCACTTTCATCTTAAATATTTTA this study 

H174 AAATGAACACATAAATTTTGTGGTCTA this study 

H175 TTTTAAAAGTTCATGAGGTTACCCTCT this study 

H176 ACTATAAATTGGTCATTAATTACTCAAA this study 

H177 TGTATGTCCCTATGTGTAAATTAACTAC this study 

H178 TCTAGACAAATGGGCTAAGCAAAAATTAGACCAACTTTCTCATGT this study 

H179 GCCTACATGTATTACACACATGGTCTATAATACAGGTCCA this study 

H180 TGGACCTGTATTATAGACCATGTGTGTAATACATGTAGGC this study 

H181 CAGTCTTTACTTGTCAACTCTC this study 

H182 GATTTGGCCGGTTAAGTTGA this study 

H183 CCGGGAAGAACAGATAACCA this study 

H185 TCTTTTTGTTTCTGTGGAAG this study 

H186 ATCCGTTCGACCCGGCACTC this study 

H187 CTTGCTTGGTAACACATG this study 

H188 CAAGGCCGGGTGGGGGGACA this study 

H189 CTGCTACGTACATACCCC this study 

H190 GGAACCCTAAATTGCTTGAG this study 

H191 CCAGACTGAGAAGCAGAGAC this study 

H194 AGTTATTGCGATGAAATGTTGCAGAGAATTATTACCCCTCTT this study 

H195 AGGATTGGGTCAAAATCTGTTTGCCAGCAAAGTCAAAGATTT this study 

H196 TCTCCCATAGTTGGTCATAAACATAAATTAAGAACAACAATAATTC this study 

H197 CCCGGTACTCTTTTAGCTATCAAAGCCCATCTAATTTTTTGGAAAAACAATATC this study 

H199 TCAAGCTTGGAGTTTTTTGAATTTGTGGAGTTCGAAGATATGTGGCG this study 

H213 GGGGTCTAGAGCTCTTATTGTTTGCCTCCCTGCTGC this study 

H214 GGGGCCCGGGCGACGGATGGTGATCCCCC this study 

H216 CACTCGTAATGATGAATTTTGCTTCTGGTGATGTTGAGTACTGCCTTTAGTTGAT
GTTTTGAATTTGTCTTTGAATTT 

this study 

H218 GGGGCTCGAGCCGGTGGATTCAGGGAGTTTCTTTAACCAGAGAA this study 

H228 CTAAAGGCAGTACTCAACATCACCAGAAGCAAAATTC this study 

H232 GGGGGAGCTCTTACTTGTACAGCTCGTCCATGCCGAGAGTGATCCC this study 

H234 GGGGGAGCTCCTTGTACAGCTCGTCCATGCCGAGAGTGATCCC this study 

H239 GGGGCACGTGTCACGAAAACCCATCATAAGTTCACTACTCATAATCTCTTTC this study 

H240 GGGGCCGCGGTAACTAACTTATTTTTCACATTCGGTAAAACTTAATGCTCTTTAA
ATAGTATAAAGAAGTAC 

this study 

H244 GGCGCGCCAATTGAATTGAACTATTTTGTTTTATAAAAAATTGATAATTCAACAT
ACGATTAATTAATTAACAATCCACACATCGGGATCCGAGAATAATTAATAC  

this study 

H246 GGGGGGGCCCGTACTCTTTCTCTCTCTCGC this study 

H247 GGGGGGGCCCCTATCAACGAATCAAATTTA this study 

H248 GGGGGAGCTCGTACTCTTTCTCTCTCTCGC this study 

H249 GGGGGAGCTCCTATCAACGAATCAAATTTA this study 

H250 GGGGGGCGCGCCAGTCTAGCTCAACAGAGCTTTTAACCCAAATTGG this study 

H251 GGGGCTCGAGCTGTTAATCAGAAAAACTCAGATTAATCGACAAATTC this study 

H255 GGGGACCACTTTGTACAAGAAAGCTGGGTTTCCAGGCATTCTGCAAAAAG this study 

H262 AGTTATTGCGATGAAATGTTGCAGAGAATTATTACCCCTCTTATTAACTCAAATC
CACCGTGAGAGTTTAATATGTCTTGAATTTTAAATGTGCCAG  

this study 
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H263 AGGATTGGGTCAAAATCTGTTTGCCAGCAAAGTCAAAGATTTTGGCAGAAAGTG
AAATTTCAGCATTTGAAGACCAATGTGGCCGATGCGAAAGGG  

this study 

H279 GGGGGGCGCGCCAGAGTTTGGTATCACGGATG this study 

H280 TGCCAGCACTTTTGAAACAT this study 

H286 GGGGAAGCTTTTGATGTTTTGAATTTGTCTTTGAATTTTTGAG this study 

H287 GGGGAAGCTTTTCGGTTAGGGTAGATTATATTGAATTGATTG this study 

H294 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTATCAACGAATCAAATTTAGTCT
AACTGAGATATATTTATATATGAACTAGCTAGAGAC 

this study 

H295 GGCTAATGATTTCAAACAATATATTTTAC this study 

H296 CATATATTAATATTAGCGTACG this study 

H327 GACCTTAGGCGACTTTTGAACGCGC this study 

H328 GTCTGTTCTCCCCGGCACTCTC this study 

H331 CCTGTTTTCACTTATTGGC this study 

H332 CCCAACGGACGAGGCTCTGGTC this study 

 

2.1.4. Bacterial strains 

Table 4. List of organisms used in this study 

Organism Strain Property Reference 

E. coli DH5α 
 

F-, ϕ80lacZ ΔM1, Δ(lacZYA-argF), 
U169, deoR, recA1, endA1, hsdR17, 
(rk-, mk+), phoA, supE44, thi-1, 
gyrA96, relA1, -λ 

Hanahan, 1983 

DB3.1 F-gyrA462 endA1 glnV44 Δ(sr1-recA) 
mcrB mrr hsdS20(rB-, mB-) ara14 
galK2 lacY1 proA2 rpsL20(Smr) xyl5 
Δleu mtl1  

Bernard & Couturier, 
1992; Miki et al., 
1992 

A. tumefaciens GV3101:pMP90RK pTiC58ΔT-DNA 
 

Koncz & Schell, 1986 

RK19 Anti-silencing strain; P19 protein Voinnet et al., 1999 

LBA4404.pBBR1MCS 
virGN54D 

VirG wild-type, constitutive N54D 
and supersensitive I77V 
mutant virG genes in plasmid 
pBBR1MCS 

Van Der Fits et al., 
2000 

 

2.1.5. Wildtype and mutant plants 

Table 5. Arabidopsis thaliana wildtype and mutant lines used in this study. 

Line Ecotype Target ID Reference/Source 

Col-0 Col-0   

cpc-2 try Col-0 AT2G46410 / AT5G53200 J. Pitesch 

gl1 Col-0 AT3G27920 I. Schultheiß Araújo 

gl1 myb23 Col-0 AT3G27920 / AT5G40330 V. Kirik 

myb23-1 Col-0 AT5G40330 V. Kirik 
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Experiments involving Cardamine hirsuta were always conducted with the Ox ecotype, provided by 

J. Pietsch (originally from M. Tsiantis).  

2.1.6. Stably transformed A. thaliana lines  

The constructs used to generate stable lines are listen in Table 3 with the respective provider. 

Table 6. List of stable A. thaliana lines used in this study. 

Construct Background Source/Reference 

pAtML1:mCitrine-RCI2A, pAtML1:H2B-TFP Col-0 Roeder et al., 2010 

pAtML1:mCitrine-RCI2A, pAtML1:H2B-TFP cpc try this study 

pAMPAT-pTTG1:TTG1-YFP Col-0 this study 

pAMPAT-pTTG1:TTG1ΔC26-YFP Col-0 this study 

pAMPAT-pTTG1:TTG1(S282F)-YFP Col-0 this study 

pAMPAT-pTTG1:TTG1(G43R)-YFP Col-0 this study 

pAMPAT-pTTG1:TTG1(G149R)-YFP Col-0 this study 

pAMPAT-pGL1-GL1 gDNA-3‘enhancer_Cardamine gl1 this study 

pAMPAT-pGL1-GL1 gDNA-3‘enhancer_Cardamine myb23 this study 

pAMPAT-pGL1-GL1 gDNA-3‘enhancer_Cardamine gl1 myb23 this study 

pAMPAT-pMYB23-MYB23 gDNA3‘enhancer_Cardamine gl1 this study 

pAMPAT-pMYB23-MYB23 gDNA3‘enhancer_Cardamine myb23 this study 

pAMPAT-pMYB23-MYB23 gDNA3‘enhancer_Cardamine gl1 myb23 this study 

pAMPAT-pWER-WER gDNA-3‘enhancer_Cardamine gl1 this study 

pAMPAT-pWER-WER gDNA-3‘enhancer_Cardamine myb23 this study 

pAMPAT-pWER-WER gDNA-3‘enhancer_Cardamine gl1 myb23 this study 

pAMPAT-pCPC:GUS cpc try this study 

pAMPAT-pTRY:GUS cpc try this study 

pAMPAT-pCPC:GUS Col-0 this study 

PARB-pGL1 Wang -35S TATA-GL1 CDS-3' enhancer Wang gl1 this study 

PARB-pGL1 Wang-35S TATA-GL1 gDNA-3' enhancer Wang gl1 this study 

PARB-pGL1 Wang-GL1 gDNA-3' enhancer Wang gl1 this study 

PARB-pGL1 Wang et al.-GL1 CDS-3' enhancer Wang gl1 this study 

PARB-pGL1 Wang:35S TATA:GL1 CDS-BglII 3‘enhancer 
Larkin 

gl1 this study 

PARB-pGL1 Wang:35S TATA:GL1 gDNA-BglII 3‘enhancer 
Larkin 

gl1 this study 

PARB-3‘enhancer Larkin SpeI-pGL1 Wang:35S TATA:GL1 
CDS 

gl1 this study 

PARB-3’enhancer Larkin SpeI-pGL1 Wang:35S TATA:GL1 
gDNA 

gl1 this study 

PARB-intron1-3‘enhancer Larkin SpeI-pGL1 Wang:35S 
TATA:GL1 CDS 

gl1 this study 

PARB-3‘enhancer Larkin SpeI-pGL1 Wang:35S TATA:GL1 
CDS-intron1 

gl1 this study 

pENSG-p35S:YFP-MYB23-P2A-NLSNLS-mCherry Col-0 this study 
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2.2. Solutions and media 

2.2.1. Antibiotics 

Table 7. List of antibiotics. 

Antibiotics Stock conc. 
[mg/ml] 

Stored in Conc. E. coli 
[µg/ml] 

Conc. A. tumefaciens 
[µg/ml] 

Carbenicillin 50 H2O 50 50 

Chloramphenicol 35 70 % EtOH 35 35 

Gentamycin 25 H2O 25 - 

Hygromycin 25 H2O 25 25 

Kanamycin 50 H2O 50 50 

Rifampicin 50 MeOH - 25-150 

 

2.2.2. LB Media 

20 g Bacto-Yeast-Extract, 40 g Bacto-Peptone, and 40 g NaCl were mixed, and water was added up to 

4 liters. If necessary, the pH was adjusted to pH 7.0 using NaOH. To generate LB plates, 6.4 g Micro 

agar was added to 400 ml LB media. Any LB media was subsequently autoclaved for 20 min.  

2.2.3. YEB Media 

20 g Beef-Extract, 4 g Bacto-Yeast-Extract, 20 g Sucrose, 20 g Bacto-Peptone, and 8 ml 1 M Magnesium 

sulfate heptahydrate were mixed, and water was added up to 4 liters. To generate YEB plates, 6.4 g 

Micro agar was added to 400 ml YEB media. Any YEB media was subsequently autoclaved for 20 min.  

2.2.4. MS Media 

40 g Sucrose and 17.6 g MS were mixed, and water was added up to 4 liters to generate 1 % MS media. 

To generate ½ MS media, 20 g sucrose, and 8.8 g MS were mixed and filled up to 4 liters with water. 

For both media, the pH was adjusted to 5.8 using 2 M KOH. To generate MS plates, 3.2 g Plant agar 

was added to 400 ml of either 1% MS or ½ MS. Any MS media was subsequently autoclaved for 20 min.  

2.2.5. TA Media 

4.3 g MS basal salts, 4 ml Gamborg’s Vitamin Solution, 1 mg 2,4-Dichlorophenoxyacetic acid, and 30 g 

sucrose were mixed, and water was added up to one liter. The pH was adjusted to 5.8 using 0.5 M 

KOH. The TA media was subsequently autoclaved for 12 min.  
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2.3. Solutions & Buffers 

2.3.1. 50x TAE Buffer  

242 g Tris base, 57.1 ml Glacial acetic acid, and 100 ml 500 mM EDTA (pH 8.0) were mixed, and water 

was filled up to one liter.  

2.3.2. Sørensen’s Phosphate (NaPO4) buffer 

To generate a phosphate buffer with 7.2 pH, 28 ml of NaH2PO4 and 72 ml of Na2HPO4 stock solutions 

of the same concentration were mixed.  

2.3.3. 10x DNA loading dye 

6.25 ml 80% (w/v) Glycerol, 1 ml 0.5 M EDTA (pH 8.0), 10 mg Xylene cyanol, 25-50 mg Orange G, and 

100 µl 1M Tris/HCl (pH 8.0) were mixed, and water was added up to 10 ml.  

2.3.4. GUS staining solution for plant material 

82 ml water, 2 ml 10% Triton X-100, 10 ml 0.5 M NaPO4 buffer (pH 7.2), 2 ml 100 mM Potassium 

ferrocyanide, 2 ml 100 mM Potassium ferricyanide, and 2 ml of 100 mM X-Gluc were mixed for 100 ml 

of GUS solution.  

2.3.5. GUS staining solution for cell suspension culture 

10 mg X-Gluc were dissolved in 1 ml DMF.  

2.3.6. Lysis buffer for extracts from plant cell culture  

To extract one sample harvested from the transformed cell suspension culture, 1 ml of 50 mM NaPO4 

buffer (pH 7.2), 20 µl 0.5 M EDTA (pH 8.0), and 100 µl 10% Triton X-100 were mixed.  

2.3.7. Assay buffer for quantitative GUS assays 

Quantitative GUS assays were performed using an assay buffer consisting of lysis buffer used for 

extracts from plant cell suspension culture (2.5.9) and 1.5 mM MUG. 

2.3.8. Agromix 

For 10x Agromix, 2.03 g of MgCl2*6H2O and 1.95 g MES were mixed, and water was added until 100 

ml was reached. The pH was adjusted to 5.6 using 1 M NaOH. For 10 ml of 1x Agromix, 0.9 ml of 10x 

Agromix, 0.1 ml of Acetosyringon (3 mg/ml in 100% EtOH), and 9 ml were mixed freshly before tobacco 

infiltration.  
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2.3.9. CaCl2-solution for competent E. coli 

60 mM CaCl2 and 10 mM PIPES pH 7 were mixed, and the pH was adjusted to 7 using NaOH. Glycerol 

was added to a final concentration of 15 %. The solution was autoclaved for 15 min.  

2.3.10. Extraction buffer for genomic DNA extraction 

For 50 ml extraction buffer, 10 ml 1 M Tris (pH 8.0), 2.5 ml 5 M NaCl, 2.5 ml 0.5 M EDTA (pH 8.0), 2.5 ml 

10 % SDS, and 32.5 ml water were mixed.  

2.3.11. Magic buffer for genomic DNA extraction 

For 100 ml Magic buffer, 5 ml 1 M Tris/HCl (pH 7.2), 6 ml 5 M NaCl, and 10 g sucrose were mixed, and 

water was filled up to a volume of 100 ml. 
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2.4. Molecular methods 

2.4.1. Extraction of genomic DNA for cloning 

A small amount of plant material (one leaf < 1 cm) was frozen in liquid nitrogen together with three 

glass beads in a 2 ml Safe Seal Eppendorf tube. The plant material was shredded in a TissueLyser 

(Qiagen) at 30 Hz for 1.5 min. 125 µl extraction buffer (0) was added, and the Eppendorf tube was 

inverted three times. 38.5 µl 3 M NaOAc (pH 5.5) was added, the Eppendorf tube was inverted another 

three times, and the sample was centrifuged for 10 min at 14680 rpm. After discarding the 

supernatant, the pellet was washed with 500 µl 70 % EtOH and centrifuged for 2 min at 14680 rpm. 

Subsequently, to remove the supernatant, the pellet was dried for approximately 30 min at room 

temperature. Finally, the pellet was resuspended in 20 µl ddH2O and stored at -20 °C. 

2.4.2. Extraction of genomic DNA for genotyping 

A small amount of plant material (one leaf < 1 cm) was harvested and placed in a 1.5 ml Safe Seal 

Eppendorf tube together with 3-4 glass beads. 300 µl Magic buffer were added and the sample was 

shredded in a TissueLyser (Qiagen) at 30 Hz for 1.5 min. This DNA extract was used to amplify genomic 

DNA from Cardamine samples and was only stored briefly at -20 °C.  

2.4.3. PCR 

Amplification of DNA was achieved by performing polymerase chain reactions (PCRs). Depending on 

the later usage of the PCR product and the properties of the amplicon, different DNA polymerases 

were used in this study. 

Phusion Polymerase PCR 

Due to the low error rate during amplification, the PhusionTM High-Fidelity DNA polymerase from 

Thermo Fisher Scientific was used to amplify DNA sequences destined for cloning and sequencing. The 

following PCR reaction mix and reaction program were used. 

Table 8. Reaction mix and conditions for PCR using PhusionTM polymerase. 

PCR reaction mix PCR program 

DNA template 1 µl 98 °C 1 min 

Forward primer [10 µM] 0.5 µl 98 °C 10 sec 

35 cycles Reverse primer [10 µM] 0.5 µl TA 30 sec 

dNTPs [10 mM] 0.5 µl 72 °C 15-30 sec/kb 

5x High Fidelity buffer 5 µl 72 °C 10 min 

PhusionTM Polymerase [2 U/ µl] 0.3 µl 4 °C ∞ 

ddH2O 17.2 µl   
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PrimeSTAR® GXL DNA Polymerase PCR 

For amplification of especially long and GC-rich sequences, the PrimeSTAR® GXL DNA Polymerase was 

used. The following reaction mix and PCR program were applied.  

Table 9. Reaction mix and conditions for PCR using PrimeSTAR® GXL DNA Polymerase. 

PCR reaction mix PCR program 

Template DNA 1 µl 10 sec 98 °C 

30 cycles 5x PrimeSTAR GXL buffer 10 µl 15 sec  55 °C/60 °C 

Forward primer [10 μM] 1 µl 1 min/kb 68 °C 

Reverse primer [10 μM] 1 µl   

dNTPs [10 mM] 4 µl   

PrimeSTAR® GXL DNA polymerase 32 µl   

 

The TA used in the protocol depended on the melting temperature of the used primer calculated by 

the following formula: TM (℃) = [(the number of A and T) x 2] + [(the number of G and C) x 4]. If the 

calculated TM was less than 55 °C, the TA was set to 55 °C, and if the TM was higher than 55 °C the TA 

was set to 60 °C.  

Fusion PCR 

The fusion of two PCR products containing overlapping DNA sequences into one was achieved with a 

special fusion PCR protocol using the PhusionTM High-Fidelity DNA polymerase. The following PCR 

reaction mix and reaction program was used. 

Table 10. PCR reaction mix and program for fusion PCR using PhusionTM polymerase. 

PCR reaction mix PCR program 

PCR product A 1 µl 98 °C 10 min 

PCR product B 1 µl 58 °C 10 min 

Forward primer [10 µM] 2 µl 72 °C 10 min 

Reverse primer [10 µM] 2 µl 98 °C 30 sec 

35 cycles dNTPs [10 mM] 1 µl 58 °C 30 sec 

5x High Fidelity buffer 10 µl 72°C 15-30 sec/kb 

PhusionTM Polymerase [2 U/ µl] 1 µl 72 °C 5 min 

DMSO 1.5 µl 12 °C ∞ 

MgCl2 [50 mM] 1.5 µl   

ddH2O 29 µl   
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PCR-mediated site-directed mutagenesis 

Mutation of 1-3 base pairs in a DNA sequence was achieved using a primer pair containing the desired 

mutation in a PCR. The primers were designed with the following criteria: the 5’-end can be as close as 

4 bp from the mutation, the 3’-end should be at least 8 bp away from the mutation, a minimum of 8 

non-overlapping bp should be added to the 3’-end of each primer, each primer should contain a 

minimum of one G or C at each end, and the primer should possess a TA ≥ 78°C. The following PCR 

mixture containing PhusionTM DNA polymerase and PCR program were used to amplify the whole 

plasmid. 

Table 11. PCR reaction mix and program for site-directed mutagenesis using PhusionTM DNA polymerase. 

PCR reaction mix PCR program 

DNA template 0.5 µl 98 °C 30 sec 

Forward primer [10 µM] 1 µl 98 °C 10 sec 

20 cycles Reverse primer [10 µM] 1 µl 60 °C 30 sec 

dNTPs [10 mM] 1 µl 72 °C 30 sec/kb 

5x High Fidelity buffer 10µl 72 °C 5 min 

PhusionTM Polymerase [2 U/ µl] 0.5 µl 4 °C ∞ 

DMSO 1 µl   

ddH2O 35 µl   

 

To destroy any template DNA, 1 µl DpnI was added to 50 µl PCR mix and incubated for 30 min at 37 °C. 

After heat-inactivation for 20 min at 80 °C, 1 µl of PCR mix was used for transformation.  

PCR for AT-rich sequences 

Amplification of AT-rich sequences can be challenging. To optimize such PCRs, the following PCR 

mixture and program were applied using the PhusionTM DNA polymerase. 

Table 12. PCR mix and program for AT-rich sequences. 

PCR reaction mix PCR program 

Genomic DNA 2 µl 98 °C 1.5 min 

Forward primer [10 µM] 0.8 µl 98 °C 30 sec 35 cycles 

Reverse primer [10 µM] 0.8 µl Gradient (TA+5 °C to 72°C) 3 min 

dNTPs [10 mM] 0.4 µl Gradient (TA+5 °C to 72°C) 7 min 

5x High Fidelity buffer 4 µl 12 °C ∞ 

PhusionTM Polymerase [2 U/ µl] 0.2 µl   

MgCl2 [50 mM] 1.2 µl   

ddH2O 10.6 µl   
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2.4.4. Blunting of 5’- and 3’-overhangs using T4 DNA polymerase 

Generating blunt ends by filling in 5’-overhangs or removal of 3’-overhangs was achieved utilizing the 

3’ to 5’ exonuclease activity of T4 DNA polymerase (Thermo Fischer Scientific). The following reaction 

mix was incubated at room temperature for 5 min and then heat-activated at 75 °C for 10 min.  

Table 13. Reaction mix for blunting of DNA sequences using T4 DNA polymerase. 

5x T4 DNA polymerase buffer 4 µl 

dNTPs [10 mM] 0.8 µl 

T4 DNA polymerase [5 U/μl] 0.2 µl 

Linearized DNA or PCR product 200-400 ng 

Water add to 20 µl 

 

2.4.5. Gel electrophoresis 

Gel electrophoresis was performed to separate or visualize DNA fragments after PCR or restriction 

digestion. Typically, 1 % agarose gels were prepared with 1x TAE (in water diluted 50x TAE buffer) 

buffer. Small plasmid fragments were separated using 2 % agarose gels. DNA-staining was achieved by 

adding either ethidium bromide (0.25 μg/ml) or Thiazole-Orange (0.14 μg/ml) to the gel. The agarose 

gel was placed in an electrophoresis chamber filled with 1x TAE, the DNA samples were mixed with 

10x DNA loading dye (0), and an electric current was applied with a voltage of 120-150 V. As a size 

reference, DNA ladders GeneRuler 1 kb or GeneRuler 1 kb Plus from Thermo Fisher Scientific were 

used. In the case of ethidium bromide, visualization was achieved using BioRad Universal Hood II 

(Quantity One software version 4.5.0) or the INTAS Gel Jet Imager (Intas GDS Touch 2 version 2.1.4). 

In the case of Thiazole-Orange, the INTAS Gel Jet Imager (Intas GDS Touch 2 version 2.1.4) was 

used to visualize the DNA. 

2.4.6. DNA gel extraction 

Isolation of PCR products or digested plasmid DNA was achieved by cutting out the desired band from 

an agarose gel. For extraction, the GeneJET Gel Extraction Kit from Thermo Fisher Scientific was used 

according to the manufacturer’s manual.  

2.4.7. DNA plasmid preparation 

To isolate plasmid DNA, 5 ml cultures of single bacterial colonies in selective media were incubated 

overnight at 37 °C or 28 °C at 220 rpm. The cultures were centrifuged for 2 min at 8000 rpm, and the 

GeneJET Plasmid-Miniprep-Kit from Thermo Fisher Scientific was used according to the manufacturer’s 

manual. 



Material and Methods 

32 

 

2.4.8. Restriction digest 

Verification of cloning and vector integrity was achieved by performing restriction digests. All used 

restriction enzymes were from Thermo Fisher Scientific. For classic restriction digestion, 2 µl plasmid, 

2 µl enzyme specific buffer, 0.3 µl restriction enzyme, and 15.7 µl ddH2O were mixed and incubated 

for 1 h at 37 °C. For FastDigest enzymes, the reaction mix consisted of 2 µl plasmid, 2 µl FastDigest 

buffer, 1 µl FastDigest Enzyme and 15 µl ddH2O. Double digests were performed according to the 

manufacturer’s instructions. 

2.4.9. Linearization of vectors 

Linearization of larger vectors can be beneficial for cloning efficiency. Therefore, larger vectors 

(e.g., pGWB2) were linearized by mixing 1.5 µl plasmid, 1 µl enzyme specific buffer, 0.15 µl enzyme, 

and 7.85 µl ddH2O. After incubation at 37 °C for 30 min, the enzymatic reaction was heat inactivated 

(20 min at 80 °C). For subsequent LR reaction, 1 µl linearized plasmid was used. 

2.4.10. Cloning  

Gateway Cloning 

All vectors used in this study were Gateway-capable vectors. This vector system is based on the 

recombination strategy used by phage λ and was developed by Invitrogen. A sequence of interest is 

first equipped with flanking recombination sites via PCR and then used in a BP reaction to integrate 

the sequence of interest into a vector. This so-called entry vector can then be used in an LR reaction 

to transfer the sequence of interest into different expression vectors. The BP and LR reaction mixes 

are listed in Table 14.  

Table 14. BP and LR reaction mixes. 

BP reaction mix LR reaction mix 

BP enzyme mix 0.5 µl LR enzyme mix 0.5 µl 

Donor vector 0.25 µl Donor vector 0.5 µl 

PCR product 1.75 µl Destination vector 0.25 µl 

  Water 1.25 µl 

 

The BP and LR reactions were incubated at room temperature for 1-16 h, and subsequently, the whole 

volume was used to transform DH5α E. coli cells.  

Ligation 

Restriction site-based cloning was performed using T4 DNA ligase (Thermo Fisher Scientific) and DNA 

fragments harboring the appropriate restriction sites. After linearization with restriction enzymes, 50 
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ng of vector were mixed with a 1:1 to 1:5 ratio with the cut insert. The amount of insert was calculated 

using the following equation: 

250 ng ∗ bp insert

bp vector
= ng insert 

The reaction mix was prepared according to the manufacturer’s protocol, depending on sticky- or 

blunt-end ligation. After 10-60 min incubation at room temperature, 5 µl reaction mix was used to 

transform 50 µl E. coli cells, either DB3.1 or DH5α.  

Cloning of donor vectors 

The generation of donor vectors used for Gateway cloning that were not generated by a simple PCR 

followed by BP are described below.  

pDONR207-pGL3:Ex1+2-In2-Ex3(10bp) 

The insert was amplified as two separate PCR products. One was attB1-pGL3 with a 32bp overlap of 

exon 1 at the 3’ end, which was amplified using the primers H023 and H283 and pEXSG-

pGL3:2xmVenus GW as template. The other one was Ex1+2-In2-Ex3(10bp)-attB2 with a 30 bp overlap 

of pGL3 at the 5’ end, which was amplified using the primers H282 and H255 and pDONR201-Ex1+2-

In2-Ex3(10bp) as template. Subsequently, both PCR products were fused to one sequence via fusion 

PCR using the primers H023 and H255. This PCR product was then used in a BP reaction to generate 

pDONR207-pGL3:Ex1+2-In2-Ex3(10bp). 

pDONR201-GL3 Ex1+2-In2(1-138)-Ex3(10bp) mutation W-boxes 

Both W-boxes in the n-terminal part of intron 2 of GL3 were sequentially mutated via site-directed 

mutagenesis. The most n-terminal W-box was mutated from 5’ TTGAC 3’ to 5’ GGGCC 3’ using the 

primers H273 and H274. After successful mutagenesis, the second W-box was changed from 5’ TGTCA 

3’ to 5’ GGGCC 3’ using the primers H275 and H276. 

pDONR201-pGL1 Wang:GL1 CDS-3‘enhancer Wang 

The gDNA from GL1 was cut out of pDONR201-pGL1:GL1 gDNA-3’enhancer Wang using PmlI and SacII. 

The sequence overlap-PmlI-GL1 CDS-SacII-overlap was amplified in three steps because extensions 

needed to be added to regenerate the cut-out sequences from the backbone. The first PCR was 

performed using the primers H235 and H236 using pENTR1A-GL1 as the template. This PCR product 

was used as the template in the following PCR and amplified with the primers H237 and H238. Finally, 

the second PCR product was amplified using primers H239 and H240. This final PCR product was cut 

with PmlI and SacII and used in a ligation reaction with the cut pDONR201 pGL1:GL1 gDNA-3’enhancer 

Wang, resulting in pDONR201 pGL1:GL1 CDS-3’enhancer Wang.  
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Cloning of expression vectors 

The generation of expression vectors that are not the result of a simple LR reaction or the generation 

of new Gateway-capable vectors are described below. 

pENSG-p35S:NLSNLS-mCherry-P2A-YFP-GW 

A swap construct of the original pENSG-p35S:YFP-GW-P2A-NLSNLS-mCherry vector was cloned to 

enable a correct cleavage process for EGL3- and TTG1-containing constructs. To generate this vector, 

the insert XhoI-NLSNLS-mCherry-P2A-YFP-GW-EcoRI was cloned by amplifying two separate 

sequences. The first sequence contained XhoI-NLSNLS-mCherry-P2A and was amplified using the 

primers H146 and H148, utilizing pENSG-p35S:YFP-GW-P2A-NLSNLS-mCherry as the template. The 

second sequence, P2A-YFP-GW-EcoRI, was amplified using the primers H148 and H149, utilizing the 

vector pENSG-YFP GW as the template. This sequence contained a piece of the chloramphenicol 

resistance gene up to the EcoRI restriction site. After individual amplification, both PCR products were 

used in a fusion PCR reaction to create XhoI-NLSNLS-mCherry-P2A-YFP-GW-EcoRI. As vector backbone, 

pENSG-p35S:YFP GW was cut with XhoI and EcoRI, cutting out YFP and a part of the gateway cassette. 

This backbone was then used with the cut PCR product XhoI-NLSNLS-mCherry-P2A-YFP-GW-EcoRI in a 

ligation reaction, creating pENSG-p35S:NLSNLS-mCherry-P2A-YFP-GW.  

PARB-attR1-pGL1 Wang-attR2:p35S TATA-GL1 CDS-3' enhancer Wang 

The GUS sequence was cut out of the PARB vector using XhoI and SacI. The XhoI-GL1 CDS-SacI fragment 

was amplified using the primers H153 and H154 and pENTR1A-GL1 as the template. Subsequently, the 

PCR product was cut with XhoI and SacI and used for a ligation reaction with the XhoI/SacI cut PARB 

vector. This PARB-GW-GL1 CDS vector was then used in a LR reaction with pDONR201-pGL1 Wang, 

leading to PARB-pGL1 Wang:p35S TATA-GL1 CDS. SacI-3‘enhancer Wang-SacI was amplified with the 

primers H168 and H169, using genomic DNA from Col-0. The resulting PCR product was cut with SacI 

and used in a ligation reaction with the SacI-linearized PARB-pGL1 Wang:GL1 CDS.  

