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Abstract 

Plants of the order Brassicales produce glucosinolates (GSLs) as a biochemical defense against herbivores 

and pathogens. If the plant is attacked, these secondary metabolites are activated into toxic compounds such 

as thiocyanates, isothiocyanates and nitriles. Both intact GSLs and their degradation products influence 

plant-environment interactions in numerous ways. The regulation of GSL biosynthesis is known to be 

controlled by a complex consisting of MYB and bHLH transcription factors. Under stress conditions, in 

particular upon increased concentrations of the phytohormone jasmonate (JA), GSL biosynthesis is 

upregulated. Such inducible defenses are subject to the priming response, in which their output becomes 

more robust in response to repeated stimuli. The priming response is generally considered to be mediated 

by epigenetic mechanisms, but to date, no specific epigenetic regulation of GSL synthesis has been described. 

In this thesis, I aimed at studying the role of EMLs, a family of histone reader proteins, in this process. Via 

metabolite and transcript analysis of Arabidopsis thaliana (Arabidopsis) eml mutants, I could show that 

EMLs likely participate in the JA-mediated induction of GSL synthesis and the accompanying epigenetic 

shift. Additionally, EMLs were found to interact with bHLHs via colocalization and overexpression studies. 

This suggests that EMLs directly participate in the MYB-bHLH complex to epigenetically regulate GSL 

production. 

Furthermore, a great diversity of GSL structures exists among the plants of the Brassicaceae family, with 

every species producing their own distinct GSL profiles. While certain interspecific differences have been 

attributed to particular alleles of GSL biosynthetic enzymes in the past, a major role of regulatory genes has 

also been postulated in giving rise to varied GSL profiles. This hypothesis has not been specifically studied 

to date, however. In this thesis, MYB and bHLH genes in Arabidopsis, Arabis alpina, Cardamine hirsuta and 

Capsella rubella were analyzed in regard to their phylogenetic relationship and their functional 

conservation. The results suggest that these genes can mainly contribute to GSL diversity in a broad fashion, 

affecting entire branches of GSL biosynthesis. GSL profiles of root and shoot tissues of the three non-

Arabidopsis species were determined by liquid chromatography-mass spectrometry (LC-MS), revealing that 

C. rubella almost completely lacks indolic GSLs. The presence of numerous non-functional bHLH splice 

variants in this species was demonstrated, with overexpression studies in C. rubella cell culture showing that, 

together with low MYB expression, this alternative splicing contributes to the low indolic GSL content. 

Taken together, this thesis highlights how Brassicaceae plants regulate GSL biosynthesis via complex and 

multi-layered mechanisms, both on an individual and species-wide level. 
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Zusammenfassung 

Pflanzen der Ordnung Brassicales (Kreuzblütlerartige) produzieren Glucosinolate (GSLs) als biochemische 

Verteidigung gegen Herbivoren und Pathogene. Wird die Pflanze angegriffen, werden diese 

Sekundärmetaboliten zu toxischen Verbindungen wie Thiocyanaten, Isothiocyanaten und Nitrilen aktiviert. 

Sowohl intakte GSLs als auch deren Zerfallsprodukte beeinflussen die Wechselwirkungen zwischen Pflanze 

und Umwelt auf vielfältige Weise. Die Regulation der GSL-Biosynthese wird bekanntermaßen durch einen 

aus MYB- und bHLH-Transkriptionsfaktoren (TFs) bestehenden Komplex kontrolliert. Unter 

Stressbedingungen, insbesondere einer erhöhten Konzentration des Phytohormons Jasmonat (JA), wird die 

GSL-Biosynthese hochreguliert. Solche Formen der induzierbaren Verteidigung unterliegen der 

Primingantwort, wobei die Reaktion durch wiederholte Stimuli robuster wird. Es wird davon ausgegangen, 

dass die Primingantwort durch epigenetische Mechanismen vermittelt wird, es wurde jedoch bis dato noch 

keine spezifische epigenetische Regulation der GSL-Synthese beschrieben. In dieser Arbeit zielte ich darauf 

ab, die Rolle von EMLs, einer Familie von Histon-Leseproteinen, in diesem Prozess zu untersuchen. Durch 

die Analyse von Metaboliten und Transkripten in Arabidopsis-eml-Mutanten konnte ich zeigen, dass EMLs 

wahrscheinlich an der JA-vermittelten Induktion der GSL-Synthese und der sie begleitenden epigenetischen 

Veränderung beteiligt sind. Außerdem konnte ich mittels Kolokalisations- und Überexpressionsversuchen 

feststellen, dass EMLs mit bHLHs interagieren. Dies legt nahe, dass EMLs unmittelbar mit dem MYB-

bHLH-Komplex wechselwirken, um die GSL-Produktion epigenetisch zu regulieren. 

Des Weiteren existiert eine große Vielfalt an GSL-Strukturen in der Pflanzenfamilie der Brassicaceen 

(Kreuzblütler), wobei jede Art ihre eigenen, unterschiedlichen GSL-Profile produziert. Während bestimmte 

zwischenartliche Unterschiede bereits bestimmten Allelen von Enzymen der GSL-Biosynthese 

zugeschrieben werden konnten, wurde darüber hinaus eine bedeutende Rolle von regulatorischen Genen in 

der Erzeugung von diversen GSL-Profilen postuliert. Diese Hypothese wurde bislang jedoch nicht direkt 

untersucht. In dieser Arbeit wurden MYB- und bHLH-Gene in Arabidopsis, Arabis alpina, Cardamine 

hirsuta und Capsella rubella in Hinblick auf ihre phylogenetische Verwandtschaft und ihre konservierte 

Funktion analysiert. Die Ergebnisse legen nahe, dass diese Gene hauptsächlich in einer breit angelegten 

Weise, die ganze Zweige der GSL-Biosynthese betrifft, zur GSL-Vielfalt beitragen können. GSL-Profile von 

Wurzel- und Sprossgewebe der drei Nicht-Arabidopsis-Arten wurden durch Flüssigkeitschromatographie-

Massenspektrometrie (LC-MS) bestimmt, wobei eine fast vollständige Abwesenheit von indolischen GSLs 

in C. rubella zutage trat. Das Vorhandensein von zahlreichen nicht-funktionellen bHLH-Spleißvarianten 

wurde nachgewiesen, wobei Überexpressionsversuche in einer Zellkultur von C. rubella zeigten, dass dieses 

alternative Spleißen zusammen mit niedriger Expression von MYB-Genen zum niedrigen Gehalt an 

indolischen GSLs beiträgt. Zusammengenommen stellt diese Arbeit heraus, wie Brassicaceen die GSL-

Biosynthese sowohl auf individueller als auch auf Artebene durch komplexe und mehrschichtige 

Mechanismen regulieren.  
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Introduction 

1This introduction partially overlaps with a review in which I discuss the regulation of GSL biosynthesis.  1 
It was published prior to this thesis (Mitreiter and Gigolashvili, 2020). 

1 Introduction1 

1.1 Glucosinolates and their biochemistry 

Glucosinolates (GSLs) are a small, but prominent family of secondary metabolites in the plant order 

Brassicales. GSLs not only shape the interaction between plants and their biotic and abiotic environment, 

but are also of considerable human interest due to their agronomic and nutritional properties. GSLs can be 

useful in agriculture when providing resistance against pests and pathogens, either in live crop plants or in 

biofumigation (the incorporation of plant material into the soil). However, too high GSL concentrations can 

be harmful in animal feed (Halkier and Gershenzon, 2006; Morris et al., 2020). 

Moreover, GSLs and their degradation products provide the typical pungent flavors of vegetables and spices 

such as cabbage, mustard or horseradish (Bell et al., 2018; Wieczorek et al., 2018). As part of the human diet, 

GSLs have anticarcinogenic effects, inducing detoxification enzymes that break down dietary carcinogens 

and suppressing tumor growth by arresting the cell cycle and promoting apoptosis in cancer cells (Ishida et 

al., 2014; Katz et al., 2018). 

Structurally, GSLs are comprised of a sulfonated oxime group that is linked to a thioglucose group, and an 

amino acid-derived side chain (Figure 1). All GSL molecules can be classified into three categories, 

according to the amino acid from which they derive: aliphatic (from alanine, valine, leucine, isoleucine or 

methionine), benzenic (from phenylalanine or tyrosine) or indolic (from tryptophan). 

 

Figure 1: General structure of a GSL molecule. 
The sulfonated oxime group is marked in red, the β-thioglucose group in light blue and the amino acid-derived side chain in dark 
blue. GSLs can be classified according to which amino acid the side chain is derived from.
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Starting from the respective amino acid, the biosynthesis pathway proceeds through three phases (Figure 

2). First, the carbon chain of non-tryptophan amino acids can be elongated in a reaction sequence of MAM, 

IPMI and IPMDH enzymes through which the molecules are cycled up to six or more times. Second, the 

GSL core structure is formed. The first step entails the conversion of amino acids into aldoximes and is 

catalyzed by the cytochrome P450 enzymes CYP79F1 and CYP79F2 for aliphatic amino acids, or 

respectively CYP79B2 and CYP79B3 for tryptophan. The aldoximes are then oxidized into nitrile oxides by 

CYP83A1 in the aliphatic and by CYP83B1 in the indolic pathway. This is followed by several further steps, 

some of which share the same enzymes between both pathways, until the final GSL structure is completed 

by a sulfation reaction (Sønderby et al., 2010b). 

Third, the GSL molecules can undergo a variety of secondary modifications, primarily at their side chains. 

Prominent examples include the hydroxylation and subsequent methoxylation of the main indolic GSL 

indole-3-methylglucosinolate (I3M) into 1- or 4-substituted derivates (4OH-I3M, 1MO-I3M, 4MO-I3M) 

by CYP81F and IGMT enzymes (Pfalz et al., 2009; Pfalz et al., 2011; Pfalz et al., 2016) or the transformation 

of methylsulfinylalkyl into alkenyl and hydroxyalkyl GSLs by AOP2 and AOP3, respectively (Kliebenstein 

et al., 2001; Neal et al., 2010; Jensen et al., 2015a). A number of other modifications including oxidation and 

benzoylation have been described. Not in all cases however, the responsible enzymes have been identified 

yet (Blažević et al., 2020). 

Notably, these pathways are only well-described for indolic and Met-derived GSLs. The non-methionine 

aliphatic and benzenic GSL synthesis pathways are thought to be ancestral and have been postulated from 

phylogenetic comparisons, with the non-Met pathway being predominantly co-opted by Met-GSLs in the 

Brassicaceae (Schranz et al., 2011). The benzenic pathway has been proposed to partially overlap with the 

aliphatic one, but the precise mechanics remain to be elucidated (Wittstock and Halkier, 2000; Schranz et 

al., 2011; Kittipol et al., 2019). 

Native GSLs are stable and possess little biological activity, having only been reported to act as feeding or 

oviposition cues for insects (Marazzi and Städler, 2004; Sun et al., 2009). To fulfil most of their functions, 

they need to be activated by myrosinases, specific β-thioglucosidases that hydrolyze the glucose residue. 

Subsequently, the resulting aglycones can spontaneously rearrange into toxic isothiocyanates. However, the 

appropriate chemical conditions and the presence of specifier proteins promote the formation of other 

active compounds such as nitriles, thiocyanates, and epithionitriles (Wittstock and Burow, 2010; Wittstock 

et al., 2016a). 

The storage of GSLs and myrosinases is spatially distinct so that these two classes of compounds only come 

into contact following challenge to the plant. Specialized cell types can act as different storage locations: 

S-cells for the GSLs and myrosin cells for the “classical” myrosinases. GSL hydrolysis then occurs upon tissue 

disruption, for example by herbivory. Both components can also be differentially compartmentalized within 
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a single cell, where GSLs are localized to vacuoles and “atypical” myrosinases to endoplasmic reticulum 

bodies or the cytosol. Here, GSL hydrolysis occurs as part of the immune response (Wittstock and Burow, 

2010; Wittstock et al., 2016a; Sugiyama and Hirai, 2019). 

 

Figure 2: Simplified scheme for the biosynthesis of methionine- and tryptophan-derived GSLs. 
Each arrow signifies one enzymatic reaction, with red arrows indicating the aliphatic methionine-derived pathway and blue arrows 
indicating the indolic tryptophan-derived pathway. Selected intermediates, enzymes or enzyme families are named; some of the 
unnamed enzymes are shared between the two pathways. Numbers indicate the three stages of GSL synthesis: 1, amino acid chain 
elongation; 2, core structure synthesis; 3, secondary side-chain modifications. Only selected secondary modifications are shown. 
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1.2 Regulation of glucosinolate biosynthesis by MYB and bHLH TFs 

A tight regulation of GSL production is essential for Brassicales plants, primarily because of their role in 

shaping plant-environment interactions. GSL synthesis requires significant metabolic investments, such as 

increased photosynthetic requirements estimated at least 15% (Bekaert et al., 2012) and a considerable 

proportion of the sulfur supply (Maruyama-Nakashita, 2017). However, the final cost-benefit calculation of 

which amounts and types of GSLs are produced is extremely complex and shaped by interactions with intra- 

and interspecific competitors, generalist and specialist herbivores, bacterial and fungal pathogens as well as 

mutualist pollinators (Mitreiter and Gigolashvili, 2020). In the wild, this ever-changing web of 

interconnected relationships leads to disruptive selection, i.e. the maintenance of diverse GSL profiles 

(Burow et al., 2010; Züst et al., 2012; Kerwin et al., 2015). 

The central regulatory mechanism of GSL production is the transcriptional control of biosynthesis gene 

expression by MYB and bHLH transcription factors (TFs). They constitute the key regulators that integrate 

diverse regulatory information via their mutual interactions and binding to gene promoters. 

1.2.1 Subgroup 12 MYB factors 

The most specific transcriptional regulators involved in GSL synthesis are MYB TFs from the R2R3 

subfamily. This group of MYBs is characterized by two N-terminal MYB repeats, each containing three 

α-helices. The third helices of each of the two repeats coordinately mediate DNA binding to a range of 

specific sequences (Kelemen et al., 2015). Additionally, many R2R3 MYBs have a disordered transcriptional 

activation domain (TAD) at their C-terminus (Feller et al., 2011). The R2R3 MYBs are further divided into 

subgroups according to sequence similarity, which at least partly correspond with functional conservation 

(Kranz et al., 1998; Stracke et al., 2001; Dubos et al., 2010). The six members of subgroup 12 positively 

regulate genes responsible for GSL biosynthesis and for connected biochemical reactions, such as amino 

acid biosynthesis and sulfur assimilation. 

Three MYBs are central to either aliphatic or indolic GSL synthesis, respectively: The aliphatic clade consists 

of MYB28 (Gigolashvili et al., 2007b; Hirai et al., 2007; Sønderby et al., 2007), MYB29 (Hirai et al., 2007; 

Sønderby et al., 2007; Gigolashvili et al., 2008) and MYB76 (Sønderby et al., 2007; Gigolashvili et al., 2008), 

whereas the indolic clade consists of MYB34 (Celenza et al., 2005), MYB51 (Gigolashvili et al., 2007a) and 

MYB122 (Gigolashvili et al., 2007a). 

Indolic and aliphatic MYBs are partially redundant in their respective functions and can maintain GSL 

synthesis in the absence of the other clade members. MYB28 and MYB29 are key regulators of aliphatic GSL 

biosynthesis and MYB51 and MYB34 of indolic GSL biosynthesis, respectively. If both of these main factors 

are absent within one clade, the synthesis of aliphatic (Sønderby et al., 2007; Beekwilder et al., 2008; 

Sønderby et al., 2010a) respectively indolic GSLs (Frerigmann and Gigolashvili, 2014) is almost completely 

abolished. 
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The aliphatic and indolic clades have been found to act antagonistically towards each other, exerting a type 

of reciprocal negative control to maintain homeostasis between aliphatic and indolic GSL production, either 

in the form of repression when one type of GSL overaccumulates, or as compensation when the 

accumulation of one type decreases (Gigolashvili et al., 2008; Gigolashvili et al., 2009; Sønderby et al., 2010a). 

1.2.2 Subgroup IIIe bHLH factors 

Similar to the subgroup 12 MYB TFs, some members of the bHLH TF family are also essential for GSL 

biosynthesis. The bHLH proteins are characterized by their eponymous basic helix-loop-helix domain, 

which encompasses a stretch of 15 to 20 mostly basic amino acids, followed by two α-helices connected by 

a loop of variable length (Carretero-Paulet et al., 2010). This highly conserved structure mediates homo- 

and heterodimerization, as well as DNA binding to E-box sequences (CANNTG), one of which is the G-box 

(CACGTG) (Fernández-Calvo et al., 2011). 

According to their phylogenetic relationships, bHLHs can be categorized into 25 to 32 different subgroups, 

depending on the exact criteria used (Heim et al., 2003; Carretero-Paulet et al., 2010; Pires and Dolan, 2010). 

Among these, subgroup IIIe contains the four closely related TFs bHLH04/MYC4, bHLH05/MYC3, 

bHLH06/MYC2 and bHLH28/MYC5. All of these interact in a complex with subgroup 12 MYBs and 

directly regulate GSL biosynthesis, albeit the most distantly related member bHLH28 only in a minor 

fashion (Schweizer et al., 2013; Frerigmann et al., 2014). The individual dimerization properties of each 

bHLH influence its respective function (Feller et al., 2011). This is exemplified by bHLH06 which can – in 

contrast to other subgroup IIIe bHLHs that only homo- or heterodimerize – homotetramerize, thereby 

increasing its DNA binding affinity (Lian et al., 2017). 

In addition to the bHLH domain present in all bHLH TFs, the specific domain architecture of subgroup IIIe 

bHLHs is characterized by the N-terminal MYB-interacting region, also known as JAZ-interacting domain 

(JID) (Pattanaik et al., 2008; Schweizer et al., 2013). The JID facilitates interactions with MYB proteins via 

their MYC-interaction motif MIM, located outside of the MYB domain itself (Millard et al., 2019). In the 

bHLHs, adjacent to the JID, resides a TAD that enables interaction with the Mediator protein MED25 for 

RNA polymerase II recruitment, thus conferring TF activity (Çevik et al., 2012; Chen et al., 2012). An ACT 

domain is located at the C-terminus, which has been shown in related bHLH factors from anthocyanin 

biosynthesis to mediate dimerization and has also been proposed to function in ligand binding (Feller et al., 

2006; Feller et al., 2011). 

The roles of subgroup IIIe bHLHs are not limited to GSL biosynthesis, but encompass numerous other 

functions that include developmental processes, and biotic and abiotic stress responses (Song et al., 2017). 

The specificity in these distinct functions is mediated via interaction with other TFs: For example, while 

subgroup 12 MYBs are responsible for GSL synthesis, the role of subgroup IIIe bHLHs in stamen 

development is executed in interaction with subgroup 19 MYBs (Qi et al., 2015). 
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1.2.3 The MYB-bHLH transcription complex 

Subgroup 12 MYB and subgroup IIIe bHLH TFs together form a complex that is required for the direct 

transcriptional regulation and essential for the biosynthesis of all GSLs present in Arabidopsis. Consistent 

with the principle that MYBs are crucial for specific gene activation, whereas bHLHs integrate hierarchically 

higher-order signals and relay this information (Pireyre and Burow, 2015; Chezem and Clay, 2016; Brkljacic 

and Grotewold, 2017), all subgroup 12 MYBs can interact with all subgroup IIIe bHLHs, and the type of 

GSL synthesized (aliphatic or indolic) is solely dependent on which MYBs are present in the transcriptional 

complex. 

A specific feature that has often been observed for the GSL-regulating MYB–bHLH complex is the 

uncoupling of MYB transcript levels and GSL metabolite levels, which highlights a more complex regulation 

(Sønderby et al., 2007; Sønderby et al., 2010a; Justen and Fritz, 2013; Frerigmann and Gigolashvili, 2014; 

Seo et al., 2016; Seo et al., 2017). The precise mechanisms at work here remain unclear and might involve 

concentration-dependent metabolic feedback or further transcriptional regulation, either independently 

from the MYB–bHLH complex or as part of it. 

There is a limited number of TFs that have been described to regulate GSL biosynthesis by interfering with 

MYB–bHLH function. For example, the brassinosteroid-dependent TF BES1 binds to subgroup 12 MYBs 

to competitively attenuate bHLH function (Liao et al., 2020), while SDI1 directly interacts with MYB28 and 

inhibits its transcriptional activity to limit GSL production under sulfur starvation (Aarabi et al., 2016). 

Some proteins have also been reported to influence GSL accumulation independently of the MYB-bHLH 

complex, such as the IQ67 domain protein IQD1 (Levy et al., 2005) and the DOF transcription factor OBP2 

(Skirycz et al., 2006). These regulators may directly induce GSL synthesis in response to wounding and 

herbivory. 

1.2.4 Hormonal influences on the MYB-bHLH transcription complex 

The function of the MYB-bHLH complex is strongly influenced by various phytohormones. GSL production 

is also responsive to many abiotic factors; this has been proposed to confer a precociously increased defense 

against potential attacks under harsh conditions, but also a direct alleviation of stress conditions mediated 

by signaling properties of GSL hydrolysis products (Del Carmen Martínez-Ballesta et al., 2013; Salehin et 

al., 2019). However, these abiotic influences seem to be generally mediated by the established hormonal and 

transcriptional factors. 

The plant hormones reported to influence GSL levels include jasmonates (JA), salicylic acid (SA), ethylene 

(ET), abscisic acid (ABA) and brassinosteroids (BR). Out of these, BR seems to be the major negative 

regulator, while the others generally induce GSL accumulation. Their relationship can be described in a 

simplified model in which SA mediates the response to biotrophic pathogens, ET and JA to necrotrophic 

pathogens, and ABA and JA to herbivores. JA, SA, ET and ABA induce GSL production, whereby SA can 
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have a negative effect in high concentrations (Guo et al., 2013b). The signaling mechanisms of all mentioned 

hormones influence each other in a highly complex network (Pieterse et al., 2012; Verma et al., 2016; Li et 

al., 2019).  

Of all hormones, the strongest and best-described regulators are the JAs, lipid-derived molecules that are 

essential for the integration of diverse input and output signals with respect to developmental processes and 

stress responses (Howe et al., 2018). In contrast to the other hormones, they have the ability to profoundly 

increase GSL concentrations, up to a several-fold multiplication (Mikkelsen et al., 2003; Guo et al., 2013b; 

Frerigmann and Gigolashvili, 2014; Thiruvengadam et al., 2016; Miao et al., 2017). It has been well 

documented that the synthesis of indolic GSLs is more strongly induced by JA than that of aliphatic GSLs 

(van Dam et al., 2009; Augustine and Bisht, 2015; Zang et al., 2015). 

Besides the direct transcriptional control of MYB and bHLH genes, JA induction of GSL synthesis occurs 

via the MYC and ERF branches of the JA signaling pathway. While the ERF branch uses other components, 

the MYC branch directly targets MYC/bHLH TFs: In the absence of JA, JAZ repressors bind via their Jas 

domain to the JID and TAD domains of the bHLHs. Simultaneously, they recruit the co-repressors TPL and 

TPR, either directly or via the NINJA adapter. This not only prevents DNA binding, but also hinders the 

recruitment of MYBs and MED25 to form an active transcriptional complex (Zhang et al., 2015; Zhang et 

al., 2017; Howe et al., 2018). 

When plants are attacked, specific molecular patterns associated with pathogens, herbivores or mechanical 

damage are perceived by plant pattern recognition receptors. The perception of herbivory or necrotrophic 

pathogens induces JA synthesis; however, the downstream mechanisms that mediate this process are 

incompletely understood (Zhang et al., 2017). The enzyme JAR1 conjugates jasmonic acid with isoleucine 

to produce the most bioactive jasmonate, JA-Ile (Fonseca et al., 2009). The presence of JA-Ile then promotes 

the binding of the JAZ proteins to the E3 ubiquitin ligase complex SCFCOI1 (a process directly promoted by 

MED25), resulting in their ubiquitination and degradation by the 26S proteasome (Chini et al., 2007; Thines 

et al., 2007; An et al., 2017; Howe et al., 2018). Thus, the equilibrium of bHLH binding is shifted away from 

interaction with the JAZ repressors towards the formation of functional MYB-bHLH complexes and the 

transcription of their target genes (Goossens et al., 2017). 

Whereas all subgroup IIIe bHLHs are regulated by JAZ proteins (Chini et al., 2007; Fernández-Calvo et al., 

2011; Niu et al., 2011; Qi et al., 2015), this has not been demonstrated for subgroup 12 MYBs yet. bHLH06 

is particularly important for GSL synthesis in response to JA, whereas bHLH04 and bHLH05 play a more 

important role under non-stress conditions. However, JA responses are constitutively activated in a mutant 

in which the JAZ binding ability of bHLH05 is impaired (Frerigmann et al., 2014). The transcription of 

bHLH04, bHLH05 and bHLH06, but not bHLH28, is induced by JA (Song et al., 2017).  
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The responsiveness of individual MYBs to JA and other elicitors is highly variable (Mitreiter and 

Gigolashvili, 2020). A differential regulation in response to herbivore and pathogen attack is also reflected 

in the type of GSL produced: ABA and JA induce elevated levels of the modified indolic GSL 1MO-I3M, 

whereas SA and ET promote the production of 4MO-I3M. This specific regulation is thought to function 

independently from MYB proteins and remains to be elucidated (Wiesner et al., 2013; Frerigmann and 

Gigolashvili, 2014; Zang et al., 2015). 

1.3 Epigenetic regulation of glucosinolate biosynthesis 

Beyond the classical transcriptional control mediated by cis- and trans-elements, the epigenetic code adds 

another level to the regulatory machinery of plants. Epigenetic regulation allows for both the realization of 

developmental programs via cell differentiation (He et al., 2011; Xiao and Wagner, 2015; Cheng et al., 2019) 

and a flexible short-term response to stress (Boyko and Kovalchuk, 2008; Kim et al., 2015; Pandey et al., 

2016; Alonso et al., 2019). In regard to stress-induced epigenetic changes, there is a complex interplay 

between the maintenance of altered genes states, allowing for mitotic and meiotic inheritance of epialleles 

even in the absence of the original signal, and their regulatory plasticity in response to environmental stimuli 

(Berr et al., 2012; Cavalli and Heard, 2019). 

Epigenetic information is conveyed through the chromatin state and the resulting accessibility of the DNA 

for binding factors. In Arabidopsis, nine distinct chromatin states have been described (Sequeira-Mendes et 

al., 2014). Overall, the chromatin state can be characterized on three interacting levels: chromatin 

remodeling, DNA methylation and histone modification (Boyko and Kovalchuk, 2008). The fundamental 

unit of chromatin is the nucleosome. It is comprised of 147 bp of DNA wrapped around the core histone 

octamer, which in turn contains two copies each of the histone proteins H2A, H2B, H3 and H4. Further 

proteins, such as the linker histone H1, organize the nucleosome into higher-order structures (Luger et al., 

1997; Ding and Wang, 2015). 

Chromatin remodeling encompasses the incorporation of histone variants such as H2A.Z or H3.3 and 

changes in nucleosome positioning (Chodavarapu et al., 2010; Zhu et al., 2012), which in turn alter the 

chromatin landscape by influencing long-range intra- and inter-chromosomal contacts and thus the 3D 

chromatin structure (Brkljacic and Grotewold, 2017; Cavalli and Heard, 2019). DNA methylation functions 

via the reversible methylation of cytosine (or sometimes adenine) nucleotides. The methylation status is 

controlled by distinct processes of de novo methylation, maintenance regulation and active demethylation, 

whereby de novo methylation is induced by a siRNA-mediated pathway called RNA-directed DNA 

methylation (Matzke and Mosher, 2014; Kim et al., 2015; Pandey et al., 2016). 

Histone modifications or marks can consist of numerous different posttranslational modifications at the 

core proteins, including acetylation, methylation and ubiquitination (Kouzarides, 2007; Ding and Wang, 

2015). Histone acetylation is associated with transcriptional activation (Eberharter and Becker, 2002), while 
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the function of methylation and ubiquitination depends on the targeted residues (Alvarez-Venegas, 2010; 

Ding and Wang, 2015). In plants, H3K4me (i.e. methylation of lysine 4 in H3), H3K36me and H2Bub marks 

are generally considered as activating histone modifications, while H3K9me, H3K27me, H4K20me and 

H2AK121ub marks are considered as repressive (Alvarez-Venegas, 2010; Liu et al., 2010; Bourbousse et al., 

2012; Zhou et al., 2017; Cheng et al., 2019). 

These histone marks are then recognized by specialized proteins who can act either as histone readers, 

writers or erasers. Histone writers and erasers have the ability to add and remove histone modifications, 

while histone readers simply recognize certain histone marks and mediate the interaction with other protein 

components (Liu et al., 2010; Cheng et al., 2019). A prominent example are the two Polycomb repressive 

complexes PRC1 and PRC2, multiprotein complexes that contain reader and writer components. Both PRCs 

deposit repressive marks: PRC1 modifies histones with H2A121ub, PRC2 with H3K27me (Kim and Sung, 

2014; Xiao and Wagner, 2015). 

LHP1 is a Chromo domain H3K27me reader that has been hypothesized to play a role in the recruitment of 

PRC1 to its targets, although its precise function remains unclear (Turck et al., 2007; Zhou et al., 2017). 

Interestingly, the lhp1 mutant has slightly reduced levels of indolic GSLs and strongly elevated levels of 

aliphatic GSLs (Ludwig-Müller et al., 1999; Kim et al., 2004; Roux et al., 2014), while the induction of GSL 

synthesis by heat stress and JA is considerably reduced (Bennett et al., 2005). 

The RNA-binding heterogeneous nuclear ribonucleoprotein LIF2 interacts with LHP1 and is a putative 

suppressor of plant immunity that mediates the balance between growth and defense. In the Arabidopsis 

lif2 mutant, the content of all GSLs was significantly reduced, even though the mutant exhibited a basal 

primed defense state and showed increased resistance against multiple pathogens. These findings might 

reflect a complex deregulation, which interferes with JA and SA synthesis and signaling and also affects the 

transcription of MYB28, MYB34 and bHLH06 (Roux et al., 2014). Moreover, the chain elongation pathway 

of aliphatic GSL synthesis has been associated with distinct histone modification patterns, although no effect 

on transcription was detected (Xue et al., 2015). 

These observations are however not the only evidence for an epigenetic regulation of GSL biosynthesis: A 

well-known phenomenon that occurs upon abiotic stress, wounding or pathogen infection in plants is the 

priming of defense mechanisms, by which responses become more rapid and robust in response to smaller 

stimuli – a process that has been clearly demonstrated for JA- and SA-mediated resistance. (Kim and Felton, 

2013; Conrath et al., 2015; Mauch-Mani et al., 2017). The priming memory is thought to be stored 

epigenetically (Lämke and Bäurle, 2017; Ramirez-Prado et al., 2018; Roberts and López Sánchez, 2019; Koç 

et al., 2020). Because GSLs are components of inducible defense, their synthesis is part of the priming 

response (Rasmann et al., 2012; Bakhtiari et al., 2018) and thus likely a target of epigenetic regulation upon 

stress-related induction (Rasmann et al., 2012). 
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Indeed, there are reports of JA-mediated mechanisms which could form the basis for a general epigenetic 

priming response in this context: Interaction between components of JA signaling and epigenetic factors 

have been shown to influence the transcription of some JA target genes, with JAZ proteins recruiting the 

repressive histone deacetylase HDA6 (Zhu et al., 2011; Kim et al., 2017) and MED25 recruiting the activating 

histone acetyltransferase HAC1 (An et al., 2017), whose activity is required in the priming of pattern-

triggered immunity (Singh et al., 2014). 

However, despite this circumstantial evidence, no direct epigenetic regulation of GSL biosynthesis has been 

described to date. This is slightly better understood in anthocyanin biosynthesis, a process which is also 

controlled by MYB-bHLH complexes: In maize, this complex is formed by the MYB factor C1 and the bHLH 

factor R and interacts with the histone reader RIF1 (Hernandez et al., 2007). 

As the regulations of anthocyanins and GSLs are closely related, this suggests the Arabidopsis homologs of 

RIF1, the EML family, as potential candidates to directly exert epigenetic control over GSL production.  