PARB-attR1-pGL1 Wang-attR2:p35S TATA-GL1 gDNA-3' enhancer Wang 

The GUS sequence was cut out of the PARB vector using XhoI and SacI. The XhoI-GL1 gDNA-SacI 

fragment was amplified using the primers H153 & H154 and using genomic Col-0 DNA as the template. 

Subsequently, the PCR product was cut with XhoI and SacI and used for a ligation reaction with the 

XhoI/SacI cut PARB vector. This PARB-GW-GL1 gDNA vector was then used in a LR reaction with 

pDONR201-pGL1 Wang, leading to PARB-pGL1 Wang:p35S TATA-GL1 gDNA. SacI-3‘enhancer Wang-

SacI was amplified with the primers H168 and H169 using genomic DNA from Col-0. The resulting PCR 
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product was cut with SacI and used in a ligation reaction with the SacI-linearized PARB-pGL1 Wang:GL1 

gDNA. 

PARB-GW w/o p35S TATA-box & GUS 

The p35S TATA box and GUS sequence were cut out of the PARB vector using HindIII and SacI. The 

resulting sticky ends were blunted using T4 DNA ligase, and the vector was closed. This vector was 

used to generate PARB-pGL1 Wang:GL1 CDS-3'enhancer Wang and PARB-pGL1 Wang:GL1 gDNA-

3'enhancer Wang via LR reactions. 

PARB-attR1-pGL1 Wang-attR2-p35S TATA-GL1 CDS-3'enhancer Larkin 

The BglII-3’enhancer Larkin-BglII sequence was amplified using the primers H170 and H171 with 

genomic Col-0 DNA. Subsequently, the PCR product was cut with BglII and used with a BglII-linearized 

PARB-pGL1 Wang:p35S TATA-GL1 CDS in a ligation reaction to clone PARB-attR1-pGL1 Wang-attR2-

p35S TATA-GL1 CDS-3'enhancer Larkin.  

PARB-attR1-pGL1 Wang-attR2-p35S TATA-GL1 gDNA-3' enhancer Larkin 

The BglII-3’enhancer Larkin-BglII sequence was amplified using the primers H170 and H171 with 

genomic Col-0 DNA. Subsequently, the PCR product was cut with BglII and used with a BglII-linearized 

PARB-pGL1 Wang:p35S TATA-GL1 gDNA in a ligation reaction to clone PARB-attR1-pGL1 Wang-attR2-

p35S TATA-GL1 gDNA-3'enhancer Larkin.  

PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA-GL1 CDS 

The SpeI-3’enhancer Larkin-SpeI sequence was amplified using the primers H172 and H173 using 

genomic Col-0 as the template. This PCR product and PARB-pGL1 Wang:p35S TATA-GL1 CDS were cut 

with SpeI and used in a ligation reaction to clone PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-

p35S TATA-GL1 CDS.  

PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA-GL1 gDNA 

The SpeI-3’enhancer Larkin-SpeI sequence was amplified using the primers H172 and H173 using 

genomic Col-0 as the template. This PCR product and PARB-pGL1 Wang:p35S TATA-GL1 gDNA were cut 

with SpeI and used in a ligation reaction to clone PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-

p35S TATA-GL1 gDNA.  

PARB-intron1-3‘enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA:GL1 CDS 

The first intron of the genomic GL1 sequence was amplified with flanking ApaI restriction sites. 

Therefore, a PCR was performed using the primers H246 and H247 and PARB-GW-GL1 gDNA as the 

template. This PCR product and PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA-GL1 CDS 
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were cut with ApaI and used in a ligation reaction to clone PARB-intron1-3‘enhancer Larkin-attR1-pGL1 

Wang-attR2-p35S TATA:GL1 CDS.  

PARB-3‘enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA:GL1 CDS-intron1 

The first intron of the genomic GL1 sequence was amplified with flanking SacI restriction sites. 

Therefore, a PCR was performed using the primers H248 and H249 and PARB-GW-GL1 gDNA as the 

template. This PCR product and PARB-3' enhancer Larkin-attR1-pGL1 Wang-attR2-p35S TATA-GL1 CDS 

were cut with SacI and used in a ligation reaction to clone PARB-3‘enhancer Larkin-attR1-pGL1 Wang-

attR2-p35S TATA:GL1 CDS-intron1.  

Cardamine MYBs in pAMPAT GW 

Three different MYBs from C. hirsuta were amplified, namely GL1, MYB23, and WER. Each MYB 

sequence consisted of a 1.5 kb 5’ promoter region, the genomic MYB sequence, and a 3 kb 3’ enhancer 

sequence. The GL1 and WER sequences were amplified using the phosphorylated primer pairs H196 + 

H199 and H194 + H195, respectively. The MYB23 sequence was amplified with the primers H244 and 

H178, introducing a SgsI restriction site upstream of the promoter sequence and an XbaI restriction 

site downstream of the 3’enhancer sequence. All three Cardamine sequences were introduced into 

the pAMPAT expression vector. The Gateway cassette and the upstream two 35S promoters were 

extracted from the vector using the SgsI and XbaI restriction sites. The amplified MYB23 sequence was 

introduced into the cut pAMPAT vector via ligation utilizing the complementary restriction sites. For 

the GL1 and WER sequences, the sticky ends of the cut pAMPAT vector were blunted using T4 DNA 

ligase, and the Cardamine sequences were subsequently introduced via ligation utilizing the blunt 

ends.  

Promoter exchanges in pAMPAT-based vectors 

All standard expression vectors used in this study possess one or two 35S promoters in front of the 

gateway cassette. These 35S promoters were cut out using SgsI and XhoI, and new promoter 

sequences were inserted utilizing these restriction sites.  

pGWB3-3’enhancer Wang-GW:GUS 

The 3‘enhancer region was amplified with flanking HindIII restriction sites using the primers H286 and 

H287, and pDONR201-pGL1 Wang:GL1 CDS-3‘enhancer Wang as the template. The PCR product was 

cut, and the expression vector pGWB3-GW:GUS was linearized with HindIII. Afterward, both were used 

in a ligation reaction cloning pGWB3-3’enhancer Wang-GW:GUS.  
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2.4.11. Generation of heat-shock competent bacteria 

Generation of competent E. coli  

A 5 ml pre-culture of LB medium without antibiotics was inoculated with 50 µl competent E. coli cells 

and incubated overnight at 37 °C shaking at 220 rpm. The next day, 200 ml LB medium without 

antibiotics was inoculated with 2 ml of the pre-culture and incubated at 37 °C shaking at 200 rpm. After 

2h, the OD600 was measured and should not exceed 0.4. Subsequently, the main culture was divided 

into 4 Falcons, each containing 50 ml culture, and centrifuged for 7 min at 4 °C at 1600 g. The 

supernatant was discarded, and the pellet was resuspended in 10 ml ice-cold CaCl2 solution (0). 

Following centrifugation at 4 °C and 1100 g for 5 min, the supernatant was discarded, and the pellet 

was again resuspended in 10 ml ice-cold CaCl2 solution. The cells were incubated on ice for 30 min, and 

a centrifugation step (5 min, 4 °C, 1100 g) was performed. Each pellet was resuspended in 2 ml CaCl2 

solution and the solutions were unified. The cells were aliquoted at 6 °C, frozen in liquid nitrogen, and 

stored at -70 to -80 °C.  

Generation of competent A. tumefaciens 

A 5 ml pre-culture of YEB medium with appropriate antibiotics was inoculated with 50 µl competent 

A. tumefaciens cells and incubated overnight at 28 °C and 220 rpm. The next day, 200 ml YEB medium 

with appropriate antibiotics was inoculated with 2 ml pre-culture and incubated at 28 °C and 220 rpm. 

The OD600 was measured regularly until a value of 0.5 – 0.6 was reached. Subsequently, the culture 

was divided into 4 Falcons and centrifuged for 10 min at 4°C and 4000 rpm. Each pellet was 

resuspended in 5 ml ice-cold 0.15 M NaCl, and two pellets were pooled. After 15 min of incubation on 

ice, the cells were centrifuged for 10 min at 4 °C and 4000 rpm. The supernatant was discarded, and 

the cells were resuspended in a total volume of 15 ml ice-cold 20 mM CaCl2. The cells were aliquoted 

at 6 °C, frozen in liquid nitrogen, and stored at -70 to -80 °C.  

2.4.12. Transformation of heat-shock competent bacteria 

Transformation of competent E. coli 

50 µl competent cells were thawed on ice, and either 0.5 µl plasmid or the total BP/LR reaction volume 

was added. After the cells were incubated on ice for 20-30 min, a heat shock at 42 °C for 1.5 min was 

applied. Immediately, 300 µl LB media without antibiotics was added, and the solution was incubated 

at 37 °C and 600 rpm for 1 h. Subsequently, the cells were centrifuged at 8000 rpm for 5 min. The 

supernatant was discarded, and the cells were resuspended in the remaining liquid and plated on 

selective LB media. The plates were incubated overnight at 37 °C. 
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Transformation of competent A. tumefaciens 

50 µl competent cells were thawed on ice, and 2-8 µl plasmid were added. After the cells were 

incubated on ice for 20-30 min, a heat shock at 42 °C for 1.5 min was applied. Immediately, 700 µl YEB 

media without antibiotics was added, and the solution was incubated at 28 °C and 650 rpm for 1.5 h. 

Subsequently, 100 µl were plated on selective YEB plates and incubated for 3-4 days at 28 °C.  

2.4.13. Glycerol stocks 

Overnight cultures of 5 ml selective LB or YEB media were inoculated with E. coli or A. tumefaciens 

single colonies, respectively. After incubation overnight shaking at 220 rpm at either 37 °C or 28 °C, 

800 µl culture was mixed with 400 µl 60 % glycerol. The mixture was vortexed and immediately frozen 

in liquid nitrogen. The glycerol stocks were stored at -70 °C.  

2.5. Plant Methods 

2.5.1. Growth conditions 

A. thaliana, C. hirsuta & N. benthamiana 

The Arabidopsis and Cardamine plants were grown in the greenhouse on soil under long-day 

conditions. 

A. thaliana cell suspension culture 

The A. thaliana Ler cell suspension culture was grown in AT media and darkness at 21 °C, 

60 % humidity, and 160 rpm. The suspension culture used in this study was maintained and cultivated 

by Irene Klinkhammer. Once a week, the cultures were freshly diluted 1:5 in AT media.  

2.5.2. Seed sterilisation 

Seed sterilisation with chlorine gas 

Eppendorf tubes were filled with seeds and placed open in a desiccator. The seeds were spread out to 

maximize the exposed surface. 20 ml 12 % NaOCl solution was filled into a glass beaker and placed in 

the desiccator. Next, 2.5 ml of 37 % hydrochloric acid was added, and the desiccator was immediately 

closed. Seeds were incubated for 3-4 h.  
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Seed sterilisation with ethanol 

Seeds were filled into Eppendorf tubes, and an appropriate amount of 70 % EtOH with 0.1 % SDS was 

added. The seeds were incubated shaking or rotating at 6 °C for 10-30 min. After incubation, the liquid 

was removed, and 100 % EtOH with 0.1 % SDS was added. Again, the seeds were incubated shaking or 

rotating for 10-30 min at 6 °C. Lastly, the seeds were distributed onto sterile Whatman paper, and after 

evaporation of EtOH, the seeds were collected in a clean Eppendorf tube for further use. 

2.5.3. Generation of stably transformed A. thaliana by floral dipping 

Agrobacteria containing the desired construct were used to inoculate a 5 ml overnight culture of 

selective YEB medium. After incubation at 28 °C and 220 rpm, the pre-culture was used to inoculate 

200 ml of selective YEB medium. The main culture was incubated at 28 °C and 220 rpm at least 

overnight, until the culture was opaque. Subsequently, 10 g sucrose and 40 µl Silwet L-77 were added 

to each culture and incubated under the conditions above for 10 min. A. thaliana plants were dipped 

upside down into the bacterial solution for approximately 25 sec to ensure full coverage of the flowers. 

Plants were stored horizontally in a humid and dark place until the next day, when they were put into 

greenhouse conditions. Seeds obtained from dipped plants were tested for integration of the desired 

construct. Therefore, seeds were sown on soil and, after 7-8 days, either exposed to a 0.1 % Basta 

solution containing 0.001 % Tween-20 or a 1 mM Glyphosate solution. Approximately 7-10 days later, 

surviving plants were put in single pots and propagated. 

2.5.4. Crossing of A. thaliana  

Flowering Arabidopsis plants were emasculated by removing the anthers but leaving the petals intact. 

The stigma of the emasculated plants was pollinated with pollen from the crossing partner. Crossed 

plants were grown until seed production under greenhouse conditions.  

2.5.5. Agrobacterium-mediated infiltration of N. benthamiana leaves 

Agrobacteria containing the desired construct and the anti-silencing strain RK19 were used to 

inoculate 25 ml selective YEB medium and incubated 24-36 h at 28 °C and 220 rpm. The cultures were 

centrifuged for 15 min at 4000 rpm. Each culture was resuspended in 3-5 ml 1x Agromix (0), and the 

OD600 was adjusted to 0.7 – 0.8 with 1x Agromix. The desired combinations of Agrobacteria were mixed 

in a 1:1 ratio, including RK19 for each combination. After incubation at room temperature for 2-6 h, 

the abaxial side of N. benthamiana leaves was inoculated using a syringe. The infiltrated plants were 

further grown in the greenhouse, and fluorescence microscopy was performed 2-3 days after 

infiltration.  
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2.5.6. MG132 treatment of N. benthamiana 

Proteasomal inhibitor treatment was performed using MG132 to infiltrate N. benthamiana leaves. The 

tobacco plants were infiltrated with agrobacteria containing the gene of interest two days prior.  

MG132 was stored in a 10 mM stock solution dissolved in DMSO at -70 °C. For treatment, the MG132 

was diluted in 10 mM MgCl2 solution to a concentration of 100 µM. The same leaf area formerly 

infiltrated with agrobacteria was infiltrated with the 100 µM MG132 solution. As a mock treatment, 

the same amount of DMSO as MG132 stock was added to 10 mm MgCl2 solution and used for 

infiltration. After 8-24 h small samples were collected, frozen in liquid nitrogen and stores at -70 °C for 

potential later protein analysis. With the rest of the transformed N. benthamiana leaves fluorescence 

confocal microscopy was performed. 

2.5.7. Particle bombardment 

Transient transformation of leek epidermis or A. thaliana leaf epidermis was achieved by particle 

bombardment. For this, 1 ml 70 % EtOH was added to 30 mg of gold particles (1 µm), vortexed, and 

incubated on ice for 15 min. After centrifugation at 13000 rpm for 15 sec, the supernatant was 

discarded, and 1 ml ddH2O was added. The gold particles were vortexed and centrifuged at 10000 rpm 

for 10 sec. The supernatant was removed and another wash step was carried out. Following 

resuspension in 1 ml ddH2O, the gold particles were sonicated for 3 sec. Finally, the gold was aliquoted, 

frozen in liquid nitrogen, and stored at -20 °C. For each particle bombardment shot, 600 ng or 1 µl of 

each DNA was added for transformation of Arabidopsis, or 400 ng of each DNA was added for leek 

transformation. To the DNA, 5 µl gold (30 mg/ml), 10 µl 2.5 M CaCl2, 4 µl 0.1 M Spermidine, and water 

to a final volume of 25 µl were added. The solution was mixed for 3-10 min at 1400 rpm and centrifuged 

at 13200 rpm for 17 sec. Afterwards, the supernatant was discarded, and 50 µl 70 % EtOH was added. 

The coated gold particles were resuspended, centrifuged at 13200 rpm for 17 sec, and the supernatant 

discarded. 20 µl 100 % EtOH was added, and the gold particles were resuspended and centrifuged at 

13200 rpm for 17 sec. Finally, the supernatant was discarded, and the gold was resuspended in 12 µl 

100 % EtOH. The DNA-coated gold particles were placed on the macro carrier (BioRad) and situated in 

the macro carrier holder. Arabidopsis leaves were placed on ½ MS plates without sugar with the abaxial 

site up, white pieces of leek were placed on wet Whatman paper in round petri dishes. Particle 

bombardment was performed using the Biolistic Particle Delivery System (Model PDS-1000/He, 

BioRad) and according to the manufacturer's instructions. For the transformation of Arabidopsis and 

leek leaves, 900 PSI and 650 PSI rupture discs were used, respectively. All plant material was stored in 

darkness at room temperature until the next day. 
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2.5.8. GUS staining of plant material 

Plant material expressing β-Glucuronidase was submerged in GUS staining solution (0) and incubated 

at 37 °C in darkness for 1-24 h. Afterwards, the plant material was de-stained with 70 % EtOH at 50 °C. 

The samples were stored at room temperature in 70 % EtOH.   

2.5.9. Agrobacterium-mediated transformation of dark-grown A. thaliana cell suspension 

culture 

Transformation of Arabidopsis cell suspension culture was exclusively performed using 

LBA4404.pBBR1MCS virGN54D A. tumefaciens. These A. tumefaciens were transformed with pGWB2 

or pGWB3 vectors and plated on selective YEB plates. Single colonies were cultivated in overnight 

cultures, and plasmid isolation followed by sequencing was performed to ensure the successful 

transformation. Positive clones were stored as glycerol stocks and plated freshly for each cell culture 

transformation. From YEB plates containing selective antibiotics, 3 ml cultures of YEB with antibiotics 

were inoculated and incubated at 28 °C overnight, shaking at 220 rpm. In addition to the agrobacteria 

expressing the genes of interest, the anti-silencing strain RK19 was also inoculated. The cultures were 

centrifuged at 4 °C for 15 min and 4000 rpm. After discarding the supernatant, each pellet was 

resuspended in 800 µl AT medium. The OD600 was measured and adjusted with AT medium to the 

lowest value of each experiment. 3 ml of freshly diluted dark-grown cell suspension culture was 

pipetted in each well of a 6-well plate. 20 µl of each agrobacterium solution was added into each well 

to include the desired combinations, including RK19. Each combination was transformed three times 

to generate biological triplicates. Per well, the same volume of agrobacteria was used. If the desired 

agrobacteria combination would amount to less volume, the missing volume was filled with an empty 

pGWB2 expressing agrobacterium. The 6-well plates were covered with a lid, sealed with micropore 

tape, and wrapped in aluminum foil before incubating for 4 days at 22 °C and 160 rpm. After 

incubation, 1 ml sample per well was collected and centrifuged at 4 °C for 15 min at 15000 rpm. The 

supernatant was discarded, and the sample was frozen in liquid nitrogen and stored at -70 °C until 

further analysis.   

2.5.10. GUS staining of dark-grown A. thaliana cell suspension culture 

After agrobacterium-mediated transformation, incubation for 4 days, and sample collection, 

qualitative GUS staining was performed. Therefore, 50 µl of GUS staining solution (0) was added per 

well and incubated at 37 °C in darkness. Each transformation of cell culture contained a positive control 

expressing pGWB2-p35S:GUS. GUS staining was examined after 2 h for the positive control to ensure 

the sufficient health of the cell culture and the successful transformation. The other transformations 

were incubated overnight at 37 °C before staining examination.  
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2.5.11. Quantitative GUS assay of dark-grown A. thaliana cell suspension culture 

Samples of transformed cell suspension culture were used to extract a crude protein extract (2.3.6). 

This protein extract was used to measure GUS enzyme activity over time, thus comparing different 

promoter activities. To define the GUS activity, two standard curves were generated.  

Protein standard curve using BSA 

The correlation of enzyme activity to enzyme amount was achieved by measuring the protein amount 

using the absorbance at 562 nm and a standard curve to determine the total protein amount of each 

sample. The PierceTM BCA Protein Assay Kit from Thermo Fisher Scientific was used to determine 

protein amounts and establish standard curves. A BSA stock of 2 mg/ml in water was stored at -20 °C 

and used for a dilution series shown in Table 15. 

Table 15. Dilution series for BSA protein standard curve. 

 [BSA] mg/ml [BSA] µg/ml Volume of previous solution Volume diluent 

1 2 2000 200 µl of stock (10 mg/ml) 800 µl 

2 1.5 1500 750 µl of dilution 1 250 µl 

3 1 1000 666.7 µl of dilution 2 333.3 µl 

4 0.75 750 750 µl of dilution 3 250 µl 

5 0.5 500 666.7 µl of dilution 4 333.3 µl 

6 0.25 250 500 µl of dilution 5 500 µl 

7 0.125 125 500 µl of dilution 6 500 µl 

8 0.025 25 200 µl of dilution 7 800 µl 

9 0 0 0.0 used as blank 10000 µl 

 

Protein measurement was performed in a 96-well plate according to the manufacturer’s manual. The 

values from the dilution series were used to generate a standard curve. One such standard curve used 

in this study is shown in Figure 6. 
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Figure 6. BSA standard curve . Absorption measurements at 562 nm of the BSA dilution series. The slope and coefficient of 
determination are displayed in the right bottom corner.   

Substrate standard curve using 4-MU 

The correlation of the amount of fluorescence product to fluorescence intensity was achieved by 

generating a standard curve using the fluorescent substrate 4-MU. The following dilution series was 

used in this study. 

Table 16. Dilution series for 4-MU standard curve. 

 4-MU [nM] Volume of previous concentration Volume of extraction buffer 

1 10,000 10 µl of the stock 1mM 990 µl 

2 5,000 500 µl of dilution 1 500 µl 

3 1,000 200 µl of dilution 2 800 µl 

4 500 500 µl of dilution 3 500 µl 

5 250 500 µl of dilution 4 500 µl 

6 50 200 µl of dilution 5 800 µl 

7 25 500 µl of dilution 6 500 µl 

8 5 200 µl of dilution 7 800 µl 

9 2.5 500 µl of dilution 8 500 µl 

10 0.5 200 µl of dilution 9 800 µl 

11 0.0  0.0 µl (used as blank) 1000 µl 

 

For measurement, 225 µl of each dilution was used. Fluorescence intensity was measured using a black 

96-well plate. As mode, “Fluorescence Top Reading” was used. The temperature was set at 37 °C, and 

the measurements were delayed until a temperature in the range of 36.5 – 37.5 °C was reached. 

Measurements were conducted for 36 cycles with an interval time of 5 min, and at the start of each 
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cycle, the plate was shaken linearly for 10 sec with a linear amplitude of 1 mm. The excitation 

wavelength was set to 365 nm, and the emission wavelength detected was 455 nm. The excitation 

bandwidth was set to 9 nm and the emission bandwidth to 20 nm. A manual gain of 20 was used. 

Integration time was set to 20 µs, lag time was set to 0 µs, and the settle time to 0 ms. An exemplary 

4-MU standard curve is shown in Figure 7. 

 

Figure 7. 4-MU standard curve. Emission measurements at 455 nm of the dilution series. The slope and coefficient of 
determination are displayed in the right bottom corner.   

Tecan measurements 

Quantitative GUS assays were performed using 25 µl of crude protein extract from cell suspension 

cultures and 200 µl assay buffer (0) per well in a black 96-well plate. Each sample was measured in 

three wells. As blank, 25 µl extraction buffer (2.3.6) in 200 µl assay buffer were used. The Tecan settings 

were identical to those used for the 4-MU standard curve. Additionally, the protein amount was 

determined for each sample by using the PierceTM BCA Protein Assay Kit from Thermo Fisher Scientific 

in a 96-well plate according to the manufacturer’s instructions. Each sample was measured in 

triplicates.  

Calculation of promoter activity 

First, the mean fluorescence intensity of each well for each time point was calculated, and the 

respective blank was subtracted. The amount of fluorescent substrate present at each time point was 

determined by subtracting the y-axis intercept of the 4-MU standard curve from the mean 

fluorescence and subsequently dividing this value by the slope of the 4-MU standard curve. The 

substrate amount per minute (nM/min) was determined by calculating the slope of substrate as a 

function of time. As a control, the coefficient of determination was calculated. The protein present in 
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25 µl sample was determined by utilizing the BSA standard curve, resulting in values of µg protein in 

25 µl for each sample. The substrate amount per minute (nM/min) was divided by the protein 

concentration and multiplied by 1000 to determine the final nM/mg protein*min value. This value was 

calculated for each sample, and finally, the three biological replicates were summarized as mean values 

with corresponding standard deviations. The samples were normalized to the control (no added p35S 

constructs) and the reporter activity in percent was determined. Statistical analysis was performed by 

Student’s t-tests (p ≤ 0.05).  

2.5.12. Leaf preparation for microscopy and growth assays 

For microscopy of small leaves (leaf 3 or 4) in which trichome patterning still takes place, 6-8 days old 

seedlings grown on soil were prepared. The cotyledons, leaves 1 and 2, as well as all plant material 

covering the small leaf of interest, were cut off using a syringe needle. Only the hypocotyl with roots 

was left attached to the leaf of interest. The sample was transferred onto a microscope depression 

slide containing ½ MS with 1% sugar. The root was inserted into the MS media, and the hypocotyl was 

placed flat onto the media, exposing the leaf of interest. For microscopy, the sample was submerged 

in PFD (95%, ready to-use solution) and covered with a cover slip. After CLSM, the sample was stored 

in a square petri dish on wet paper. The dish was sealed and transferred to a long-day plant chamber. 

Leaf preparation and subsequent sample handling is based on (Harline & Roeder, 2023). 

2.5.13. Phenotypic analysis of trichome rescue lines in T1 generation 

Mutant A. thaliana plants were transformed using different rescue constructs. The T1 generation was 

Basta selected, and the rescue ability of the used constructs was determined. If possible, 50 T1 plants 

were analyzed for each rescue construct. To this end, leaf 4 of each plant was imaged in the same or 

very similar developmental state using the automated z-stack function of the Leica MZ16 F. 

Subsequently, the trichome number and leaf area were determined using ImageJ. Normal distribution 

was tested using the Kolmogorov-Smirnov test (α = 0.05). If the data was normally distributed, a one-

way ANOVA was performed. If the data was not normally distributed, Mann-Whitney U tests was 

performed. 

2.5.14. Seed coat mucilage staining 

A ruthenium red staining was performed to visualize seed coat mucilage production. Under gentle 

shaking, seeds were hydrated in water. After 5 min, the water was removed, and the ruthenium red 

solution (0.1 mg/ml) was added. The seeds were incubated for 5 min and subsequently washed twice 

with water (Zhao et al., 2017). 
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2.6. In-silico Methods 

2.6.1. PLACE analysis 

Analysis of regulatory sequences to find cis-acting regulatory DNA elements was performed using the 

New PLACE online tool (Higo et al., 1999). 

2.6.2. Analysis of YFP/mCherry fluorescence ratios 

P2A constructs expressing a gene of interest were transiently expressed together with CFP-tagged 

genes of interest using particle bombardment or tobacco infiltration. Fluorescence intensities were 

determined using CLSM images and the ImageJ software. Leek cells displaying fluorescence were 

surrounded using the polygon selection tool, and the fluorescence intensity was measured as the mean 

grey value in all used fluorescence channels. Minimal and maximal grey values were also determined, 

and cells containing more than five saturated pixels were excluded from the following analysis. The 

YFP/mCherry mean grey value ratios were calculated for each cell. All measured cells of the control 

(P2A construct + CFP-w/o) were used to determine the mean value. This mean was used to normalize 

the control and the other combinations. However, this normalization was only performed for 

combinations in the same microscope session/experiment. The Kolmogorov-Smirnov test (α = 0.05) 

was used to determine normal distribution. If the data was normally distributed, a one-way ANOVA 

was performed. If the data was not normally distributed, Mann-Whitney U tests were performed.  

2.6.3. Analysis of fluorescence intensity in trichomes & surrounding tiers in TTG1 stable lines 

Col-0 plants were transformed with the following constructs to create stable lines: 

pAMPAT-pTTG1:TTG1-YFP, pAMPAT-pTTG1:TTG1ΔC26-YFP, pAMPAT-pTTG1:TTG1(S282F)-YFP, 

pAMPAT-pTTG1:TTG1(G43R)-YFP, and pAMPAT-pTTG1:TTG1(G149R)-YFP. These constructs refer to 

wild-type TTG1 and the TTG1 versions present in weak ttg1 alleles. The resulting stable lines were 

imaged using the DM6000 CS Microscope and the TCS-SP8 imaging system equipped with the LAS X 

software (version 3.5.7). Small leaves were imaged using the 20x water immersion objective and the 

automated z-stack function with a step size of 1-1.5 µm. Only trichomes without any branches and 

their surrounding cell tiers were of interest. Fluorescence intensity measurements were performed 

using ImageJ. To this end, maximum projections were created displaying the trichome and surrounding 

cell tiers most accurately. Fluorescence intensity was measured as mean grey values by manually 

placing regions of interest (ROIs), three elliptical ROIs per trichome, and three polygonal ROIs for each 

cell tier (1st, 2nd, and 3rd tier). For each trichome and cell tier, the mean grey value was calculated. 

The fluorescence intensity in the trichome was set to 100 %, and the fluorescence intensity for each 

cell tier was normalized to that. This was determined for each TTG1 variant (TTG1 n=12, TTG1-9 n=19, 
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TTG1-11 n=28, TTG1-12 n=15) and the standard deviations were calculated. Normal distribution was 

determined using the Kolmogorov-Smirnov test (α = 0.05), and subsequent one-sample t-tests 

(p = 0.002) were performed. 

2.6.4. Cloning & Sequencing analysis 

All in-silico cloning, alignments, phylogenetic trees, and sequence analysis, including analysis of 

sequencing results, were performed using the CLC DNA Workbench 5.6.1 and the CLC Main Workbench 

22 software.  

2.7. Microscopy 

2.7.1. Light Microscopy 

The LEICA MZ16 F was used to image whole leaves for trichome phenotype and GUS staining using the 

automated z-stack function. For documentation, the LEICA DFC420 C imaging system and the Leica 

Application Suite X (3.4.2 build 18368) were used.  Images of GUS staining were also documented by 

using the Leica DMRB equipped with an Olympus EP50 camera. The camera was controlled via the 

EPview Software (version 1.4). Root phenotypes were examined using the Leica DM5000 B equipped 

with the DFC360 FX imaging system. For documentation, the Leica Application Suite Advanced 

Fluorescence (version 2.7.0.9329) was used.  

2.7.2. Confocal laser scanning microscopy 

For confocal laser scanning microscopy two different systems were used. Images used for protein 

stability measurements were generated using the Leica DMRE Fluorescence Microscope with the 

TCS-SPE imaging system equipped with the Leica LAS AF (version 2.6.0) software. Whole leaf images 

or images used for movement analysis were generated using DM6000 CS Microscope with the TCS-SP8 

imaging system equipped with the LAS X software (version 3.5.7).  
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3. Results 

3.1. Patterning proteins influence each other’s stabilities 

The trichome patterning process is tightly regulated on the transcriptional and protein level (Pesch & 

Hülskamp, 2009). Mathematic models of trichome patterning so far rely on estimated values for 

production, degradation, and stability rates for trichome patterning proteins (Balkunde et al., 2020). 

However, incorporating experimentally generated data into these models would be far more accurate. 

To examine if trichome patterning proteins display changed stability upon co-expression with other 

patterning proteins, the viral “self-cleavage” system of 2A sequences as utilized in this study (Ryan et 

al., 1991). Using this system, two separate fusion proteins can be expressed from one plasmid or, 

rather, one mRNA (Ahier & Jarriault, 2014; Daniels et al., 2014). During translation, this mRNA is 

cleaved via ribosomal skipping at the end of the P2A sequence, and two separate proteins are 

translated in a 1:1 ratio (Donnelly et al., 2001a, b).  