These family contains the four members EML1–4, proteins that are characterized by the combination of 

ENT, Agenet and coiled-coil domains (Tsuchiya and Eulgem, 2011). While the ENT domain has been shown 

to mediate homodimerization in RIF1 (Hernandez et al., 2007), the Agenet represents a characteristic 

histone reader domain (Maurer-Stroh et al., 2003; Zhao et al., 2018). 

EML1 and EML3 were shown to recognize H3K36 methylation and acetylation marks, with the highest 

affinity for H3K36me (Coursey et al., 2018). While this is also true for the Agenet domain of EML1 alone, it 

additionally binds H3K4me (Zhao et al., 2018) – which was not found for the full-length EML proteins, 

potentially because of an additional influence of the ENT domain on binding behavior (Coursey et al., 2018). 

Moreover, EMLs have been described to function in immunity against oomycetes (Tsuchiya and Eulgem, 

2011) and viruses (Coursey et al., 2018) and in developmental processes such as flowering transition 

(Tsuchiya and Eulgem, 2011) and embryo formation (Milutinovic et al., 2019), but they have not been 

characterized so far in relation to metabolic processes such as GSL biosynthesis. 

1.4 Glucosinolate diversity and its evolution 

A high degree of structural diversity exists among GSLs, with over 130 different GSLs documented in nature 

(Agerbirk and Olsen, 2012; Blažević et al., 2020) and about 40 in Arabidopsis alone (Sønderby et al., 2010b). 

There is considerable variation in the composition of the GSLs produced among different plant species 

(Bennett et al., 2004; Bell, 2019; Czerniawski et al., 2021), among different accessions within a single species 

(Kliebenstein et al., 2005; Kissen et al., 2016) and often even among different tissues within one plant (Brown 

et al., 2003; van Dam et al., 2009; Zang et al., 2015). Additional variation in the myrosinase system leads to 

an even greater diversity in GSL breakdown products (Wittstock et al., 2016a; Wittstock et al., 2016b). 
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Non-methionine aliphatic and benzenic GSLs are present in all families of the Brassicales, whereas the 

indolic pathway is thought to have originated from the At-β whole-genome duplication (WGD) event that 

is ancestral to only a subset of the Brassicales. The synthesis of chain-elongated and Met-derived aliphatic 

GSLs – which accounts for the vast majority of GSL diversity in Arabidopsis (Reichelt et al., 2002) – likely 

arose as the product of the second, more recent At-α WGD that is specific to one Brassicales family, the 

Brassicaceae (Schranz et al., 2011; van den Bergh et al., 2016; Barco and Clay, 2019). 

In studies among the Brassicaceae, some intraspecific and interspecific differences in GSL profiles have been 

attributed to particular alleles of certain GSL biosynthesis enzymes. For example, the presence or absence of 

the aliphatic alkenyl and hydroxyalkyl GSLs in different Arabidopsis accessions is determined by the AOP2 

and AOP3 genes (Kliebenstein et al., 2001), while the absence of the indolic GSL 1MO-I3M in some 

Camelineae species might result from the loss of CYP81F4 (Czerniawski et al., 2021). However, these 

findings do not provide an extensive explanation on how the observed variation in GSL accumulation arises. 

Another contributing factor may be variation in regulatory genes, which could in turn result in expression 

changes of biosynthesis genes. Such an effect of the regulatory machinery was postulated in a phylogenetic 

study by Windsor et al. (2005), who compared the interspecific variation in GSL profiles across the 

Brassicaceae. Many of the detected polymorphisms appeared to have a quantitative rather than a qualitative 

effect, and thus are thought to have arisen from variation in regulation. Kerwin et al. (2015) conducted a 

field trial with Arabidopsis, where mutant plants were used to recreate natural diversity in aliphatic GSL 

production. The mutant alleles that were shown to have an impact on fitness included subgroup 12 MYB 

TFs, again highlighting the potential evolutionary importance of variation in regulatory genes to maintain 

diverse GSL profiles. However, there have been no studies to date that directly address the question to which 

extent such regulatory variation contributes to metabolite variation. 

To explore this potential role of TFs in the origin of GSL diversity, the degree of their conservation needs to 

be considered on two levels: First, how similar are the individual factors in one species or accession, i.e. are 

their affinities towards target genes considerably different? This would mean that relative variations in TF 

expression could cause corresponding changes in GSL biosynthesis enzyme expression and ultimately 

metabolite production. Such effects could e.g. give rise to tissue-specific differences in GSL accumulation. 

Second, how conserved are the TFs between species? Might orthologous factors have different affinities 

towards certain GSL biosynthesis genes, thus creating distinct GSL profiles? 

In both cases, bHLHs are unlikely to mediate very specific changes. As they are recruited to target genes via 

interaction with the more specific MYBs, bHLHs would be expected to cause rather broad quantitative 

changes in GSL accumulation – between species or between tissues, as bHLHs exhibit very distinct 

expression patterns down to particular cell layers (Figueroa and Browse, 2015; Gasperini et al., 2015; Qi et 

al., 2015; Goossens et al., 2017). 
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MYBs are also known to be expressed relatively distinctly across tissues (Gigolashvili et al., 2009; Frerigmann 

and Gigolashvili, 2014). However, GSL profiles obtained from MYB overexpression lines show remarkably 

similar patterns of accumulation, with only MYB76 and MYB122 displaying a somewhat weaker inductive 

effect than their clade partners (Gigolashvili et al., 2007a; Sønderby et al., 2007; Malitsky et al., 2008; Li et 

al., 2013). The only other difference documented in literature is a slightly stronger influence of MYB28 on 

the production of long-chain aliphatic GSLs (those that have gone through more than two cycles of chain 

elongation) than the other aliphatic MYBs, MYB29 and MYB76 (Sønderby et al., 2007; Beekwilder et al., 

2008; Sønderby et al., 2010a; Li et al., 2013). 

Regarding the interspecific conservation of subgroup 12 MYBs, multiple studies have been conducted in 

Brassica species and other crops. Generally, MYB genes seem to be highly conserved. One notable exception 

is MYB76, which in Arabidopsis originates from a tandem (i.e. single gene) duplication relative to the 

genomes of more basal Brassicaceae (Hofberger et al., 2013) and is also absent in Brassica species and 

Raphanus sativus (Mitsui et al., 2015; Seo and Kim, 2017). In Brassica, asymmetrical evolution of polyploid 

genomes can contribute considerably to GSL diversity. This was demonstrated for MAM and AOP2 

biosynthesis genes in B. oleracea and B. rapa (Liu et al., 2014); for MYB paralogs, divergent expression 

patterns have been documented in B. juncea (Augustine et al., 2013) and B. rapa (Seo et al., 2016; Seo et al., 

2017). While overall, overexpression of different MYB paralogs in these studies seemed to result in rather 

similar GSL profiles, some correlations between specific genes and specific GSL species have been made (Seo 

et al., 2017). Moreover, Seo et al. (2016) proposed MYB28 as a negative regulator of AOP2 in B. rapa, which 

would represent a functional divergence compared to Arabidopsis. Taken together, the interspecies 

functional conservation of regulatory TFs remains largely unexplored in the context of GSL biosynthesis 

and its diversity. 

1.5 Aims of the thesis 

Over the last fifteen years, the transcriptional regulation of GSL biosynthesis by MYB and bHLH TFs has 

been well-described in Arabidopsis, with an increasing amount of information from other Brassicaceae 

species. In this thesis, my aim is to extend this knowledge in two different directions: First, by studying the 

connection between the MYB-bHLH transcriptional complex and a putative epigenetic regulation of GSL 

biosynthesis, and second, by exploring the contribution of MYB and bHLH genes to interspecific variation 

in GSL accumulation. 

(i) Do EML proteins play a role in stress-mediated, targeted epigenetic regulation of GSL biosynthesis? To 

address this question, I analyzed publicly available omics data in regard to epigenetic marks of GSL synthesis 

genes, as well as the transcription of EMLs, in stressed and unstressed conditions. Furthermore, I performed 

microscopic localization and colocalization assays of MYB, bHLH and EML fusion proteins. This was 

followed by measuring JA-mediated GSL induction in various eml mutants both under prolonged and 
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repeated short-term stress conditions to obtain information about the role of EMLs in this process, how it 

behaves in regard to priming and how these two topics are connected. Finally, I conducted overexpression 

experiments of EML genes, together with MYB and bHLH genes, in Arabidopsis cell culture to examine their 

individual effects and combined interplay. 

(ii) Do MYB and bHLH genes play a role in shaping interspecific diversity of GSL profiles? To address this 

question, I generated detailed GSL profiles for root and shoot tissue of the three Brassicaceae species Arabis 

alpina, Cardamine hirsuta and Capsella rubella via liquid chromatography-mass spectrometry (LC-MS), 

then established cell cultures of A. alpina and C. rubella for further experiments. I then analyzed genomic 

data of MYB and bHLH genes for the three species in comparison with Arabidopsis. Subsequently, I 

examined the conservation of various subgroup 12 MYBs from different species by overexpression in 

Arabidopsis cell culture and quantification of the resulting GSL accumulation. Finally, I investigated the 

alternative splicing of bHLHs in C. rubella and overexpressed MYB, bHLH and other constructs in cell 

culture with the goal of complementing the lack of indolic GSL production in C. rubella.
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2 Materials and Methods 

2.1 Materials 

2.1.1 Enzymes 

Enzymes used in this study are listed in Table 1. 

Table 1: Enzymes used in this study. 

Enzyme Source 
DNAse I Thermo Scientific (Vilnius, Lithuania) 
DreamTaq DNA Polymerase Thermo Scientific (Vilnius, Lithuania) 
Gateway BP Clonase II Enzyme Mix Invitrogen (Carlsbad, CA, USA) 
Gateway LR Clonase II Enzyme Mix Invitrogen (Carlsbad, CA, USA) 
Phusion High-Fidelity DNA Polymerase Thermo Scientific (Vilnius, Lithuania) 
Power SYBR Green Master Mix Applied Biosystems (Warrington, UK) 
Proteinase K Invitrogen (Carlsbad, CA, USA) 
RNAse A Thermo Scientific (Vilnius, Lithuania) 
Sulfatase from Helix pomatia Sigma-Aldrich (Steinheim, Germany) 
SuperScript II Reverse Transcriptase Invitrogen (Carlsbad, CA, USA) 

 

2.1.2 Kits 

Molecular biology kits used in this study are listed in Table 2. 

Table 2: Kits used in this study. 

Kit Source 
NucleoSpin Gel and PCR Clean-up Macherey-Nagel (Düren, Germany) 
Quantum Prep Plasmid Miniprep Kit Bio-Rad (Hercules, CA, USA) 

 

2.1.3 Buffers and solutions 

All buffers and solutions (Table 3) were prepared with double-distilled water. 

Table 3: Buffers and solutions used in this study. 

Buffer/Solution Components 
TAE buffer 40 mM   Tris/HCl, pH 8.0 

20 mM   HAc 
1 mM   EDTA-Na2 

10x DNA loading dye 30% (v/v)  Glycerol 
0.25% (w/v)  Bromphenol blue 

gDNA extraction buffer 200 mM  Tris/HCl, pH 7.5 
250 mM  NaCl 
25 mM   EDTA-Na2 

0.5% (w/v)  SDS 

Acetate buffer 20 mM  HAc 
pH 5.0 with NaOH 
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Buffer/Solution Components 
GSL extraction solution 1 80% (v/v) MeOH 

50 µM  Benzylglucosinolate 
GSL extraction solution 2 80% (v/v) MeOH 
LC-MS GSL extraction solution 1 80% (v/v) MeOH 

5 µM   Sinigrin 
LC-MS GSL extraction solution 2 50% (v/v) MeOH 

5 µM   Sinigrin 
 

2.1.4 Media 

Media used for plant and bacterial growth are listed in Table 4. All media were prepared with double-

distilled water. 

Table 4: Media used in this study. 

Medium Components 
½ MS 2 g/l   MS including vitamins1 

10 g/l   Sucrose 
8 g/l   Agar (optional) 
pH 5.8 with KOH 

MS Kallus 4.3 g/l   MS basal salt mixture2 
0.5% (v/v) Gamborg’s vitamin solution2 
20 g/l   Glucose 
3 mg/l  2,4-D 
1 mg/l  Kinetin 
8 g/l   Agar 
pH 5.8 with KOH 

AT 4.4 g/l   MS basal salt mixture2 
0.5% (v/v) Gamborg’s vitamin solution2 
30 g/l   Glucose 
1 mg/l  2,4-D 
pH 5.8 with KOH 

LB 10 g/l   Tryptone 
5 g/l   Yeast extract 
10 g/l   NaCl 
15 g/l   Agar (optional) 

LB light 10 g/l   Tryptone 
5 g/l   Yeast extract 
5 g/l   NaCl 

YEB 5 g/l   Peptone 
5 g/l   Beef extract 
1 g/l   Yeast extract 
5 g/l  Sucrose 
0.5 g/l  MgSO4·7 H2O 
15 g/l   Agar (optional) 
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Medium Components 
Psi 20 g/l   Tryptone 

5 g/l   Yeast extract 
5 g/l  MgSO4·7 H2O 
pH 7.6 with KOH 

TfbI 30 mM   KAc 
100 mM RbCl 
10 mM  CaCl2 

50 mM  MnCl2 

15% (v/v) Glycerol 
pH 5.8 with HAc 

TfbII 10 mM   MOPS 
10 mM  RbCl 
75 mM  CaCl2 

15% (v/v) Glycerol 
pH 5.8 with NaOH 

1 Duchefa (Haarlem, Netherlands) 
2 Sigma-Aldrich (Steinheim, Germany) 

 

2.1.5 Antibiotics 

Antibiotics were added to the appropriate growth media to allow for selection. The compounds and their 

final concentrations are listed in Table 5. 

Table 5: Antibiotics used in this study. 

Antibiotic Concentration (E. coli) Concentration (A. tumefaciens) 
Ampicilin (Amp) 100 µg/ml - 
Carbencilin (Carb) - 100 µg/ml 
Chloramphenicol (Chl) - 75 µg/ml 
Gentamycin (Gent) 7 µg/ml 25 µg/ml 
Hygromycin (Hyg) 50 µg/ml 50 µg/ml 
Kanamycin (Kan) 50 µg/ml 50 µg/ml 

12 µg/ml (only GV3101.pMP90RK) 
Rifampicin (Rif) - 60 µg/ml 

20 µg/ml (only SV0) 
 

2.1.6 Plant material 

2.1.6.1 Arabidopsis thaliana plants 

Arabidopsis wildtypes used in this study are listed in Table 6. Furthermore, two different sets of mutants 

were used: Set I was kindly provided by the Eulgem Lab (University of California, USA) and is listed in Table 

7. Set II was kindly provided by the Brkljacic Lab (Ohio State University, USA) and is listed in Table 8. 
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Table 6: Arabidopsis wildtypes used in this study. 

Accession ID 
Col-0 CS70000 
Col-3 CS908 
Ler-0 CS20 
Col-0/Ler-0 CS69827 

 

Table 7: Set I mutant lines. 
These lines were first described by Tsuchiya and Eulgem (2011). 

Genotype ID Background Method of gene 
targeting 

Targeted genes 

eml1-2 SALK_114038 Col-0 T-DNA insertion AT3G12140 
eml1-3 SALK_077088 Col-0 T-DNA insertion AT3G12140 
eml2-1 SALK_116222 Col-0 T-DNA insertion AT5G06780 
eml3-1 SALK_106147 Col-0 T-DNA insertion AT5G13020 
eml1-2/ 
eml2-1 

Cross of SALK_114038 
and SALK_116222 

Col-0 T-DNA insertion AT3G12140, 
AT5G06780 

eml-quad1 Cross of SALK_114038 
and SALK_116222 with 
independent amiRNA 
insertion 

Col-0 T-DNA insertion, 
amiRNA silencing 

AT3G12140, 
AT5G06780 (T-DNA); 
AT5G13020, 
AT2G44440 (amiRNA) 

eml-quad2 same as eml-quad1 Col-0 T-DNA insertion, 
amiRNA silencing 

same as eml-quad1 

eml-quad3 same as eml-quad1 Col-0 T-DNA insertion, 
amiRNA silencing 

same as eml-quad1 

 

Table 8: Set II mutant lines. 
These lines were first described by Milutinovic et al. (2019). 

Genotype ID Background Method of gene targeting Targeted genes 
eml1-2 CS69823 Ler-0 Transposon insertion AT3G12140 

eml2-1 CS69824 Col-0 T-DNA insertion AT5G06780 
eml3-4 CS69825 Col-0 T-DNA insertion AT5G13020 
eml4-1 CS860536 Col-3 T-DNA insertion AT2G44440 
eml1-2/ 
eml3-4 

CS69826 Col-0/Ler-0 Transposon insertion,  
T-DNA insertion 

AT3G12140, AT5G13020 

 

2.1.6.2 Other Brassicaceae plants 

Non-Arabidopsis plant lines used in this study are listed in Table 9. 

Table 9: Other Brassicaceae plant lines used in this study. 

Species Accession Source 
Arabis alpina Pajares Albani Lab (MPIPZ, Cologne, Germany),  

Bucher Lab (University of Cologne, Germany) 
Cardamine hirsuta Oxford Tsiantis Lab (MPIPZ, Cologne, Germany) 
Capsella rubella Monte Gargano Bednarek Lab (Polish Academy of Sciences, Poznan, Poland) 
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2.1.6.3 Cultured cells 

Cell culture lines used and/or generated in this study are listed in Table 10. 

Table 10: Cell culture lines used in this study. 

Species Genotype/ 
Accession 

Targeted genes Source 

Arabidopsis thaliana Ler-0 - Gigolashvili Lab 
Arabidopsis thaliana bhlh04/05/06  

(in Col-0) 
AT4G17880, AT5G46760, AT1G32640 
(T-DNA insertion) 

Gigolashvili Lab1 

Arabis alpina Pajares - this study 
Capsella rubella Monte Gargano - this study 

1The bhlh04/05/06 mutant line was first described in Frerigmann et al. (2014). 

 

2.1.7 Bacteria 

Bacterial strains used in this study are listed in Table 11. 

Table 11: Bacterial strains used in this study. 

Species Strain Resistance Reference 
Agrobacterium 
tumefaciens 

GV3101.19K Rif, Kan Voinnet et al. (1999); 
Voinnet et al. (2003) 

Agrobacterium 
tumefaciens 

GV3101.pMP90RK Rif, Gent, Kan Koncz and Schell (1986) 

Agrobacterium 
tumefaciens 

SV0 
(LBA4404.pBBR1MCSvirGN54D) 

Rif, Chl van der Fits et al. (2000) 

Escherichia coli DH5α - Thermo Scientific 
(Vilnius, Lithuania) 

Escherichia coli TOP10 - Invitrogen  
(Carlsbad, CA, USA) 

 

2.1.8 Genes 

The genes that were studied in this thesis and their orthologs in the analyzed Brassicaceae species are listed 

in Table 12. 

Table 12: Genes studied in this thesis and their orthologs in Brassicaceae species. 

Gene A. thaliana C. rubella C. hirsuta A. alpina 

bHLH04 AT4G17880 Carubv10004392 CARHR224600 Aa_G152240 

bHLH05 AT5G46760 Carubv10028441 CARHR174740 Aa_G324640 

bHLH06 AT1G32640 Carubv10008586 CARHR032070 Aa_G16560 

bHLH28 AT5G46830 Carubv10028430 CARHR174620 Aa_G295550 

EML1 AT3G12140 Carubv10014171 CARHR086710 Aa_G5240 
EML2 AT5G06780 Carubv10001509 CARHR206400 Aa_G386400 
EML3 AT5G13020 Carubv10002698 CARHR200440 Aa_G155210 
EML4 AT2G44440 Carubv10023267 CARHR139600 Aa_G288460 
MYB28 AT5G61420 Carubv10027861 CARHR275180 Aa_G606850 
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Gene A. thaliana C. rubella C. hirsuta A. alpina 

MYB29 AT5G07690 Carubv10001328 CARHR205480 Aa_G76360 

MYB76 AT5G07700 - CARHR205450 - 

MYB34 AT5G60890 Carubv10027524 CARHR274570 Aa_G693340 

MYB51 AT1G18570 Carubv10009563 CARHR019190 Aa_G271510 

MYB122 AT1G74080 Carubv10020723 CARHR067240 - 

 

2.1.9 Vectors  

Vectors used in this study are listed in Table 13. Full lists of Gateway entry and expression clones used 

and/or generated in this study can be found in Supplementary Table 1 and Supplementary Table 2, 

respectively. 

Table 13: Vectors used in this study. 

Vector Description Resistance Reference 
pAUBERGINE Gateway destination vector, 

35S promoter, C-mCherry tag 
Amp/Carb GenBank ID: FR695418 

pDONR201 Gateway donor vector Kan Invitrogen (Carlsbad, CA, USA) 
pDONR207 Gateway donor vector Gent Invitrogen (Carlsbad, CA, USA) 
pENTR/D-TOPO Gateway donor vector Kan Invitrogen (Carlsbad, CA, USA) 
pGWB2 Gateway destination vector, 

35S promoter 
Kan, Hyg Nakagawa et al. (2007) 

pGWB3 Gateway destination vector, no 
promoter, C-GUS tag 

Kan, Hyg Nakagawa et al. (2007) 

pGWB5 Gateway destination vector, 
35S promoter, C-GFP tag 

Kan, Hyg Nakagawa et al. (2007) 

pGWB6 Gateway destination vector, 
35S promoter, N-GFP tag 

Kan, Hyg Nakagawa et al. (2007) 

 

2.1.10 Software 

Software used in this study is listed in Table 14. 

Table 14: Software used in this study. 

Program Version Purpose Reference 
ApE 2.0.53c Sequence editing and 

alignment 
Davis (2020) 

BLAST 2.11.0 Sequence search Altschul et al. (1990) 
Chromeleon 7.2.2.6394 Data processing and analysis 

(HPLC) 
Thermo Scientific 

draw.io 14.1.8 Figure design Seibert Media 
Image Lab 5.0.18 Image processing  

(gel electrophoresis) 
Bio-Rad 

Leica Application Suite 2.8.1 Image processing  
(fluorescence microscope) 

Leica 

MEGA X 10.2.2 Phylogenetic analysis Kumar et al. (2018) 
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Program Version Purpose Reference 
Microsoft Office 2019 Data and text management, 

figure design 
Microsoft 

Primer3 4.1.0 Primer design Koressaar and Remm 
(2007) 

R with RStudio 4.0.3 (R),  
1.2.1335 (RStudio) 

Statistical analysis, figure 
design 

R Core Team (2020); 
RStudio Team (2020) 

QuantStudio Design & 
Analysis 

1.4.3 Data processing and analysis 
(qPCR) 

Applied Biosystems 

ZEN black edition 16.0.1.306 Image processing  
(confocal microscope) 

Carl Zeiss 

 

2.2 Methods 

2.2.1 Plant and bacteria cultivation 

2.2.1.1 Plant cultivation 

Plants were grown on VM soil (Einheitserde; Sinntal-Altengronau, Germany) under common greenhouse 

conditions for propagation or nucleic acid extraction. Otherwise, plants were grown on ½ MS medium, 

either under short-day (8 h light at 22 °C, 16 h darkness at 18 °C; 60% relative humidity; ca. 160 µmol/m²s 

light intensity) or long-day conditions (16 h light at 22 °C, 8 h darkness at 18 °C; 60% relative humidity; ca. 

50 µmol/m²s light intensity). In these cases, seeds were sterilized before sowing for 2 min in 70% EtOH and 

1 min in 100% EtOH, then either placed into liquid medium or dispersed across solid plates in a suspension 

of 0.1% agarose. In all cases, the sown seeds were stratified at 4 °C in darkness for 3 days before transfer to 

the greenhouse or growth chamber to increase germination rates. Plants grown in liquid ½ MS medium 

were shaken at 120 rpm. 

2.2.1.2 Cell culture cultivation 

For the generation of new callus cultures, plants were grown in liquid ½ MS medium under long-day 

conditions. 3 weeks (ca. 1 month for A. alpina) after germination, the root tissue was finely chopped by 

scalpel and spread upon MS Kallus plates in flat clumps of ca. 1 cm in diameter. These callus cultures were 

grown in darkness with all other conditions kept constant and maintained by a monthly transfer to fresh 

MS Kallus plates. Suspension cell cultures were generated by homogenizing callus cultures of at least several 

months of age in AT medium, grown at 22 °C and 120 rpm shaking and maintained by weekly dilution with 

fresh AT medium. 

2.2.1.3 Bacteria cultivation 

Escherichia coli were grown on LB plates at 37 °C and Agrobacteria (Agrobacterium tumefaciens) on YEB 

plates at 28 °C, with appropriate selective antibiotics present. After 1 d (E. coli) resp. 2–3 days (Agrobacteria; 

3 days for GV3103) of growth, the bacterial cultures were stored at 4 °C and maintained by transfer to fresh 

LB and YEB plates every 3 to 4 weeks. Overnight cultures of E. coli and Agrobacteria were generated by 
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inoculating 2–4 ml of liquid LB resp. YEB medium (including antibiotics), then grown overnight at 37 °C 

resp. 28 °C. For long-term storage, glycerol stocks were generated from 750 µl of overnight culture mixed 

with 750 µl of 60% glycerol in LB resp. YEB medium. The stocks were immediately frozen in LN2 and stored 

at -80 °C. 

2.2.2 Molecular biology methods 

2.2.2.1 Agarose gel electrophoresis 

In cases where loading buffer was not already present in the sample, DNA was mixed appropriately with 

loading dye. Electrophoresis was then typically performed in a gel composed of 1% agarose and 0.5 µg/ml 

ethidium bromide in TAE buffer, at a voltage of 120–140 V. After sufficient separation was achieved, the 

bands were visualized with UV light using a Gel Doc XR+ system (Bio-Rad; Munich, Germany). Images 

were recorded and processed with Image Lab. 

2.2.2.2 Genotyping 

To verify the genotypes of individual plants, ca. 100 mg of freshly harvested leaf tissue was frozen in LN2. It 

was homogenized for 30 s in a Tissue Lyser (Qiagen; Hilden, Germany), then 300 µl of gDNA extraction 

buffer were added and the mixture was again homogenized for 30 s. The samples were centrifuged at 

14,000 rpm for 5 min, after which the supernatant was transferred into a fresh tube where it was mixed with 

300 µl isopropanol and subsequently incubated at RT for 5 min to precipitate the DNA. Afterwards, the 

sample was again centrifuged at 14,000 rpm for 5 min, with the supernatant being discarded. Finally, the 

gDNA pellet was dried and re-dissolved in 50 µl H2O. 

Two different kinds of genotyping were performed: First, for the set II mutant lines, the wild-type 

backgrounds were verified for two different chromosomes using simple sequence length polymorphism 

markers (SSLPs; Table 15). Second, the presence of T-DNA insertions was verified for all mutants via PCRs 

using the LB/LP/RP system, where left and right primer (LP and RP) flank the genomic insertion site, while 

the left border primer (LB) binds to the T-DNA sequence. This means that if the T-DNA insertion is present, 

the combination of LB and RP primers will yield a band; if the wild-type allele is present, the combination 

of LP and RP primers will yield a band – i.e. a heterozygous plant will yield bands in both cases. The presence 

of the transposon insertion in the eml1-2 line CS69823 was verified in the same way, apart from the use of a 

right border (RB) instead of an LB primer. The presence of the amiRNA construct in the eml-quad lines was 

verified using primers specific to the BASTA resistance gene bar as a marker for the construct. The primers 

used for genotyping are listed in Supplementary Table 3. 

Table 15: SSLPs used for determination of the background accession in this study. 

SSLP Chromosome Length in Col [bp] Length in Ler [bp] 
CIW5 4 164 144 
NGA139 5 174 132 



Materials and Methods 

22 
 

2.2.2.3 RNA isolation 

Ca. 100 mg of leaf tissue were frozen in LN2 and homogenized in cooled racks of a Tissue Lyser for 1 min, 

before 1 ml Trizol (Ambion; Carlsbad, CA, USA) was added to extract the RNA in a stabilized manner. The 

samples were homogenized again for 30 s, then centrifuged at 14,000 rpm and 4 °C for 10 min. The 

supernatant was transferred into a new reaction tube, where 200 µl of chloroform were added to solve 

organic components. The mixture was shaken vigorously and incubated at RT for 3 min, then centrifuged 

at 14,000 rpm and 4 °C for 15 min to separate the organic and the aqueous phases. The latter, which 

contained the RNA, was subsequently transferred into a new reaction tube where 500 µl isopropanol were 

added to precipitate the RNA. The mixture was shaken vigorously and incubated at RT for 10 min, then 

centrifuged at 14,000 rpm and 4 °C for 10 min. The resulting RNA pellet was washed with 1 ml 75% EtOH, 

followed by centrifugation at 8,500 rpm and 4 °C for 5 min. Finally, it was dried and re-dissolved in 35 µl 

H2O. The concentration of the isolated RNA was determined at a Nanodrop photometer (Peqlab; Erlangen, 

Germany). 

2.2.2.4 cDNA synthesis 

As a first step, 5–10 µg of RNA was digested with DNase I to remove any remaining DNA contamination 

(Table 16). After 15 min of incubation at 37 °C, DNase activity was terminated by the addition of 2.5 µl of 

25 mM EDTA-Na2. The RNA was then denatured by incubation at 65 °C for 10 min. 

Table 16: DNase digestion reaction. 

Component Volume 
First Strand Buffer 5 µl 
H2O 19 – x µl 
DNase I 1 µl 
RNA x µl 

 
Afterwards, 10 µl of the denatured RNA was used as template for reverse transcription by SuperScript II 

(Table 17). The reaction was incubated at RT for 8 min to allow for primer annealing before the reverse 

transcriptase was added. Then, the samples were incubated at 42 °C for 75 min until the enzyme was 

inactivated by incubation at 70 °C for 15 min. The quality of the resulting cDNA was verified by a PCR with 

primers for the housekeeping gene ACTIN 2 (Supplementary Table 4). 
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Table 17: Reverse transcription reaction. 

Component Volume 
First Strand Buffer 7.5 µl 
H2O 21 µl 
Oligo(dT)18 primer (100 µM) 2 µl 
dNTPs (10 µM each) 2.5 µl 
DTT (100 mM) 5 µl 
RiboLock RNase Inhibitor1 1 µl 
SuperScript II Reverse Transcriptase 1 µl 
RNA 10 µl 

1Thermo Scientific (Vilnius, Lithuania) 

 

2.2.2.5 Generation of chemically competent E. coli 

E. coli DH5α bacteria were grown first on an LB plate without antibiotics, then as an overnight culture in 

Psi medium. Next, 500 ml of Psi medium were inoculated with 1 ml of the overnight culture. This new 

culture was grown to an OD600 of 0.5–0.6, then cooled on ice for 15 min, as all subsequent steps were 

performed at 4 °C. The bacteria were then centrifuged at 2,500 rpm for 10 min, after which the resulting 

bacterial pellet was resuspended in 200 ml TfbI. The cells were rested on ice for 15 min, then pelleted as 

before, resuspended in 20 ml TfbII and rested again on ice for 15 min. Finally, the bacteria were divided into 

100 µl aliquots and stored at -80 °C for further use. 

2.2.2.6 Generation of chemically competent Agrobacteria 

SV0 Agrobacteria were grown first on a YEB plate with the appropriate antibiotics, then as two 10 ml 

overnight cultures in LB light medium. These bacteria were used to inoculate three 400 ml cultures that were 

grown overnight to an OD600 of 1.0. At this point, the cells were cooled on ice for 15 min, as all subsequent 

steps were performed at 4 °C. The bacteria were centrifuged at 4,000 rpm for 15 min, after which the 

resulting bacterial pellet was resuspended in 200 ml H2O. The cells were then centrifuged as before, 

resuspended in 100 ml H2O, centrifuged again and resuspended in 10 ml 10% glycerol. Subsequently, they 

were centrifuged yet again and resuspended in a volume of 10% glycerol equal to the one of the pellet (ca. 

8 ml). Finally, the bacteria were divided into 50 µl aliquots and stored at -80 °C for further use. 