In former studies, 2A sequences from different viruses were used for gene expression in several 

organisms (Ahier & Jarriault, 2014; Kim et al., 2011). In publications only the 2A sequence from foot-

and-mouth disease virus was expressed in plants (Samalova et al., 2006). But recently two different 2A 

sequences were tested regarding expression and cleavage efficiency in plants (Pietsch, 2022). The 2A 

sequences from porcine teschovirus-1 (P2A) displayed a higher cleavage efficiency in plants compared 

to the 2A sequence from foot-and-mouth disease virus (F2A) (Pietsch, 2022). The concept of 

determining differences in protein stability by utilizing P2A sequences flanked by fluorescence-tagged 

proteins was demonstrated (Pietsch, 2022). Therefore, in this study, the P2A sequence is used to 

determine differences in protein stability by measuring the amount of protein A compared to protein 

B in the presence or absence of other proteins. The protein amount is measured via fluorescence 

intensity, as proteins A and B are labelled differently. 

3.1.1. The position of the P2A sequence may affect protein function and cleavage efficiency 

The P2A plasmids used in this study usually exhibited the following composition: after a 35S promoter, 

the gene of interest was N-terminally tagged with YFP and followed by the P2A sequence, and 

subsequently, NLSNLS-mCherry completed the construct. Initially, all trichome patterning genes were 

expressed using this orientation of the plasmid, which had been studied before (Pietsch, 2022). 

However, in the case of TTG1, this led to an aberrant cell localization (Figure 6) and, for EGL3, to the 

lack of mCherry signal in leek epidermal cells (Figure 46). The latter may be caused by insufficient 

cleavage during translation, as it is suspected that the N-terminal protein influences the P2A cleavage 

efficiency (Ryan et al., 1991, 2001). 
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Figure 8. Subcellular localization of TTG1 in the presence or absence of GL3. A) CLSM images of leek epidermal cells 
transiently expressing pENSG-p35S:YFP-TTG1 and pENSG-p35S:CFP w/o (top row) or pENSG-p35S:CFP-GL3 (bottom row). YFP-
TTG1 is displayed in the left column, and CFP or CFP-GL3 is displayed in the right column. B) CLSM images of leek epidermal 
cells transiently expressing pENSG-p35S:YFP-TTG1-P2A-NLSNLS-mCherry and pENSG-p35S:CFP w/o (top row) or pENSG-
p35S:CFP-GL3 (bottom row). YFP-TTG1 is displayed in the left column, NLSNLS-mCherry in the middle column, and CFP or CFP-
GL3 in the right column. C) CLSM of leek epidermal cells transiently expressing pENSG-p35S:NLSNLS-mCherry-P2A-YFP-TTG1 
and pENSG-p35S:CFP w/o (top row) or pENSG-p35S:CFP-GL3 (bottom row). YFP-TTG1 is displayed in the left column, NLSNLS-
mCherry in the middle column, and CFP or CFP-GL3 in the right column. The scale bars indicate 100 µm. 
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The N-terminal attachment of a fluorophore did not usually cause any shift in cellular localization for 

TTG1, which is localized in the cytoplasm and nucleus in plant cells. Upon exposure to GL3, TTG1 is 

recruited into the nucleus by binding of GL3 to its C-term (Balkunde et al., 2011). Therefore, it was 

assumed that the C-terminal attachment of the majority of the P2A sequence might lead to an altered 

protein function or hindrance of protein interactions. To test this, a “swap” P2A construct was 

generated in which the NLSNLS-mCherry fusion is followed by the P2A sequence and the YFP-tagged 

gene of interest. This would only lead to adding a proline at the N-terminal end of YFP, whereas most 

of the P2A sequence would be attached to the C-terminal end of the mCherry protein.  TTG1 expressed 

from this “swap” construct localized in the published fashion when expressed alone or together with 

GL3.  

Since the P2A construct used to express EGL3 N-terminally of the cleavage site resulted in no 

detectable mCherry fluorescence, EGL3 was also expressed using the “swap” construct. This resulted 

in a clear and strong nuclear mCherry signal (Figure 19). Interestingly, the cleavage problem was unique 

for EGL3, as the closely related bHLH protein GL3 did not seem to influence cleavage efficiency. Both 

proteins are highly similar in amino acid frequencies and share a 74 % identity (Figure 47). 

3.1.2. Regulation of core activators and inhibitors in trichome patterning 

Protein stabilities were determined by transient expression of the P2A system in leek epidermal cells. 

Fluorescence was detected using a CLSM, and intensity was measured using ImageJ. The reference was 

measured individually for each set and used to normalize the stabilities detected in the presence of 

other proteins. This means the protein of interest was tagged with YFP and, as an internal control to 

determine changes in YFP fluorescence intensity, NLSNLS-mCherry was used to determine a 

YFP/mCherry ratio. It can be assumed that NLSNLS-mCherry does not influence the ability of the CFP-

tagged proteins to interact with the protein of interest or is interacting with the CFP-tagged proteins. 

Therefore, the YFP/mCherry ratio in the presence of free CFP (CFP w/o) can be used as a reference to 

determine changes in the YFP/mCherry fluorescence ratio upon the addition of CFP fused to another 

protein.  Therefore, the YFP/mCherry ratio in the presence of CFP w/o is used for the normalization of 

the other combinations. This normalization was performed for each CLSM session individually, as the 

same microscope settings change if the device is switched off (personal communication J. Pietsch). 

Each set of combinations was transiently expressed at least two independent times. 

GL1 is stabilized by activators and inhibitors in leek epidermal cells 

One of the core components of trichome patterning is the R2R3MYB transcription factor GL1 

(Oppenheimer et al., 1991). Stability changes of GL1 were observed in leek epidermal cells by transient 

expression of GL1 and other trichome patterning proteins, using the P2A system.  
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Figure 9. Stability of GL1 in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios 
of pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S:CFP constructs expressing CFP w/o (n=61, 
median=0.76), CFP-GL1 (n=68, median=0.73), CFP-GL3 (n=103, median=1.43) and CFP-TTG1 (n=92, median=0.74). B) Box plot 
graph displaying the normalised YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry co-
expressed with pENSG-p35S constructs expressing CFP w/o (n=104, median=0.92), CFP-EGL3 (n=97, median=4.64) and CFP-
MYB23 (n=54, median=0.65). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:YFP-GL1-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=63, median=0.96), 
CFP-TRY (n=120, median=1.21) and CFP-CPC (n=83, median=1.2). Statistical analysis was performed by Mann-Whitney U tests, 
and statistical differences are indicated by compact letter display (p ≤ 0.05). In all box plots, the mean is displayed as a small 
square. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, and the 1% and 99% 
percentiles are displayed by crosses. Outliers are displayed as small horizontal lines.  

In the first sets of experiments, pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry (referred to as GL1-P2A in 

the following paragraphs) was expressed in the presence of other activators and the YFP/mCherry 

fluorescence ratios were determined and normalized to the control (CFP w/o). An increased ratio 

indicated a higher amount of YFP-tagged protein compared to NLSNLS-mCherry, indicating an increase 

in stability. A decreased ratio indicates a decrease in stability for the YFP-tagged protein.  In Figure 9 

A, the YFP/mCherry ratio of samples containing GL1-P2A and CFP-GL1 display a significant decrease in 

stability compared to the control. The mean fluorescence ratio in the presence of CFP-GL1 was 0.77 

(p=3.02*10-6). In the presence of CFP-GL3, GL1-P2A was stabilized significantly from 1 to a mean 

fluorescence ratio of 2.21 (p=2.4*10-9). TTG1 led to a slight but statistically significant decrease in 

stability to 0.9 (p=0.004). Additionally, GL1-P2A was co-expressed with CFP-EGL3 and CFP-MYB23 
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(Figure 9 B). The presence of CFP-EGL3 very drastically increased the GL1 stability to 5.64 

(p=2.78*10-34). On the contrary, CFP-MYB23 led to a significant decrease stability to 0.68 (p≤7.17*10-8). 

GL1-P2A was also co-expressed with the inhibitors TRY and CPC (Figure 9 C). CFP-TRY led to a slight but 

statistically significant increase in stability of GL1-P2A of 1.49 (p=3.99*10-4), and CFP-CPC led to a 

similar increase to 1.36 (p=9.32*10-5).  

Patterning activators differentially affect GL3 stability 

Another key component of the trichome patterning machinery is the bHLH transcription factor GL3 

(Payne et al., 2000). It is considered one of the essential proteins needed for the functionally active 

MBW complex, while its homolog EGL3 seems to play a minor role in trichome patterning (Bernhardt 

et al., 2005; Zhang et al., 2003). Therefore, in this study, GL3 stability was examined in leek epidermal 

cells.  

 

Figure 10. Stability of GL3 in leek epidermal cells.  A) Box plot graph displaying the normalised YFP/mCherry fluorescence 
ratios of pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S:CFP constructs expressing CFP w/o 
(n=56, median=0.98), CFP-GL1 (n=49, median=0.75), CFP-GL3 (n=44, median=0.64) and CFP-TTG1 (n=46, median=0.72). B) 
Box plot graph displaying the normalised YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry co-
expressed with pENSG-p35S constructs expressing CFP w/o (n=220, median=0.85), CFP-EGL3 (n=191, median=1.74) and CFP-
MYB23 (n=122, median=2.71). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:YFP-GL3-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=78, median=0.99), 
CFP-TRY (n=66, median=0.95) and CFP-CPC (n=48, median=0.89). Statistical analysis was performed by Mann-Whitney U tests 
for A) and B) and by a OneWay ANOVA for C). Statistical differences are indicated by compact letter display (p ≤ 0.05). In all 
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box plots, the mean is displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end 
of the whiskers, and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

In experiments expressing pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry (GL3-P2A) and the activators 

GL1, GL3, and TTG1 (Figure 10 A) tagged with CFP, different effects on protein stabilities were observed 

compared to GL1. GL3-P2A was significantly de-stabilized in the presence of all three activators. In the 

case of CFP-GL1, the mean stability decreased to 0.83 (p=0.021), in the presence of CFP-GL3 it even 

decreased to 0.64 (p=6.06*10-7), and CFP-TTG1 led to a decrease to 0.71 (p=3.1*10-5). Additionally, the 

activators EGL3 and MYB23 were tested regarding their effect on GL3-P2A stability (Figure 10 B). 

Interestingly, both activators stabilized GL3. CFP-EGL3 addition led to a significant increase in GL3 

stability to 2.62 (p=1.83*10-22), whereas CFP-MYB23 significantly increased the stability of GL3-P2A to 

a ratio of 3.12 (p=1.57*10-45). The co-expression of CFP-TRY (mean=0.96, p=0.39) and CFP-CPC 

(mean=0.9, p=0.11) led to no statistically significant changes in the stability of GL3-P2A (Figure 10 C).  

TTG1 is destabilized by itself and GL1, but stabilized by other patterning proteins 

Another trichome patterning protein that was examined regarding differences in stability in leek 

epidermal cells was TTG1. This protein is the centre of the MBW network that controls five different 

traits in Arabidopsis (Zhang & Schrader, 2017), thus differential regulation of TTG1 stability may have 

wide ranging effects.  
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Figure 11. Stability of TTG1 in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-TTG1 co-expressed with pENSG-p35S:CFP constructs expressing CFP w/o 
(n=178, median=0.95), CFP-GL1 (n=147, median=0.63), CFP-GL3 (n=262, median=2.73) and CFP-TTG1 (n=138, median=0.36). 
B) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-TTG1 
co-expressed with pENSG-p35S constructs expressing CFP w/o (n=277, median=0.7), CFP-EGL3 (n=240, median=2.72) and 
CFP-MYB23 (n=260, median=0.88). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:NLSNLS-mCherry-P2A-YFP-TTG1 co-expressed with pENSG-p35S constructs expressing CFP w/o (n=156, median=0.73), 
CFP-TRY (n=202, median=0.96) and CFP-CPC (n=177, median=1.00). Statistical analysis was performed by Mann-Whitney U 
tests and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean 
is displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, 
and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

In the first set of experiments, pENSG-p35S:NLSNLS-mCherry-P2A-YFP-TTG1 (P2A-TTG1) was 

transiently expressed together with the activators GL1 and GL3, as well as TTG1 (Figure 11 A). The 

presence of CFP-GL1 led to a significant decrease in the mean TTG1 stability from 1 to 0.71 

(p=6.23*10-14). Expressing CFP-TTG1 additionally to P2A-TTG1 led to an even more drastic decrease in 

stability to 0.47 (p=2.13*10-30). In contrast, CFP-GL3 addition led to a significant increase in TTG1 

stability to a mean ratio of 2.93 (p=2.74*10-101). Additionally, the activators EGL3 and MYB23 were co-

expressed with TTG1-P2A and the stability was examined (Figure 11 B). In the presence of CFP-EGL3, 

TTG1-P2A was significantly stabilized to a mean YFP/mCherry ratio of 3.5 (p=3.51*10-60). CFP-MYB23 

also led to a significant increase in stability to 1.35 (p=3.07*10-4). Interestingly, TTG1 is stabilized in the 
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presence of both tested inhibitors. CFP-TRY led to an increase in stability to 1.31 (p=0.002) and CFP-CPC 

even to a more drastic increase to 1.7 (p=4.9*10-4, Figure 11 C).  

EGL3 is stabilized profoundly by CPC 

EGL3 was also tested for differential stability upon co-expression with other trichome patterning 

proteins, as it is also a core component of the trichome patterning network (Zhang & Schrader, 2017).  

 

Figure 12. Stability of EGL3 in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-EGL3 co-expressed with pENSG-p35S constructs expressing CFP w/o (n=183, 
median=0.68), CFP-GL1 (n=180, median=1.01), CFP-GL3 (n=185, median=0.61) and CFP-TTG1 (n=174, median=1.54). B) Box 
plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-EGL3 co-
expressed with pENSG-p35S constructs expressing CFP w/o (white box, n=105, median=0.96), CFP-EGL3 (n=188, 
median=0.78) and CFP-MYB23 (n=112, median=1.75). C) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-EGL3 co-expressed with pENSG-p35S constructs expressing CFP w/o (n=172, 
median=0.89), CFP-TRY (n=109, median=1.34) and CFP-CPC (n=147, median=2.47). Statistical analysis was performed by 
Mann-Whitney U tests, and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all 
box plots, the mean is displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end 
of the whiskers, and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

The co-expression of pENSG-p35S:NLSNLS-mCherry-P2A-YFP-EGL3 (P2A-EGL3) with the bHLH TFs GL3 

and EGL3 surprisingly did not lead to a statistically significant change in protein stability. However, the 

co-expression of CFP-GL1 significantly increased the EGL3 stability to a mean ratio of 1.29 (p=6.8*10-10). 

Remarkably, TTG1 led to an even higher stability of EGL3 to 1.75 (p=1.2*10-26, Figure 12 A). The last 
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activator tested that changed EGL3 stability was CFP-MYB23 (Figure 12 B), increasing the stability to 

1.86 (p=3.2*10-16). In a final set of experiments, the two inhibitors TRY and CPC were examined 

regarding their effect on P2A-EGL3 stability (Figure 12 C). Interestingly, both seem to stabilize EGL3 but 

to a different extent. In the case of CFP-TRY, the mean stability significantly increased to 1.54 

(p=1.3*10-6) and in the case of CFP-CPC, the increase was even more drastic to 3.37 (p=0). 

MYB23 is stabilized by the other MYBs, especially GL3 

The last core activator that was tested for stability changes, was MB23. Although MYB23 does not 

affect trichome patterning as drastic as GL1, it is still considered a core patterning protein and is tightly 

embedded in the patterning network by protein-protein interactions and gene expression regulation 

(Kirik et al., 2001, 2005; Li et al., 2009b). Therefore, changes in MYB23 protein stability might influence 

patterning mechanisms. 

 

Figure 13. Stability of MYB23 in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:YFP-MYB23-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=97, 
median=0.98), CFP-GL1 (n=47, median=1.05), CFP-GL3 (n=94, median=5.58) and CFP-TTG1 (n=80, median=0.76). B) Box plot 
graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-MYB23-P2A-NLSNLS-mCherry co-
expressed with pENSG-p35S constructs expressing CFP w/o (n=313, median=0.88), CFP-EGL3 (n=199, median=2) and CFP-
MYB23 (n=240, median=1.17). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:YFP-MYB23-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=95, median=0.92), 
CFP-TRY (n=61, median=0.75) and CFP-CPC (n=133, median=9.92). Statistical analysis was performed by Mann-Whitney U 
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tests, and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean 
is displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, 
and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

Co-expression of pENSG-p35S:YFP-MYB23-P2A-NLSNLS-mCherry (MYB23-P2A) with the other 

R2R3MYB TF, GL1, did not lead to significant changes in MYB23 stability (Figure 13 A). However, 

CFP-GL3 and CFP-TTG1 led to opposite effects on MYB23 stability. CFP-TTG1 decreased the stability 

slightly, but still significantly, to 0.87 (p=4.0*10-4). CFP-GL3 on the other side, drastically increased the 

stability to 6.58 (p=2.1*10-41). In contrast to GL1, MYB23 influenced the stability of the MYB23-P2A 

protein positively by increasing the mean fluorescence ratio to 2.57 (p=4.8*10-39). CFP-EGL3 also 

significantly increased the stability of MYB23 to 1.76 (p=2*10-7, Figure 13 B).  The addition of neither 

CFP-TRY nor CFP-CPC led to a significant change of MYB23 stability (Figure 13 C).  

TRY is drastically stabilized by the bHLHs GL3 and EGL3 

The first inhibitor examined regarding protein stability changes was TRY. TRY is known to act 

redundantly with the other R3MYB inhibitors but also regulates short-range trichome initiation, which 

sets it apart from e.g. CPC (Schellmann et al., 2002). 

 

Figure 14. Stability of TRY in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:YFP-TRY-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=130, 
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median=0.89), CFP-GL1 (n=98, median=1.23), CFP-GL3 (n=86, median=2.09) and CFP-TTG1 (n=75, median=1.23). B) Box plot 
graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-TRY-P2A-NLSNLS-mCherry co-
expressed with pENSG-p35S constructs expressing CFP w/o (n=210, median=0.80), CFP-EGL3 (n=168, median=6.95) and CFP-
MYB23 (n=130, median=0.67). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:YFP-TRY-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=106, median=0.94), 
CFP-TRY (n=95, median=1.41) and CFP-CPC (n=87, median=1.01). Statistical analysis was performed by Mann-Whitney U tests, 
and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean is 
displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, and 
the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

The co-expression of pENSG-p35S:YFP-TRY-P2A-NLSNLS-mCherry (TRY-P2A) with all tested activators 

except MYB23, led to a significant change in protein stability of TRY-P2A. All activators increased the 

stability of TRY (Figure 14 A and B). TRY-P2A was slightly but significantly stabilized to 1.4 in the 

presence of GL1 (p=5.0*10-6) and TTG1 (p=2.6*10-11). The presence of CFP-GL3 led to a higher protein 

stability increase of 2.2 (p=6.4*10-41). Co-expression of CFP-EGL3 increased the mean YFP/mCherry 

fluorescence ratio very drastically to 8.22 (p=5.7*10-79). Interestingly, only CFP-TRY influenced its own 

stability, but CFP-CPC did not change the fluorescence ratio significantly. When CFP-TRY was 

co-expressed with TRY-P2A, TRY stability increased to 1.43 (p=2.4*10-9, Figure 14 C).  

  



Results 

59 

 

CPC is stabilized by EGL3 and MYB23 

The last trichome patterning protein examined regarding stability changes was the inhibitor CPC, which 

is suspected to play a role in the long-range trichome inhibition (Schellmann et al., 2002). 

 

Figure 15. Stability of CPC in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry fluorescence 
ratios of pENSG-p35S:YFP-CPC-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=145, 
median=0.97), CFP-GL1 (n=101, median=1.2), CFP-GL3 (n=120, median=1.2) and CFP-TTG1 (n=99, median=0.96). B) Box plot 
graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-CPC-P2A-NLSNLS-mCherry co-
expressed with pENSG-p35S constructs expressing CFP w/o (n=242, median=0.88), CFP-EGL3 (n=198, median=3.39) and CFP-
MYB23 (n=113, median=1.08). C) Box plot graph displaying the normalized YFP/mCherry fluorescence ratios of pENSG-
p35S:YFP-CPC-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing CFP w/o (n=63, median=1), CFP-
TRY (n=120, median=1.54) and CFP-CPC (n=83, median=1.13). Statistical analysis was performed by Mann-Whitney U tests, 
and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean is 
displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, and 
the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines 

Co-expression of pENSG-p35S:YFP-CPC-P2A-NLSNLS-mCherry (CPC-P2A) with any tested activators, 

except TTG1, led to a statistically significant increase in mean YFP/mCherry fluorescence ratio (Figure 

15 A and B). The extent of this increase, however, differed. The presence of CFP-GL1 led to an increase 

in the mean fluorescence ratio to 1.41 (p=0.00125), and CFP-GL3 increased the stability to 1.62 

(p=2.4*10-6). Interestingly, CFP-EGL3 and CFP-MYB23 increase TRY stability even more. EGL3 led to a 

mean fluorescence ratio of 4.09 (p=2.3*10-70) and MYB23 to a ratio of 2.3 (p=6.5*10-5). Also, the co-
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expression of both tested inhibitors increased the protein stability of TRY. CFP-TRY more drastically 

stabilized TRY-P2A to a mean ratio of 1.54 (p=1.1*10-10), whereas CFP-CPC only slightly but significantly 

raised the mean fluorescence ratio to 1.2 (p=0.004, Figure 15 C). 

3.1.3. Proteasomal degradation may be the cause for changed fluorescence ratios 

So far, the changed fluorescence ratios have been referred to as changed protein stabilities. This can 

be reasoned by considering that YFP and mCherry are expressed from one plasmid and 

co-translationally cleaved into two proteins in an equimolar manner. YFP and mCherry possess 

different quantum yields and brightness (Kremers et al., 2006; Shaner et al., 2004) but using the control 

(CFP w/o) as a normalization factor, this was taken into consideration. Therefore, any change in 

YFP/mCherry fluorescence ratio is caused by a change in fluorophore amount. NLSNLS-mCherry is very 

unlikely to be specifically targeted for protein degradation, therefore changes in fluorescence ratio are 

most likely caused by changes in the protein amount of YFP-tagged fusion protein.  Protein amount is 

determined by production and degradation rates. However, an increase in production would also lead 

to an equimolar increase in NLSNLS-mCherry. Thus, no change in fluorescence ratio would be 

observed. However, a changed degradation would be indicated by a changed fluorescence ratio. 

Specific protein degradation is often mediated trough the 26S proteasome pathway (Moon et al., 2004) 

and for GL1, GL3 and TTG1 proteasomal degradation was suggested (Jaime, 2007; Patra et al., 2013a, 

b). To test the proteasomal degradation using the P2A system proteasomal inhibitor treatments were 

performed in transiently transformed N. benthamiana leaves. A well-established proteasomal inhibitor 

is MG-132, also known as Cbz-leu-leu-leicinal. As a cell-permeable and potent substrate analog of the 

26S proteasome it inhibits reversibly the chymotrypsin-like activity of the proteasome by blocking its 

transition state (Lee & Goldberg, 1996, 1998; Rock et al., 1994). In these inhibitor treatments, a P2A 

construct expressing RFP instead of mCherry was used due to the availability of antibodies for possible 

further experiments.  

To test the efficiency of the inhibitor treatment tobacco leaves were transiently transformed to express 

pENSG-p35S:YFP-HY5-P2A-RFP-NLS. The MG132 treatment was performed one day post infiltration 

with A. tumefaciens. It was shown that HY5 accumulates in A. tumefaciens-infiltrated tobacco leaves 

12h after MG-132 treatment (Liu et al., 2010).  
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Figure 16. Stability of HY5 in tobacco leaves 16h after MG132 treatment. Box plot graph displaying the normalized YFP/RFP 
fluorescence ratios of pENSG-p35S:YFP-HY5-P2A-RFP-NLS expressed in non-treated tobacco ( n=106, median=1), mock-
treated tobacco (n=101, median=0.99) and MG132 treated tobacco (n=107, median=1.6). Each n refers to a single nucleus of 
tobacco epidermis cells. Statistical analysis was performed by Mann-Whitney U tests and statistical differences are indicated 
by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean is displayed as a small square. Maximum and 
minimum values are indicated as horizontal lines at the end of the whiskers and the 1% and 99% percentiles are displayed by 
crosses. Outliers are displayed as small horizontal lines.  

The normalized YFP/RFP fluorescence ratio of HY5 did not significantly change upon mock treatment.  

However, the MG132 treatment led to a statistically significant increase in HY5 stability from 1 to 1.53 

(p=2.8*10-16). This indicates an influence of MG132 on the proteasomal degradation of HY5 and an 

effective treatment.  

Based on these initial results the same experimental setup was used to test proteasomal degradation 

of pENSG-p35S:YFP-GL1-P2A-RFP-NLS in the presence or absence of GL3. For this experimental setup, 

the non-treated leaves expressing GL1-P2A and CFP w/o were used to normalize the other 

fluorescence ratios. 
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Figure 17. Stability of GL1 in tobacco leaves 16h after MG132 treatment.  Box plot graph displaying the normalized YFP/RFP 
fluorescence ratios of pENSG-p35S:YFP-GL1-P2A-RFP-NLS co-expressed with pENSG-p35S constructs in not treated leaves 
(w/o) expressing CFP w/o (n=8, median=1.04) or CFP-GL3 (n=8, median=1.72). The normalized YFP/RFP fluorescence ratios 
of pENSG-p35S:YFP-GL1-P2A-RFP-NLS co-expressed with pENSG-p35S constructs in mock-treated leaves (mock) expressing 
CFP w/o (n=8, median=1.08) or CFP-GL3 (n=8, median=1.79). The normalised YFP/RFP fluorescence ratios of pENSG-p35S:YFP-
GL1-P2A-RFP-NLS co-expressed with pENSG-p35S constructs in MG132 treated leaves (MG132) expressing CFP w/o (n=8, 
median=1.21) or CFP-GL3 (n=8, median=2.38). Each n refers to a single CLSM image with several epidermal cells that are 
measured as one sample. Statistical analysis was performed by Mann-Whitney U tests, and statistical differences are 
indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots, the mean is displayed as a small square. 
Maximum and minimum values are indicated as horizontal lines at the end of the whiskers, and the 1% and 99% percentiles 
are displayed by crosses. Outliers are displayed as small horizontal lines.  

As shown for the transient expression in leek, the presence of CFP-GL3 led to an increase in GL1-P2A 

stability. This was the case for all three samples independent of the applied treatment. In the non-

treated samples, the mean fluorescence ratio in the samples co-expressing CFP-GL3 increased from 1 

to 1.7 (p=1.6*10-4), in mock-treated samples, the ratio increased from 1.07 to 1.78 (p=1.6*10-4), and 

in the MG132 treated samples the ratio increased from 1.23 to 2.44 (p=1.6*10-4). In general, the 

MG132 treatment caused an increase in the normalized YFP/RFP fluorescence ratio compared to the 

mock- and non-treated samples. The samples containing CFP w/o were not statistically different from 

each other in the cases of no and mock treatment. However, the samples that were MG132 treated 

displayed a significantly increased ratio compared to the non-treated samples (p=1.6*10-4) and the 

mock-treated samples (p=3.1*10-4). The mean fluorescence ratio of the samples co-expressing CFP-

GL3 was not significantly different during no or mock treatment. MG132 treatment, however, led to a 
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significant increase in the YFP/RFP ratio compared to the other two treatments (p=0.001 non-treated, 

p= 0.001 mock-treated).  

These results prompted the question of the timeline of degradation. The same constructs were used 

in different infiltration experiments, in which treatment was performed at 4h, 16h, or 14h before 

imaging. However, no difference in fluorescence ratio upon MG132 treatment was observed at any 

time point (data not shown). Repetition of the inhibitor treatment experiments in tobacco expressing 

pENSG-p35S:YFP-GL1-P2A-RFP-NLS or pENSG-p35S:YFP-GL3-P2A-RFP-NLS with either CFP w/o or 

CFP-GL3 did not result in any significant changes in YFP/RFP ratio caused by MG132 treatment (Figure 

48). 

3.1.4. KAKTUS could be the candidate ubiquitin ligase involved in the degradation of trichome 

patterning proteins 

There are indications that GL3 and EGL3 interact with the E3 ubiquitin ligase KAKTUS and thus are 

degraded via the 26S proteasome (Patra et al., 2013a). Also, for GL1, there are some indications that 

it is a target of KAKTUS, similar to TTG1  (Jaime, 2007; Patra et al., 2013b). To test the effect of KAK on 

GL3 stability, pENSG-p35S:CFP-KAK was co-expressed with pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry 

in leek epidermal cells and normalized to pENSG-p35S:CFP w/o (Figure 19). The presence of KAK led to 

a significant increase in the normalized YFP/mCherry fluorescence ratio of GL3 from 1 to 1.93 

(p=2.5*10-6). This result contradicts the publications stating a negative effect of KAK on GL3 stability 

(Patra et al., 2013a). To investigate this finding further, pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry 

was co-expressed with pENSG-p35S:CFP w/o or pENSG-p35S:CFP-GL3 in wild type Col-0 or kak plants 

and the YFP/mCherry ratios were examined.  

 

Figure 18. Stability of GL3 in Col-0 and kak leaf epidermal cells.  A) Box plot graph displaying the normalized YFP/mCherry 
fluorescence ratios of pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing 
CFP w/o (n=10, median=1) or CFP-GL3 (n=13, median=0.84) in Col-0 leaf epidermal cells. B) Box plot graph displaying the 
normalized YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S 
constructs expressing CFP w/o (n=13, median=0.81) or CFP-GL3 (n=18, median=0.39) in kak leaf epidermal cells. Statistical 
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analysis was performed by Student t-test (A) or Mann-Whitney U test (B), and statistical differences are indicated by compact 
letter display (p ≤ 0.05). In all box plots, the mean is displayed as a small square. Maximum and minimum values are indicated 
as horizontal lines at the end of the whiskers, and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed 
as small horizontal lines. The experiments in Col-0 and kak took place on different days, therefore ratios between both 
experiments cannot be compared directly. 

The co-expression of pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry (GL3-P2A) with pENSG-p35S:CFP-GL3 

in Col-0 leaf epidermal cells led to a statistically significant increase in normalized mean YFP/mCherry 

fluorescence ratio compared to the control expressing pENSG-p35S:CFP w/o. In the presence of 

CFP-GL3, GL3-P2A is destabilized, shown by a reduction of the fluorescence ratio of 1 to 0.82 (p=1.4*10-

11). The same trend could be observed by expressing the same constructs in kak leaf epidermal cells. 

However, in kak plants, the decrease in GL3-P2A stability was even more pronounced. The normalized 

mean YFP/mCherry fluorescence ratio dropped in kak plants from 1 to 0.45 (p=2*10-4). These findings 

are in line with the bombardments co-expressing pENSG-p35S:YFP-GL3-P2A-NLSNLS-mCherry with 

pENSG-p35S:CFP-KAK (Figure 19), but are contrary to the published results discussed above.  

 

Figure 19. GL3-P2A + CFP-KAK in leek epidermal cells. Box plot graph displaying the normalised YFP/RFP fluorescence ratios 
of pENSG-p35S:YFP-HY5-P2A-RFP-NLS expressed in non-treated tobacco (n=106, median=1), mock treated tobacco (n=101, 
median=0.99) and MG132 treated tobacco (n=107, median=1.6). Each n refers to a single nucleus of tobacco epidermis cells. 
Statistical analysis was performed by Mann-Whitney U tests and statistical differences are indicated by different letters at 
the top of each graph (p ≤ 0.05). In all box plots the mean is displayed as a small box in the box formed by median, 0.25 and 
0.75 quartiles. Maximum and minimum values are indicated as horizontal lines at the end of the whiskers and the 1% and 
99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines. 

 

3.1.5. The different protein stabilities are caused by interactions between the co-expressed 

proteins 

Based on the experimental results obtained so far, it was suspected that the added protein caused the 

stability changes by protein-protein interaction. This theory was tested by using known interaction 
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mutants of trichome patterning proteins in transient co-expression experiments. Therefore, 

interacting and non-interacting (del96GL3) mutants of GL3 (Payne et al., 2000) were co-expressed with 

YFP-GL1-P2A-NLSNLS-mCherry in leek epidermal cells. The truncated version of GL3 was shown to be 

unable to bind to GL1 in yeast two-hybrid experiments (Payne et al., 2000). If the fluorescence ratio 

changes were caused by protein interactions, the mutated version should show no difference in the 

fluorescence ratio compared to the control.  