2.2.2.7 Cloning 

All constructs cloned in this study were generated using the Gateway cloning system by Invitrogen (Katzen, 

2007). This technique encompasses the generation of entry clones and expression clones. Entry clones 

contain a sequence of interest and allow for its amplification and flexible transfer to various destination 

vectors, creating different types of expression clones. All entry clones produced in this study were generated 

via the BP reaction in pDONR donor vectors; all expression clones were generated via the LR reaction in 

pGWB destination vectors. Clones in other vectors were obtained from external sources. 
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At the beginning of the cloning process, cDNA was used as a template to generate a specific PCR product 

consisting of the desired sequence fused with the attB1 (5’ end) and attB2 (3’ end) sites, thus enabling the 

BP reaction. This reaction was performed with Phusion Polymerase to ensure the correct sequence; a list 

of primers used for this purpose can be found in Supplementary Table 5. 

The resulting PCR product was purified via agarose gel electrophoresis. The band of the correct size was 

then excised from the gel and the contained DNA extracted with the NucleoSpin Gel and PCR Clean-up Kit 

according to the manufacturer’s instructions. Afterwards, the BP reaction was performed and transformed 

into E. coli DH5α or TOP10 cells following the manufacturer’s instructions, apart from some modifications: 

The reaction was conducted overnight and scaled down to a total volume of 5 µl, of which the entirety was 

then used for the transformation. 

After distinct E. coli colonies had grown on selective LB plates, 4 ml overnight cultures were inoculated with 

bacteria from defined colonies. These cultures were grown overnight, after which the amplified entry 

plasmids were isolated from them using the Quantum Prep Plasmid Miniprep Kit, following the 

manufacturer’s instructions. Subsequently, the resulting concentration of the plasmid was determined at a 

Nanodrop photometer. All entry clones were sequenced via LightRun Sanger sequencing (Eurofins; 

Cologne, Germany); the obtained sequences were analyzed with ApE. 

Entry clones for which the correct sequence was verified could then serve as component of the LR reaction. 

This step, together with the subsequent transformation of the resulting expression vector into E. coli DH5α 

or TOP10 cells, was performed following the manufacturer’s instructions apart from the same modifications 

as for the BP reaction. The plasmid was amplified in E. coli, then isolated via minipreparation as before. The 

identity of the obtained plasmid was verified by PCR with construct-specific primers. Oligonucleotides used 

specifically for sequencing and sequence verification are listed in Supplementary Table 2. 

2.2.2.8 Electroporation transformation of Agrobacteria 

Agrobacterium aliquots were thawed on ice, after which 2 µl of expression plasmid were added to the cells, 

followed by gentle mixing. After incubation on ice for 2 min, then mixture was transferred into an 

electroporation cuvette and shocked in an electroporator 2510 (Eppendorf; Hamburg, Germany) at 2500 V. 

Immediately, 500 µl of YEB medium were added, then the cells were allowed to recover at 28 °C for 2 h 

before they were plated on selective YEB plates. After distinct Agrobacterium colonies had grown on these 

plates, the presence of the correct plasmid in defined colonies was verified via colony PCR, where the 

template consisted of a small amount of bacterial culture added directly into the PCR reaction. 

2.2.2.9 Transformation of cultured plant cells 

Cultured plant cells were transformed with constructs of interest using the previously generated 

Agrobacteria. Overnight cultures were centrifuged at 4,000 rpm and 4 °C for 20 min, after which the 
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resulting bacterial pellet was resuspended in AT medium, at a 10% volume of the previous culture. 

Cultivated plant cells were freshly diluted and transferred into six-well plates in 4 ml aliquots. Subsequently, 

they were transformed by the addition of 20 µl of Agrobacterium suspension per well and per construct of 

interest. All cells were transformed with the anti-silencing strain GV3101.19K to increase expression of 

transgenes and to serve as a negative control. 

2.2.2.10 Quantitative real-time PCR 

qPCR was employed to quantify the expression of target genes from cDNA samples. Specific qPCR primers 

(Supplementary Table 6) were designed with Primer3 to amplify 70–150 bp fragments unique to the target 

genes. The primer quality was verified by a preceding regular PCR and a melting curve analysis after the 

main qPCR reaction. These reactions (Tables 18–19) were performed with two technical replicates per 

sample in optical 96-well plates, using a QuantStudio 5 system (Applied Biosystems; Singapore). Threshold 

and Ct values were determined with QuantStudio Design & Analysis; relative transcript levels were 

calculated as ΔCt values (Schmittgen and Livak, 2008). Here, PP2A was used as internal reference gene with 

constant expression to normalize Ct values across conditions. 

Table 18: qPCR reaction. 

Component Volume 
2x SYBR Green Mix 10 µl 
H2O 7 µl 
Primer forward (10 µM) 0.5 µl 

Primer reverse (10 µM) 0.5 µl 
cDNA template (1:10) 2 µl 

 

Table 19: qPCR program. 

Step Temperature Duration Cycles 
Denaturation (initial) 95 °C 180 s 1 
Denaturation 95 °C 15 s 40 

Annealing/Elongation 60 °C 60 s1 
Dissociation (initial) 95 °C 15 s 1 (Melting curve) 
Annealing 60 °C 60 s 
Dissociation Gradient of 0.15 °C/s until 95 °C2 

1Fluorescence intensity was measured at the end of this stage 
2Fluorescence intensity was measured every second 

 

2.2.3 Biochemical and analytical methods 

2.2.3.1 Mass spectrometry 

A. alpina, C. hirsuta and C. rubella seeds were stratified and grown in liquid ½ MS medium under long-day 

conditions for 16 d (C. hirsuta, C. rubella) resp. 23 d (A. alpina). Shoot and root tissues were separated, then 

dried on paper and frozen in LN2 as samples of ca. 500 mg. 
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To extract intact GSLs, the samples were ground with mortar and pestle while being kept frozen with LN2. 

About 40 mg of each of the samples was transferred into new reaction tubes, where 1 ml of LC-MS GSL 

extraction solution 1 was added per 20 mg of sample weight. The mixture was homogenized by vortexing, 

heated at 80 °C for 15 min, then cooled on ice and centrifuged at 14,000 rpm and 4 °C for 10 min. The 

supernatant was transferred into a fresh reaction tube stored on ice, while the pellet was again extracted with 

LC-MS GSL extraction solution 2. Both extracts were unified and centrifuged as before, after which 2 ml of 

each sample was transferred into a new reaction tube. These samples were then used by the Biocenter MS 

platform (University of Cologne, Germany) for LC-MS analysis. 

The liquid chromatography served to generate additional information in form of retention time data and to 

reduce sample complexity via separation over a C18-CSH column. The samples then directly underwent 

electrospray ionization in negative mode and were measured in a quadrupole-quadrupole time-of-flight 

(Qq-TOF) mass analyzer setup, with the TOF analyzer recording the m/z (mass/charge) ratio to maximize 

accuracy. GSLs were identified from the entirety of detected compounds by their retention time, their mass 

and a sulfur-specific isotope pattern. Individual GSL identities were assigned via comparison to standards, 

or, where unavailable, to mass values of GSLs compiled by Sun et al. (2016), followed by an additional 

manual evaluation according to Blažević et al. (2020). 

2.2.3.2 MeJA treatment 

To simulate stress conditions, plants were induced with the phytohormone methyl jasmonate (MeJA). This 

principle was used for two different experimental approaches: First, plants were grown on MeJA-containing 

medium for a prolonged time. Second, plants were repeatedly exposed to MeJA for short times. The first 

approach focused on the induction of GSL production by MeJA, while the second one also considered the 

priming of the GSL response by repeated stimuli. 

For the prolonged stress approach, sterilized seeds were sown on ½ MS plates, stratified and then grown 

under short-day conditions to prevent early flowering. After 9–10 days, the seedlings were transferred to 

fresh ½ MS plates containing 50 µM MeJA. They were grown under these conditions for ca. 2 weeks before 

they were harvested and frozen in LN2. 

For the priming approach, two different experimental setups were used: In the first, Col-0, Col-0/Ler-0, 

eml1-2/eml2-1 and eml1-2/eml3-4 seeds were sown on ½ MS plates, stratified and grown as in the prolonged 

stress approach. 14 days after germination, the seedlings were transferred to liquid ½ MS medium, where 

they were placed into “vases” made from cut pipette tips to prevent submersion in the medium. Three such 

vases were placed into each well of a six-well plate. 

After one day of acclimation, the medium was exchanged with fresh one, either in the same composition as 

before or additionally containing 17 µM MeJA; this time point was termed “T0”. 24 h later, the medium was 
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again exchanged with standard ½ MS for all plants. This procedure was repeated after 7 d and 14 d, with 

these time points termed “T1” and “T2”. For T1 and T2, plants were harvested and frozen in LN2 24 h after 

the start of the MeJA induction. 

In the second experimental setup, a more precise time course of the priming process was measured. 

Col-0/Ler-0 and eml1-2/eml3-4 seeds were sown directly on 20 x 20 mm cutouts of polypropylene mesh (PP-

105/16; Franz Eckert; Waldkirch, Germany) floating on liquid ½ MS medium, in a density of ten seeds per 

cutout. They were treated as before, until 18 d after germination (T0), the medium was replaced, now using 

½ MS with and without 25 µM MeJA. Plant shoots were harvested and frozen in LN2 6 h, 12 h and 24 h after 

the start of the MeJA induction. Subsequently, the plants were washed with H2O and returned to pure ½ MS 

medium as before. This procedure was repeated once after 7 days (T1). 

2.2.3.3 GSL quantification  

GSL concentration was determined in samples from plants and cultured cells. In both cases, samples were 

first lyophilized overnight, then weighed out to normalize GSL concentration against the dry weight. 

Samples were homogenized in a Tissue Lyser for 2 min, before 1 ml of GSL extraction solution 1, which 

contains the internal standard benzyl glucosinolate (BGS), was added. Subsequently, the samples were 

centrifuged at 14,000 rpm for 10 min, after which the supernatant was transferred into a new reaction tube. 

The pellets were re-extracted with GSL extraction solution 2 and centrifuged as before, with both extracts 

then being unified. For cell culture samples, this extract was centrifuged and transferred to a new tube once 

more to remove any remaining cell debris. 

The extract was applied onto columns that contained 1 ml of DEAE-Sephadex (Sigma-Aldrich; Steinheim, 

Germany) equilibrated in acetate buffer, adsorbing the negatively charged GSLs. The columns were then 

washed with 2 ml H2O and 2 ml acetate buffer, after which 500 µl of sulfatase (2.8 mg/ml in actate buffer) 

was added and left to incubate overnight on the sealed columns. The sulfatase catalyzed the cleavage of the 

sulfate group from the GSLs, thus enabling the elution of the resulting desulfo-GSLs from the columns with 

1.5 ml H2O. The obtained eluate was dried overnight in a vacuum concentrator, after which the remaining 

pellet was re-dissolved in 300 µl H2O. The samples were then centrifuged at 14,000 rpm for 2 min for a final 

purification step, then transferred into coned HPLC vials. 

The desulfo-GSL concentration was measured via HPLC at an UltiMate3000 system (Dionex; Germering, 

Germany), using a Spherisorb C18-ODS2 column (4.6 x 250 mm, 5 µm particle size) (Waters; Milford, MA, 

USA) and a compound linear gradient of H2O (solvent A) and acetonitrile (solvent B) (Table 20) at a flow 

rate of 1 ml/min and a column oven temperature of 25 °C. Desulfo-GSLs were quantified by UV absorption 

at a wavelength of 229 nm. 
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Table 20: HPLC gradient for GSL quantification. 
The gradient proceeded linearly between the given time points. 

Time point Percentage of solvent B 
0 min 5% 
2 min 5% 
8.5 min 28% 
12 min 34% 
14 min 43% 
16 min 50% 
20 min 50% 
20.5 min 100% 
25 min 100% 
25.1 min 5% 
30 min 5% 

 

Peak detection and area integration were performed with Chromeleon 7. Peak identities were assigned and 

GSL type-specific response factors calculated according to previous measurements of commercial standards. 

The final normalized GSL concentration was calculated according to Equation 1. 

Equation 1: Calculation of GSL concentration. “GSL” refers to the GSL in question, “BGS” to the internal standard. 

𝑐𝐺𝑆𝐿 [
µ𝑚𝑜𝑙

𝑔
] =

𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝐺𝑆𝐿 ×  𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟𝐺𝑆𝐿 × 𝑎𝑚𝑜𝑢𝑛𝑡𝐵𝐺𝑆 [µ𝑚𝑜𝑙]

𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝐵𝐺𝑆 × 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟𝐵𝐺𝑆 × 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔]
 

2.2.3.4 Qualitative GUS transactivation assay 

The comparative ability of TFs to induce GSL production in cultured cells was qualitatively measured via 

GUS transactivation. Cultured cells were transfected with TFs of interest and the promoter-reporter 

construct pGWB3-proCYP79B3, which contains the reporter gene GUS under the control of the promoter 

of the indolic biosynthesis gene CYP79B3. The induction of this promoter by different TFs of interest could 

then be quantified by proxy of GUS transcription, which in turn was visualized by the turnover of the GUS 

substrate X-Gluc, resulting in a qualitative change of blue coloration. 20 µl of 10 mg/ml X-Gluc in DMF was 

added per ml of cell culture 3–7 days after transfection, depending on the density of the cultured cells. The 

samples were subsequently shaken and incubated at 37 °C for 2–12 h, depending on the intensity of the 

reaction. 

2.2.3.5 Fluorescence microscopy 

The subcellular localization of N- and C-terminal GFP fusion proteins was studied for MYB, bHLH and 

EML fusion proteins by fluorescence microscopy of cultured Arabidopsis Ler-0 cells that were transfected 

with the respective constructs. Additionally, the colocalization of C-terminal fusion proteins GFP-EML2 

and mCherry-bHLH05 was analyzed. 

In all cases, microscopy was performed 5–7 d after transfection. 150 µl samples of cell culture were used, 

with an optional DAPI staining to visualize DNA, in which samples were stained with 15 µl of 250 µg/ml 
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DAPI for 1 h before microscopy. Images without DAPI were taken with an Eclipse E800 microscope in 

combination with a super-high pressure mercury lamp (Nikon; Amstelveen, Netherlands), while images 

with DAPI were taken with a LSM 700 confocal microscope (Carl Zeiss; Oberkochen, Germany), using the 

excitation and emission wavelengths shown in Table 21. Leica Application Suite or ZEN were used for image 

processing and analysis, respectively. 

Table 21: Wavelengths used for fluorescence markers. 

Fluorescence marker Excitation Emission 
DAPI 405 nm 350–470 nm 
GFP 488 nm 488–510 nm 
mCherry 555 nm 555–584 nm 

 

2.2.4 In silico methods 

2.2.4.1 Statistical analyses 

Statistical significance was calculated using analysis of variance (ANOVA). In experiments with one 

independent variable, one-way ANOVA was used in combination with Tukey’s post-hoc test. In 

experiments with multiple independent variables, two-way ANOVA was used to additionally analyze the 

interaction between variable pairs. Quantitative data is always displayed together with the 95% confidence 

interval. All statistical calculations were performed in R with RStudio. 

2.2.4.2 Phylogenetic analyses 

Arabidopsis genomic and transcript data was obtained from TAIR (v10) (Huala et al., 2001). Orthologs of 

Arabidopsis genes in other Brassicaceae species were detected using the following resources: Phytozome 

v12.1 (Goodstein et al., 2011) for C. rubella (v1.0) (Slotte et al., 2013), provided ortholog data from arabis-

alpina.org for A. alpina (v5) (Willing et al., 2015) and the BLAST function from chi.mpipz.mpg.de for 

C. rubella (v1.0) (Gan et al., 2016). Phylogenetic trees were generated with the Maximum Likelihood 

Method from MUSCLE sequence alignments, using MEGA X. 

The presence of MYB76 orthologs in additional Brassicaceae species was verified using Phytozome for 

Boechera stricta, Capsella grandiflora and Eutrema salsugineum, the aforementioned ortholog data for 

Arabidopsis lyrata, Arabis montbretiana, Leavenworthia alabamica, Schrenkiella parvula and Sisymbrium 

irio, CamRegBase for Camelina sativa (Gomez-Cano et al., 2020) and existing publications for Aethionema 

arabicum (Hofberger et al., 2013), Brassica spp. (Seo and Kim, 2017) and Raphanus sativus (Mitsui et al., 

2015). 

2.2.4.3 Analysis of Plant Regulomics data 

The Plant Regulomics database (Ran et al., 2020) was used to gather transcriptomic data about genes of 

interest, as well as the binding of TFs and epigenetic factors. EML1–4 were queried as single genes, while 

genes of aliphatic and indolic GSL biosynthesis were queried as lists to detect specific enrichments. 
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3 Results 

3.1 Epigenetic regulation of GSL biosynthesis by EML histone readers 

3.1.1 EML1 transcripts are alternatively spliced 

The Arabidopsis genome contains four EML genes, all of which encode for histone reader proteins 

comprising one ENT, Agenet and coiled-coil domain each, from N- to C-terminus (Tsuchiya and Eulgem, 

2011). The Agenet domain conveys the histone reading activity (Maurer-Stroh et al., 2003; Zhao et al., 2018), 

while the ENT and coiled-coil domains might respectively contribute to EML function by enabling 

dimerization and protein-protein interaction. According to TAIR10, the genes EML1, EML2 and EML3 are 

annotated with three, two and three alternative splice variants, respectively (Huala et al., 2001). In regard to 

EML1, the variants EML1.1 and EML1.2 are identical apart from differences in the UTR lengths. EML1.3 

additionally retains intron 9, which leads to an overall longer ORF, thus qualifying it as the representative 

gene model. 

In addition to these three documented variants, two novel splice variants were isolated from Arabidopsis 

cDNA by cloning with primers specific for the 5′ and 3′ ends of the EML1.3 CDS. While their ends are 

naturally identical to EML1.3, they retain additional introns each – the variants retaining intron 2 and 6 

were termed EML1.4 and EML1.5, respectively (Figure 3). Because these introns have respective lengths of 

92 and 121 bp, their retention results in a frameshift and ultimately premature stop codons, thus drastically 

reducing ORF size. While none of the three domains described for EMLs are affected by the ORF differences 

in EML1.1–1.3, missense sequences begin in the ENT domain in EML1.4 and towards the end of the Agenet 

domain in EML1.5, thus likely rendering any resulting proteins non-functional. 

 
Figure 3: Newly identified EML1 splice variants EML1.4 and EML1.5.  
Schematic representation of the splice variants of EML1, including the newly identified EML1.4 and EML1.5. EML1.3 is the 
representative gene model with the longest ORF and retains intron 9 relative to EML1.1 and EML1.2. In contrast, EML1.4 and 
EML1.5 retain introns 2 and 6, respectively. In both cases, this leads to a frameshift and a premature stop codon. Thin gray lines 
indicate introns, while boxes indicate exons and red octagons signify stop codons. UTRs are shown in blue, the translated ORFs in 
dark red, and the former CDS after stop codons introduced by frameshift in orange. 
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3.1.2 Omics data implies a potential role of EMLs in epigenetic regulation of GSL biosynthesis 

While alternative splicing may present an additional mechanism to regulate EML function, it remains 

unclear if this function itself extends to the regulation of GSL biosynthesis. To supplement the circumstantial 

evidence presented earlier, publicly available omics data that was generated under stressed and unstressed 

conditions was retrieved from Plant Regulomics (Ran et al., 2020), then analyzed in regard to (i) the presence 

of histone marks at GSL biosynthesis genes and (ii) the expression of EMLs. 

For the first approach, datasets of binding factor enrichment were generated for lists of the genes responsible 

for aliphatic and indolic GSL biosynthesis (Supplementary Table 7), then filtered for H2AK121ub, 

H3K27me and H3K4me histone marks (others such as H3K36me were not part of the datasets). For the 

second approach, transcriptomic data was analyzed individually for all EML genes. 

H2AK121ub and H3K27me are both repressive histone marks, with H2AK121ub an LHP1-indpendent 

PRC1 product (Zhou et al., 2017) and H3K27me a PRC2 product (Alvarez-Venegas, 2010; Cheng et al., 

2019). In contrast, H3K4me acts as an activating signal (Liu et al., 2010; Cheng et al., 2019). H2AK121ub 

and H3K27me are enriched in both aliphatic and indolic GSL genes under unstressed wildtype conditions, 

while H3K4me marks are enriched under drought stress (Supplementary Tables 8–9). The H2AK121ub 

enrichment is slightly more pronounced for the indolic genes, while the H3K27me enrichment seems to be 

present almost exclusively in aliphatic genes. The H3K4me enrichment under drought stress is more 

prominent for the aliphatic than for the indolic genes – in the latter, also some unstressed samples appear 

to be enriched, although at a tendentially lower rate than the stressed ones. 

Transcriptomic data for the individual EML genes (Supplementary Figures 1–4) reveal a differential 

responsiveness to such osmotic stresses, with EML1 expression induced by drought and NaCl stress, and 

both EML1 and EML2 expression reduced in seeds imbibed in water for 24 h. On the contrary, EML3 and 

EML4 expression is strongly reduced under NaCl stress (plus mannitol treatment for EML4). In regard to 

other conditions that are known to influence GSL synthesis, there seems to be a certain correlation with 

EML transcription. EML1, EML2 and EML3 are upregulated under treatment with the bacterial peptide 

flg22; EML2 and EML3 are induced by inoculation with the powdery mildew Golovinomyces cichoracearum 

and Cabbage leaf curl virus, respectively. The only exception seems to be inoculation with the bacterium 

Pseudomonas syringae, which only induces expression of EML4, but reduces expression of EML1 and EML3. 

EML2 is upregulated under JA/gibberellic acid and ET treatments, while high concentrations of SA 

downregulate EML1 and EML3. The response to ABA appears to be highly variable in both positive and 

negative directions, however. Notably, EML expression is increased in bri1, bzr1/bri1 and jaz mutants, all of 

which encode proteins that participate in repression of GSL biosynthesis, the first two as components of BR 

signaling (Guo et al., 2013a). 
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Taken together, there appears to be at least a partial correlation between EML expression and the induction 

of GSL synthesis, although the individual properties of the EML genes vary considerably. The omics data 

suggests that this induction may be accompanied or even caused by an epigenetic shift in the histone marks 

of GSL biosynthesis genes, resulting in their repression in an unstressed state and their activation under 

stress conditions. This putative epigenetic regulation is underlined by the enrichment of LHP1 localization 

to the aliphatic GSL genes (Supplementary Table 8). 

3.1.3 EMLs colocalize with bHLH proteins 

If EMLs indeed take part in the regulation of GSL biosynthesis, they most likely have to interact with the 

central MYB-bHLH transcription factor complex that controls this process. To elucidate the connection 

between these three protein groups, localization and colocalization experiments were conducted. 

3.1.3.1 MYB51 is functional as an N-terminal, but not as a C-terminal GFP fusion protein 

As a basis for further experiments, the localization of GFP-fusion proteins was examined for C- and N-

terminally tagged MYB51 and bHLH05 in Arabidopsis cell cultures. While bHLH05 localized to subnuclear 

speckles for both C- and N-terminal GFP tags, MYB51 was localized evenly throughout the entire nucleus 

in both cases (Figure 4A). 

This prompted us to control the functionality of the MYB51 fusion proteins. To this end, MYB51 was 

overexpressed in Arabidopsis Ler-0 cell culture without any tag, with a C-terminal and with an N-terminal 

GFP fusion (i.e. in pGWB2, pGWB5 and pGWB6 vectors). Subsequently, the resulting overproduction of 

indolic GSLs was measured. Untagged and N-GFP-tagged MYB51 caused a strong induction of I3M 

accumulation, with concentrations in the range of 30 – 50 µmol/g DW, indicating that the N-terminal tag 

did not negatively affect MYB51 functionality – especially not in regard to the pivotal MYB domain, which 

resides proximally to the N-terminus. On the contrary, the I3M level in cells overexpressing C-GFP-tagged 

MYB51 was indistinguishable from the negative control (Figure 4B). This indicates that a C-terminal GFP 

fusion disturbs MYB function, possibly by interfering with the disordered transcriptional activation domain 

that is located at the C-terminus (Feller et al., 2011). Consequently, only N-GFP-tagged MYB51 proteins 

were used for further experiments. 
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Figure 4: MYB51 is functional with an N-terminal, but not a C-terminal GFP tag.  
(A) Localization of C- and N-terminally GFP-tagged MYB51 and bHLH05 proteins by fluorescence microscopy. bHLH05 localizes 
to subnuclear speckles, while MYB51 is localized evenly throughout the entire nucleus. Overexpression of the fusion proteins was 
performed using the pGWB5 (C-GFP) and pGWB6 (N-GFP) expression vectors. All images were taken five days after transfection, 
with the C-GFP images taken in Arabidopsis Ler-0 cell culture and the N-GFP images taken in Arabidopsis bhlh04/05/06 (bHLH05) 
or myb34/51/122 (MYB51) cell culture. The scale bars represent 10 µm. (B) Qualitative GSL profiles induced by overexpression of 
different MYB51 fusion proteins. The x-axis represents the retention time, the y-axis represents the absorbance and the major peak 
represents the main indolic GSL I3M. Untagged (in the pGWB2 vector) and N-GFP-fused (in pGWB6) MYB51 are able to induce 
I3M overproduction, while C-GFP-fused (in pGWB5) is indistinguishable from the negative control. GSL concentrations were 
determined in Arabidopsis Ler-0 cell culture, six days after transfection. 
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3.1.3.2 bHLH05 and EML2 colocalize in subnuclear structures 

Subsequently, the same comparison was conducted for N- and C-terminally GFP-tagged EML constructs in 

Arabidopsis Ler-0 cell culture, using N-GFP fusions of EML1.3 and EML1.5 and C-GFP fusions of EML1.3 

and EML2. The splice variant EML1.5 was included to determine whether its shortened sequence would 

affect the protein localization. 

The N-terminally tagged EMLs localized homogenously throughout the nucleus, whereas the C-terminally 

tagged EMLs localized to subnuclear speckles, similar to the ones displayed by bHLH05 (Figure 5A). 

Consequently, a colocalization assay was performed using C-GFP-EML2 and C-mCherry-bHLH05 in 

Arabidopsis Ler-0 cell culture. Here, both proteins were colocalized in the speckles, which, as indicated by 

DAPI staining, represented regions of high DNA density (Figure 5B). 

The logical next question that arises from the observed colocalization is if there is a direct protein-protein 

interaction between bHLHs and EMLs (and possibly MYBs and EMLs). A yeast two-hybrid assay between 

bHLH04/05/06 and EML1/2/3/4 has been performed by the Grotewold Lab (University of Michigan; 

unpublished data) and reveals a strong interaction between all combinations of the two protein groups. 

However, this finding remains to be complemented in the future in co-immunoprecipitation experiments. 

3.1.4 JA-mediated induction of GSL synthesis is compromised in eml1/eml3 double mutants 

The previous findings imply an epigenetic regulation of GSL biosynthesis with a potential role of EMLs 

under stress conditions and demonstrate a direct interaction between EMLs and the bHLH TFs of the GSL 

transcription complex. This leaves open the question of a direct influence of EMLs on GSL accumulation. 

As the shift in epigenetic regulation seems to be caused by stress conditions, we focused on the function of 

EMLs in the JA-mediated induction of GSL biosynthesis – in which indolic GSLs are typically induced 

more strongly than aliphatic ones (Mitreiter and Gigolashvili, 2020) – to address this topic. To determine 

if the JA-mediated GSL induction is impaired in eml mutant plants, two different sets of mutants were 

employed, termed set I (Table 7) and set II (Table 8): After an initial genotyping, GSL induction was 

quantified, accompanied by measurements of biosynthetic gene expression by qPCR. 

Set I encompasses the single mutants eml1-2, eml1-3, eml2-1, eml3-1, the double mutant eml1-2/eml2-1 

(eml1/eml2 for short) and the three quad lines (eml-quad1, eml-quad2 and eml-quad3) which consist of the 

eml1/eml2 double mutant expressing an amiRNA construct that silences EML3 and EML4. All of these lines 

exist in the Col-0 background (Tsuchiya and Eulgem, 2011). Set II encompasses the single mutants eml2-1 

(genotypically identical to set I), eml3-4, eml4-1 and the double mutant eml1-2/eml3-4 (eml1/eml3 for short) 

in varying Col and Ler backgrounds (Milutinovic et al., 2019). 

 



Results 

35 
 

 

 

Figure 5: EML2 and bHLH05 colocalize in the same subnuclear structures. 
(A) Localization of C- (in the pGWB5 expression vector) and N-terminally (in the pGWB6 expression vector) GFP-tagged EML 
proteins as well as N-terminally GFP-tagged MYB51 and bHLH05 proteins by fluorescence microscopy. C-GFP EML fusion 
proteins localize to more finely defined subnuclear structures than N-GFP fusion proteins. C-terminally tagged EMLs and bHLH05 
localize to similar subnuclear speckles. DAPI staining (blue) was used to visualize DNA. Images were taken 6 to 7 days after 
transformation in Arabidopsis Ler-0 cell culture. The scale bar represents 20 µm. (B) Colocalization of C-terminally GFP-tagged 
EML2 (green) and C-terminally mCherry-tagged bHLH05 (red) fusion proteins by fluorescence microscopy. Overexpression of the 
fusion proteins was performed using the pGWB5 (C-GFP) and pAUBERGINE (C-mCherry) expression vectors. DAPI staining 
(blue) was used to visualize DNA. Because the colocalization of EML2 and bHLH05 coincides with DAPI, the proteins presumably 
localize to subnuclear structures with high DNA density. The images were taken six days after transfection in Arabidopsis Ler-0 cell 
culture. The scale bar represents 10 µm. 

The T-DNA, transposon and amiRNA insertions as well as the respective wildtype backgrounds were 

verified for all mutants by genotyping. One notable finding was that eml1/eml3, which exists in a crossed 

Col-0/Ler-0 background, is homozygous for chromosomes 3 and 5 (which contain the eml mutations), but 

not for chromosome 4. Here, the line segregates into Col-0 and Ler-0 backgrounds, including the AOP3 

locus – a secondary GSL modification enzyme that is expressed in Ler-0, but not in Col-0 (Kliebenstein et 

A 

B 



Results 

36 
 

al., 2001). This difference results in a qualitatively changed profile of aliphatic GSLs between different 

eml1/eml3 individuals. However, the ectopic expression of AOP3 in Col-0 was shown to have no effect on 

the total amount of aliphatic GSL content (Jensen et al., 2015b) and thus did not prevent further 

experiments. The expression of the amiRNA construct was not verified in this study. 

As the first approach to study JA-mediated GSL induction in eml mutants, an experiment was conducted 

under prolonged stress conditions, where plants were grown on JA-containing medium and their GSL levels 

measured at a final harvest time point. To specifically examine the influence of eml mutations on the JA-

dependent GSL induction, the data was analyzed with two-way ANOVA, considering the interaction 

between the genotype (wildtype vs. mutant) and the JA treatment as the main statistical factor. The other 

factors, i.e. the isolated effects of JA treatment and genotype, were less informative: JA treatment almost 

always had a highly significant effect on GSL levels, while the genotype by itself showed no notable 

differences to the significance levels of the JA-genotype interaction (Supplementary Table 10). This 

probably results from the observed pattern that GSL concentrations in eml mutant lines are only lowered 

relative to the wildtype under JA-stressed, but not under unstressed conditions. Thus, only the significance 

of the JA-genotype interaction was considered in the following paragraphs. 

While set I and set II overlap in regard to the eml2-1 line, they consist of otherwise different lines. Even 

though partially, the same genes are mutated, the T-DNA insertions are located at different sites and thus 

have different effects on EML function. Additionally, the amiRNA-mediated knockdowns of EML3 and 

EML4 in set II quad lines represent a fundamentally different mechanism of interfering with gene function 

than the T-DNA-mediated knockdowns. As a result, different observations were made between the two 

mutant sets: While a reduction of JA-mediated GSL induction could be detected in some lines belonging to 

set II, no such effect was observed in the set I lines. 

In set I, JA-mediated GSL induction was not significantly impaired in any of the eml mutants – in fact, there 

was no notable decrease in either aliphatic or indolic GSL accumulation in any mutant (Figure 6). 