 

Figure 20. Stability of different GL1 variants in leek epidermal cells. A) Box plot graph displaying the normalized YFP/mCherry 
fluorescence ratios of pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S constructs expressing 
CFP w/o (n=117, median=0.98) and CFP-del96GL3 (n=114, median=1.16) B) Box plot graph displaying the normalized 
YFP/mCherry fluorescence ratios of pENSG-p35S:YFP-GL1(R97D)-P2A-NLSNLS-mCherry co-expressed with pENSG-p35S 
constructs expressing CFP w/o (n=128, median=0.95) and CFP-GL3 (n=90, median=0.96). Statistical analysis was performed 
by Mann-Whitney U tests, and statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In 
all box plots, the mean is displayed as a small square. Maximum and minimum values are indicated as horizontal lines at the 
end of the whiskers, and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as small horizontal lines.  

The co-expression of pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry and pENSG-CFP-GL3 led to a 

statistically significant increase in mean YFP/mCherry fluorescence ratio from 1 to 2 (see Figure 9). If 

instead a truncated version of GL3 is co-expressed with GL1-P2A (Figure 20 A), the fluorescence ratio 

also significantly increases, however, the effect is strongly reduced as the ratio only rises to a mean 

value of 1.3 (p=2.4*10-5) compared to the control. This result indicates that the truncated GL3 protein 

may still be able to interact with GL1 but weaker than the wildtype protein. Additionally, to the 

interaction impaired GL3 protein, Dustin Firmenich tested the stability changes of a mutated version 

of GL1 during the course of his bachelor thesis. It was previously shown, that a single amino acid change 

from arginine to aspartate at position 97 of GL1 leads to the impairment of interaction with GL3 in 

yeast three-hybrid assays and pulldown experiments (Pesch et al., 2015). The co-expression of pENSG-

p35S:YFP-GL1(R97D)-P2A-NLSNLS-mCherry and pENSG-CFP-GL3 in leek epidermal cells led to no 

significant change in mean YFP/mCherry ratio compared to the control sample (p=0.29; Figure 20, B). 

This result indicates, that the former observed changes in YFP/mCherry ratios are indeed caused by 

protein-protein interactions.  
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3.1.6. MYB23 is differentially stabilized in trichomes and surrounding cells in Col-0 

The different effects trichome patterning proteins inflict on each other in leek epidermal cells 

prompted questions about their reciprocal effects in the endogenous plant organ, i.e., trichomes and 

epidermal cells of Arabidopsis. This question, however, is not as easily addressed, as the 

overexpression of trichome patterning genes leads to very drastic changes in trichome patterns. In the 

case of overexpressing inhibitors, this would lead to glabrous leaves, as shown for the overexpression 

of TRY, CPC, and ETCs (Kirik, et al., 2004a, b; Schellmann et al., 2002; Tominaga et al., 2008; Wada et 

al., 1997).  Overexpressing activators, such as GL3 and EGL3, leads to the formation of more trichomes 

(Bernhardt et al., 2003; Payne et al., 2000). A solution to that problem would be the expression of 

trichome patterning genes under their endogenous promoters. Unfortunately, the expression rate 

under endogenous promoters is low and restricted to the patterning zone of really young leaves or to 

trichomes (Friede et al., 2017; Pesch et al., 2014; Pesch & Hülskamp, 2011; Zhang et al., 2003). Luckily, 

the overexpression of GL1 or MYB23 does not lead to changes in trichome pattern (Kirik et al., 2001; 

Szymanski & David Marks, 1998). Therefore, pENSG-p35S:YFP-GL1-P2A-NLSNLS-mCherry and pENSG-

p35S:YFP-MYB-P2A-NLSNLS-mCherry were used to generate transgenic lines in Col-0 background. For 

the MYB23 construct, several T1 plants could be selected, and some of them showed clear and 

sufficient signals for microscopic analysis. The YFP and mCherry fluorescence intensities were 

determined in non-branched trichomes and surrounding cells on small rosette leaves (leaf 3 or 4,Figure 

21 A and B). For each trichome, the three surrounding cell tiers were analyzed, and the YFP/mCherry 

ratio was determined for each cell. The YFP/mCherry ratio of the trichome was used to normalize the 

ratios in the surrounding cells.  
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Figure 21. Stability of MYB23 in different epidermal cell types. A) CLSM images of small rosette leaves of Col-0 plants 
expressing pENSG-p35S:YFP-MYB-P2A-NLSNLS-mCherry. YFP-MYB23 is displayed on the left, NLSNLS-mCherry in the middle, 
and a brightfield image with a scale bar (100 µl) is shown on the right. B) Enlarged CLSM images of Col-0 plants expressing 
pENSG-p35S:YFP-MYB-P2A-NLSNLS-mCherry (brightfield) shown in A) with respective ROIs from fluorescence intensity 
measurements. C) Bar graph of normalized YFP/mCherry fluorescence ratios in trichomes (n=44) and surrounding cell tiers. 
Error bars depict standard deviations. Statistical analysis was performed by Mann-Whitney U tests, and statistical differences 
are indicated by two asterisks (p≤0.01) or three asterisks (p≤0.001). 

Measurements were conducted in several lines and upon normalisation the YFP/mCherry ratio in 

surrounding cells was increased compared to the ratio in trichomes. In the first tier of cells, no change 

in fluorescence ratio was observed. However, in tier two and three a significantly increased 

YFP/mCherry ratio was observed. The increase in YFP/mCherry ratio is not as high as observed in the 
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leek epidermal cell experiments, but it is significantly different from the trichome value. This finding is 

counter-intuitive, as one would assume, that activators have to be more stable in trichomes compared 

to epidermal cells. However, the combination of active complexes present in the different cell types 

may play a role. As specific ratio of activator to inhibitor has to be present to induce trichome 

formation (Pesch & Hülskamp, 2009). This ratio is not given in epidermal cells, leading to different 

protein compositions. Additionally, a recent study found differently composed complexes of activators 

and inhibitors depending on the protein amounts (Zhang et al., 2024). Moreover, the overexpression 

of MYB23 itself could affect the stability of the different trichome patterning proteins.  

3.1.7. Photoconvertible proteins could open an alternative route for protein stability 

experiments 

Ideally, a second method to examine protein stability changes should be used to verify the initial 

results. An interesting alternative are photoconvertible proteins which change their conformation 

upon UV irradiation and thus change their emission spectra. A wide variety of photoconvertible 

proteins are available, such as Kaede, KikGR, monomeric KikGR (mKikGR), EosFP, and Dendra (Ando et 

al., 2002; Gurskaya et al., 2006; Habuchi et al., 2008; Wiedenmann et al., 2004; Tsutsui et al., 2005). 

These proteins change fluorescence properties irreversibly from green to red fluorescence upon UV 

irradiation (Gurskaya et al., 2006; Kaberniuk et al., 2017; Mizuno et al., 2003). In this study, two rather 

new photoconvertible proteins were tested in more detail, namely Dendra2 and moxDendra2. Both 

are monomeric proteins, and good conversion rates were reported (Gurskaya et al., 2006; Kaberniuk 

et al., 2017). In theory, utilizing photoconvertible proteins could enable the analysis of protein 

production and degradation rates. After conversion, the red protein will be degraded, and the newly 

appearing green protein will be freshly produced. Hence, degradation and production rates can be 

determined by measuring fluorescence intensities over time. Unfortunately, a major issue presented 

by photoconvertible proteins used in this study was the incomplete conversion during microscopy. 

Even after several rounds of UV irradiation using a high laser intensity, a green signal could be detected 

(Figure 22). Sometimes repeated irradiation led to cell death, and also photobleaching could not be 

excluded. 
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Figure 22. Dendra2 before and after UV conversion. CLSM images of leek epidermal cells transiently expressing 
p35S:Dendra2. Images all show the same cell, detecting the green and red fluorescent version of Dendra2. Different 
conversion states were documented before conversion, after a first, and after a second conversion (listed left). The scale bars 
indicate 50 µm. 

To bypass this problem, the full conversion will not be considered a necessary variable for the 

experiments. The remaining green fluorescent proteins after conversion will be considered as start 

point “0”, meaning all additional green fluorescence intensity measured will be attributed to new 

proteins. The red fluorescence intensity after conversion will be tracked over time and any decrease 

in signal intensity could be attributed to protein degradation. This will allow the use of 

photoconvertible proteins as tags without complete conversion. For Dendra2 and moxDendra2, the 

protein degradation rates of tagged proteins could be observed in this fashion. Protein production 

rates would be harder to determine with this strategy, as apparently, Dendra2 green fluorescent 

protein populations can alternate between fluorescent and non-fluorescent forms, depending on their 

protonation state (Chudakov et al., 2007). 
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In a bachelor thesis associated with this study, the photoconvertible proteins Dendra2 and 

moxDendra2 were tested for optimized conversion, laser settings, and experiment duration. The 

results of these experiments can be found in the bachelor thesis of Dustin Firmenich. Based on his 

results, Dendra2 was chosen for further experiments, due to a better convertibility. In first experiments 

Dendra2 tagged GL1 was transiently expressed in leek epidermal cells. This experiment served the 

purpose to test the conversion technique and to test the timespan for future experiments. Multiple 

photoconversions were performed using the microscope UV laser, and green and red fluorescence 

signals of different cells were tracked over time. The fluorescence intensities were normalized to the 

intensities detected right after conversion and are shown as percentages in Figure 23. 

 

Figure 23. Relative fluorescence intensities of green and red Dendra2-GL1. In leek epidermal cells expressing Dendra2-GL1 
both Dendra2 conformations were imaged in seven different cells, before and after UV conversion. The green fluorescence 
emitting Dendra2 version is displayed in the top graph, the red fluorescence emitting version is shown in the bottom graph. 
The same cells were imaged after several hours (x-axis), and the relative fluorescence intensity normalized to the fluorescence 
value after conversion for each individual cell is displayed.  

In this experiment, cell death of converted epidermal cells was observed for several cells. These cells 

were not imaged further, indicated by terminated lines. Nevertheless, a decrease in green signal upon 

conversion and an increase in red fluorescence intensity could be observed for all cells. Four to five 
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hours after conversion, the green fluorescence signal slightly increased, and the red signal intensity 

stagnated. However, a drastic decrease in red signal could be observed 1-3 h after conversion. These 

first results suggest the suitability of Dendra2 as a fluorescence tag to track protein degradation over 

time. However, the method of detection could be an issue, as conversion at the CLSM may lead to cell 

death later in the experiment. Also, protein conversion and image acquisition are time-consuming, and 

tracking multiple cells on different samples can be challenging. 

3.2. Regulatory sequence analysis of trichome patterning genes 

Additionally to the trichome patterning regulation at the protein level, a cross-regulatory network at 

the transcription level takes part in regulating trichome formation (Hülskamp, 2004; Pesch & 

Hülskamp, 2009; Wang et al., 2021).  Though various works analyzing the cross-regulatory network 

have already been performed and published (Digiuni et al., 2008; Jakoby et al., 2008; Kirik et al., 2005; 

Morohashi et al., 2007; Morohashi & Grotewold, 2009; Tominaga et al., 2008; Wang et al., 2007, 2008; 

Zhao et al., 2008), some questions are still open. In this work, several regulatory sequences were 

analyzed regarding the presence of cis-regulatory elements (CREs). These sequences were analyzed by 

utilising the plant cis-acting regulatory DNA elements (PLACE) database (Higo et al., 1999). The 

analyzed sequences were associated with the transcription control of GL1, GL3, ETC1, ETC2, and ETC3. 

PLACE analysis listed all found CREs with corresponding site names, locations, signal sequences, and a 

unique site number (site #). To summarize and visualize these results more efficiently, different 

categories were determined, and specific site numbers were assigned for each category. The list of 

categories with the corresponding site numbers can be found in Table 20. PLACE provides unique site 

numbers for motifs. These numbers are listed during sequences descriptions and the references to 

each site number can be found in Table 20. Most motifs were present more than once in each 

sequence. Therefore, the number of CREs does not automatically match the number of different motif 

sequences but the total number of CREs found belonging to this category. Furthermore, the sequences 

analyzed for CREs were also examined in transactivation assays to potentially shed more light on the 

differential transcriptional regulation of the corresponding genes.  

3.2.1. Analysis of regulatory sequences of GL1 

One of the earliest genes identified as being involved in trichome patterning is GL1 (Herman & Marks, 

1989; Marks & Feldmann, 1989; Oppenheimer et al., 1991). It was identified as a MYB encoding gene 

and expression under a putative 1.4 kb promoter sequence let to expression in stipules (Oppenheimer 

et al., 1991). Afterwards, a 3’ enhancer region was proposed to be needed for trichome specific 

expression and phenotype rescue ability (Larkin et al., 1993). However, also the first intron was 

suspected to play a role in the regulation of GL1 expression and may be needed for the correct 
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expression pattern (Wang et al., 2004). In a former study conducted by Martina Pesch, several 

regulatory sequences were tested for GL1 expression regulation (Pesch, 2005). In summary, all these 

different sequences and studies complicate the identification of regulatory sequences of GL1. 

Therefore, an analysis of the regulatory sequences published so far was conducted, followed by PLACE 

analysis and transactivation assays of these sequences. Moreover, phenotype rescue experiments 

were performed to identify possible influences of the used plasmid on the rescue efficiency of GL1 

regulatory sequences.  

Comparison and in-silico analysis of regulatory sequences involved in GL1 expression 

The regulatory sequences used by Oppenheimer and Larkin, as well as Wang and Pesch are illustrated 

in Figure 24. 

 

Figure 24. Summary of published regulatory sequences associated with GL1 expression. Putative regulatory sequences used 
in the publication A) Pesch, 2005 B) Oppenheimer et al., 1991 & Larkin et al., 1993 C) Wang et al., 2004. Numbers refer to the 
start of GL1 coding sequence, positive signs refer to downstream of the ATG of GL1 and negative signs to upstream. The color 
code of each depicted sequence category (promoter, 3’ enhancer, exon, intron, 5’ and 3’ UTR, and core enhancer) is listed at 
the bottom of the figure. The depicted box sizes do not accurately reflect the exact sequence length.  

Oppenheimer and colleagues defined the 5’ promoter region from -1382 to -21 relative to the start 

codon of GL1. However, this 5’ promoter alone did not seem sufficient to express GL1 correctly 

(Oppenheimer et al., 1991). Two years later, Larkin and colleagues used the same promoter region 

combined with a putative 3’ enhancer region (+2426 to +2911) to detect GL1 expression in trichomes 

of young leaves.  Subsequently, the sufficient enhancer sequence needed for gl1 phenotype 

complementation could be limited to a so-called core enhancer in the region +2589 to +2741 (Larkin 

et al., 1993). However, in a later study focused on a MYB encoding gene from cotton (Gossypium spp), 

a longer 5’ promoter region of GL1 (-1 to -1400), as well as a longer 3’ enhancer element (+1563 to 

+3400) were used for rescue experiments (Wang et al., 2004). Also, the first intron of GL1 needed to 

be included in the rescue constructs to ensure trichome formation in gl1 plants. Wang et al. analyzed 
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intron 1 of GL1, WER, and the cotton MYB (GaMYB2) regarding CREs and found a conserved MYB motif 

(Wang et al., 2004). In an independent study, it was also speculated that the first intron may play a 

role in GL1 expression regulation (Pesch, 2005). However, in the mentioned study different regions for 

the 5’ promoter (-124 to -1362) and 3’ enhancer (+2408 to +2922) were used, and the intron was not 

considered in combination with the other two regulatory elements (Pesch, 2005). The intron was also 

tested regarding expression pattern and rescue ability, and no expression or trichome formation was 

observed (Pesch, 2005). In addition to the different regions, Oppenheimer, Larkin, and Pesch used 

Landsberg erecta as the sequence source, whereas Wang used the Columbia accession. Moreover, 

different plasmids were used to generate the rescue constructs. The different properties of these 

plasmids may also influence the rescue efficiency of the sequence of interest.  

As a first step in the examination of the different sequences, a PLACE analysis was performed (Higo et 

al., 1999). The number of CREs in each category for the promoter sequence used by Wang and 

colleagues, as well as their used enhancer region and the enhancer region used by Larkin and 

colleagues are shown in Figure 25. 

 

Figure 25. PLACE analysis of GL1 regulatory sequences. Bar graph depicting the number of CREs of each category found in 
the promoter sequence of GL1 (sequence from Wang et al., 2004; -14000 to -1), the 3’ enhancer region defined by Wang et 
al., 2004 (+1562 to +3400) and the 3’ enhancer region defined by Larkin et al., 1993 (+2426 to +2911). Categories are listed 
at the bottom of the graph with the corresponding color code. 



Results 

74 

 

The first regulatory sequence analyzed via PLACE was the 1400 bp promoter defined by Wang and 

colleagues. In the sequence, a total of 345 CREs were identified. The majority were classified as binding 

sites. Out of the 113 identified binding sites, 22 were associated with Dof binding sites (S000265). 20 

W-boxes were found that cluster around 26 bp and from 539-715 bp, with one single W-box situated 

at the C-term at 1296 bp (S000390, S000447, S000310, S000442, S000457). Additionally, 16 MYC-

binding sites were identified. They occurred more frequently at four places of the promoter sequence, 

around 201 bp, 738 bp, 1146 bp, and 1291 bp (S000144, S000407). As MYB-binding sites, 16 motifs 

were found (S000408, S000176, S000177, S000409, S000180). They were distributed over the whole 

length of the promoter, with a slightly higher frequency at the end. Interestingly, only three HD-ZIP-

associated binding sites were identified, with two of them situated at around 1290 bp (S000292, 

S000498). Only one circadian-related CRE was identified (S000252), and 7 related to nutrients, all 

putative nodulin consensus sequences (S000461, S000462). A lot of organ-specific motifs were 

identified. Out of the 54 CREs, 31 were associated with mesophyll-specific expression (S000449). The 

other motifs were pollen-, root hair- or seed-specific (S000512, S000353, S000245, S000378, S000273, 

S000191). Interestingly, 12 poly(A)-signals were identified and are distributed over the whole length 

of the promoter sequence (S000080, S000088, S000081). In total, 27 disease and stress-related CREs 

were identified. They are associated with a wide variety of stresses, such as infected root nodules 

(S000468), general infection response (S000467, S000443), pathogen- and salt-stress (S000453), Ca-

responsive elements (S000507), copper- and oxygen-stress (S000493) as well as sulfur-responsive 

elements (S000499). As TATA boxes, 10 motifs were identified (S000111, S000203, S000109). They are 

present in the whole sequence of the promoter, but three of them were detected around 880 bp. 53 

CREs categorized as general promoter elements were identified. Ten were identified as CAAT promoter 

consensus sequences (S000028), and 13 were identified as A. rhizogenes promoter sequences 

(S000098). The other motifs were A-boxes (S000130) or motifs found in tobacco, barley, and promoters 

of anaerobic genes or plastids (S000400, S000477, S000387, S000395, S000296, S000122). 

Interestingly, also a silencing element was identified (S000391), situated at 197 bp. 21 

hormone-related motifs were identified, 12 of them cytokinin-related (S000454). The other CREs were 

mostly associated with etiolation-induced expression (S000362, S000414, S000415); the rest were 

classified as I-boxes (S000199, S424, S000124), and even one phyA-repressed motif was found 

(S000488). As temperature-related motifs, 3 heat-related CREs were identified (S000030, S000506) 

and two low-temperature-responsive elements (S000250). Finally, no enhancer elements but 1 S/MAR 

were identified (S00067). Interestingly, in the promoter sequences used by Larkin and Pesch, the most 

N-terminal W-box cluster, as well as one poly(A) signal, was missing. At the C-term of the promoter, 



Results 

75 

 

one TATA-box, a W-box, two HD-ZIP binding sites, and a MYC-binding site cluster are missing in the 

sequence used by Pesch.  

The 3’ enhancer sequences analyzed were all partially identical, as the 3’ enhancer defined by Wang 

encompasses the enhancers defined and used by Pesch and Larkin. In the 1838 bp long enhancer used 

by Wang et al., 521 CREs were identified, of which 132 are present in the 3’ enhancer Larkin. In the 3’ 

enhancer of Wang, 169 binding sites were identified. The majority was associated with Dof binding 

(S000265), followed by GATA boxes (S000039). A total of 25 MYC-binding sites were identified 

(S000436, S000144, S000407). They form five clusters, situated at 243 bp, 463 bp, 654 bp, 1008 bp, 

and 1127 bp. These last two clusters are also present in the Larkin and Pesch enhancers. Additionally, 

15 MYB-binding sites were identified in the Wang enhancer (S000408, S000176, S000177, S000409, 

S000180). They are equally distributed over the whole length of the enhancer, but six are present in 

the last 174 bp. Also, 23 W-boxes were identified (S000039, S000390, S000447, S000310, S000442, 

S000457, S000508, S000142). They are only present after 630 pb and some of these W-boxes form two 

clusters at around 1580 bp and 1778 bp. These two W-box cluster, as well as the last six MYB-binding 

sites are missing in the enhancer regions used by Pesch and Larkin. Additionally, HD-ZIP binding sites 

were identified, ten in number. Seven of them are situated in the 3’ enhancer region used by Larkin, 

clustering around 1104 bp. In the Wang enhancer, one circadian-related motif was identified 

(S000252), and none in the smaller sequences. As organ specificity-related CREs 72 motifs were 

classified in the Wang enhancer. 32 of them are mesophyll-related (S000449), the rest is either pollen-

specific (S000245, S000378) or seed-specific (S000148, S000100, S000102, S000277). One was 

identified as L1-box, meaning L1 layer-specific expression (S000386). In the Larkin enhancer, 17 CREs 

were organ-specific. The majority was mesophyll-related (S000449), or pollen-specific (S000245, 

S000378). Poly(A) signals were identified in both enhancer regions, 22 in the Wang enhancer and 8 in 

the Larkin enhancer (S000080, S000088, S000081). Furthermore, disease and stress-related motifs 

were identified, 44 in the Wang enhancer and 10 in the Larkin enhancer. In both sequences, the 

majority was classified as copper- and oxygen-related (S000493), and the rest was infection-related 

(S000468, S000467, S000453, S000501). Also, TATA boxes were identified in the Wang and Larkin 

sequences, 18 and 5, respectively. Ten TATA boxes are located upstream of the Larkin enhancer, and 

three more downstream. In the Larkin enhancer, four TATA boxes are located close to each other. A 

large number of general promoter elements was identified in the Wang enhancer, 82 in total. Most of 

them were classified as CAAT promoter consensus sequences (S000028) or found in A. rhizogenes 

promoters and promoter of anaerobic genes (S000098, S000387). Additionally, hormone-related 

motifs were identified. In the Wang enhancer, in total, 37 CREs were found in this category. The 

majority was cytokinin-related (S000454), but also ethylene-responsive elements were found 
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(S000037) and elements related to ABA and GA induction (S000181, S000439, S000174). In the Larkin 

enhancer, only 11 such CREs were found. Interestingly, no splice junction was found in either 

sequence. Four S/MARs were identified in the Wang enhancer, and none in the smaller sequence. The 

Wang enhancer harbors three CREs associated with temperature, two associated with heat (S000030, 

S000506), and one with cold (S000250). In the Larkin enhancer, only one heat-associated element is 

situated (S000030). Finally, in the Wang sequence, two enhancer elements were identified (S000494, 

S000254). One was located at 1182 bp, which is part of the Larkin 3’ enhancer sequence, and one was 

located at 1584 bp.  

As a final regulatory sequence, the first intron of GL1 was analyzed. In the 109 bp, a total of 31 CREs 

were identified. One was associated with circadian regulation (S000440), and a putative nodulin 

consensus sequence (S000462) was related to nutrients. Four motifs were categorized as organ-

specific, being associated with pollen and mesophyll expression (S000245, S000378, S000273, 

S000449). No poly(A) signal, temperature-related motif, S/MAR, splice junction, light-regulated CREs, 

or enhancer element was identified. Only two cytokinin-related CREs were found (S000454). However, 

four general promoter elements were identified (S000098, S000387, S00460) and four TATA boxes 

(S000340, S000111, S000109). Additionally, seven motifs related to disease and stress responses were 

found. They were associated with infected roots, Ca-response, copper- and oxygen-response 

(S000468, S000507, S000493, S000499, S000501). Finally, 8 binding sites were found. Two were GATA 

boxes (S000039), two Dof binding sites (S000265), and one a SEF1 (soybean embryo factor1) binding 

site (S000006). The remaining three are MYB-binding sites (S000176, S000177, S000409), and they all 

refer to the same location in the intron at around 81 bp.  

Phenotypic analysis of pGL1 rescue constructs 

To determine the rescue efficiencies of the widest 5’ promoter region with and without introns, as well 

as different enhancer lengths, several rescue constructs were designed using Col-0 DNA (Figure 26).  

The constructs were cloned in the PARB vector (Pesch et al., 2014; Pesch & Hülskamp, 2011), which 

contains a Gateway cassette to insert promoter sequences/regulatory elements upstream of a gene of 

interest. 
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Figure 26. Rescue constructs of GL1 containing different regulatory sequences. The illustrated sequences were cloned in the 
PARB vector. 1) pGL1:p35S TATA:GL1 CDS-3’ enhancer Wang, 2) pGL1:p35S TATA:GL1 gDNA-3’ enhancer Wang, 3) pGL1:GL1 
CDS-3’ enhancer Wang , 4) pGL1:GL1 gDNA-3’ enhancer Wang, 5) pGL1:p35S TATA:GL1 CDS-3’ enhancer Larkin, 6) pGL1:p35S 
TATA:GL1 gDNA-3’ enhancer Larkin, 7) 3’ enhancer Larkin-pGL1:p35S TATA:GL1 CDS, 8) 3’ enhancer Larkin-pGL1:p35S 
TATA:GL1 gDNA, 9) intron1-3’ enhancer Larkin-pGL1:p35S TATA:GL1 CDS, 10) 3’ enhancer Larkin-pGL1:p35S TATA:GL1 CDS-
intron1. The color code of each depicted sequence category (promoter, 3’ enhancer, attB sites, p35S TATA box, exon, intron, 
5’ and 3’ UTR, core enhancer) is listed at the bottom of the figure. The depicted box sizes do not accurately reflect the exact 
sequence length.  

To ensure that artificially introduced sequences, such as the attB cloning sites, or added promoter 

sequences in the backbone, such as the minimal TATA box of p35S, do not influence the rescue ability, 

different arrangements were chosen. Furthermore, the study conducted by M. Pesch utilized a 

5’ promoter region without the 5’ UTR and the endogenous TATA box. The 5’ region used in this study 

included the 5’ UTR and the TATA box and is identical to the promoter region used by Wang and 

colleagues (Wang et al., 2004). To ensure the correct transcription and mRNA/RNA procession, in the 
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previous study the TATA box of the 35S promoter was included (Pesch, 2005). In promoter studies, 

such a minimal promoter sequence is sometimes included in the constructs (Amack & Antunes, 2020; 

Jores et al., 2021). Importantly, the TATA box of p35S alone does not induce GUS expression in plants 

(Benfey et al., 1990). But the inclusion of this TATA box led to increased GUS expression (Pesch, 2005). 

However, because the increase in expression strength is the same for all constructs containing this 

TATA box, statements regarding expression differences can still be made. In the first construct 

displayed in Figure 26, the promoter sequence was introduced into the gateway cassette. The coding 

sequence of GL1 and the 3’ enhancer sequence defined by Wang et al. (2004) were introduced into 

the vector by classical cloning. The attB2 site and the minimal TATA box of p35S are located between 

pGL1 and GL1 CDS. This was also the case for construct 2. The only difference to construct 1 is that the 

genomic region of GL1 was used, which will enable the comparison of rescue efficiency based on the 

presence or absence of intron 1. Additionally, the TATA box of p35S was removed from the following 

two constructs, constructs 3 and 4, to gauge its effect on rescue efficiency. In these constructs pGL1 

was followed by either genomic GL1 (construct 4) or GL1 coding sequence (construct 3), followed by 

the 3’ enhancer region defined by Wang and colleagues. These constructs will enable the comparison 

of rescue efficiencies in the presence or absence of the GL1 intron, as well as highlight the potential 

influence of the p35S TATA box in the vector. In construct 5, the same sequences and arrangements 

were used as in Construct 1, except for the 3’ enhancer. In this construct, the 3’ enhancer region 

defined by Larkin et al. (1993) was used. In construct 6, the coding sequence of GL1 was exchanged for 

the genomic sequence, compared to construct 5. These two constructs will enable the comparison of 

rescue efficiencies between different enhancer lengths. In construct 7 and 8, the 3’ enhancer defined 

by Larkin and colleagues was situated in front of the GL1 promoter that drives the expression of the 

GL1 coding sequence (construct 7) or the genomic GL1 sequence (construct 8). These two constructs 

will enable the comparison between upstream and downstream located 3’ enhancers. Finally, in 

construct 9 and 10, the influence of intron 1 will be tested by including it in construct 7 at different 

locations. The intron will be situated either upstream of the 3’ enhancer sequence (construct 7) or 

downstream of the GL1 CDS (construct 10). Rescue experiments were performed by transforming gl1 

plants with each of the ten constructs. The T1 generation was selected for construct presence and up 

to 50 individual plants were examined regarding their trichome number on leaf 4 of similarly developed 

plants. The mean trichome number per leaf is illustrated in Figure 27.  
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Figure 27. Trichome number of gl1 T1 plants transformed with GL1 rescue constructs. Bar graph of trichome numbers on 
leaf four of gl1 T1 plants transformed with different GL1 rescue constructs. The rescue constructs and Col-0 are listed on the 
x-axis, and from left to right refer to 1-10 in Figure 26. Error bars depict standard deviations. Statistical analysis was performed 
by Mann-Whitney U tests comparing the constructs with Col-0. Statistical differences to Col-0 (p≤0.05) are indicated by an 
asterisk.  

Interestingly, all tested rescue constructs led to trichome numbers that were statistically different from 

the control Col-0. The gl1 mutant is glabrous, so any number of trichomes on these T1 plants was 

induced by the introduced construct. Col-0 plants possessed 74 trichomes per leaf on average.  The 

introduction of constructs 1 and 2 both caused trichome formation. However, construct 1, containing 

only the CDS of GL1, initiated fewer trichomes (60 trichomes per leaf) than construct 2, which contains 

the CDS and introns of GL1. This construct even caused the formation of more trichomes compared to 

the control (100 trichomes per leaf). Constructs 3 and 4, which reflect the sequence array found in the 

Arabidopsis genome most closely, also initiated trichomes. However, both constructs induced 

drastically fewer trichomes than Col-0; 53 and 7, respectively. The constructs containing the shorter 3’ 

enhancer used by Larkin and colleagues, constructs 5 and 6, also led to the formation of trichomes. 

The construct containing the CDS caused, on average, 52 trichomes, and the construct containing the 

genomic sequence induced 100 trichomes per leaf.  The constructs 7 and 8 also contained the Larkin 

enhancer, but this time it was situated upstream of the promoter sequence. Both constructs also 

induced trichome formation, but to differing degrees. Construct 7, containing the CDS of GL1, led to 

the formation of 55 trichomes on average, whereas construct 8 induced, on average, 84 trichomes per 

leaf. The final two constructs tested were, in principle, construct 7 but with the first intron placed 

upstream of the promoter (construct 9) or downstream of the CDS (construct 10). Both constructs 

induced trichomes, but construct 9 induced more than construct 10; 53 and 40, respectively. In 
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summary, the rescue experiments revealed an over-rescue caused by nearly all constructs containing 

the gDNA of GL1. The constructs containing the CDS always led to fewer trichomes compared to the 

control. Furthermore, the absence of the 35S TATA box did not induce trichomes close to the number 

found in Col-0, independent of the GL1 sequence. The construct closest to the Col-0 trichome number 

was 8, containing 3’enhancer Larkin-pGL1:p35S TATA:GL1 gDNA. 