Interestingly, eml1-2 and eml2-1 exhibited slightly increased concentrations of indolic GSLs upon JA 

induction; eml1-2 also of aliphatic GSLs. These effects contrast with the eml1/eml2 double mutant as well as 

the three quad mutants, as all of these lines contain both of these mutations, but do not show any significant 

difference in comparison with the wildtype. This contradiction could theoretically be explained by epistatic 

effects between the mutant alleles or a potential metabolic feedback mechanism. 
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B 
 eml1-2 eml1-3 eml2-1 eml3-1 eml1/ 

eml2 
quad1 quad2 quad3 

Aliphatic ** 
(0.0011) 

- 
(0.38) 

- 
(0.42) 

- 
(0.52) 

- 
(0.75) 

- 
(0.43) 

. 
(0.076) 

- 
(0.99) 

Indolic ** 
(0.0056) 

- 
(0.15) 

* 
(0.011) 

- 
(0.15) 

- 
(0.22) 

- 
(0.41) 

- 
(0.12) 

- 
(0.15) 

Figure 6: Set I eml mutants are not impaired in JA-mediated GSL induction.  
(A) GSL quantification of set I eml mutants grown under JA presence. Error bars represent the 95% confidence interval. eml1/eml2 
is abbreviated to eml1/2. (B) Statistical significance of differences in GSL concentration between Col-0 wildtype and mutant plants, 
regarding the interaction between genotype (wildtype or mutant) and jasmonate presence. p-values were calculated using two-way 
ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, “***” < 0.001. 

With set II, four independent repetitions of the prolonged stress experiment were performed in total. 

However, the variation between data sets is too great to combine them for a statistical analysis. This might 

result from slight differences in cultivation conditions or technical reasons such as the quality of the HPLC 

columns used for analysis. One representative dataset is presented here, while the others can be found in 

Supplementary Figures 5–7. All repetitions displayed similar tendencies, however. 
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Among the set II eml mutants, the eml1/eml3 double mutant displayed significantly reduced induction of 

both aliphatic and indolic GSLs by JA treatment (Figure 7). Among the single mutants, an analogous trend 

of reduced JA-mediated GSL induction can be observed, especially for eml4-1 (eml4 for short). The effect is 

however only statistically significant for aliphatic GSLs in eml4 and eml2-1 (eml2 for short). Taken together, 

the prolonged stress experiments demonstrate an impaired GSL induction upon JA treatment in eml 

mutants, whereby this effect is highly dependent on the total reduction of EML expression levels. 

 

B 
 eml1/eml3 eml2 eml3 eml4 
Aliphatic * 

(0.026) 
** 
(0.0041) 

- 
(0.41) 

* 
(0.049) 

Indolic ** 
(0.0095) 

- 
(0.73) 

- 
(0.92) 

- 
(0.39) 

Figure 7: The set II eml1/eml3 double mutant is impaired in JA-mediated GSL induction. 
(A) GSL quantification of set II eml mutants grown under JA presence. Error bars represent the 95% confidence interval. eml1/eml3 
is abbreviated to eml1/3. (B) Statistical significance of differences in GSL concentration between mutant plants and their respective 
wildtypes, regarding the interaction between genotype (wildtype or mutant) and jasmonate presence. p-values were calculated using 
two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, “***” < 0.001. 
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If eml mutants produce less GSLs under JA-stressed conditions, GSL biosynthesis rate must be reduced, 

likely through a relative reduction in expression of GSL biosynthetic enzymes. To determine if the reduced 

metabolite levels observed in the second set of mutants correspond to transcript levels of GSL enzymes, a 

qPCR measurement was performed for three central genes: The core structure synthesis enzymes CYP79F2 

from the aliphatic and CYP79B3 and CYP83B1 from the indolic pathway. The samples used for this 

experiment were harvested simultaneously with those for the second prolonged stress experiment. Statistical 

significance was assessed in the same way as for the GSL concentrations, using ΔCt values as the main 

measure. 

Overall, the trends in CYP expression only partially corresponded with GSL concentrations (Figure 8). The 

eml2 and eml3 mutants mostly behaved significantly different from the wildtype, but this effect seemed to 

stem from a reduced CYP expression under unstressed, not under stressed conditions. Notably, these trends 

could not be confirmed in another repetition of this experiment. In contrast, eml1/eml3, the only mutant to 

exhibit a clear impairment in JA-mediated GSL induction, consistently displayed a reduced induction of 

CYP expression under JA conditions. This trend, however, is only significant for CYP79B3, which reflects 

the greater sensitivity of indolic GSLs to JA-mediated induction. Here and especially in the single mutants, 

a notable amount of uncoupling between CYP expression and GSL production occurs, pointing towards 

further regulatory mechanisms. 

3.1.5 The compromised JA-mediated GSL induction affects the priming response in 

eml1/eml3 mutants 

The priming of defense responses is an adaptive strategy in plants, where upon the experience of stress 

defense mechanisms are set to an enhanced prime state. This means that in anticipation of further stresses, 

the defense responses become stronger and/or faster (Kim and Felton, 2013; Conrath et al., 2015; Mauch-

Mani et al., 2017). The JA-mediated induction of GSLs is subject to priming, with some evidence for an 

epigenetic mechanism (Rasmann et al., 2012; Bakhtiari et al., 2018). The previous experiment demonstrated 

that this GSL induction is impaired in eml mutants – thus, I aimed to address the question how this effect 

relates to the priming response, i.e. if EMLs specifically play a priming-related role. To this end, two 

experiments were conducted in which plants were repeatedly exposed to JA for a short time of 24 h, after 

which the induced GSL levels were measured each time, with an additional time course in the second 

experiment. 
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B 
 eml1/eml3 eml2 eml3 eml4 
CYP79F2 - 

(0.30) 
* 
(0.011) 

. 
(0.055) 

- 
(0.56) 

CYP79B3 * 
(0.026) 

* 
(0.013) 

* 
(0.036) 

- 
(0.48) 

CYP83B1 . 
(0.052) 

** 
(0.0043) 

- 
(0.12) 

- 
(0.52) 

Figure 8: Impairment of JA-mediated GSL induction in set II eml mutants is mostly not reflected on the transcript level. 
(A) Expression of GSL biosynthesis genes in set II eml mutants grown under JA presence. Error bars represent the 95% confidence 
interval. eml1/eml3 is abbreviated to eml1/3.  (B) Statistical significance of differences in GSL concentration between mutant plants 
and their respective wildtypes, regarding the interaction between genotype (wildtype or mutant) and jasmonate presence. p-values 
were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, “***” < 0.001. 

3.1.5.1 Induction of indolic GSLs is reduced by priming 

In the first experiment, both eml1/eml2 and eml1/eml3 plants were compared to their respective wildtypes, 

Col-0 and Col-0/Ler-0. To interpret the data, three factors have to be taken into account in relation to the 

GSL content: the time point of measurement (TP; T1 or T2), the JA treatment (JA; with or without) and the 

genotype (GT; wildtype or mutant). Different questions can be answered by considering the interaction 

between different pairs of factors. Due to the differences between the mutants, it is useful to consider 

eml1/eml2 and eml1/eml3 separately, beginning with eml1/eml2 (Figure 9). 
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 TP-JA JA-GT 
Aliphatic - 

(0.91) 
. 
(0.067) 

Indolic ** 
(0.0083) 

- 
(0.71) 

Figure 9: The eml1/eml2 double mutant is not impaired in JA-mediated priming of GSL induction.  
(A) GSL quantification of the eml1/eml2 mutant grown under repeated short JA stimuli. T1, 7 days after the initial induction; T2, 
14 days. The induction of indolic GSLs is reduced at T2; Col-0 WT and eml1/eml2 mutant plants do not behave differently. Error 
bars represent the 95% confidence interval. eml1/eml2 is abbreviated to eml1/2. (B) Statistical significance of differences in GSL 
concentration, regarding the interaction between different factors: TP, time point (T1 or T2); JA, jasmonate presence; GT, genotype 
(wildtype or mutant). p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 
0.05, “**” < 0.01, “***” < 0.001. 

The first question to consider is if plants produce different amounts of GSLs in response to JA compared 

between T1 and T2, i.e. if a priming response occurs in response to JA at all. For this, the TP-JA interaction 

was analyzed. It was indeed significant for indolic GSLs, although the direction of the priming effect was 

unexpected, with an overall reduced JA-mediated induction at the later time point. The aliphatic GSL 

content seemed to be more volatile and did not exhibit a priming effect. 

The second question to consider is if any difference exists in how the genotypes (wildtype and mutant) 

reacted to JA. This was analyzed via the JA-GT interaction, which also represents a control for consistent 
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effects between the priming and prolonged stress experiments. As eml1/eml2 did not display any significant 

effect here, the mutations consistently had no influence on JA-mediated GSL induction, regardless of the 

experimental conditions. Thus, no further information can be drawn from experiments with this plant line. 

The eml1/eml3 mutants can then be analyzed in the same way as eml1/eml2 (Figure 10). First, is there a 

priming response that alters the JA-dependent GSL induction from T1 to T2? Again, the induction was 

reduced for indolic GSLs over time; the overall TP-JA interaction was only mildly significant, however. 

Second, is there a difference between the amount of GSLs produced in response to JA between the wildtype 

and mutant? The JA-GT interaction was statistically significant for indolic, but not aliphatic GSLs. This 

means that although the experimental conditions were different, eml1/eml3 plants exhibited the same 

tendency for impaired JA-mediated GSL induction as in the prolonged stress experiment. 

This significant difference between eml1/eml3 mutant and wildtype enables a more precise analysis than for 

eml1/eml2. Employing the TP-GT interaction, the observed effect of reduced JA-mediated GSL induction 

can be broken down specifically in regard to the genotype. For this, the samples with and without JA 

treatment were analyzed separately, so that the latter ones can act as a control. When considering these 

control samples, there was still a significant trend detectable for indolic GSLs, namely an increase over time, 

which could occur as a result of plant ageing. 

In the JA-treated samples, other effects were dominant in this regard. In eml1/eml3, indolic GSL levels 

remained constant from T1 to T2, whereas in Col-0/Ler-0, the JA-mediated induction was notably 

attenuated for both indolic and aliphatic GSLs. Unexpectedly, the amount of JA-induced aliphatic GSLs in 

eml1/eml3 significantly increaseed from T1 to T2. The underlying reason for this effect remains unclear, but 

might potentially be connected to epistatic effects between indolic and aliphatic GSL production. 
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B 
 TP-JA JA-GT TP-GT (for -JA) TP-GT (for +JA) 
Aliphatic - 

(0.23) 
- 
(0.46) 

- 
(0.57) 

*** 
(0.00019) 

Indolic . 
(0.075) 

*** 
(6.3e-06) 

* 
(0.036) 

* 
(0.025) 

Figure 10: The eml1/eml3 double mutant is impaired in JA-mediated priming of indolic GSL induction.  
(A) GSL quantification of the eml1/eml3 mutant grown under repeated short JA stimuli. T1, 7 days after the initial induction; T2, 
14 days. The induction of indolic GSLs is reduced at T2 in the Col-0/Ler-0 WT, while it remains low at both time points for the 
eml1/eml3 mutant. Error bars represent the 95% confidence interval. Col-0/Ler-0 and eml1/eml3 are abbreviated to Col/Ler and 
eml1/3, respectively. (B) Statistical significance of differences in GSL concentration, regarding the interaction between different 
factors: TP, time point (T1 or T2); JA, jasmonate presence (-JA, no jasmonate; +JA, 17 µM jasmonate); GT, genotype (wildtype or 
mutant). p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, 
“***” < 0.001. 

3.1.5.2 Induction of indolic GSLs is accelerated by priming 

The second priming experiment was designed with three key differences to the first one: First, only the 

genotypes eml1/eml3 and Col-0/Ler-0 were used. Second, instead of the later time point T2, the initial 

induction T0 was observed, as the effects on GSL induction might be greater here. Third, an additional time 

course was introduced for both of the T0 and T1 time points, with measurements performed 6, 12 and 24 h 

after induction, enabling an observation of the temporal dimension of the priming response in addition to 

the quantitative one (Figure 11). 

A 



Results 

44 
 

 

 

B 
 TP-JA TP-TAI (for -JA) TP-TAI (for +JA) JA-GT 
Aliphatic - 

(0.78) 
- 
(0.54) 

- 
(0.21) 

* 
(0.016) 

Indolic * 
(0.019) 

- 
(0.65) 

* 
(0.018) 

*** 
(0.00055) 

 

 TP-GT  
(for -JA) 

TP-GT  
(for +JA) 

TAI-GT 
(for T0, -JA) 

TAI-GT 
(for T0, +JA) 

TAI-GT 
(for T1, -JA) 

TAI-GT 
(for T1, +JA) 

Aliphatic - 
(0.11) 

- 
(0.91) 

- 
(0.12) 

- 
(0.97) 

- 
(0.60) 

- 
(0.50) 

Indolic * 
(0.013) 

- 
(0.18) 

* 
(0.010) 

* 
(0.024) 

- 
(0.62) 

- 
(0.90) 

A 
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Figure 11: JA-mediated priming accelerates indolic GSL induction.  
(A) GSL quantification of the eml1/eml3 mutant grown under repeated short JA stimuli. T0, initial induction; T1, 7 days after the 
initial induction. The induction of indolic GSLs is reduced at T1 in regard to the concentration, but accelerated in regard to the 
speed. The overall capacity for GSL induction is severely compromised in the eml1/eml3 mutant. Error bars represent the 95% 
confidence interval. Aliphatic and indolic GSL concentrations are mapped on different scales to better visualize the time course. 
Col-0/Ler-0 and eml1/eml3 are abbreviated to Col/Ler and eml1/3, respectively. (B) Statistical significance of differences in GSL 
concentration, regarding the interaction between different factors: TP, time point (T0 or T1); JA, jasmonate presence (-JA, no 
jasmonate; +JA, 25 µM jasmonate); GT, genotype (wildtype or mutant); TAI, time after induction. p-values were calculated using 
two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, “***” < 0.001. 

Again, the TP-JA interaction was used as a parameter for the presence of a priming effect between time 

points, i.e. does the JA-induced GSL concentration differ between T0 and T1? Despite the experimental 

differences, the results were very similar to the previous experiment: Strikingly, indolic GSLs were induced 

to a lesser degree at T1 than at T0. 

Due to the additional variable of time after induction (TAI), this quantitative analysis of the priming 

response can be complemented by a temporal one. For this, the shape of the time course in relation to the 

time point was analyzed via the TP-TAI interaction, separating the samples between JA control and 

treatment. Unsurprisingly, there was no significant effect in the untreated control. Among the JA-treated 

plants, no significant effect existed for aliphatic GSLs either, although GSL concentrations over time seemed 

to be more volatile at T1. In contrast, there was a striking difference between the time courses of indolic 

GSLs at T0 and T1, with the JA-mediated induction becoming much faster in T1, so that the maximal GSL 

levels were already reached after 6 h, regardless of the genotypes. 

With both a quantitative and a temporal priming effect present, it becomes interesting to examine the 

influence of the eml mutations on the priming response. Analysis of the JA-GT interaction reveals a 

significant difference in how eml1/eml3 mutants reacted to JA treatment compared to the Col-0/Ler-0 

wildtype, with a weaker effect for aliphatic and a stronger effect for indolic GSLs. This pattern is consistent 

with all previous observations. 