The rescue efficiency of GL1 is influenced by a fluorescence tag 

Additionally, to the published sequences involved in GL1 expression control, experiments were 

planned to investigate which aspects of transcriptional expression are relevant for GL1. In a previous 

study it was shown that GL1 expression controlled by the promoters of Arabidopsis thaliana MERISTEM 

LAYER1 (AtML1) and GL2 rescued the gl1 trichome phenotype, even better than the expression of GL1 

under its own promoter combined with its 3’ enhancer (Pesch, 2005). Interestingly, both GL2 and 

AtML1 are HD-ZiP proteins, closely related and expressed ubiquitously (Sessions et al., 1999; Szymanski 

et al., 1998). So, possibly, the accumulation of GL1 in trichomes is not necessary to rescue the gl1 

phenotype. To test this hypothesis, constructs were designed to express GL1 under different 

ubiquitous promoters (pAtML1, pUBIQUITIN10 & p35S), and the rescue efficiency was examined. For 

p35S, a rescue ability was already shown with a non-tagged version of GL1 (Oppenheimer et al., 1991). 

The aim was not only to determine the rescue ability and trichome pattern but also to visualize the 

GL1 location in small leaves. Therefore, the CDS of GL1 was tagged N-terminally with YFP and, under 

the control of different promoters, used to transform gl1 and gl1 myb23 plants.  The gl1 myb23 double 

mutants were included in the experiment, as MYB23 could act redundantly to GL1 with respect to its 

accumulation in trichomes. However, the transformed and herbicide-selected T1 plants did not display 

a rescued trichome phenotype. Independent of the ubiquitous promoter used, only a small number of 

trichomes was induced. These results indicate that the N-terminally tagged YFP may influence the 

rescue ability of GL1.  
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Figure 28. Rosette leaves of Col-0 and gl1 plants expressing GL1 rescue constructs. Col-0 leaf (top row), leaves of gl1 (middle 
row) and gl1 myb23 (bottom row) T1 plants expressing pENSG-p35S:YFP-GL1, and pENSG-pUBQ10:YFP-GL1 (from left to right). 
Scale bars refer to 2mm. 
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Transactivation assays of regulatory sequences of GL1 

Additionally to the rescue experiments and the in-silico analysis, the examined regulatory sequences 

were tested regarding their activation through other trichome patterning genes. Therefore, 

transactivation assays in Arabidopsis cell suspension culture were performed with different regulatory 

sequences driving the expression of the reporter gene GUS. For each assay, the reporter activity in 

percent was determined by normalizing to the regulatory sequence alone, without other factors being 

co-expressed. The trichome patterning genes GL1, GL3, TTG1, TTG2, TRY, and CPC were co-expressed 

with the reporter construct, either alone or in various combinations. The sequences of pGL1 and 

3’ enhancer refer to the sequences defined by Wang and colleagues. If the sequences defined by Larkin 

and colleagues were used, it is stated. 

In the first set of transactivation assays, the promoter sequence, the 3’ enhancer, and the first intron 

were examined without additional regulatory sequences (Figure 29). For the promoter sequences, the 

difference in promoter activity compared to the control was not striking. Most combinations of the 

trichome patterning genes did not lead to a significant change in promoter activity. However, the 

addition of the three core activators GL1, GL3, and TTG1 combined led to a significant increase in 

promoter activity to around 120%. Also, the co-expression of TRY alone led to an increase to 140% β-

glucuronidase activity. All other combinations either did not lead to a significant difference in activity.  

The 3’ enhancer sequence as well was not highly inducible by any of the tested combinations (Figure 

29 B). Only the combination co-expressing the three core activators with either TRY or CPC led to a 

significant increase in promoter activity to around 130 %. Only GL3 and TRY decrease the promoter 

activity, but not to a significant degree. All other combinations slightly increased the activity.  

The transactivation assay of the first intron alone showed an intriguing change in inducibility (Figure 

29, C). The co-expression of neither GL1, GL3, TRY, or GL1 with TTG1, nor all three core activators 

together, led to a significant change in reporter activity. Interestingly, TTG1 alone increased the activity 

significantly to 170%, to the same extend as the co-expression of GL1 with GL3. The co-expression of 

TTG1 with GL3 increased the reporter activity significantly to 150%. TTG2 increased the activity slightly 

to 140%. The most drastic increase was observed by the co-expression of CPC, causing an increase to 

240%. This change was similar to the co-expression of CPC together with the three core enhancers. 

These three activators, together with TTG2, led to a significant increase in activity to 200%. These 

observations are different from the observed effects on pGL1 and the 3’ enhancer and may hint at a 

more important role of intron 1 in the expression regulation of GL1.  
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Figure 29. Quantitative GUS assay of regulatory single sequences associated with GL1 expression. Bar graph depicting the 
mean β-glucuronidase activity in percent normalized to the promoter construct without co-expression (left bar). The reporter 
constructs examined were pGL1:GUS (A), 3’ enhancer:GUS (B), and intron1 GL1:GUS (C) with different p35S constructs 
expressing the trichome patterning genes listed at the x-axis of the graph. Error bars depict standard deviations. Statistical 
analysis was performed by Student’s t-tests. Statistically significant differences towards the reference (w/o) are indicated by 
asterisks (p≤0.05).  
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Additionally to the 3’ enhancer sequence, the short 3’ enhancer box proposed by Larkin and colleagues 

was tested in transactivation assays (Figure 30 A). The 3’ enhancer box was similarly inducible as the 

longer enhancer fragment. Only some combinations induced a significantly different promoter activity, 

although the increase never surpassed 140%. TTG1 co-expression led to a slight but significant increase 

in activity to around 120%, neither GL1 nor GL3 co-expression significantly changed the promoter 

activity. Even the combined expression of GL1 with GL3 and GL3 with TTG1 did not cause significant 

changes. However, the co-expression of GL1 and TTG1 increased the reporter gene activity significantly 

to 120%, which is similar to the change caused by TTG1 alone. The three core activators did not change 

the promoter activity significantly. On the other hand, the co-expression of either TTG2, TRY, or CPC 

led to significant increases in activity. The most drastic change, up to 140%, was caused by TRY and 

TTG2 addition, whereas CPC addition only caused an increase to 120%. Finally, only the co-expression 

of TTG2 with the three core activators increased the promoter activity significantly, TRY and CPC did 

not.  

Also, combinations of the four regulatory sequences were examined in transactivation assays. The 

3’ enhancer from Wang and colleagues was situated in front of pGL1 (Figure 30 B). Interestingly, the 

combination of 3’ enhancer and pGL1 led to distinct and high increases in reporter activity. Several 

combinations did not change the promoter activity, i.e., the co-expression of GL1, TTG1, TTG2, TRY, 

and CPC alone, as well as GL1 together with TTG1. However, the co-expression of GL3 alone increased 

the promoter activity significantly to 250%. Also, the combinations containing GL3 (GL1 and GL3, GL3 

and TTG1, as well as GL1, GL3, and TTG1 together) significantly increased the activity to around 330-

350%. Even though the co-expression of TTG2 alone did not induce any changes in promoter activity, 

co-expressed with the three core activators, the reporter activity increased significantly to 

approximately 440%. Interestingly, the co-expression of either TRY or CPC with the core activators 

seems to counteract their activation potential. The co-expression of the core activators with TRY and 

CPC led to a significant increase in reporter activity. However, this activity was lower than when the 

inhibitors were not additionally co-expressed.  

Furthermore, pGL1 with intron1 was tested in transactivation assays (Figure 30 C). Overall the changes 

in reporter activity were not as drastic as for the combination 3’ enhancer and pGL1. Moreover, some 

statistically significant decreases in promoter activity were observed. The co-expression of any single 

trichome patterning gene did not cause significant changes in promoter activity. However, the co-

expression of GL1 with TTG1 and the co-expression of all three core activators caused a significant 

decrease in promoter activity, 85% and 70 %, respectively. Also, the co-expression of the core 

activators with either TRY or CPC decreased the reporter gene activity significantly. A reduction of 
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more than half the promoter activity of the control was observed. These results are strikingly different 

compared to all other combinations examined so far.  

 

Figure 30. Quantitative GUS assay of regulatory single and combined sequences associated with GL1 expression. Bar graph 
depicting the mean β-glucuronidase activity in percent normalized to the promoter construct without co-expression (left bar). 
The reporter constructs examined were 3’ enhancer box:GUS (A), 3’ enhancer-pGL1:GUS (B) and pGL1+intron1:GUS (C) with 
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different p35S constructs expressing the trichome patterning genes listed at the x-axis of the graph. Error bars depict standard 
deviations. Statistical analysis was performed by Student’s t-tests. Statistically significant differences towards the reference 
(w/o) are indicated by asterisks (p≤0.05).  

 

Two additional arrangements were tested regarding the endogenous position of intron 1. The 

constructs tested so far artificially placed intron1 directly after pGL1. The following two constructs 

were designed to guarantee intact splicing sites and codon integrity as well as the endogenous 

placement of the intron flanked by the exons (Reddy, 2007; Shang et al., 2017). The first construct 

contained pGL1-Ex1-In1-Ex2(11bp), and several trichome patterning genes induced a reporter gene 

activity change (Figure 31, A). Interestingly, the co-expression of GL1, GL3, or TTG1 alone did not cause 

differences in reporter activity. However, the co-expression of any combination of these core 

activators caused a significant increase in promoter activity to a similar degree (around 130-140%). Co-

expression of single TTG2, TRY, or CPC increased the promoter activity significantly and to a slightly 

higher degree than the core activators. Even combined with the core activators, all three genes caused 

a significant increase in reporter activity. 

The upstream placement of the 3’ enhancer did not really change the promoter activity drastically 

(Figure 31 B). Overall the induced activity changes were in the same range as without the enhancer.  

In this assay, the addition of GL1 and TTG1 both induced significantly more reporter activity (over 

130%), but the co-expression of GL3 or CPC did not lead to any changes. Also, the co-expression of GL1 

with GL3, as well as GL1 with TTG1, did not change the promoter activity significantly. However, co-

expressing GL3 and TTG1, as well as all three core activators, increased the promoter activity 

significantly. The addition of TTG2 and TRY, as well as their co-expression with the core activators, led 

to a significant increase in promoter activity. This was different for the single and combined expression 

of CPC.  

As a final construct, the 3’ enhancer was placed upstream of pGL1+intron 1, and transactivation assays 

were performed (Figure 31 C). In these assays, GL1 and TTG1, alone or co-expressed, did not cause any 

differences in promoter activity. However, the addition of GL3, alone or in combination with GL1 and 

TTG1, increased the reporter activity significantly. This effect was slightly more prominent when all 

three activators were co-expressed (190%). The co-expression of TRY or CPC, but not TTG2, increased 

the promoter activity to over 150%. If these three genes were co-expressed with the activator complex, 

a significant increase in promoter activity was observed. The induction caused by TRY or CPC combined 

with the three core activators was similar to their expression without other genes. However, the 

additional TTG2 expression combined with GL1, GL3, and TTG1 led to a significant increase in promoter 

activity of 240%.  
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Figure 31. Quantitative GUS assay of combined regulatory sequences associated with GL1 expression.  Bar graph depicting 
the mean β-glucuronidase activity in percent normalized to the promoter construct without co-expression (left bar). The 
reporter constructs examined were pGL1-Ex1-In1-Ex2(11bp):GUS (A), 3’ enhancer-pGL1-Ex1-In1-Ex2(11bp):GUS (B) and 3’ 
enhancer-pGL1+intron1 GL1:GUS (C) with different p35S constructs expressing the trichome patterning genes listed at the x-
axis of the graph. Error bars depict standard deviations. Statistical analysis was performed by Student’s t-tests. Statistically 
significant differences towards the reference (w/o) are indicated by asterisks (p≤0.05).  
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3.2.2. Analysis of regulatory sequences of GL3 

Another interesting promoter in the trichome patterning network is the promoter of GL3 due to the 

central role GL3 plays in trichome patterning (Bernhardt et al., 2003, 2005; Zhang et al., 2003). 

Additionally, only for GL3 expression regulation a negative feedback loop was proposed (Morohashi et 

al., 2007). For phenotypic rescue of gl3 plants, it was shown that a 1 kb 5’ promoter fragment fused to 

the genomic GL3 sequences was sufficient (Bernhardt et al., 2005). An in-depth analysis of the 

promoter, genomic region, and putative 3’ enhancer region further revealed that the 3’ enhancer 

region is not needed for gl3 egl3 phenotype rescue (Friede et al., 2017). However, the expression of 

GL3 CDS under the 1 kb 5’ promoter region was not sufficient to rescue the gl3 egl3 trichome 

phenotype. Analysis of the GL3 introns revealed that the second intron seems to play a role in correct 

GL3 expression and in rescuing trichome phenotypes of gl3 egl3 mutants (Friede et al., 2017). 

Moreover, it was shown that the first 125 nucleotides of the second intron combined with the 1 kb 

promoter region were sufficient to rescue the trichome phenotype of the double mutant (Friede et al., 

2017). In this study, the 1 kb promoter sequence, as well as the second intron, were analyzed regarding 

their cis-regulatory sequences by PLACE database query (Higo et al., 1999). Furthermore, quantitative 

GUS assays were performed to examine promoter regulation through various patterning proteins and 

the effect of specific CRE mutations on expression strength. 

In-silico analysis of the promoter and second intron of GL3 regarding cis-regulatory elements 

PLACE analysis revealed 249 cis-regulatory elements in the 989 bp of the GL3 promoter. Most motifs 

found were categorized as binding motifs (Figure 32). Out of the 100 binding motifs, 9 were MYB-

related (S000408, S000176, S000409, S000180), 8 were MYC-related (S000409), and 3 were similar to 

the ASF-1 binding site in the CaMV promoter (S000024). A high number of core sites required for Dof 

(DNA-binding with one finger) binding were identified (S000265). A high number of core sites required 

for Dof (DNA-binding with one finger) binding were identified (S000498). Interestingly, also one 

binding site associated with homeodomain transcription factors was detected (Luo et al., 2005). The 

MYC-binding sites cluster at around 750 bp of the promoter sequence. Additionally, W-boxes (WRKY 

binding sites) were identified (S000390, S000447, S000442, S000457). For organ-specific motifs, 

pollen-specific elements dominate with 19 out of 37 detected motifs. Five TATA boxes were found 

from nucleotide 532 on (S000203, S000110, S000109). Interestingly, none were found at the N-term 

of the promoter. Hormone-related motifs were dominated by cytokinin-associates CREs (14 out of 16). 

The other two motifs are GA- and ABA-associated (S000298, S000174). Three poly(A) signals and no 

splice junction motifs were identified. 27 CREs associated with disease and stress responses were 

found. The majority was pathogen- and salt-stress-related, as well as linked to copper and oxygen 



Results 

89 

 

stress (S000468, S000453, S000493, S000259). Only one CRE was identified that is regulated through 

temperature change responses, namely a CCAAT box found in promoters of heat shock genes 

(S000030). 18 Light-related CREs were also identified, of which some motifs are associated with 

phytochrome-regulated gene expression (S000198 specific regulation, S000362, S000415). 

Interestingly, five S/MAR were identified in the promoter sequence (S000067). One cluster is situated 

at 145 bp and the other two at 682 bp and 711 bp, respectively. 26 motifs were categorized as general 

promoter elements, with the majority categorized as CAAT consensus sequence (S000028) and 

promoter elements found in A. rhizogenes (S000098). As nutrient-related motifs, two different 

putative nodulin consensus sequences were identified (S000461, S000462). 

 

Figure 32. PLACE analysis of pGL3 and second intron.  Bar graph depicting the number of CREs of each category found in the 
promoter sequences of pGL3 and the second intron of GL3. Categories are listed at the bottom of the graph with the 
corresponding color code. 

The second intron of GL3 consists of 579 bp, and 111 CREs were identified via PLACE analysis. In the 

second intron, fewer binding sites were identified, only 24 out of the 111 motifs. The majority of those 

binding sites are associated with Dof proteins (S000265). Two motifs are binding sites for 

homeodomain TFs (S000498). The other binding sites are MYC- or MYB-binding sites, GATA boxes 

(binding sites for GATA TFs), and W-boxes (S000167, S000408, S000436, S000314, S000039, S000390, 

S000447). The spatial distribution of these binding motifs is illustrated in Figure 33. Only one circadian 

and one nutrient-related motif were identified (S000252, S000461). Interestingly, 8 poly(A)-signals 

(S000080, S000088, S000081) and one splice junction were identified (000086).  All three identified 
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temperature-associated motifs are heat shock-related (S000030, S000506, S000153). A different 

variety of hormone-related motifs was identified. Some were GA-related (S000181, S000439, 

S000298). One was identified as an ABA-responsive element (S000402) and one was related to 

jasmonate production (S000458), as well as six cytokinin-related CREs (S000454). Interestingly, three 

TATA-boxes were identified at 284-400 bp (S000203, S000110). In total, 15 organ-specific CREs were 

identified via PLACE analysis. The majority was associated with mesophyll-expression modules and 

pollen-specific elements (S000245, S000449). Lastly, 17 CREs categorized as promoter elements were 

identified.  The elements were found in promoters of tobacco, A. rhizogenes, and several bacteria 

(S000098, S000070, S000400, S000477, S000387, S000478, S000479, S000395). Four motifs were CAAT 

promoter consensus sequences (S000028).  

The analysis of the second intron of GL3 revealed that the N-terminal part of the intron is needed for 

rescue ability of GL3 sequences (Friede et al., 2017). Therefore, the N-terminal part of intron 2 was 

examined regarding binding sites that could alter the expression. Interestingly, all MYB-binding sites 

were located at the C-terminal part of the intron. Two W-boxes were found in the N-terminal part. This 

was intriguing, as W-boxes are WRKY-TF binding sites (Eulgem et al., 2000). A WRKY transcription factor 

that is known to influence the expression of TRY, CPC, and GL2 via W-box binding is TRANSPARENT 

TESTA GLABRA2 (TTG2; Ishida et al., 2007; Pesch et al., 2014). TTG2 plays a role in seed coat mucilage 

production, seed coat tannin production, and trichome patterning as a downstream gene together 

with GL2 (Johnson et al., 2002). Interestingly, TTG2 itself is regulated by WER, GL1, and TTG1 (Ishida et 

al., 2007). Additionally, TTG2 is involved in the shaping of trichomes by regulating the actin 

cytoskeleton (Liu et al., 2024). This makes TTG2 and the W-boxes promising candidates for specific GL3 

expression regulation.  
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Figure 33. Binding sites detected in intron 2 of GL3 via PLACE analysis. The nucleotide sequences of intron 2 of GL3 is 
illustrated in 5’ to 3’ direction (red arrow), the defined N- and C-terminal part are illustrated as grey arrows. Binding sites are 
depicted as arrows, the arrow head indicates the motif direction (left = on minus strand, right = on plus strand). Different 
binding sites are color coded: Dof & RAV1 binding site (yellow; S000265, S000314), GATA box (blue; S000039), MYB site 
(brown; S000408, S000167), W-box (green; S000390, S000447) and MYC-binding site (purple; S000436). 
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Transactivation assays of regulatory sequences of GL3 and the influence of mutated W-boxes 

To assess the differential regulation of the 989 bp promoter of GL3 alone and in combination with 

different intron 2 versions, quantitative GUS assays in dark-grown cell suspension culture of A. thaliana 

were performed. The promoter was tested alone or in combination with the full-length second intron. 

The same sequence areas as used for successful trichome phenotype rescue were used (Friede et al., 

2017). This included exon 1 and 2, as well as 10 bp of exon 3 to guarantee intact splicing sites and 

codon integrity (Reddy, 2007; Shang et al., 2017). In the N-terminal part of intron 2 (nucleotides 1 to 

138, respective to the intron start) both W-boxes were mutated according to published experiments 

(Eulgem et al., 1999; Pesch et al., 2014). To each reporter construct, different combinations of trichome 

patterning genes under the control of the p35S promoter were added. 

 

Figure 34. Quantitative GUS assays of pGL3 activity with or without full-length intron 2. A) Bar graph depicting the mean β-
glucuronidase activity in percent normalized to the promoter construct without further p35S constructs expressing other 
genes (left bar). The promoter construct used was pGL3:GUS with different p35S constructs expressing the trichome 
patterning genes listed at the x-axis of the graph. B) Bar graph depicting the mean β-glucuronidase activity in percent 
normalized to the promoter construct without added p35S constructs (left bar). The promoter construct used was pGL3-
Ex1+2-In2-Ex3(10bp):GUS with different p35S constructs expressing the trichome patterning genes listed at the x-axis of the 
graph. Error bars depict standard deviations. Statistical analysis was performed by Student’s t-tests. Statistically significant 
differences towards the reference (w/o) are indicated by asterisks (p≤0.05). 
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The addition of almost any single activator led to an increase in reporter gene expression under the 

control of pGL3 (Figure 34, A). However, this increase was only statistically significant for the addition 

of TTG1, which led to an increase of approximately 40 %. If two or even all three examined activators, 

GL1, GL3, and TTG1, were co-expressed with the reporter construct, no drastic changes could be 

examined in most cases. However, the simultaneous addition of GL1 with GL3 was the only 

combination causing a statistically significant effect. The single addition of the inhibitors TRY or CPC 

did not seem to influence pGL3 expression strength. Interestingly, the co-expression of TTG2 led to a 

significant increase in reporter gene activity. If all three core activators and TRY, CPC, or TTG2 were co-

expressed, the reporter gene activity was significantly increased. The strongest increase was caused 

by TTG2 addition. However, in general the increase in reporter gene activity was only up to around 

50%. Overall, the addition of any patterning gene caused a slight increase in expression, but only some 

were statistically relevant.  

This same general pattern of expression was also observed for the reporter constructs containing the 

full-length intron 2 additionally to pGL3 (Figure 34, B). The expression increased only significantly if 

TTG1 was co-expressed. During this experimental setup, the co-expression of TTG1 with GL1 increased 

the expression significantly. But all those increases fluctuate around the same percentage range. 

Interestingly, the addition of TTG2, TRY, and CPC increased the expression significantly. However, upon 

co-expressing these genes with GL1, GL3, and TTG1, only TTG2 led to a significant increase in gene 

expression.  

Furthermore, the reporter gene expression of the GL3 promoter, together with the N-terminal part of 

intron 2, was examined (Figure 35, A). The same trends of expression changes were observed as for 

the full-length version. Interestingly, in all three different assays, the co-expression of GL1, GL3, and 

TTG1 led to a smaller increase in expression compared to the addition of TRY or CPC. The co-expression 

of TTG2 with the other three activators led to a similar increase in expression in all three assays. 

Expression changes were similar, but in the case of the N-terminal intron being present, they were 

more often statistically different.  

Finally, the construct containing the two mutated W-boxes was tested regarding expression changes 

(Figure 35, B). Interestingly, the mutation of both W-boxes did not induce any differences compared 

to the expression of the non-mutated version. The same trends in expression alteration were observed 

as before, and even the increase range is similar. The only slight differences between all four assays 

are the statistically significant combinations per assay, but the tendencies and the overall range of 

expression was not altered. In conclusion, the W-boxes in the N-terminal part of intron 2 do not play 

a significant role in the expression regulation of pGL3.  
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Figure 35. Quantitative GUS assays of pGL3 activity with different versions of the N-terminal part of intron 2. A) Bar graph 
depicting the mean β-glucuronidase activity in percent normalized to the promoter construct without further p35S constructs 
expressing other genes (left bar). The promoter construct used was pGL3-Ex1+2-In2(1-138)-Ex3(10bp):GUS with different 
p35S constructs expressing the trichome patterning genes listed at the x-axis of the graph. B) Bar graph depicting the mean 
β-glucuronidase activity in percent normalized to the promoter construct without added p35S constructs (left bar). The 
promoter construct used was pGL3-Ex1+2-In2(1-138)-Ex3(10bp)_mut:GUS with different p35S constructs expressing the 
trichome patterning genes listed at the x-axis of the graph. Error bars depict standard deviations. Statistical analysis was 
performed by Student’s t-tests. Statistically significant differences towards the reference (w/o) are indicated by asterisks 
(p≤0.05).  
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3.2.3. Analysis of the 5’ regulatory sequences of ETC1, ETC2 and ETC3 

The trichome patterning mechanism not only encompasses the regulation through activators, but also 

through inhibitors. These inhibitors are closely related and are all members of the same protein family, 

namely R3MYB proteins (Esch et al., 2004; Gan et al., 2011; Kirik et al., 2004a, b); Schellmann et al., 

2007; Simon et al., 2007; Tominaga et al., 2008; Wada, 1997; Wang et al., 2007, 2008; Wester et al., 

2009). Regulatory sequences and expression regulation were extensively analyzed for TRY and CPC 

(Pesch, 2005; Pesch et al., 2014; Pesch & Hülskamp, 2011). However, the closely related genes ETC1, 

ETC2, and ETC3 were not studied so far regarding different motifs in their promoter sequences.  

Although the three genes are closely related, there are indications of distinct functions (Kirik et al., 

2004a, b; Wester et al., 2009). Also, extensive expression data analysis revealed differences in the gene 

expression of ETCs in different mutant backgrounds (Pietsch, 2022). Additionally, ETC1 and ETC3 seem 

to be more closely related to each other and CPC. Whereas ETC2 is more closely related to TRY (Simon 

et al., 2007)Therefore, in this study, the regulatory sequences of ETC1, ETC2, and ETC3 were examined 

regarding CREs, and quantitative GUS assays were performed to shed light on differences regarding 

expression regulation.   

In-silico analysis of cis-regulatory elements of ETC1, ETC2, and ETC3 promoter regions 

All three ETCs were analyzed via PLACE analysis regarding CREs in their promoter regions (Higo et al., 

1999). Promoter regions were selected based on published work (Kirik et al., 2004a, b; Wester et al., 

2009). For ETC1, the promoter region analyzed stretched from -1921 to -1, with respect to ATG of ETC1. 

The ETC2 promoter encompassed the region from -1638 to -35, respective to gene start, and for pETC3, 

the region from -2372 to +17 was analyzed. 
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Figure 36. PLACE analysis of the promoter sequences of ETC1, ETC2, and ETC3.  Bar graph depicting the number of CREs of 
each category found in the promoter sequences of ETC1 (-1921 to -1), ETC2 (-1638 to -35), and ETC3 (-2372 to +17). Categories 
are listed at the bottom of the graph with the corresponding color code. 

In the 1921 bp promoter region analyzed for ETC1 expression control, a total of 473 cis-regulatory 

elements were identified. The majority of elements were categorized as binding sites. Out of the 180 

binding sites identified, 41 were Dof binding sites (S000265), and 44 were MYC binding sites (S000144, 

S000407), co-called E-boxes (S000144, S000407). The MYC-binding sites were dispersed over the 

whole promoter length, but they formed a cluster situated around 980-1080 bp. As WRKY-binding 

sides, 24 sequences were identified (S000390, S000447, S000457, S000442), and 11 were associated 

with HD-ZIP TF binding (000292, S000498, S000287). None of these motifs formed any significant 

clusters. Notably, some of the 10 identified MYB-binding sites (S000408, S000177, S000409, S000180) 

were in close proximity to MYC-binding sites. Additionally, 19 GATA-boxes were identified (S000039). 

Eight TATA-boxes were identified, located all over the promoter sequence (S000111, S000203, 

S000110, S000109).  Altogether, 42 disease and stress motifs were identified. The majority was 

associated with copper and oxygen-related responses (S000493), followed by motifs associated with 

infected root nodules as well as pathogen- and salt-stress (S000468, S000453). Two circadian-related 

motifs were identified (S000252), and 14 were nutrient-related, with the majority being putative 

nodulin consensus sequences (S000462). In total, 65 motifs were identified as being associated with 

organ specificity. The CREs identified were mainly associated with pollen and mesophyll expression 

(S000378, S000245, S000449). However, two were endosperm-specific, and two were seed-specific 
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(S000353, S000264). Interestingly, 11 poly(A)-signal were found (S000080, S000088, S000081). 33 

hormone-related CREs were identified in this analysis. They are either associated with ABA, cytokinin 

or GA processes (S000421, S000402, S000181; S000439, S000394, S000438, S000174, S000454). No 

splice junctions were identified and only one S/MAR (S000067). Interestingly, two enhancer elements 

were found (S000494). They are position at 678 bp and 1890 bp. Temperature-related motifs were also 

identified, in total 11. Eight were heat-shock element-related and three were low temperature 

responsive elements (S000030, S000506, S000250, S000153). Finally, 42 CREs were associated with 

light-related processed. The majority was associated with light-regulated gene expression or 

etiolation-induced expression (S000198, S000415, S000414, S000362).  

In the 1604 pb of pETC2, in total, 405 CREs were identified. The majority of CREs are classified as 

binding sites. Out of the 128 sites 32 are associated with MYC-binding (S000144, S000407). They 

occurred more frequently in the region 130-440 bp. Two more clusters were identified around 878 bp 

and 1231 bp. GATA-boxes were again highly represented, with 16 CREs (S000039). Interestingly, 13 

MYB-binding sites were identified (S000176, S000180, S000409, S000177, S000502) and only 2 HD-ZIP 

binding sites (S000498, S000292). The MYB-sites are dispersed over the whole promoter sequences, 

with two little clusters around 800 bp and 1000 bp. 9 poly(A)-signals were found, of which only one 

was located in the n-terminal promoter region. Two circadian-related motifs were found (S000252), 

and five nutrient-related putative nodule consensus sequences (S000461, S000462). A total of 63 

organ-specific expression motifs were identified, with 34 classified as pollen-specific (S000245, 

S000378) and 20 mesophyll-related (S000449). Interestingly, three were root hair-specific (S000512), 

and three seed-specific (S000100, S000264). The same disease and stress motifs found in pETC1 were 

also the most represented motifs of this category in pETC2 (S000453, S000493). However, three motifs 

were identified as being associated with infection reaction responses (S000467) and four with water 

stress (S000497, S000413). 17 TATA-boxes were identified, most of them located from 960 bp on, with 

four located in the last 170 bp (S000340, S000111, S000203, S000110, S000109). A total of 58 promoter 

elements were found, with the majority being CAAT consensus sequences (S000028) and A-boxes/G-

motifs (S000450). The other CREs were connected to motifs found in the promoters of A. rhizogenes 

and tobacco or in anaerobic gene promoters (S000098, S000395, S000477). 30 CREs found were 

associated with hormone signalling, 18 were classed as cytokinin-related (S000454). The rest was 

mainly GA-related (S000181, S000439, S000298, S000174). No splice junctions but three S/MAR were 

identified through analysis (S000067, S000064). In total, 50 light-related motifs were found, the 

majority being generally associated with light-regulated gene expression or etiolation-induced gene 

expression (S000198, S000415). Nine heat-related CREs were identified and two associated with cold 
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responses (S000030, S000506, S000250). Finally, five enhancer elements were identified, situated 

around 590 bp or from 1115-1483 bp (S000123, S000494, S000254).  

The largest promoter sequence with 2389 bp and 590 identified CREs was the ETC3 promoter. Again, 

the category containing the most identified motifs was the binding sites. In total 196 binding sites were 

identified. 42 were Dof-binding sites and 19 were GATA-boxes (S000039, S000265). As for MYB-binding 

sites, 33 were identified situated along the whole promoter sequence with a slight clustering around 

2040-2080 bp (S000408, S000176, S000409, S000502, S000179). Also, 29 MYC-binding sites were 

identified (S000436, S000144, S000407). They are concentrated at around 1000 bp. Additionally, 21 

W-boxes and 11 HD-ZIP binding sites were identified (S000390, S000447, S000442, S000457, S000292, 

S000498). Both are distributed equally over the promoter length. The typical circadian-related CREs 

were identified, as well as the putative nodulin consensus sequence (S000252, S000461, S000462). 

Interestingly, a motif associated with phosphate starvation was found (S000459). In total, 79 organ-

specific motifs were identified. The majority, again, was pollen- and mesophyll-specific (S000245, 

S000378, S000449). Also, some seed/endosperm-related CREs were identified (S000353, S000148, 

S000264). 18 poly(A)-signals were found, with four situated from 1268-1426 bp and another cluster 

stretching from 1648 to 2201 bp (S000080, S000088, S000081). Out of the 35 disease and stress motifs, 

most were infection response-related or copper and oxygen-related (S000468, S000467, S000453, 

S000418, S000493). The identified 12 TATA-boxes were distributed along the whole sequence with a 

higher frequency towards the 3’-end of the promoter (S000203, S000110, S000109). A high amount of 

CREs found were classified as promoter elements. The majority was identified as CAAT consensus 

sequences of sequences associated with A. rhizogenes (S000028, S000098). A sequence absent from 

pETC1 and pETC2 was the quantitative activator region (QAR, S000244) found in pETC3 at 1452 bp and 

1595 bp. Again, the most of the 43 identified hormone-related CREs were cytokinin-related (S000454). 

Also, motifs involved in ABA, GA, ethylene and jasmonate-related processes were identified (S000181, 

S000402, S000439, S000458, S000394, S000438, S000037). Two splice junctions were found, one at 

the very beginning of the promoter sequence and one at 1396 bp (S000086). A total of 61 light-related 

motifs were identified. The majority was not further specified or etiolation-induced (S000383, 

S000198, S000415). Interestingly, one CRE was a phyA-repressed motif and some motifs were I-boxes 

(S000488, S000124). Temperature-related genes were mostly associated with heat responses, 12 out 

of the 15 CREs (S000030, S000506). Three CREs were associated with low-temperature responses and 

the vernalization pathway (S000153, S000404). Finally, two enhancer elements were identified, 

situated at 659 bp and 728 bp (S000123, S000494). 
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Transactivation assays of pETCs 

Additionally to the in-silico analysis of the promoter regions of ETC1, ETC2, and ETC3, the same regions 

were examined regarding expression modulation by other trichome patterning genes (Figure 37). 

Therefore, quantitative GUS assays were performed using each promoter in a reporter construct 

expressing β-glucuronidase. To each reporter construct, different combinations of trichome patterning 

genes under the control of the p35S promoter were added. The reporter gene expression without any 

added gene was used to normalize the reporter gene activity.  

The activity of the promoter of ETC1 was increased upon co-expressing GL1, GL3, and TTG1. All three 

activators led to a significant increase in reporter gene activity to around 150% (Figure 37, A). 

Interestingly, the co-expression of GL1 with GL3, as well as GL3 and TTG1, led to a similar increase in 

promoter activity. However, the addition of GL1 and TTG1 led to a drastic increase in gene expression 

up to 250 %. If all three activators were co-expressed with the reporter construct, a similar significant 

increase was observed as for single activator addition. On the other hand, neither the single addition 

of TTG1, TRY, nor CPC led to a significant change in promoter activity. Also, if the three activators, GL1, 

GL3, and TTG1, were co-expressed with either TTG2, TRY, or CPC, no significant change in promoter 

activity could be observed.  

Promoter activity assays of pETC2 showed a slightly different picture. Nearly no co-expressed trichome 

patterning gene, alone or together with others, led to a significant change in promoter activity (Figure 

37, B). However, if the core activators were co-expressed with either TRY or CPC, the promoter activity 

increased significantly compared to the control, up to 180%.  

Lastly, the promoter of ETC3 was examined (Figure 37, C). Here, as well as for pETC2, only a low number 

of combinations caused a significant difference in promoter activity compared to the control. 

Interestingly, only the addition of TTG1 led to an increase in promoter activity, up to 160%. All other 

combinations did not change the promoter activity significantly.  

To summarize the quantitative GUS assays of the ETC promoter regions, it can be said that overall, 

these promoters seem to be not strongly regulated by the examined trichome patterning proteins. 

ETC1 seems to be more susceptible to regulation via the examined proteins; however, these proteins 

did not cause extreme promoter activity changes, except TTG1. As for ETC2 and ETC3, both promoter 

regions were not influenced by the examined proteins.  
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Figure 37. Quantitative GUS assays of ETC1-3 promoter activity.  Bar graph depicting the mean β-glucuronidase activity in 
percent normalized to the promoter construct without further p35S constructs expressing other genes (left bar). The 
promoter constructs examined were pETC1:GUS (A), pETC2:GUS (B), and pETC3 (C), with different p35S constructs expressing 
the trichome patterning genes listed at the x-axis of the graph. Error bars depict standard deviations. Statistical analysis was 
performed by Student’s t-tests. Statistically significant differences towards the reference (w/o) are indicated by asterisks 
(p≤0.05).   
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3.3. Interspecies comparison of trichome and root hair patterning MYBs 

Different studies in a variety of species indicate the conservation of genes involved in trichome 

patterning, specifically homeodomain TFs, MYB, and bHLH transcription factors (Chalvin et al., 2020; 

Han et al., 2022; Schuurink & Tissier, 2020; Wang et al., 2022). In this study, an interspecies comparison 

of the trichome and root hair patterning R2R3MYBs GL1, MYB23, and WER of Arabidopsis and 

Cardamine has been conducted. 

 In Arabidopsis, GL1 is not expressed in roots but plays a major role in trichome patterning (Hülskamp 

et al., 1994). MYB23 is expressed in trichomes and roots, GL1 only in trichomes, and WER only in roots 

(Hülskamp et al., 1994; Kirik et al., 2001; Lee & Schiefelbein, 1999). Therefore, WER takes over the role 

of GL1 in forming the MBW complex in roots. In Arabidopsis, all three genes are closely related and 

contain a conserved motif at their C-term in the putative transcription activation domain, which 

consists of 19 amino acids (Lee & Schiefelbein, 2001). MYB23 and GL1 are very similar in their genetic 

function, as both promote trichome fate (Kirik et al., 2005; Oppenheimer et al., 1991). However, GL1 

plays a role in trichome initiation all over the leaf surface, and MYB23 predominantly at the leaf edges. 

Also, MYB23 plays a role in trichome branching, which GL1 does not. Interestingly, MYB23 and GL1 are 

redundant and can rescue the phenotype of each other when expressed under the appropriate 

promoter. MYB23 expressed under pGL1 in gl1 can rescue the phenotype but not when its expression 

is controlled by its own promoter. This indicates that their specific functions are not due to different 

protein behavior but different expression properties provided by their promoter and enhancer regions 

(Kirik et al., 2005). This is also true for comparing GL1 and WER (Lee & Schiefelbein, 2001) and MYB23 

and WER (Tominaga-Wada et al., 2012). 

A previous study examined the expression levels of the trichome patterning genes R2R3MYBs GL1, 

MYB23, and WER in different tissues of Arabidopsis, Arabis, and Cardamine (Pietsch, 2022). This 

analysis revealed an overall low expression of ChGL1 in all examined tissues. This is very interesting, as 

a correlation between trichome number and ChGL1 transcript amount was postulated (Fuster-Pons et 

al., 2024). In contrast, ChWER was expressed highly in roots and tiny leaves (Pietsch, 2022), indicating 

a more pronounced role of ChWER in trichome patterning than of AtWER. ChMYB23 was higher 

expressed in tiny and mature leaves than in seedling, shoot and root (Pietsch, 2022).  In Arabis, AaWER 

was expressed very low compared to the housekeeping gene in nearly every examined tissue, except 

roots. AaGL1 was also expressed rather low, except in tiny leaves. AaWER and AaGL1 were extremely 

low expressed in mature leaves. AaMYB23 was the only gene that shows increased expression in 

seedling and shoot (Pietsch, 2022). In Arabidopsis AtGL1 was higher expressed in seedling and shoot, 

compared to tiny leaves. It could not be detected in mature leaves or roots. AtWER was only expressed 
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higher in roots. Elevated expression levels for AtMYB23 were detected in seedling, shoot and mature 

leaves. In roots AtMYB23 expression was decreased (Pietsch, 2022). 

3.3.1. In-silico analysis & comparison of MYBs in Arabidopsis and Cardamine 

All six MYBs are highly similar in their intron-exon structure and their protein structure. The alignments 

of all six proteins can be found in the appendix (Figure 49). 

The proteins share a high percent identity between species, AtGL1 and ChGL1 75.78%, AtMYB23 and 

ChMYB23 87.16% and AtWER and ChWER 91.14%. A phylogenetic tree was created using the protein 

sequence alignment created by CLC Main Workbench 22 (Figure 38). In this tree, the GL1, MYB23 and 

WER proteins are more closely related to their counterparts in the other species than to each other. 

Interestingly, the two WER proteins diverged from GL1 and MYB23 before the latter two branched off. 

Regarding their genetic change, ChMYB23 underwent more nucleotide substitutions compared to its 

Arabidopsis counterpart than ChGL1 and ChWER. 

 

Figure 38. Phylogenetic tree of Arabidopsis & Cardamine MYB protein sequences. Numbers on branches reflect the genetic 
change in the form of nucleotide substitutions per site, the numbers on internal nodes display the support for the node 
calculated by bootstrap analysis of 100 replicates.  

Due to the high similarity of the proteins of the two species, the potential influence of intron 1 on the 

expression regulation was examined further by performing PLACE analysis (Figure 40) and sequence 

alignment of all six first introns (Figure 39). The introns of the orthologous genes are similar in size for 

GL1 and MYB23. The first intron in ChWER is the longest intron (385 bp) followed by AtWER (264 bp). 
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The introns of AtMYB23 (129 bp) and ChMYB23 (133 bp), as well as AtGL1 (109 bp) and ChGL1 (110 bp) 

are very similar in size. 

 

Figure 39. Sequence alignment of the first intron in the MYBs GL1, MYB23 and WER from A. thaliana & C. hirsuta. The 
sequence name is given left, the nucleotide number right. Similar nucleotides are displayed by different sized letters at the 
bottom of each row at each given nucleotide position. Alignment was created using CLC DNA Main Workbench 22. 
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Interestingly, the six introns share some similarity in several regions. The N-term of all introns seems 

conserved, as well as the sequences corresponding to the intron area at 110 bp to 200 bp of ChWER. 

3.3.2. The MYB introns display differences regarding CREs 

Additionally, PLACE analysis of the first intron of all six MYB was conducted. For GL1 and maybe WER 

a role in gene expression was proposed for the first intron (Wang et al., 2004). In the first introns of 

AtGL1, AtMYB23, and AtWER, a total of 31, 42, and 69 CREs were found, respectively. A comparable 

number was found for the introns in ChGL1, ChMYB23, and ChWER (29, 37, and 88, respectively). As 

the MYBs share the highest similarity with their corresponding orthologs, the PLACE analysis will be 

discussed between species (Figure 40).  

 

Figure 40. PLACE analysis of first introns of MYBs in A. thaliana & C. hirsuta. Bar graph depicting the number of CREs of each 
category found in the first introns of the R2R3MYB transcription factors GL1, MYB23 & WER from A. thaliana and C. hirsuta. 
Categories are listed at the bottom of the graph with the corresponding color code. 

In the AtGL1 intron, most CREs were identified as binding sites or disease and stress-related. Two of 

the binding sites are Dof-binding sites (S000265), and one is identified as a SEF1 binding motif from 

soybean (S000006). No binding motifs associated with WRKY, HD-Zip, or MYC binding were found. 

Interestingly, three MYB-binding motifs were identified (S000177, S000409, S000176), situated at 81 

bp. These motifs were flanked by the two identified GATA boxes (S000039) at 76 bp and 105 bp. The 

identified disease and response elements were associated with infected root modules, copper and 

oxygen stress, as well as Ca-responsive elements (S000468, S000507, S000493, S000499, S000501). 

One circadian-related CRE (S000440), as well as one nutrient-related motif associated with nodulin 
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(S000462), were found. No motifs were found in the categories Poly(A) signal, splice junction, S/MAR, 

enhancer elements, temperature- or light-related. Organ-specific elements were predominantly 

pollen-specific (S000245, S000378).  The two hormone-related CREs are associated with cytokinin 

(S000454). Interestingly, 4 TATA boxes were identified, which were all situated in the C-terminal part 

of the intron (S000340, S000111, S000109).  Four general promoter elements were identified, 

associated with A. rhizogenes promoters or found in CaMV regulatory sequences (S000098, S000460).  

In the ChGL1 intron, a total of 29 CREs were identified. The majority were classified as binding sites, 

followed by light-related motifs. No motifs associated or classified as enhancer elements, S/MAR, 

splice junctions, or temperature-, nutrient- and circadian-related were identified. Interestingly, 13 

binding sites were identified. Most of them were W-boxes (S000039, S000390, S000447, S000442, 

S000457). They were situated at 35 bp, around 66-80 bp, and 99 bp. No binding sites for HD-ZIP or 

MYC proteins were found. Only one MYB-binding site at 90 bp was identified (S000408). However, a 

variant of the CArG motif, a binding site of AGL15 was identified (S000431). This motif also occurs in 

the ChWER intron. In intron 1 of ChGL1, one TATA box was found, located at 61 bp (S000111). 

Additionally, three promoter elements were found associated with CAAT promoter consensus 

sequences (S000028), sequences from A. rhizogenes (S000098) or plastid promoter elements 

(S000296). Three hormone-related elements were identified as Ga- and cytokinin-related (S000439, 

S000454). Interestingly five light-regulated CREs were identified. They were identified as I-boxes or 

generally associated with light-regulated gene expression (S000383, S000198, S000362, S000491, 

S000199).  

The intron 1 of AtMYB23 possesses 42 CREs, the majority conferring organ specificity. No CREs 

identified as enhancer elements, splice junctions or S/MARs were found, as well as no motifs 

associated with temperature- or circadian-related expression. The 11 organ-specific motifs were either 

pollen- (S000245) or mesophyll-specific (S000449). The five nutrient-related motifs were all identified 

as putative nodulin consensus sequences (S0000461, S000462). One poly(A) signal was identified 

(S000080). Only six binding sites were found, none identified as WRKY-, MYB-, MYC- or HD-ZIP-binding 

sites. Instead, four Dof-binding sites (S000265), one SEF4 binding site identified in soybean (S000103), 

and one GATA box at 121 bp (S000039) were determined. The nine disease and stress motifs identified 

were associated with infection or copper- and oxygen stress (S000468, S000467, S000493). Only one 

cytokinin-related hormone motif was found (S000454), but two light-regulated CREs (S000198, 

S000199). Interestingly, three TATA boxes were identified, located all in the N-terminal part of the 

intron (S000203, S000109). Four general promoter elements were identified, categorized as CAAT 

promoter consensus sequences (S000028) or as sequences from tobacco or plastid promoters 

(S000387, S000395, S000296). 
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In the first intron of ChMYB23, a total of 37 CREs were found. None were found in the categories 

temperature- and circadian-related, as well as splice junctions, poly(A) signal, or S/MAR. Seven CRES 

were found in each of the categories binding sites, organ specificity, and disease and stress motifs. The 

same interesting absence of WRKY-, MYC-, MYB- and HD-ZIP-binding sited observed in the AtMYB23 

intron also was observed for the ChMYB23 intron. The seven identified binding sites were four 

Dof-sites (S000265), one RAV1 binding site (S000314), and two GATA boxes (S000039) situated at the 

start and end of the intron sequence. The tree nutrient-related motifs were all putative nodulin 

consensus sequences (S000461, S000462), and the seven organ-specific motifs were mostly associated 

with pollen- and mesophyll-specific gene expression (S000353, S000245, S000378, S000449). Seven 

disease and stress elements were found, associated with infection response and copper and oxygen 

stress (S000468, S000467, S000493). The single identified TATA box was situated at 23 bp (S000203). 

As promoter elements, CREs categorized as CAAT promoter consensus sequences (S000028) and as 

sequences identified from tobacco and anaerobic genes (S000477, S000395) were found. The two 

hormone-related motifs were associated with cytokinin (S000454). The three light-related motifs were 

categorized are generally associated with this regulation or as I-boxes (S000198, S000199). 

Interestingly, an enhancer element was identified at position 74 bp. This enhancer element is 

associated with MYB-binding (S000494). Enhancer elements were only additionally found in the 

introns of AtWER and ChWER. 

In AtWER the first intron possesses 69 CREs identified by PLACE. With 30 binding sites identified, this 

is the majority of motifs, followed by 11 promoter elements. Out of the 30 binding sites, seven are 

Dof-binding sites (S000265), four are GATA boxes (S000039), and one is a RAV1 binding motif 

(S000314). Three out of the four GATA boxes are located at 158-188 bp. Only two HD-ZIP binding sites 

were identified (S000498), located at 36 bp and 57 bp, respectively.  Five W-boxes were identified 

(S000390, S000447, S000457), grouped into three areas around 36 bp, 58 bp, and 195 bp. The four 

MYC-binding sites (S000144, S000407) are exclusively localized around 60 bp. Additionally, five 

MYB-binding sites were identified (S000408, S000176, S000177, S000409, S000180). They are present 

at three different locations in the intron, at 81 bp, 181 bp, and 237 bp. No temperature- or circadian-

related motifs were identified, as well as no splice junctions. The one nutrient-related element was 

identified as a putative nodulin consensus sequence (S000462). Six organ-specific CREs were found, 

conferring predominantly pollen-specific expression (S000245, S000148, S000378, S000273, S000422). 

Two poly(A) signals were localized at 213 bp and 243 bp (S000080, S000088). Only four disease and 

stress-related motifs were found. These CREs were associated with infected root nodules (S000468) or 

water stress (S000413), as well as sulfur-responsive elements (S000499). A total of four TATA boxes 

were identified, situated around 110 bp, 214 bp, and 242 bp (S000111, S000203). 11 promoter 
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elements were found, classified as CAAT promoter consensus sequences (S000208) and as elements 

from A. rhizogenes or plastid promoters (S000098, S0000296). The six hormone-related motifs were 

cytokinin- or ABA-related (S000454, S000174). As light-related elements one I-box was found 

(S000199) or motifs generally associated with this kind of regulation (S000198). One S/MAR was 

identified (S000037), and the same enhancer element present in intron 1 of ChMYB23 was localized at 

65 bp (S000494).  

Finally, the ChWER intron was examined. In total, 88 CREs were identified, 18 as binding sites. No splice 

junctions or S/MARs were found. One circadian-related motif was found (S000252) as well as four 

nutrient-related putative nodulin consensus sequences (S000462). The 11 organ-specific CREs confer 

pollen- and mesophyll-specific expression (S000245, S000378, S000449). Five poly(A) signals were 

found (S000080, S000088, S000081), localized between 77 bp and 304 bp of the intron length. Out of 

the 18 identified binding sites, no MYC-, WRKY- or HD-ZIP binding sites were found. Only one 

MYB-binding site, localized at 97 bp, was found (S000408). However, six Dof-sites were found 

(S000265) and four SEF4 binding sites from soybean (S000103). Also, three GATA boxes were found 

(S000039), localized at 112 bp, 192 bp, and 230 bp. Interestingly, two variants of the CArG motif were 

found at 260 bp (S000431). A total of 13 disease and stress elements were identified, the majority 

being infection-related (000468, S000443) or involved in copper and oxygen stress (S000493). Seven 

TATA boxes were found (S000111, S000203), localized around 65 bp, 167 bp, and at the C-term around 

304-360 bp. All six hormone-related motifs are associated with cytokinin (S000454). The two 

temperature-related motifs encompassed a motif for heat (S000030) and one motif for cold (S000250). 

Nine light-related motifs were found, associated with phytochrome (S000149) or identified as I-boxes 

(S000199). The 11 promoter elements displayed the same variety as described before, with elements 

identified as CAAT promoter consensus sequences (S000028), promoter elements from A. rhizogenes 

(S000098), and anaerobic promoters (S000477, S000387). Finally, one enhancer element was 

identified at position 129 bp (S000494). This was the same enhancer element also identified in the 

introns of AtWER and ChMYB23. 

Overall the introns display a variety of different CREs. They differ unexpectedly regarding the binding 

sites present in their sequences. Especially both AtMYB23 and ChMYB23 as well as ChWER are different 

to the other three MYB introns, as they do not possess a similar amount of MYB-, MYC, WRKY- and 

HD-ZIP binding sites. Interestingly, they possessed the same enhancer element. 
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3.3.3. Interspecies rescue experiments of Cardamine MYBs in Arabidopsis mutants 

As Cardamine is closely related to Arabidopsis (Beilstein et al., 2008, 2010; M. Koch et al., 2001) rescue 

experiments were performed to shed some light on the evolution of these genes, especially taking into 

consideration the different expression levels observed in the different species (Pietsch, 2022). Closely 

related orthologous genes can sometimes rescue the phenotypes of other species (Bernhardt et al., 

2003; Galway et al., 1994; Lee & Schiefelbein, 1999; Payne et al., 2000; Wang et al., 2004). To test the 

rescue ability of the Cardamine MYBs in Arabidopsis, constructs were generated that included a 1.5 kb 

putative promoter sequence, the genomic gene sequence, and 1.8 kb putative 3’ enhancer fragment 

of ChGL1, ChMYB23, and ChWER. These constructs were used to transform the gl1, myb23, and gl1 

myb23 Arabidopsis mutants, and in the T1 generation, the trichome phenotype rescue ability of each 

construct was examined. The gl1 and gl1 myb23 mutants are nearly glabrous and glabrous, 

respectively. The myb23 mutant does not display a difference in trichome number compared to 

wildtype, but a branching phenotype (Kirik et al., 2005). A total of 50 plants per construct and mutant 

background were analyzed, and these plants displayed a range of trichome phenotypes (Figure 41 A). 

Interestingly, all Cardamine constructs induced trichomes in the gl1 mutant (Figure 41 B). However, 

only ChGL1 and ChMYB23 were able to induce trichomes in the double mutant gl1 myb23. The ChGL1 

expressing construct led to the formation of around 30 and 40 trichomes per leaf in gl1 and gl1 myb23 

plants, respectively. This trichome number is significantly different from the Col-0 reference, with 80 

trichomes per leaf. Also, the ChGL1 construct caused an increase in trichome number in myb23 

compared to Col-0. This was also the case for the ChMYb23 and ChWER construct. None of the 

Cardamine constructs could induce a normal number of trichomes in either gl1 or gl1 myb23 plants. 

The trichomes induced by ChWER in gl1 were often isolated to the leaf edge (Figure 41 A). Expression 

of ChGL1 sometimes led to the formation of trichome clusters, especially in myb23 plants.  

These results indicate, that the Cardamine MYBs can induce trichome formation in single MYB mutants 

of Arabidopsis. However, none of the Cardamine constructs could restore the wildtype trichome 

pattern or number. Also, ChGL1 could induce more trichomes in the gl1 and gl1 myb23 plants 

compared to ChMYB23 and ChWER. This is especially interesting, as all Cardamine constructs were 

controlled by their endogenous putative regulatory sequences.  
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Figure 41. T1 rescue experiments Cardamine. A) Leaves of MYB mutants and T1 rescue lines expressing Cardamine MYB 
constructs. B) Trichome number in T1 rescue plants expressing Cardamine constructs. Bar graph of trichome number of leave 
four of Col-0 and mutant plants, as well as gl1, myb23, and gl1 myb23 T1 plants transformed with ChGL1, ChMYB23, and 
ChWER rescue constructs. Error bars depict standard deviations. Statistical analysis was performed by Mann-Whitney U tests 
comparing the plants expressing the Cardamine constructs with Col-0. Statistical differences to Col-0 (p≤0.05) are indicated 
by a black asterisk. 
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3.4. Experiments to expand the existing patterning models 

Biological patterns can be described mathematically, and different patterns can be explained and 

reproduced by adjusting these mathematical models (Gierer & Meinhardt, 1972; Meinhardt & Gierer, 

1974; Turing, 1952). Two trichome patterning models are currently published that are both individually 

capable of explaining the wildtype trichome pattern (Pesch & Hülskamp, 2009). However, the two 

published models cannot explain some observed mutant phenotypes. Therefore, in this study, two 

different sets of phenotypes, namely the weak ttg1 allele phenotypes and the cluster phenotype of 

cpc try mutants, were examined more closely to help shed light on the underlying mechanisms and 

enable the adjustment of the mathematical models.  

3.4.1. Mutant variants of TTG1 are not depleted in trichome surrounding cells 

Mutants of activators and ttg1 usually show a glabrous phenotype (Koornneef, 1981). However, there 

are ttg1 mutants still producing trichomes, even though their number is reduced (Koornneef, 1981; 

Larkin et al., 1994, 1999; Long & Schiefelbein, 2020; Walker et al., 1999). These so-called weak ttg1 

alleles possess trichomes in an irregular pattern, exhibiting cluster formation (Koornneef, 1981; Larkin 

et al., 1999; Walker et al., 1999). The different mutant phenotypes suggest that TTG1 is acting as an 

activator and an inhibitor, and the role in trichome patterning may be influenced by the kind of 

mutation present in the ttg1 alleles. In the strong ttg1 allele ttg1-1, the C-terminal 26 amino acids are 

truncated (Larkin et al., 1994; Walker et al., 1999). Contrarily, in the three weak ttg1 alleles, ttg1-9, 

ttg1-11, and ttg1-12, amino acid exchanges took place. In ttg1-9 at position 282, serine is replaced by 

phenylalanine; in ttg1-11 at position 149, a glycine is replaced by an arginine, and in ttg1-12, the same 

amino acids are exchanged as in ttg1-11 but at position 43 (Koornneef, 1981; Larkin et al., 1994, 1999; 

Walker et al., 1999). It was shown that the mutations present in the strong and the weak ttg1 alleles 

lead to the reduction or abolishment of TTG1 and GL3 interaction (Balkunde et al., 2011, 2020; Payne 

et al., 2000). Moreover, TTG1 is recruited by GL3 into the nucleus, which results in the depletion of 

TTG1 in the trichome surrounding cells (Balkunde et al., 2011; Bouyer et al., 2008). This depletion is 

one of the key components of the activator depletion model (Bouyer et al., 2008). To examine the 

nuclear localization of different mutant TTG1 proteins in wild-type plants, transgenic lines expressing 

YFP-tagged versions of TTG1 under the pTTG1 promoter were generated.  These plants were examined 

regarding the nuclear localization of TTG1 and the depletion in trichome surrounding cell tiers.  

Wildtype and mutant TTG1 proteins were localized in the nucleus and the cytoplasm of the trichome 

and surrounding cells (Figure 51). This was not observed for non-mutated TTG1 in the strong allele 

ttg1-13, where TTG1 was localized in the nucleus in epidermal and trichome cells (Bouyer et al., 2008). 

This differing behaviour can be explained by the amount of TTG1 present in the different lines. In ttg1-
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13, no intact TTG1 is available for GL3 interaction, thus no recruitment to the nucleus could take place. 

The YFP-tagged TTG1 expressed in wild-type plants needs to compete with endogenous TTG1 for 

interaction with GL3 and thus recruitment by GL3. Due to the oversaturation of TTG1 compared to 

GL3, only a part of the fluorescence-tagged TTG1 population is recruited into the nucleus (Balkunde et 

al., 2020). 

 

Figure 42. Fluorescence intensity of TTG1 versions in trichomes and surrounding tiers. The fluorescence intensity was 
normalized to the intensity in the corresponding trichome and is given in percent. The TTG1 versions are listed at the x-axis 
and standard deviations are represented as black lines at the top of each bar. Statistical analysis was performed by Student’s 
t-tests comparing the normalized fluorescence of each tier with the trichome fluorescence intensity. Statistical differences 
compared to the trichome fluorescence intensity (p≤0.05) are indicated by a black asterisk. 

Additionally, the depletion of the different TTG1 versions were examined in the wildtype background 

(Figure 42). The fluorescence intensity in forming, not-branched trichomes, was determined and 

compared to the fluorescence intensity in the cell tiers surrounding the trichome. Only the wildtype 

version of TTG1 was depleted in the first cell trier surrounding the trichome. No mutated version 

examined was depleted in any cell tier. Moreover, the weak ttg1 alleles did not show any difference 

regarding their seed color, seed coat mucilage production, or root hair formation (data not shown). 

The data provided by the biological experiments enabled the facilitation of a mathematical model that 

could explain the weak ttg1 cluster phenotypes, ttg1 glabrous leaves, and wild-type trichome pattern. 

The results presented here regarding weak ttg1 alleles are part of the publication Balkunde et al., 2020. 
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3.4.2. Analysis of the cpc try double mutant cluster formation 

The trichome patterning properties of cpc, try, and cpc try mutants cannot be explained by an additive 

phenotype alone (Schellmann et al., 2002). A previous study successfully recreated the trichome 

pattern seen in the cpc try mutant using a mathematical model (Deneer, 2022). This model was based 

on an already published trichome patterning model (Balkunde et al., 2020). However, the published 

model had to be adjusted in three ways to recreate the cpc try pattern: First, the aspect of time had to 

be introduced by establishing trichome fate in several consecutive patterning rounds. At the end of 

each patterning cycle, a perturbation was included to mimic the cell differentiation into a trichome. 

This perturbation could be of two different kinds: Either an increase in trichome patterning gene 

expression, e.g., caused by endoreduplication cycles, or it could be a decrease in gene expression, e.g., 

caused by downregulation, as these genes are not required anymore. Only a downregulation in gene 

expression led to the formation of clusters similar to the size and shape observed in cpc try (Deneer, 

2022). However, so far, no experimental evidence is available to indicate if a decrease or increase in 

gene expression is happening. The second aspect that had to be introduced into the model was 

additional activator mobility (Deneer, 2022). In the published models, TTG1 was the only mobile 

activator so far. In this new model, also GL1 and GL3 can move between cells. GL3 was observed to be 

mobile in roots (Savage et al., 2008), but no activator movement in leaf epidermal cells has been 

observed so far. However, the assumption is based on the criteria for the activator- and inhibitor-

containing models from Turing (1952) and Gierer and Meinhardt (1972), in which activators, as well as 

inhibitors, are mobile. The third aspect that needed to be introduced was a third inhibitor, which was 

named ETC (Deneer, 2022). ETC incorporates the inhibitors ETC1, ETC2, and ETC3, as they are partially 

redundant (Wester et al., 2009). In the previously published model, only TRY and CPC were included 

as inhibitors (Balkunde et al., 2020), however, in the cpc try mutant, no inhibitor would have been left 

active, thus causing patterning problems in the mathematic model. Interestingly, the diffusion rate of 

ETC had a drastic effect on the number of clusters and their size (Deneer, 2022). 

Expression analysis of pCPC:GUS in cpc try mutant leaves 

To investigate the nature of the proposed expression perturbation in trichomes, cpc try plants were 

transformed to express pCPC:GUS or pTRY:GUS. The T2 generation was examined regarding GUS 

staining of young leaves. For each promoter construct, several lines were examined. For pTRY:GUS no 

GUS staining could be observed in any examined line (data not shown).  
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Figure 43. GUS staining of cpc try plants expressing pCPC:GUS. GUS staining is displayed after 1 h (A, B), after 2 h (C, D) and 
after 5h (E, F). For each time point, the same sample is shown, but with different magnifications. The scale bar refers to 500 
µm. 

The GUS staining procedure was performed for different time spans to ensure non-saturated tissue to 

enable the detection of differences in the GUS staining intensity. Samples from the same time span did 

not display the same staining pattern (data not shown). Sometimes the small leaves 3 and 4 were 

partially stained, sometimes not. Overall, the longer the staining procedure was performed, the more 

intense the GUS staining results were. After 1h of staining, some trichomes on leaves 1 and 2 showed 

distinct GUS staining (Figure 43 A), whereas the small leaves 3 and 4 did not display any blue staining 

(Figure 43 B). Interestingly, not all trichomes on the first leaves were stained, but only some discrete 

trichomes in the middle of trichome clusters. After 2h of staining, more trichomes on leaves 1 and 2 

displayed GUS staining. These trichomes were situated more towards the base of the leaf (Figure 43 C). 

Some, but not all, examined third leaves displayed GUS staining in trichomes situated at the tip of the 

small leaves (Figure 43 D). The patterning zone was not stained, nor was GUS staining detected in very 
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small emerging trichomes under these observation parameters. GUS staining procedure for 5h 

produced even more blue and dark blue trichomes on leaves 1 and 2 (Figure 43 E), as well as stained 

trichomes in leaf 3 (Figure 43 F). The trichomes at the base of the small leaf did not appear to be 

stained. However, the detection of faint blue staining signals is quite challenging, and the trichome 

clusters already present on small emerging leaves contribute to the challenging preparation of the 

GUS-stained samples.  

This irregular staining pattern observed in leaves 1 and 2 may be caused by the insertion site of the 

pCPC:GUS construct. However, this could be excluded because the same pattern was observed in 

several lines (data not shown). The stable line displayed in Figure 43 was backcrossed into Col-0 to 

determine the expression pattern in these plants and shed light onto the causes for the strange 

expression pattern in cpc try. The same time span for staining was applied, and GUS staining was 

detected after 3-5 hours (Figure 52). In mature trichomes of leaves 1 and 2, staining could be observed, 

as well as very faint staining of young trichomes on leaf 3 after 5 h. Overall, these findings seem 

consistent with the published expression pattern of pCPC:GUS in 2002, but not as pronounced 

(Schellmann et al., 2002). This is most likely caused by the relatively short staining time.  

Tracking cluster formation in growing cpc try leaves 

Cluster formation was tracked via dental wax imprints and repeated imaging of the same growing leaf 

(Schellmann et al., 2002). However, the repeated dental wax application caused the largest central 

trichome to break off. To track the cluster formation more closely and also examine possible 

directionality in the cluster formation, stable lines expressing plasma membrane markers were used 

to perform growth assays. The stable line was kindly provided by Pau Formosa Jordan and was 

established by Adrienne Roeder (Roeder et al., 2010). The plasma membrane marker RARE-COLD-

INDUCIBLE 2A (RCI2A), tagged with mCitrine, and the nuclear marker histone 2B (H2B), tagged with 

TFP, were expressed in Col-0 under the L1-specific promoter pAtML1. These plants were 

microscopically examined on two consecutive days and tissue viability as well as growth were 

examined. Growth in live samples could be detected after several trials. The increase in leaf size and 

cell number was evident in two CLSM sessions conducted 16 h apart (Figure 44).  
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Figure 44. CLSM images of growth tracking in wild-type marker line. Wild-type plants expressing pATML1:mCitrine-RCI2A 
(left) and pATML1:H2B-TFP (middle) imaged on day 1 (top row) and day 2 (bottom row). Composite images of the mCitrine 
and TFP signals are displayed in the right column. Scale bars refer to 100 µm. 

The marker line was crossed with cpc try plants to establish reporter gene expression in the double 

mutant. Several plants displaying marker signals in the cpc try background could be retrieved. All lines 

displayed a distinct mCitrine-RCI2A fluorescent signal (Figure 45). However, in most of the lines, no 

pATML1:H2B-TFP expression could be detected. First, growth assays were performed with these new 

marker lines, and growth occurred after 16 h. However, the dense trichome clusters increased the 

difficulty of the leaf preparation and often larger trichomes were injured. Additionally, 16 h seems to 

be too long to track individual growth, as in some samples, the tracking of individual cells was 

challenging or impossible. Overall, the plasma membrane marker line seems to be an appropriate tool 

for tracking cluster formation, but the parameters of the cluster formation need to be specified in 

more detail. CLSM sessions should be conducted in shorter intervals, and especially small leaves should 

be prepared to minimize damage to leaf tissue.  
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Figure 45. CLSM images of growth tracking in cpc try marker line. Wildtype plants expressing pATML1:mCitrine-RCI2A imaged 
on day 1 (left column) and day 2 (right column). Scale bars refer to 100 µm. 
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4. Discussion 

This study aimed to elucidate unresolved questions concerning trichome patterning in Arabidopsis 

rosette leaves. To achieve this, various experimental approaches to examine protein-protein 

interactions, as well as in-silico and in-vivo studies observing gene expression, were performed.  

4.1. Ratio differences in P2A experiments are caused by protein interactions 

In a previous study, the suitability of the P2A sequence to examine differences in fluorescence ratios 

of equimolar expressed genes has already been verified (Pietsch, 2022). However, the cause for these 

stability changes has not been addressed until this study. Here, compared to full-length GL3, an 

N-terminally truncated version of GL3 (Payne et al., 2000) reduced GL1 stability. Additionally, a point-

mutated version of GL1 (Pesch et al., 2015) could not be stabilized by GL3 (Figure 20). These two 

experimental setups suggest protein-protein interactions to be the cause for the detected differences 

in fluorescence ratios in the P2A experiments, as the only variable was the interaction ability of the 

protein attached to CFP. 

However, there still remained the question regarding the reason behind the different stabilities, 

meaning what causes the increase in YFP-X protein? Due to the simultaneous transcription of YFP-X 

and the internal control NLSNLS-mCherry from one plasmid into one mRNA (Ahier & Jarriault, 2014; 

Kim et al., 2011), an increase in protein amount caused by an increase in production could be ruled 

out. Also, an unintentional artefact caused by the experimental setup could be excluded, as not only 

increases in stability were observed but also decreases.  This only leaves a decreased protein 

degradation as a possible reason. Protein degradation is mostly carried out by the ubiquitin-

proteasome pathway (Pickart & Eddins, 2004). A link to proteasomal degradation was already 

published for GL3 and EGL3, as well as TT8 and TTG1 (Patra et al., 2013a, b). No ligase was identified 

for TTG1 and TT8 degradation, however, the ubiquitin ligase responsible for GL3/EGL3 degradation, 

KAKTUS, was identified (Patra et al., 2013a, b). Mutations in this gene cause increased trichome 

branching and an increase in DNA content, indicating a role in endoreduplication control (Downes et 

al., 2003; El Refy et al., 2004). However, GL3 seems to be also involved in promoting endoreduplication 

in trichomes, and its absence abolishes the over-branched kak phenotype in kak gl3 (Sako et al., 2010). 

Also for GL1, an interaction with KAK was shown, and thus, proteasomal degradation is likely (Jaime, 

2007).  Proteasomal inhibitor treatments showed a slight increase in GL1 stability, which was more 

pronounced when GL3 was present. This may indicate that GL1 is degraded via the proteasomal 

pathway, but the MG132 application did not lead to a drastic increase in fluorescence ratio. Moreover, 

these first results were not reproducible. The results published regarding MG132 treatment often 
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include Western-Blot analysis and no microscopy  (Liu et al., 2010; Patra et al., 2013a, b; Shen et al., 

2016). Also, GL3 and EGL3 are degraded rather quickly (Patra et al., 2013b), suggesting that maybe the 

CLSM may take up too much time to see any effects. Therefore, the proteasomal link cannot be 

excluded due to a likely unsuitable inhibitor treatment. Alternative treatments should be tested, such 

as bortezomib or a combination of translation inhibitor cycloheximide and MG132 treatment (Cheng 

et al., 2020; Patra et al., 2013a). Or the MG132 could be applied to Arabidopsis seedlings expressing 

the desired P2A constructs, and subsequent Western-Blot analysis could be performed (Seo et al., 

2003). However, this may be challenging, as during the course of this study, only some lines expressing 

MYB23-P2A could be successfully retrieved, while GL1-P2A could not be stably introduced in 

Arabidopsis plants. Therefore, alternative constructs should be used to generate plants expressing the 

trichome patterning genes with the appropriate tags to conduct these experiments. Protein turnover 

could be assessed by performing cycloheximide chase experiments, e.g. in yeast (Buchanan et al., 

2016). Another alternative could be ubiquitination assays (Saijo et al., 2003).  

Additionally to the proteasomal link, the fluorescence ratios of GL3-P2A were examined in the 

presence or absence of KAK. Both in leek and different Arabidopsis lines, the presence of KAK led to an 

increase in GL3 stability (Figure 19, Figure 18). Although these results verify the interaction of GL3 with 

KAK through the changed fluorescence stabilities indirectly, they directly contradict the published 

results regarding KAK and GL3 degradation (Patra et al., 2013b). Additionally, these observations most 

likely do not reflect the true biological circumstances, as all constructs used in these experiments were 

expressed under the constitutively active 35S promoter from Cauliflower Mosaic Virus (CaMV; Amack 

& Antunes, 2020). The artificially high amount of GL3 may not be degraded in the appropriate time, 

even if KAK is present in the plant. Moreover, other ubiquitin ligases may come into play that can also 

degrade the targets of KAK in case of its absence. As kak mutants are non-lethal, it can be assumed 

that either no critical amounts of target proteins accumulate in these mutants or that critical amounts 

are degraded through other ligases. In accordance, the overexpression of GL3 leads to a drastically 

increased number of trichomes (Zhang et al., 2003), while this phenotype is not observed in kak leaves 

(Downes et al., 2003; El Refy et al., 2004). However, it is still possible that KAK is only responsible for 

GL3/EGL3 turnover in already established trichomes and not during the early patterning stages. 

Therefore, the slight increase of GL3 in kak mutants may only affect endoreduplication but not the 

pattern itself.  

4.2. The use of viral sequences reveals novel protein interaction effects 

In trichome patterning, the interactions between trichome patterning proteins and their effect on the 

expression of trichome patterning genes were studied extensively (Pesch & Hülskamp, 2009; Wang et 
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al., 2021). However, if protein-protein interactions affect protein properties directly has only recently 

been studied (Pietsch, 2022). The viral “self-cleavage” site P2A was established as a useful tool to study 

protein stability and could be used in this study to examine the stability changes of trichome patterning 

proteins on each other.  

4.2.1. MYB proteins are stabilized by bHLH proteins 

Firstly, in this study, the observation previously stated by J. Pietsch that the MYB proteins are stabilized 

upon bHLH exposure could be confirmed. The presence of GL3 and EGL3 stabilized GL1, MYB23, TRY 

and CPC. This observation is intriguing, as both GL3 and EGL3 are homologs and act redundantly in 

trichome patterning (Bernhardt et al., 2005; Payne et al., 2000), and only if both are absent a glabrous 

phenotype is observed (Zhang et al., 2003). However, the protein stability experiments suggest that 

EGL3 has a higher impact on GL1 stabilization than GL3. The stability effects of GL3 and EGL3 on MYB23 

were reversed compared to GL1. MYB23 was drastically more stable in the presence of GL3 compared 

to the stability in the presence of EGL3. These severe effects of GL3 on MYB23 stability are striking, as 

only a minor role in the patterning process is attributed to MYB23. It plays a more obvious role in the 

subsequent branch formation (Kirik et al., 2001, 2005).  

However, not only the activator R2R3MYBs were stabilized by GL3/EGL3, but also the two tested 

inhibitors, TRY and CPC. It is unsurprising that TRY and CPC are similarly stabilized by the same proteins, 

as they are quite similar in protein sequence (Simon et al., 2007). For both inhibitors, the effect of EGL3 

was more pronounced than that of GL3. This differential effect may hint at a stronger involvement of 

EGL3 in the regulation of short-range trichome inhibition, as TRY is suspected to inhibit trichome 

formation on shorter distances compared to CPC (Schellmann et al., 2002). Also, EGL3 presence in cells 

may help to establish non-trichome fate indirectly by stabilizing TRY. As the P2A experiments 

performed in this study were conducted in leek and not in Arabidopsis epidermal cells, the determined 

ratios do not reflect the endogenous conditions. However, it is known that TRY/CPC interact with 

GL3/EGL3, thus leading to an inactivation of the active MBW complex (Payne et al., 2000; Pesch et al., 

2015; Zhang et al., 2003). Interestingly it was discovered that EGL3 is slightly higher expressed in Col-0 

plants than GL3 (Pietsch, 2022).  So, possibly, if EGL3 is present in an epidermal cell, the inhibitors are 

stabilized more, compared to if the same amount of GL3 is present. However, this stabilization is 

dependent on the amount of patterning proteins present in the cell. Which remains elusive to this day.  

4.2.2. GL3 and EGL3 are stabilized differently by the same proteins 

EGL3 was stabilized in the presence of TTG1, MYB23, TRY, and CPC. TRY presence only led to a slight 

increase in stability, while CPC increased the EGL3 stability significantly. This indicates, that the binding 

of TRY and EGL3 highly increases TRY stability, but not so drastically EGL3 stability. Also, CPC and EGL3 
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are stabilized similarly in each other’s presence, but the stability effect is more pronounced for CPC. 

No trichome patterning protein led to a decrease in EGL3 stability.  

GL3 was stabilized in the presence of EGL3 and MYB23 but was destabilized in the presence of GL1, 

GL3, and TTG1. Although the destabilizing effects of GL1 and TTG1 may not be extreme enough to 

cause a change in trichome patterning, the effect of GL3 on its own stability might be significant. 

Interestingly, the inhibitors did not affect GL3 stability. Overall, the GL3 stability changes are very 

intriguing as experimental evidence for feedback loops regarding the activator’s gene expression is 

missing. These feedback loops, however, are requirements for all patterning models based on Turing’s 

postulated models (Balkunde et al., 2011, 2020; Meinhardt, 2012; Turing, 1952)  

4.3. Different protein stabilities could offer an alternative for the missing 

feedback loop 

The models explaining trichome patterning rely on feedback loops regarding the activation of the 

activators and inhibitors (Balkunde et al., 2020; Pesch & Hülskamp, 2009). However, this positive 

feedback loop is missing so far for the trichome patterning mechanism. It was assumed that such a 

feedback loop would take the form of gene expression regulation, meaning the activators would 

activate their own gene expression. In the case of trichome patterning, this makes sense, as most of 

the core patterning proteins classified as activators are transcription factors (Pesch & Hülskamp, 2009). 

So far, however, only a feedback loop for the inhibitors has been reported. It was shown that TRY and 

CPC are both activated by the activators GL1, GL3, and TTG1. Additionally, TTG2 added to the trimeric 

active complex increases the activation of TRY and CPC expression even more (Pesch et al., 2014). 

Nonetheless, such a positive effect on the own expression rate has not yet been found for activators. 

For GL3, it was even postulated that it has a negative effect on its own expression. Morohashi and 

colleagues suggested a negative effect of GL3 on its own expression. However, they used GL3 fused to 

a glucocorticoid hormone receptor domain (GR), and upon exposure to a ligand of this receptor 

domain, trichomes were initiated in gl3 egl3 plants. However, the pattern was not checked regarding 

the rescue efficiency (Morohashi et al., 2007). In 2005, Bernhardt and colleagues also postulated a 

potential negative influence of GL3 on its own expression, as GL3 needs to be present to inhibit GL3 

gene expression and RNA accumulation in cells at the N-position (non-root hair cells; Bernhardt et al., 

2005). In the GUS assays performed in this study, no negative effect of GL3 on its own expression could 

be observed. If any effect was observed, the co-expression of GL3 led to an increase in reporter gene 

activity. However, the mutation of the two W-boxes in the second intron did not cause a decrease in 

gene expression. If the W-boxes were mutated, more combinations showed a significant increase in 

gene expression compared to the non-mutated version. However, the observed increase was in a 
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similar percent range and thus the statistical differences are most likely caused by more consistent 

samples in these experiments. For pGL3 overall, the expression increased in all tested promoter 

versions when TTG1 was co-expressed. Also, the co-expression of TTG2 led to a significant increase in 

gene expression, even when both W-boxes were mutated. This suggests, that TTG2 may bind to other 

CREs in the regulatory sequences associated with GL3. In the tested promoter, additional W-boxes are 

present that could allow TTG2 binding. In the N-terminal part of intron 2 an additional binding sites is 

present, apart from the Dof- and RAV1-sites, that was not yet tested regarding its effect on GL3 

expression. This MYC-binding site may indicate another protein involved in GL3 expression regulation 

or may even hint to the MYC-related bHLH containing trichome patterning gene MYC1 (Symonds et al., 

2011). In this study MYC1 was not included in any assay and therefore an effect of GL3 expression 

cannot be verified.  The co-expression of GL1, GL3, TTG1 and TTG2 also increased the reporter gene 

expression in all four tested GL3 constructs. These findings indicate, that the direct protein-DNA 

interactions of the activators slightly increase the GL3 expression. However, the increased reporter 

gene activities did not exceed 160 %, which seems to be rather low compared to effects observed for 

TRY and CPC for example (Pesch et al., 2014). Low expression changes seem to be in line with the 

overall low expression of GL3 in the patterning zone and in emerging trichomes (Friede et al., 2017). 

Yet, alternatively to gene expression regulation, another mechanism could take place.  

The positive feedback loop ultimately leads to an increase in activator amount. However, this may not 

be caused by increased expression rate but by increased protein stability. The increased stability would 

lead to a higher protein amount for an elongated period of time, which could have the same effect as 

increased gene expression. However, this theory is currently being tested by T. Bergmann through 

adjusting our already published and established mathematic models. The postulated feedback loops 

lead to an exponential increase in activators in the models (Balkunde et al., 2020; Zhang et al., 2024) 

and it remains to be seen if the prolonged presence of proteins may lead to the same effect.  

4.4. Differential complex formation may influence protein stabilities 

The generated P2A data was acquired from experiments performed in leek epidermal cells, with only 

two interaction partners. Of course, this does not reflect the protein composition in Arabidopsis's 

epidermal cells. Therefore, stable lines expressing R2R3MYB-P2A constructs in Arabidopsis were 

created. Unfortunately, only MYB23-P2A stable lines that displayed the fluorescence proteins in the 

expected cellular locations were retrieved. Fluorescence ratios of MYB23-P2A in developing trichomes 

and surrounding cells revealed an increase in MYB23 stability with increasing distance to the 

trichomes. These results were highly surprising, as one would assume that activators are more stable 

in and close to trichomes due to their role in initiating trichome fate.  
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The observation could be explained by different variants of MBW complexes in the different cell types. 

A recent study showed that competition between GL1 and TTG1 for GL1 binding in the presence of TRY 

leads to the formation of different complexes when all interaction partners are present in equimolar 

amounts (Zhang et al., 2024). Dimers consisting of GL1-GL3, GL1-TTG1, GL1-TRY, and GL3-GL3 make up 

the majority of detected complexes, with 21.2 %, 12 %, 5.8 %, and 2.7 %, respectively. The assumed 

“classic” MBW complex consisting of GL1-GL3-TTG1 only amounted to 5.8 % of total complexes (Zhang 

et al., 2024). A lot of different complex compositions included GL3 homodimers bound by the three 

other proteins in different arrangements. In this study, only the four mentioned proteins were tested 

in HEK cells, so one can only imagine the vast variety of protein complexes present at any given 

moment in trichome patterning. Thus, these complexes can influence the protein stability of their own 

components and, therefore, the patterning process. Also, these different complexes may help to 

explain how a seemingly low expressed and rapidly degraded core patterning protein, such as GL3 

(Friede et al., 2017; Patra et al., 2013a, b), plays such an important role in patterning. Maybe the free 

GL3 is degraded rapidly, but as soon as it is bound by other trichome patterning proteins, it is not 

accessible for the proteasomal degradation cascade. The homodimerization of GL3, however, could 

even lead to a decrease in GL3 stability, which may be counteracted by the other bound proteins in 

the complex or even be reinforced. These mechanisms could also apply to the other patterning 

proteins incorporated in complexes. Therefore, in the stable lines expressing MYB23-P2A differential 

regulation could take place, depending on the complex compositions. 

Nevertheless, it has to be taken into consideration that MYB23 in the stable line created in this study 

is expressed constitutively via the 35S promoter. Therefore, the endogenous protein proportions are 

askew, and the observed MYB23 stability changes do not necessarily reflect the endogenous situation. 

However, overexpression lines of MYB23 do not display a trichome phenotype (Tominaga-Wada et al., 

2012).Also, the MYB23-P2A lines do not possess any obvious trichome phenotype. To exclude a 

systematic effect caused by the P2A construct, a transgenic plant expressing pENSG-p35S:YFP-NLSNLS-

P2A-NLSNLS-mCherry should be generated, and fluorescence ratios should be determined. If no 

increase in stability with increased trichome distance is observed, the stability effect observed in the 

MYB23-P2A line could be understood as caused by biological factors.  

4.5. Alternative strategies to examine protein stabilities 

The performed P2A experiments do not reflect the correct in-vivo conditions. However, the 

endogenous expression of trichome patterning genes is relatively low and protein amount 

measurements on a single cell level are challenging (Xie & Ding, 2022). As an alternative strategy to 

determine protein stabilities in the form of production and degradation rates, photoconvertible 
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proteins were explored. Dendra2 is a promising candidate to be utilized in transient expression to 

determine protein degradation over time. However, the tested conversion and detection with CLSM 

may limit the sample examination due to being time-consuming and also lead to decreased sample 

size due to phototoxicity (Icha et al., 2017). An alternative would be the detection of green and red 

fluorescence Dendra2 species using a plate reader (Heidary et al., 2017). Heidary and colleagues 

utilized HEK cells expressing Dendra2 and an LED flood array emitting 405 nm light, intense enough to 

successfully convert the Dendra2 protein from the green to the red fluorescence emitting form. The 

HEK cells were easily accessible for this treatment and fluorescence intensity measurements, as they 

were placed onto 96-well plates (Heidary et al., 2017). This strategy could most likely be adapted to 

converse cell suspension culture or Arabidopsis protoplasts transformed with trichome patterning 

proteins fused to Dendra2. Alternatively, the assay could be established in HEK cells expressing the 

fusion proteins, or tobacco-infiltrated leaf discs could be used for conversion in a 96-well plate. 

Implementing the acquired P2A data into the patterning models will be challenging, as the data only 

reflect the different stabilities in the isolated presence of one other patterning protein. Furthermore, 

the high expression of both constructs may influence the behaviours observed for these proteins. 

Ideally, protein amounts in the appropriate tissue could be determined in different developmental 

stages and compared between proteins. In recent years different techniques to measure protein 

amounts with a single-cell resolution in planta were developed and may be suitable (Clark et al., 2022; 

Cookson et al., 2009; Komatsubara et al., 2019; Levy & Slavov, 2018; Misra et al., 2014; Montenegro-

Johnson et al., 2015; Rosenfeld et al., 2005; Xie & Ding, 2022).  

4.6. The exact regulatory sequences of GL1 remain somewhat elusive 

Different studies are available claiming to have identified the regulatory sequences of GL1 (Larkin et 

al., 1993; Oppenheimer et al., 1991; Pesch, 2005; Wang et al., 2004). However, all studies used slightly 

different sequences, vectors, or even ecotypes. Here, an array of different rescue constructs was 

analyzed to shed more light on the underlying regulatory elements. Interestingly, nearly all constructs 

containing introns induced more trichomes compared to the CDS-containing constructs. This indicates 

a role of the introns in expression regulation, most likely through CRMs. An enhancer role of the first 

intron seems unlikely, as the constructs containing the first intron up- or downstream of the 3’ 

enhancer or GL1 CDS, respectively, did not induce enough trichomes to rescue the gl1 phenotype. This 

indicates a location-dependent role of intron 1, which excludes the intron as a classic enhancer 

element (Schmitz et al., 2022).  

Comparing the 3’ enhancer defined by Wang or Larkin does not reveal any difference in rescue 

efficiency. This indicates that the shorter enhancer defined by Larkin already encompasses all 
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necessary CREs. This would include, for example, MYC-binding sites, several HD-ZIP motifs, and MYB-

binding sites. Interestingly, the Larkin enhancer includes one enhancer element (Kucho et al., 2003) 

with MYB-binding site properties. In the Wang 3’ enhancer, another enhancer element is present, the 

so-called quantitative-element (Hamilton et al., 1998). Considering the similar rescue efficiencies of 

both 3’ enhancers, these elements are probably not functional or necessary in the examined vector 

arrangements. Additionally, the position of the Larkin 3’ enhancer did not lead to differences in rescue 

efficiency. 

The most surprising result was the reduced rescue ability of the constructs most closely reflecting the 

endogenous situation. In constructs without a p35S TATA box but with the endogenous order of the 

regulatory sequences, the genomic GL1 sequence generated significantly fewer trichomes than the 

CDS sequence. This reduction in trichome number may be explained by a silencer motif present in the 

introns that may be overridden in the presence of another enhancer element, such as the TATA box of 

p35S (Schmitz et al., 2022). Alternatively, these results may indicate that the endogenous sequences 

may not be fully known due to the insufficient rescue ability. In the 2004 study of Wang and colleagues, 

a full recovery of the gl1 phenotype was observed using the endogenous sequence including the intron 

containing GL1. However, the used construct possessed a p35S enhancer element upstream of the 

inserted pGL1 sequence (Wang et al., 2004). The rescue experiments performed in this study indicate, 

that the p35S TATA box leads to an over rescue of the trichome phenotype. Without such an enhancing 

sequence, the so far published sequences do not induce enough trichomes to fully rescue gl1. So 

maybe the endogenous position of GL1 enables the correct expression strength.   

4.7. Transactivation assays indicate qualitative differences in expression 

regulation of GL1 and the ETCs 

Transactivation assays revealed some qualitative differences between the different regulatory 

sequences of GL1. Both tested 3’ enhancer sequences alone induced only a small difference in reporter 

gene expression. This solidifies the categorization as an enhancer element (Schmitz et al., 2022). The 

first intron seemed to act as a kind of silencer when combined only with pGL1. Especially the addition 

of TRY and CPC, in combination with the three activators, led to a nearly abolished promoter activity. 

Interestingly, this silencing behaviour of intron 1 was not observed when placed more endogenously 

between exon 1 and 2 with intact splicing sites. These observations reinforce the complicated nature 

of expression regulation via CREs and CRMs and their organization relative to each other (Brooks et al., 

2023; Schmitz et al., 2022).  
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If 3’ enhancer and pGL1, as well as the first intron, were present in the reporter construct, the 

co-expression of the three activators led to an increase in reporter gene expression, and this effect 

could be muted by the additional expression of either TRY or CPC. These results suggest a positive 

feedback loop of GL1 on its own expression. However, this effect is dependent on the presence of GL3 

and TTG1. The addition of TTG2 increased the reporter gene expression even more, indicating a role 

of TTG2 not only in TRY and CPC regulation but also in GL1 (Pesch et al., 2014). Moreover, there are 

hints to a more elaborate role for GL2 in gene regulation of trichome patterning genes, apart from its 

role as downstream gene (Pietsch, 2022). Classically, GL2, as well as TTG2, were defined as 

downstream genes of the trichome patterning active complex (Ishida et al., 2007; Johnson et al., 2002; 

Masucci & Schiefelbein, 1996; Rerie et al., 1994).   

Additionally to GL1, the gene expression of the closely related R3MYB inhibitors ETC1, ETC2 and ETC3 

was examined. All three genes seem to be very similar regarding their expression regulation. However, 

pETC1 seem to be more sensitive towards activation through the tested activators, compared to pETC2 

and pETC3.  PLACE analysis revealed several motifs present in all three promoter sequences, which is 

highly likely as these motifs are commonly known transcription factor binding sites or associated with 

stress responses (Marand et al., 2017, 2023; Schmitz et al., 2022) . Also, the distribution regarding 

motif classes was very similar in all three promoter sequences. This would explain the similar 

transactivation results. However, the number of binding sites of specific transcription factor classes 

differed between the promoter sequences. Especially the stark reduction in WRKY binding sites in 

pETC2 may hint to a differential regulation. To really decipher important CREs and CRMs in ETC 

regulation, promoter deletion studies should be conducted. For example, the different predicted 

enhancer elements need to be tested regarding their actual functionality.  

In the extensive qPCR study conducted by J. Pietsch, ETC1, ETC2, and ETC3 were drastically different 

expressed in various patterning mutants (Pietsch, 2022). ETC2 seems to be regulated differently than 

ETC1 and ETC3, as it is often upregulated when the other two ETCs, or the other tested inhibitors in 

general, are downregulated. Interestingly, ETC2 is downregulated in the etc1 and etc3 single mutants, 

but not vice versa. Additionally, the simultaneous loss of ETC1 and ETC3 leads to an even more drastic 

decrease in ETC2 expression (Pietsch, 2022). The qPCR results, as well as the transactivation assays, 

indicate a slightly different regulation of the three ETCs.  

However, in the GUS assays conducted in this study neither any ETC nor GL2 was tested regarding the 

effect on reporter gene activity. This should definitely be tested in future studies, as the expression 

data suggest an influence of these proteins on gene expression. Also, the different binding sites may 

indicate differential regulation. Further promoter deletion studies combined with transactivation 

assays could shed more light on the underlying mechanisms.  
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These transactivation results need to be verified by repeating the GUS assays and also via different 

experiments, such as duel-luciferase assays in protoplasts for example (Wehner et al., 2011). 

Additionally, the influence of other trichome patterning proteins on GL1 and ETC expression could be 

examined, such as GL2. Additionally, the influence of the ETCs, MYB23, TT8 and MYC1 were not studied 

in transactivation assays but the qPCR results indicate an influence of some of these gene on GL1, 

ETC1, ETC2 and ETC3 expression (Pietsch, 2022). Also, the different binding sites in the pETCs may 

indicate differential regulation. Further promoter deletion studies combined with transactivation 

assays could shed more light on the underlying mechanisms.  

4.8. Interspecies rescue experiments reveal conserved functions 

In the closely related Brassicaceae species Arabidopsis and Cardamine, trichome patterning seems to 

rely on the same set of genes (Fuster-Pons et al., 2024; Pietsch, 2022). The rescue experiments using 

Cardamine MYB constructs to rescue Arabidopsis phenotypes revealed some conserved functions 

between the two sets of MYBs. Although none of the Cardamine MYBs could rescue the trichome 

phenotypes to the wild-type level, ChGL1 was able to induce trichomes in both gl1 as well as gl1 myb23 

plants. Though it is known that closely related MYB genes from different species can rescue 

interspecies phenotypes, such as the R gene from maize or cotton MYBs in Arabidopsis (Bernhardt et 

al., 2003; Payne et al., 2000; Wang et al., 2004), the partial rescue of gl1 and gl1 myb23 by ChGL1 was 

surprising as, in a former study, ChGL1 was found to be expressed at a low level in small leaves where 

patterning takes place (Pietsch, 2022).  

ChMYB23 and ChWER could only induce trichomes in gl1. Interestingly, the trichomes induced by 

ChWER are often situated at the leaf margin, indicating a different expression pattern compared to 

ChGL1. This observation is not surprising, as not only gene function needs to be somewhat conserved 

between species, but also the regulatory sequences to confer at least some degree of correct 

expression parameters. To assess the impact of protein function and expression patterns 

independently in future experiments, promoter swap constructs could be generated to express the 

ChMYBs under the endogenous Arabidopsis regulatory sequences and the Arabidopsis MYBs under the 

Cardamine regulatory sequences.  

Additionally to the rescue experiments, the first introns of the six different MYB TFs were examined 

regarding CREs. If focused on binding motifs for four protein classes, MYB, MYC, WRKY, and HD-ZIP, 

the comparison revealed an absence of any predicted binding motif in intron 1 of AtMYB23 and 

ChMYB23. This may indicate that these intron sequences do not play a role in orchestrating gene 

expression by binding members of the four protein classes. However, in the first intron of ChMYB23 

an enhancer element was predicted, which is also described as an MYB-binding site (Kucho et al., 
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2003). This enhancer element may correspond to the predicted MYB-binding sites in the C-terminus of 

AtGL1 and AtWER, as well as the MYB-binding site predicted for ChGL1. Interestingly, the same 

enhancer element found in ChMYB23 was also found in both AtWER and ChWER introns. However, so 

far, no statement regarding the influence of the first intron on the expression of each gene can be 

stated. This needs to be examined experimentally, through different rescue constructs containing the 

introns or even mutating specific CREs. The role of introns in gene expression is rather interesting, as 

for GL1 and MYB23 such a role in Arabidopsis is postulated (Wang et al., 2004). For TRY and GL3 studies 

were published to suggest an influence of the second intron on gene expression (Friede et al., 2017; 

Meng et al., 2021). For TRY an enhancer element was identified which is suspected to be involved in 

gene regulation regarding flowering time and trichome development (Meng et al., 2021).  

In Arabidopsis, MYBs can replace each other functionally by being under the control of the appropriate 

regulatory sequences (Kirik et al., 2005; Lee & Schiefelbein, 2001; Tominaga-Wada et al., 2012). In 

Cardamine, neither trichome patterning nor root hair formation has so far been extensively studied, 

with only recently linking GL1 amount to trichome number and revealing the presence of two cortical 

layers in the root (Di Ruocco et al., 2018; Fuster-Pons et al., 2024). Therefore, not many genes are 

identified as playing a role in both patterning processes in Cardamine, and no gene exchange studies 

were conducted. However, the rescue experiments conducted in this study reveal some conserved 

functions of interspecies MYBs. Even ChWER could induce trichomes under its endogenous regulatory 

sequences. This is different from the situation in Arabidopsis but is in accordance with the qPCR 

experiments performed by J. Pietsch, which showed that contrary to Arabidopsis, ChWER was detected 

in tiny leaves (Pietsch, 2022). This indicates an involvement of ChWER in trichome patterning, and in 

cross-species experiments, this study could show that regulatory sequences are present in controlling 

ChWER that leads to leaf expression. Additionally, ChWER was able to induce some trichomes in 

Arabidopsis. The location of the initiated trichomes, however, indicates differences in the information 

regarding the location of expression. 

4.9. Patterning models help to frame biological questions and experimental 

design 

The intriguing trichome phenotypes of the weak ttg1 alleles and the cpc try double mutants led to the 

testing of published trichome patterning models regarding their ability to reconstruct the observed 

trichome pattern (Deneer, 2022). These models were not able to recreate the observed pattern 

without adjusting different parameters, which were validated in experiments or are planned to be 

examined in detail. In the weak ttg1 alleles, the depletion of TTG1 in trichome surrounding cells was 
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abolished, leading ultimately to the fusion of the activator-depletion and activator-inhibitor model in 

a new publication (Balkunde et al., 2020).  

Still, open questions remain regarding the cpc try mutant. The methods used in this study to gain 

insight into the mechanisms causing the phenotype may need optimization. The GUS stainings 

revealed difficulties regarding staining sensitivity, and due to the dense trichome clusters, the 

preparation of the stained samples is challenging. Therefore, the expression of a bright fluorophore 

under the endogenous TRY or CPC promoter may enable a better examination. The observed distinct 

staining of single trichomes on leaves 1 and 2 may not be representative of the trichome pattern as 

those leaves display a different trichome pattern than the following leaves (Pesch, 2005; Schnittger & 

Hülskamp, 2002). However, this staining pattern was not observed in the backcrosses in Col-0, 

indicating that the specific properties of the cpc try mutant induce this expression pattern. The stained 

trichomes somehow differ regarding their CPC expression compared to the other trichomes, although 

similarly developed trichomes at the leaf tip do not display staining. CPC is expressed in the patterning 

zone and in trichomes in wild-type plants, indicating trichome-specific expression (Schellmann et al., 

2002). Also, the established marker line in cpc try mutants will help to examine the cluster formation 

in more detail. The time span between CLSM sessions has to be determined more closely, but the 

method for growth tracking was successfully established based on the method published by the Roeder 

lab, and growth can be tracked reliably.  

4.10. Perspectives 

Trichome patterning is a complex process involving a high number of genes and cross-regulation 

networks. In this study, some of these interactions could be examined more closely. Especially the 

protein stability changes seem to be a promising new hint at pattern regulation. The results obtained 

in this study need to be verified by other methods but could ultimately help to adapt the mathematic 

models based on experimental data. Another very interesting parameter for trichome patterning is the 

total amount of each trichome patterning protein at different developmental stages. This could be 

determined by utilizing single-cell resolution methods in living tissue. These approaches are 

challenging, but in recent years, some new techniques have been developed that could help solve 

some of the big open questions. The close interplay between mathematic modelling and experimental 

approaches will continue to unravel the mysteries underlying trichome patterning. Furthermore, the 

potential positive feedback loop of GL1 combined with GL3 and TTG1 on its own expression is a very 

interesting result. Utilizing additional methods to examine these results in more detail will shed light 

on the regulation of GL1 expression. However, the question regarding the necessary regulatory 

sequences for GL1 expression is not resolved completely. Further experiments need to be conducted, 
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such as promoter deletion studies and also using an increased enhancer sequence to hopefully find 

the missing elements to generate the correct GL1 expression. A detailed analysis of the regulatory 

element that confers trichome-specific expression needs to be performed to gain more insight into 

spatial expression regulation. Additionally, the timeline of GL1 expression may be an interesting field 

of research, as data suggest that pGL2-mediated expression of GL1 rescues gl1 trichome phenotypes 

(Pesch, 2005). Moreover, overexpression lines of trichome patterning genes have not been analyzed 

so far regarding expression changes. Thus, qPCR analysis of these lines would increase the knowledge 

about gene expression regulation during trichome patterning. The interspecies rescue experiment 

revealed some conservation between MYB function across the two examined species. Further 

promoter swap experiments, as well as the establishment of Cardamine mutants impaired in trichome 

or root hair formation, would facilitate the understanding of the evolution of these patterning 

processes. 
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6. Appendix 

Table 17. List of entry vectors used in this study. 

Plasmid Provided/generate by 

pDONR201 GW L. Stephan 

pDONR207 GW L. Stephan 

pENTR-GUS S. Schellmann 

pENTR1A- w/o ccdB J. Pietsch 

pENTR4-CPC I. Schultheiß Araújo 

pDONR201-TRY I. Schultheiß Araújo 

pDONR201-GL3 I. Schultheiß Araújo 

pENTR1A-GL1 I. Schultheiß Araújo 

pENTR4-TTG1 I. Schultheiß Araújo 

pDONR207-pETC1 this study 

pDONR207-pETC2 this study 

pDONR207-pETC3 this study 

pDONR207-TRY I. Schultheiß Araújo 

pDONR207-GL3 w/o stop I. Schultheiß Araújo 

pDONR201-TTG2 with stop this study 

pDONR207-TTG2 with stop this study 

pDONR201-pCPC_minimal this study 

pDONR201-pTRY_minimal this study 

pDONR207-pTRY_minimal this study 

pDONR207-pCPC_minimal this study 

pDONR201-MYB23 w/o stop this study 

pDONR201-EGL3 w/o stop this study 

pDONR201-CPC_truncated this study 

pDONR207-CPC_truncated this study 

pDONR201-enhancer+pGL1 this study 

pDONR207-enhancer+pGL1 this study 

pDONR201-GL1 w/o stop I. Schultheiß Araújo 

pDONR201-pGL1 Wang  this study 

pDONR221-HY5 this study 

pDONR207-pGL1 Wang this study 

pDONR201-GL1-R97D this study 

pDONR207-GL1-R97D this study 

pDONR201-Ex1+2-In2-Ex3(10bp)_GL3 this study 

pDONR207-Ex1+2-In2-Ex3(10bp)_GL3 this study 

pDONR201-Δ96 GL3 this study 

pDONR207-Δ96 GL3 this study 

pDONR201-Ex1+2-In2(1-138)-Ex3(10bp)_GL3 this study 

pDONR207-Ex1+2-In2(1-138)-Ex3(10bp)_GL3 this study 

pDONR201-pGL1 Wang-GL1 gDNA-3‘ enhancer Wang this study 

pDONR201-pGL1 Wang:GL1 CDS-3‘ enhancer Wang  this study 

pDONR201-GL1-R97D w/o stop this study 
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pDONR207-pGL3 this study 

pDONR207-pGL3-EX1+2-In2-Ex3(10bp) this study 

pDONR207-Intron1_GL1 this study 

pDONR207-3’enhancer Wang this study 

pDONR207-3’enhancer box Larkin this study 

pDONR207-pGL3-EX1+2-IN2(1-138)-Ex3(10bp) this study 

pDONR207-pGL3-EX1+2-IN2(1-138)-Ex3(10bp)_Mut.1&2 this study 

pDONR207-pGL1 Wang-Ex1+In1-Ex2(11bp) this study 

pDONR207-pGL1+Intron1 this study 

 

 

 

Figure 46. Subcellular localization of EGL3 in the presence CPC.  CLSM images of leek epidermal cells transiently expressing 
pENSG-p35S:YFP-EGL3-P2A-NLSNLS-mCherry and pENSG-p35S:CFP-CPC (top row) or pENSG-p35S:NLSNLS-mCherry-P2A-YFP-
EGL3 and pENSG-p35S:CFP-CPC (bottom row). YFP-EGL3 is displayed in the left column, NLSNLS-mCherry in the middle column 
and CFP-CPC in the right column. The scale bar indicates 100 µm.  
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Figure 47. Amino acid alignment and amino acid distribution of GL3 and EGL3. A) The protein sequence alignment of GL3 
and EGL3 via protein BLAST. B) Amino acid distribution of GL3 and EGL3 created via CLC Main Workbench22. 

 

Table 18. YFP/mCherry ratios of P2A constructs in leek epidermal cells. Ratio changes to 0.5 or 1.5 may already be biological 
significant, as they influence the trichome pattern in models (personal communication, A. Deneer). 
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Table 19. Fluorescence percentages of transformed leek epidermal cells expressing Dendra2-GL1. 

  pre-
conversion 

conversion 1h 2h 3h 4h 4.5h 

Green_1 75.39 100.00 44.06 36.79 17.53 9.61 10.52 

Green_2   100.00 54.95 44.28 41.91 39.94 48.74 

Green_3 119.68 100.00 80.38 56.65 51.36     

Green_4 144.60 100.00 66.59 30.69 28.16     

Green_5 122.97 100.00 85.29 91.21 86.74     

Green_6 130.47 100.00 67.83 72.95 65.76     

Green_7 134.66 100.00 80.07 83.53 72.16     

Red_1 15.46 100.00 52.84 45.23 26.07 24.21 24.61 

Red_2   100.00 74.49 72.24 70.35 60.78 58.32 

Red_3 20.23 100.00 75.97 48.55 43.71     

Red_4 25.24 100.00 60.25 35.36 37.58     

Red_5 25.01 100.00 94.22 84.83 82.12     

Red_6 11.29 100.00 89.06 79.94 76.60     

Red_7 21.67 100.00 81.85 79.95 69.73     
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Figure 48. MG132 treatment in tobacco using GL1-P2A and GL3-P2A constructs. A) Box plot graph displaying the normalised 
YFP/RFP fluorescence ratios of pENSG-p35S:YFP-GL3-P2A-RFP-NLS expressed in non-treated tobacco (n=5, median=1), mock 
treated tobacco (n=5, median=1.13) and MG132 treated tobacco (n=5, median=1. B) Box plot graph displaying the normalised 
YFP/RFP fluorescence ratios of pENSG-p35S:YFP-GL1-P2A-RFP-NLS expressed in non-treated tobacco (n=8, median=1), mock 
treated tobacco (n=8, median=1.08) and MG132 treated tobacco (n=8, median=1.21). Each n refers to an image of several 
tobacco epidermis cells. Statistical analysis was performed by OneWayANOVA for A, and Mann-Whitney U tests for B. 
Statistical differences are indicated by different letters at the top of each graph (p ≤ 0.05). In all box plots the mean is displayed 
as a small box in the box formed by median, 0.25 and 0.75 quartiles. Maximum and minimum values are indicated as 
horizontal lines at the end of the whiskers and the 1% and 99% percentiles are displayed by crosses. Outliers are displayed as 
small horizontal lines 
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Table 20. List of CREs detected by PLACE with corresponding category, site number and reference. 

Category Description Site # Reference 

circadian-
related 

circadian gene expression regulation S000252 (Piechulla et al., 
1998) 

circadian-
related 

CDA-1 (CAB2 DET1-associated factor 1) binding site 
in DtRE (dark response element) f of chlorophyll 
a/b-binding protein2 (CAB2) gene 

S000440 (Maxwell et al., 
2003) 

nutrient-
related 

putative nodulin consensus sequence S000461 (Stougaard et 
al., 1990) 

nutrient-
related 

putative nodulin consensus sequence S000462 (Stougaard et 
al., 1990) 

nutrient-
related 

GLM (GCN4-like motif) found in the promoter of 
barley B1- and c-hordein gene; Involved in the 
nitrogen response 

S000451 (Müller & 
Knudsen, 1993) 

nutrient-
related 

OsIRO2-binding core sequence; G-box plus G, Fe 
defieneicy 

S000505 (Ogo et al., 
2006) 

nutrient-
related 

PHR1-binding sequence found in the upstream 
regions of phosphate starvation responsive genes 
(PSR1) 

S000459 (Rubio et al., 
2001) 

organ 
specificity 

Root Hair-specific cis-Elements S000512 (Kim et al., 
2006) 

organ 
specificity 

endosperm specific expression S000353 (C. Y. Wu et al., 
2000) 

organ 
specificity 

pollen specific element S000245 (Bate & Twell, 
1998) 

organ 
specificity 

element for seed specific expression S000148 (Ellerström et 
al., 1996) 

organ 
specificity 

GTGA motif, pollen specific, tobacco S000378 (Rogers et al., 
2001) 

organ 
specificity 

tissue specific expression & induction of auxin, 
agrobacterium 

S000273 (Baumann et al., 
1999) 

organ 
specificity 

R-GATA (GATA motif binding factor) binding site, 
phloem-specific gene expression 

S000191 (Yin et al., 1997) 

organ 
specificity 

RY repeat motif, quantitative seed expression S000102 (Nag et al., 
2005) 

organ 
specificity 

RY repeat (CATGCAY) or legumin box found in seed-
storage protein genes 

S000100 (Fujiwara & 
Beachy, 1994) 

organ 
specificity 

RY repeat found in RY/G box f napA gene in Brassica 
napus, seed specific expression 

S000264 (Ezcurra et al., 
1999) 

organ 
specificity 

Prolamine box found in the rice GluB-1 gene 
promoter, endosperm 

S000354 (C. Y. Wu et al., 
2000) 

organ 
specificity 

L1 box, L1 layer-specific expression S000386 (M. Abe et al., 
2001) 

organ 
specificity 

GCN4 motif found in GluB-1 gene in rice, 
endosperm-specific expression 

S000277 (Onodera et al., 
2001) 

organ 
specificity 

BS1 (binding site 1) found in E. gunnii Cinnamoyl-
CoA reductase (CCR) gene promoter; required for 
vascular expression 

S000352 (Lacombe et al., 
2000) 

organ 
specificity 

TGACGT motif high level expression of alpha-
Amylase in the cotyledons of the germinated seeds 

S000377 (Yamauchi, 
2001) 
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organ 
specificity 

TGTCACA motif, novel enhancer element necessary 
for fruit-specific expression of the cucumisin gene 

S000422 (Yamagata et 
al., 2002) 

organ 
specificity  

key component of expression module of Mem1 
(mesophyll expression module 1) in Flaveria 

S000449 (Gowik et al., 
2004) 

poly(A) signal Poly(A) signal S000080 (Loke et al., 
2005) 

poly(A) signal Plant poly(A) signal S000088 (Joshi, 1987) 

poly(A) signal poly (A) signal found in rice alpha-amylase S000081 (O’Neill et al., 
1990) 

binding site MYB binding site S000167 (Sablowski et 
al., 1994) 

binding site MYB binding site S000408 (Abe et al., 
2003) 

binding site MYC binding site S000436 (Zhu et al., 
2003) 

binding site binding site for TF RAV1 S000314 (Kagaya et al., 
1999) 

binding site GATA Box S000039 (Teakle et al., 
2002) 

binding site W-box S000390 (Eulgem et al., 
2000) 

binding site core W-box S000447 (Eulgem et al., 
1999) 

binding site W-box, WRKY binding site S000310 (Rushton et al., 
1995) 

binding site W-box element; Hordeum vulgare (barley) S000442 (Sun et al., 
2003) 

binding site W-box, tobacco S000457 (Eulgem et al., 
1999) 

binding site SEF4 binding site, soy bean S000103 (Allen et al., 
1989) 

binding site MYB binding site, animal & Arabidopsis S000176 (Urao et al., 
1993) 

binding site SPBF binding site (SP8b); amylase S000184 (Ishiguro & 
Nakamura, 
1994) 

binding site SEF1 (soybean embryo factor 1), binding motif; soy 
bean 

S000006 (Lessard et al., 
1991) 

binding site putative "core" sequences of box-L-like sequence in 
carrots 

S000492 (Maeda et al., 
2005) 

binding site Binding site for ATMYB2, an Arabidopsis MYB 
homolog 

S000177 (Urao et al., 
1993) 

binding site MYB recognition site in promoters S000409 (Abe et al., 
2003) 

binding site ARF (auxin response factor) binding site found in the 
promoters of primary/early auxin response genes of 
A. thaliana 

S000270 (Ulmasov et al., 
1999) 

binding site E-box, MYC binding site S000144 (Stalberg et al., 
1996) 
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binding site MYC binding site S000407 (H. Abe et al., 
2003) 

binding site S1F binding site S000215 (Zhous et al., 
1992) 

binding site S1F box, plastid protein regulation S000223 (Zhous et al., 
1992) 

binding site variant of CArG motif; Binding site for AGL15 
(AGAMOUS-like 15) 

S000431 (Tang & Perry, 
2003) 

binding site Critical for GT-1 binding to box II of rbcS S000125 (Gilmartin et al., 
1990) 

binding site Core motif of MybSt1 (a potato MYB homolog) 
binding site 

S000180 (Baranowskij et 
al., 1994) 

binding site "CACGTG motif"; "G-box"; Binding site of 
Arabidopsis GBF4 

S000042 (Yamamoto et 
al., 2007) 

binding site bZIP transcription factors, DPBF-1 and 2 S000292 (Kim et al., 
1997) 

binding site disease resistance response, binding site 
homeodomain TF 

S000498 (Luo et al., 2005) 

binding site SEF3 binding site, SEF=soybean embryo factor S000115 (Allen et al., 
1989) 

binding site amylase box, amylase element in grains S000021 (Huang et al., 
1990) 

binding site TATCCAY motif; RAmy3D alpha-amylase gene 
promoter in rice 

S000256 (Toyofuku et al., 
1998) 

binding site Binding consensus sequence of an Arabidopsis TF 
RAV1 

S000315 (Kagaya et al., 
1999) 

binding site Binding site of the Arabidopsis homeobox gene 
(ATHB-2; HD-Zip protein) found in its own promoter 

S000373 (Ohgishi et al., 
2001) 

binding site Core element in LeCp binding cis-element S000465 (Matarasso et 
al., 2005) 

binding site W box from tobacco S000508 (Yamamoto et 
al., 2004) 

binding site Recognition sequence of Arabidopsis Athb-1 
protein; HD-Zip motif 

S000317 (Sessa et al., 
1993) 

binding site Consensus binding sequence for Arabidopsis class I 
HDZIP protein 

S000371 (Johannesson et 
al., 2001) 

binding site E2F consensus sequence of all different E2F-DP-
binding motifs 

S000476 (Vandepoele et 
al., 2005) 

binding site ElRE (Elicitor Responsive Element), W box S000142 (Rushton et al., 
1996) 

binding site AG-motif, AGP1 (GATA-type zinc finger protein) 
binding site 

S000444 (Sugimoto et al., 
2003) 

binding site ASF-1 binding site in CaMV 35S promoter S000024 (Klinedinst et 
al., 2000) 

binding site bZIP proteins SGBF-1 and SGBF-2 binding site in 
soybean 

S000287 (Hong et al., 
1995) 

binding site Target sequence of WUS in the intron of AGAMOUS 
gene in Arabidopsis 

S000433 (Kamiya et al., 
2003) 
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binding site Myb core in the 18 bp sequence which is able to 
activate reporter gene without leading to M-phase-
specific expression 

S000502 (Planchais et al., 
2002) 

binding site rbcS general consensus sequence; G box; I box S000127 (Donald & 
Cashmore, 
1990) 

binding site Box A; Consensus; One of three putative cis-acting 
elements (boxes P, A, and L) of phenylalanine 
ammonia-lyase 

S000137 (Logemann et 
al., 1995) 

binding site Target sequence of LEAFY in the intron of 
AGAMOUS gene in Arabidopsis 

S000432 (Kamiya et al., 
2003) 

binding site Core of consensus maize P (myb homolog) binding 
site; MYB binding site 

S000179 (Grotewold et 
al., 1994) 

binding site Core site required for binding of Dof proteins in 
maize 

S000265 (Yanagisawa, 
2004) 

disease & 
stress motifs 

promoters activated in infected cells of root nodules S000468 (Vieweg et al., 
2004) 

disease & 
stress motifs 

organ specific element (OSE), disease/infection 
reaction response 

S000467 (Fehlberg et al., 
2005) 

disease & 
stress motifs  

promoter motif soy bean; pathogen- & salt-stress S000453 (Park et al., 
2004) 

disease & 
stress motifs 

Ca responsive element S000507 (Kaplan et al., 
2006) 

disease & 
stress motifs 

Core motif of DRE/CRT (dehydration-responsive 
element/C-repeat)  

S000418 (Dubouzet et al., 
2003) 

disease & 
stress motifs 

binding site of dehydration-responsive element 
(DRE)  

S000497 (Xue, 2002) 

disease & 
stress motifs 

copper & oxygen response S000493 (Quinn & 
Merchant, 
1995) 

disease & 
stress motifs 

core of sulfur-responsive element (SURE) S000499 (Maruyama-
Nakashita et al., 
2005) 

disease & 
stress motifs 

Pti4(ERF) regulates defence-related gene 
expression 

S000443 (Chakravarthy 
et al., 2003) 

disease & 
stress motifs 

CGCG box; Ca++/calmodulin binds to all AtSRs S000501 (Yang & 
Poovaiah, 2002) 

disease & 
stress motifs 

Pyrimidine box found in rice alpha-amylase 
(RAmy1A) gene, partially involved in sugar 
repression 

S000259 (Morita et al., 
1998) 

disease & 
stress motifs 

MYC recognition sequence; water-stress S000413 (Simpson et al., 
2003) 

disease & 
stress motifs 

Binding site for MYB (ATMYB2) in dehydration-
responsive gene rd22 

S000175 (Abe et al., 
1997) 

TATA box TATA-like motif; Phaseolus vulgaris; maize (Zea 
mays) 

S000340 (Yukawa et al., 
2000) 

TATA box TATA box, sweet potato & pea S000111 (Grace et al., 
2004) 

TATA box TATA box S000203 (Tjaden et al., 
1995) 
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TATA box TATA box S000110 no reference 

TATA box TATA box S000109 (Shirsat et al., 
1989) 

promoter 
elements 

CAAT promoter consensus sequence S000028 (Shirsat et al., 
1989) 

promoter 
elements 

promoter element A. rhizogenes S000098 (Elmayan & 
Tepfer, 1995) 

promoter 
elements 

promoter element in B. napus S000070 (Ericson et al., 
1991) 

promoter 
elements 

promoter element of bacterial enzyme S000400 (Zhu et al., 
2002) 

promoter 
elements 

promoter element of anearobic genes S000477 (Mohanty et al., 
2005) 

promoter 
elements 

promoter element, guard cell specific expression S000387 (Plesch et al., 
2001) 

promoter 
elements 

promoter element of anearobic genes S000478 (Mohanty et al., 
2005) 

promoter 
elements 

promoter element of anearobic genes S000479 (Mohanty et al., 
2005) 

promoter 
elements 

promoter element tobacco S000395 (Nakamura et 
al., 2002) 

promoter 
elements 

promoter element, amylase enzymes S000020 (Huang et al., 
1990) 

promoter 
elements 

silencing element binding factors (SEBF) S000391 Boyle & Brisson, 
2001 

promoter 
elements 

BoxII, plastid promoter element S000296 (Kapoor & 
Sugiura, 1999) 

promoter 
elements 

Pro- or hypoosmolarity-responsive element S000450 (Satoh et al., 
2004) 

promoter 
elements 

A-box; ACGT element; G motif S000130 Foster, 1994 

promoter 
elements 

Motif (IVD) found in the Chlamydomonas (C.R.) Nia1 
gene promoter 

S000375 (Loppes & 
Radoux, 2001) 

promoter 
elements 

Sequence found in NDE element in soybean; auxin 
response 

S000370 (Xu et al., 1997) 

promoter 
elements 

the -300 element in B-hordein gene of barley S000122 (Colot et al., 
1987) 

promoter 
elements 

QAR (quantitative activator region S000244 (Elliott & 
Shirsat, 1998) 

promoter 
elements 

Conserved 11 nt sequence found in the maize (Z.m.) 
mitochondrial promoter 

S000301 (Rapp & Stern, 
1992) 

promoter 
elements 

sugar-repressive element (SRE) S000470 (Tatematsu et 
al., 2005) 

promoter 
elements 

cell-cycle-specific activation of transcription S000031 (Nasmyth et al., 
1990) 

promoter 
elements 

CT-rich motif (inverted GAGA) found in a 60-
nucleotide region (S1) downstream of the 
transcription start site of the CaMV 35S RNA 

S000460 (Pauli et al., 
2004) 

promoter 
elements 

TGTAAAG core motif in "-300 elements" S000001 (Forde et al., 
1985) 
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promoter 
elements 

CGACG element found in the GC-rich regions of the 
rice Amy3D and Amy3E amylase genes 

S000205 (Hwang et al., 
1998) 

promoter 
elements 

RY repeat motif (CATGCAT) in soy bean glycinin 
gene 

S000105 (Lelievre & 
Nielsen, 1992) 

promoter 
elements 

promoter element of anearobic genes S000480 (Mohanty et al., 
2005) 

promoter 
elements 

Motif in -300 elements of alpha-zein genes of maize S000002 (Thomas & 
Flavel, 1990) 

promoter 
elements 

T-box according to the nomenclature of ACGT 
elements by Foster 

S000132 Foster, 1994 

promoter 
elements 

hexamer motif found in promoter of wheat (T.a.) 
histone genes H3 and H4; Binding with HBP-1A and 
HBP-1B 

S000053 (Mikami et al., 
1987) 

promoter 
elements 

cis-element identified among the promoters of the 
"core xylem gene set" 

S000510 (Ko et al., 2006) 

promoter 
elements 

Conserved in many storage-protein gene promoters S000143 (Stalberg et al., 
1996) 

hormone-
related 

ABA responsive element S000402 (Busk et al., 
1997) 

hormone-
related 

Central element of gibberellin (GA) response 
complex (GARC) 

S000181 (Gubler et al., 
1995) 

hormone-
related 

GARE (GA-responsive element) S000439 (Ogawa et al., 
2003) 

hormone-
related 

Pyrimidine box, promoter element, required for GA 
induction 

S000298 (Cercós et al., 
1999) 

hormone-
related 

T/G box, jasmonate production S000458 (Boter et al., 
2004) 

hormone-
related 

putative element for ABA-responsive expression S000394 (Hattori et al., 
2002) 

hormone-
related 

Gibberellin-responsive element (GARE) S000420 (Sutoh & 
Yamauchi, 
2003) 

hormone-
related 

Sequence present in 24 genes in the GA-down 
regulated d1 cluster 

S000438 (Nakashima et 
al., 2006) 

hormone-
related 

ERE (ethylene responsive element)" of tomato S000037 (Itzhaki et al., 
1994) 

hormone-
related 

TATCCA element; Binding sites of OsMYBS1, 
OsMYBS2 and OsMYBS3 which mediate sugar and 
hormone regulation 

S000403 (Lu et al., 2002) 

hormone-
related 

Binding site for MYC (rd22BP1) in Arabidopsis 
dehydration-resposive gene, ABA-induction 

S000174 (Abe et al., 
1997) 

hormone-
related 

CAREs (CAACTC regulatory elements) gibberellin; 
seed 

S000421 (Sutoh & 
Yamauchi, 
2003) 

hormone-
related 

Gibberellin-responsive element (GARE) in promoter 
region of a cystein proteinase (REP-1) gene in rice 

S000419 (Sutoh & 
Yamauchi, 
2003) 

hormone-
related 

ABA responsive element, ABRE3 S000135 (Straub et al., 
1994) 
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hormone-
related 

ARR1-binding element S000454 (Sakai et al., 
2000) 

splice junctions 3' intron-exon splice junctions S000086 (Brown, 1986) 

light-related Tbox, Light-regulated gene expression S000383 (Chan et al., 
2001) 

light-related Light-regulated gene expression S000198 (Villain et al., 
1996) 

light-related promoter motif, phytochrome regulation, etiolation S000362 (Degenhardt & 
Tobin, 1996) 

light-related etiolation-induced expression  S000414 (Simpson et al., 
2003) 

light-related etiolation-induced expression  S000415 (Simpson et al., 
2003) 

light-related phyA-repressed motifs; light response S000488 (Hudson & 
Quail, 2003) 

light-related promoter element cytokinin, chloroplast S000491 (Fusada et al., 
2005) 

light-related I-box, light specific regulation S000199 (Terzaghi & 
Cashmore, 
1995) 

light-related -10 promoter element" found in the barley (H.v.) 
chloroplast 

S000392 (Thum et al., 
2001) 

light-related I-box core motif in the CAMs (conserved DNA 
modular arrays) associated with light-responsive 
promoter regions 

S000424 (Martínez-
Hernández et 
al., 2002) 

light-related I-box, light specific regulation S000124 (Giuliano b et 
al., 1988) 

light-related "REbeta" found in Lemna gibba Lhcb21 gene 
promoter; Required for phytochrome regulation 

S000363 (Degenhardt & 
Tobin, 1996) 

light-related CCA1 binding site, CCA1 protein (myb-related TF), 
regulation by phytochrome 

S000149 (Wang et al., 
1997) 

light-related Sequences Over-Represented in Light-Induced 
Promoters (SORLIPs), phyA-induced motifs 

S000486 (Hudson & 
Quail, 2003) 

light-related Sequences Over-Represented in Light-Induced 
Promoters (SORLIPs), phyA-induced motifs 

S000482 (Jiao et al., 
2005) 

temperature-
related 

CCAAT box, element in promoters of heat shock 
protein genes 

S000030 (Rieping & 
Sehfffl, 1992) 

temperature-
related 

heat shock responsive element, Clamydomonas S000506 (von Gromoff et 
al., 2006) 

temperature-
related 

Core of low temperature responsive element (LTRE)  S000153 (Baker et al., 
1994) 

temperature-
related 

LTRE-1, low-temperature-responsive element, 
barley 

S000250 (Dunn et al., 
1998) 

temperature-
related 

CArG consensus; in promoter of SOC1; vernalization 
(low-temperature) pathway 

S000404 (Hepworth et 
al., 2002) 

scaffold/matrix 
attachment 
sites 

T-Box; Motif found in SAR (scaffold attachment 
region; or matrix attachment region, MAR) 

S000067 (Gasser et al., 
1989) 
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scaffold/matrix 
attachment 
sites 

ARS element; Motif found in SAR (MAR) S000064 (Gasser et al., 
1989) 

enhancer 
elements  

SV40 core enhancer; Similar sequences found in 
rbcS genes 

S000123 Weiher, 1983 

enhancer 
elements  

enhancer element, MYB-binding site S000494 (Kucho et al., 
2003) 

enhancer 
elements  

Q(quantitative)-element; pollen-specific maize 
gene, enhancer function 

S000254 (Hamilton et al., 
1998) 

 

 

Figure 49. Alignment of the protein sequences of the MYBs GL1, MYB23 and WER from A. thaliana & C. hirsuta. The name 
is given left, the nucleotide number right. Similar nucleotides are displayed by different sized letters at the bottom of each 
row at each given nucleotide position. Alignment was created using CLC DNA Main Workbench 22. 
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Figure 50. Trichome density in T1 rescue plants expressing Cardamine constructs. Trichome density in T1 rescue plants 
expressing Cardamine constructs. Bar graph of trichome number of leave four of Col-0 and mutant plants, as well as gl1, 
myb23, and gl1 myb23 T1 plants transformed with ChGL1, ChMYB23, and ChWER rescue constructs. Error bars depict 
standard deviations. Statistical analysis was performed by Mann-Whitney U tests comparing the plants expressing the 
Cardamine constructs with Col-0. Statistical differences to Col-0 (p≤0.05) are indicated by a black asterisk. 

 

 

Figure 51. Cellular localization of TTG1 and TTG1 mutant versions. Scale bar is 50 μm. 
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Figure 52. GUS staining of back-crossed Col-0 plants expressing pCPC:GUS from cpc try line GUS staining is displayed after 
1h (A, B), after 2 h (C, D, F) and after 5h (E, G). For each time point, the same sample is shown, but with different 
magnifications. The scale bar refers to 500 µm. 
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