To determine how the genotype relates to the quantitatively different GSL levels between T0 and T1 (i.e. the 

overall concentrations regardless of the time course shape), the TP-GT interaction was analyzed. Again, JA-

treated and -untreated samples were considered separately. In the untreated control, indolic GSL levels again 

increased with the age of Col-0/Ler-0 plants, but this effect was absent in eml1/eml3. Aliphatic GSLs might 

exhibit an age-dependent increase for both genotypes, although this effect was obscured by diurnal variation 

and thus not statistically significant. In the JA-treated samples, aliphatic GSL concentrations showed a slight 

overall increase from T0 to T1, potentially either due to ageing or epistasis with indolic GSLs, although this 

interaction was not statistically significant. Due to the strongly differing time courses, there was no 

significant effect for the indolic GSLs either. However, the amount of GSLs after 24 h (i.e. the same time 

after induction as in the previous experiment) was clearly attenuated from T0 to T1. 
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To address the connection between eml mutations and the temporal aspect of the priming, i.e. the time 

course of GSL concentration, the data points were separated both according to JA treatment and to time 

point (T0 or T1), after which the TAI-GT interaction was analyzed. Here, no significant differences between 

genotypes were detected in regard to aliphatic GSLs. In regard to indolic GSLs however, statistically 

significant effects occured at T0: In the JA-untreated control, wildtype plants exhibit a notably increased 

GSL content after 6 h (which then vanished), while mutant plants did not. JA-treated plants displayed a 

much more notable difference in the time course of GSL induction: Here, indolic GSL levels continually 

increased from 6 to 24 h after induction in the wildtype, while they were not only drastically lower, but also 

already stagnated after 12 h in eml1/eml3. At T1, the time courses of GSL induction were highly similar 

between wildtype and mutant both in the presence and in the absence of JA. This may however be the result 

of the accelerated induction in JA-treated plants. If shorter time frames under 6 h had been measured, a 

difference between genotypes might have been present in a similar way as at T0. 

In summary, a clear priming of indolic GSL induction was detected in all experiments, both on a quantitative 

and a temporal level. While the induction was accelerated over time as expected, it is highly interesting that 

the amount of induced GSLs decreased, and not increased, with repeated stimuli. In contrast, aliphatic GSLs 

were only mildly affected by JA induction and thus were not subject to a comparable priming response to 

indolic GSLs. In eml1/eml3 plants, the JA-mediated induction of indolic GSLs was severely compromised, 

both under prolonged and repeated short-term stress conditions. As the quantitative induction decreased 

over the course of priming, so did the effect of the mutations, thus making it difficult to identify a priming-

specific effect of eml mutations on GSL concentrations. 

3.1.6 Overexpression of EML genes profoundly affects GSL production 

The analysis of eml mutants revealed a clear impairment of JA-mediated GSL induction. To further 

characterize EML function, I studied the effect of the overexpression (OX) of EML genes on GSL 

biosynthesis. To this end, EML constructs were overexpressed either alone or together with MYB51 and 

bHLH05, i.e. other components of the transcription complex. The potentially non-functional splice variant 

EML1.1 was also included to assess its functionality. These overexpressions were performed in Arabidopsis 

Ler-0 cell culture and followed by quantification of the resulting indolic GSL concentrations. Additionally, 

qualitative assessments of the transcriptional level, i.e. the expression of GSL biosynthesis genes, were made 

via GUS staining, using the promoter-reporter construct pGWB3-proCYP79B3. 

While overexpression of EMLs alone had no influence on GSL levels (data not shown), a combination with 

other TFs led to remarkable differences (Figure 12A). However, interpretation of the data is complicated by 

the putative existence of a bHLH-mediated feedback mechanism that decreases GSL production at high 

metabolite levels (Bahlmann, 2020). In accordance with this mechanism, the OX of MYB51 alone led to a 

significant increase in GSL levels, while the additional OX of bHLH05 lowered them again, to similar levels 
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as found in cells expressing no TFs. The combined expression of EML genes together with MYB51 did not 

significantly change GSL concentrations, although this picture changed when EMLs were co-expressed with 

both MYB51 and bHLH05. The combination of MYB51, bHLH05 and EML1.3 or EML2 raised the GSL 

concentration back to the level of the isolated MYB51 OX. However, when MYB51 and bHLH05 were 

combined with EML1.1, the GSL concentration remained unchanged relative to MYB51 and bHLH05. 

This implies that while EMLs cannot induce GSL biosynthesis on their own, the full-length EMLs can 

interact with bHLH05 in a manner that influences GSL synthesis – while the splice variant EML1.1 cannot 

exert the same function. The intensity of the GUS staining closely reflected GSL concentrations, with MYB51 

OX resulting in a uniquely strong coloration (Figure 12B). 

It is important to note that the induction of GSL production by the MYB-bHLH complex, especially in 

combination with the feedback mechanism, is a highly dynamic process that can drastically change over 

time. Therefore, future research should include overexpressing the constructs used in this experiment in the 

existing Arabidopsis bhlh04/05/06 cell culture, where the lack of native bHLH factors would mitigate the 

influence of the feedback mechanism, potentially enabling a clearer view of EML interaction with the MYB-

bHLH complex and its influence on GSL concentrations. 
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bHLH05  
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Significance b a a b b b b a 

 

Figure 12: EML overexpression overcomes the bHLH-mediated feedback effect in indolic GSL synthesis.  
(A) GSL quantification of Arabidopsis Ler-0 cell culture overexpressing MYB, bHLH and EML constructs, five days after 
transfection. Error bars represent the 95% confidence interval. (B) Statistical significance levels of differences in GSL concentration 
between the samples. p-values were calculated using one-way ANOVA and Tukey’s post-hoc test. (C) Qualitative GUS staining 
with the promoter-reporter construct proAtCYP79B3:GUS. 

  

A 

C 
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3.2 Exploring the regulatory basis of GSL variation 

There is a large variation in GSL profiles between Brassicales species (Bell, 2019; Blažević et al., 2020). To 

obtain an exemplary overview over differences in GSL accumulation and to examine how those might be 

influenced by variation in the MYB- and bHLH-mediated transcriptional regulation of GSL biosynthesis, 

Arabidopsis was compared with three other Brassicaceae species: Arabis alpina, Capsella rubella and 

Cardamine hirsuta. These species were selected on the basis of varying degrees of relatedness to Arabidopsis 

(Figure 13) and the availability of genomic resources. 

 

 

Figure 13: Phylogenetic relationship between the Brassicaceae species used in this study. 
Simplified representation of Brassicaceae phylogeny after Nikolov et al. (2019). The first taxonomic level represents the lineage, the 
second level the tribe and the third the species. Species that were used experimentally are marked in black and bold, while species 
used only for phylogenetic comparisons are marked in gray. The Camelineae tribe does not represent a monophyletic group and is 
split into clades I and II. 

3.2.1 Establishment of Brassicaceae cell cultures 

Cell cultures provide a flexible system to analyze a high amount of different transformations without 

dependence on the plant life cycle, i.e. there is no time-intensive selection process and the cells always exist 

in the same developmental stage, facilitating analysis. Thus, I aimed at establishing root cell-derived callus 

and suspensions cell cultures for A. alpina, C. rubella and C. hirsuta. 
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C. rubella was cultivated under the standard conditions previously described for Arabidopsis cell culture, 

including 3 mg/l 2,4-D and 1 mg/l kinetin for the callus culture and 1 mg/ml 2,4-D for the suspension culture 

(Table 4). Here, the synthetic auxin 2,4-D supports cell dedifferentiation, while the cytokinin kinetin 

supports cell growth (Li et al., 2012). Calluses had already grown robust and homogenous enough for 

transfer into suspension culture after three generations. The suspension culture appeared as a mixture of 

free cells suspended in the medium and lumps of sizes up to 2–3 mm. 

In contrast, tissue cultures of A. alpina grew significantly more slowly and formed hardened calluses that 

exhibited oxidative browning (Jones and Saxena, 2013). The hardening was overcome by growing the first 

callus generations on modified MS Kallus medium with only 70% of the regular agar content, while growth 

could be improved by the addition of 2.5 g/l casein hydrolysate (Duchefa; Haarlem, Netherlands). The 

browning was managed by removing affected parts of the callus during each transfer. To accelerate the 

growth of the suspension culture, an increased 2,4-D concentration of 2 mg/ml was possible, but not 

required. 

C. hirsuta calluses redifferentiated into root tissue under standard conditions of 3 mg/l (13.5 µM) 2,4-D. To 

prevent this development, 2,4-D concentration was increased, in accordance with a report by Maeda et al. 

(2008), which describes increased callus formation in Cardamine yezoensis for higher 2,4-D concentrations. 

Consequently, conditions of 3.5 mg/l (16 µM), 4.4 mg/l (20 µM) and 6 mg/l (27 µM) 2,4-D were tested. Here, 

redifferentiation was inhibited, but simultaneously, growth ceased so that further propagation of the calluses 

was impossible. Neither the substitution of 2,4-D by 5 mg/l (27 µM) NAA, another synthetic auxin, nor the 

addition of casein hydrolysate was able to prevent redifferentiation or to induce growth of undifferentiated 

calluses, respectively. Therefore, the establishment of a C. hirsuta cell culture was not possible. 

3.2.2 Mass spectrometry reveals GSL diversity of Brassicaceae species 

While the GSL profiles for different Arabidopsis tissues are already well-described (Brown et al., 2003), this 

is only partially the case for the three other Brassicaceae species used in this study. Therefore, root and shoot 

tissue samples were analyzed for GSL content by LC-MS to establish a knowledge basis for further 

experiments (Table 22). Quantifying the different GSL profiles is the prerequisite for the identification of 

notable differences, which then in turn can be attributed to changes either in the biosynthetic or in the 

regulatory machinery.
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Table 22: GSL profiles of Brassicaceae root and shoot tissue. 
Overview of the GSLs detected in LC-MS analysis of root and shoot tissue from A. alpina (Aa), C. hirsuta (Ch) and C. rubella (Cr). GSLs are sorted by type and mass/charge (m/z) ratio. 
Individual compounds are identified by a combination of m/z and retention time (RT) values. Possible identities for these molecules are provided with full name, number according to 
Blažević et al. (2020), type of GSL and the amino acid of origin. Concentrations are provided as an area ratio relative to the internal standard, which had a concentration of 0.5 µmol/g 
FW. GSLs in bold were verified by comparison to standards. A, aliphatic; BOA, benzoyloxyalkyl; HOA, hydroxyalkyl; MSAA, methylsulfanylalkyl; MSIA, methylsulfinylalkyl; MSOA, 
methylsulfonylalkyl; B, benzenic; I, indolic; n.d., not detected. Standard deviations for the concentration values are provided in Supplementary Table 11. 

m/z ratio RT 
(min) 

Possible Identities Number Type Derived 
from 

Relative concentrations 

Aa root Aa shoot Ch root Ch shoot Cr root Cr shoot 

360.0429 6 1-Methylethyl 56 A-Alkyl Val 4,33E-02 8,40E-01 traces traces traces 1,15E-05 

374.0585 a 6,8 1-Methylpropyl; 
2-Methylpropyl; n-Butyl1 

61, 62, 131 A-Alkyl Ile, Leu, ? 2,38E-01 1,15E+00 3,10E-04 traces traces 3,18E-05 

374.0585 b 7 1-Methylpropyl; 
2-Methylpropyl; n-Butyl1 

61, 62, 131 A-Alkyl Ile, Leu, ? 2,05E-02 7,60E-01 traces traces traces 1,57E-05 

402.0898 9,05 n-Hexyl1; 3-Methypentyl1; 
4-Methylpentyl1 

201, 581, 591 A-Alkyl ?, Ile, Leu 4,30E-03 3,74E-02 3,38E-03 1,69E-01 traces n.d. 

416.1050 10 n-Heptyl –3 A-Alkyl ? traces 1,26E-02 2,17E-03 6,82E-02 2,19E-03 n.d. 

372.0429 6,4 But-3-enyl 12 A-Alkenyl Met 3,36E-03 3,67E-01 1,28E-02 5,83E-01 traces 6,04E-04 

386.0585 7,4 Pent-4-enyl; 
3-Methylbut-3-enyl 

101, 521 A-Alkenyl Met, Leu traces traces 1,91E-03 9,80E-02 n.d. n.d. 

494.0796 9,7 4-(Benzoyloxy)butyl; 
1-(Benzoyloxymethyl)propyl1 

5, 71 A-BOA Met, Ile n.d. n.d. traces traces n.d. n.d. 

390.0534 a 5,19 1-(Hydroxymethyl)propyl; 
2-Hydroxy-2-methylpropyl; 
3-Hydroxybutyl1; 
4-Hydroxybutyl1 

30, 31, 251, 261 A-HOA Ile, Leu, 
Met, Met 

n.d. n.d. n.d. traces n.d. n.d. 

390.0534 b 5,4 1-(Hydroxymethyl)propyl; 
2-Hydroxy-2-methylpropyl; 
3-Hydroxybutyl1; 
4-Hydroxybutyl1 

30, 31, 251, 261 A-HOA Ile, Leu, 
Met, Met 

3,19E-01 2,96E-02 n.d. n.d. n.d. n.d. 

406.0306 6,79 3-(Methylsulfanyl)propyl2 95 A-MSAA Met traces traces traces traces traces 1,51E-04 

420.0457 7,45 4-(Methylsulfanyl)butyl 84 A-MSAA Met 1,43E-03 3,44E-03 traces traces traces 1,02E-05 

434.0619 8,33 5-(Methylsulfanyl)pentyl 94 A-MSAA Met traces traces traces traces n.d. n.d. 

448.0775 9,2 6-(Methylsulfanyl)hexyl 88 A-MSAA Met traces traces n.d. traces n.d. n.d. 

462.0932 10,05 7-(Methylsulfanyl)heptyl 87 A-MSAA Met traces traces n.d. n.d. traces n.d. 

476.1088 10,82 8-(Methylsulfanyl)octyl 92 A-MSAA Met 1,18E-02 9,02E-03 n.d. n.d. 9,32E-03 n.d. 

490.1245 11,6 9-(Methylsulfanyl)nonyl1 891 A-MSAA Met 1,24E+00 5,03E-01 traces n.d. 4,05E-01 6,69E-04 

504.1401 12,5 10-(Methylsulfanyl)decyl1 851 A-MSAA Met 2,45E-01 4,26E-02 traces n.d. 4,13E-02 1,41E-04 

422.0255 4,68 3-(Methylsulfinyl)propyl 73 A-MSIA Met traces traces traces traces 1,33E-04 1,35E-04 

436.0411 5,11 4-(Methylsulfinyl)butyl 64 A-MSIA Met traces traces 4,18E-04 2,64E-03 2,33E-04 6,52E-05 
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450.0568 5,65 5-(Methylsulfinyl)pentyl 72 A-MSIA Met traces traces 5,56E-04 traces traces n.d. 

464.0724 6,26 6-(Methylsulfinyl)hexyl4 67 A-MSIA Met traces traces traces traces n.d. n.d. 

478.0881 6,92 7-(Methylsulfinyl)heptyl 66 A-MSIA Met traces traces traces n.d. traces n.d. 

492.1037 7,7 8-(Methylsulfinyl)octyl 69 A-MSIA Met 4,04E-03 1,37E-02 traces traces 6,44E-03 1,45E-04 

506.1194 a 7,95 9-(Methylsulfinyl)nonyl5 685 A-MSIA Met n.d. n.d. 2,63E-03 traces n.d. n.d. 

506.1194 b 8,45 9-(Methylsulfinyl)nonyl5 685 A-MSIA Met 2,15E-01 6,57E-01 n.d. n.d. 5,16E-01 6,69E-03 

520.1350 9,18 10-(Methylsulfinyl)decyl 65 A-MSIA Met 3,23E-01 5,29E-01 traces n.d. 7,60E-01 7,46E-03 

522.1143 a 8,22 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met traces traces n.d. n.d. 1,05E-03 n.d. 

522.1143 b 8,55 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met traces traces traces traces 2,26E-03 1,61E-05 

522.1143 c 9 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met traces 1,69E-02 n.d. n.d. traces 4,54E-05 

408.0429 7,4 Benzyl 11 B Phe traces traces 1,67E-01 1,42E+00 traces 1,52E-04 

422.0585 8,3 2-Phenylethyl 105 B Phe 1,14E-02 1,75E-02 2,11E-02 7,04E-01 traces 9,94E-06 

447.0538 7,87 Indol-3-ylmethyl 43 I Trp 2,95E-03 3,00E-03 1,00E-01 1,25E-01 traces n.d. 

463.0487 7 4-Hydroxyindol-3-ylmethyl 28 I Trp 1,86E-02 1,44E-02 1,39E-03 traces traces n.d. 

477.0643 a 8,5 4-Methoxyindol-3-ylmethyl 48 I Trp 8,73E-03 9,65E-02 1,49E-01 4,36E-01 traces n.d. 

477.0643 b 9,05 1-Methoxyindol-3-ylmethyl 47 I Trp n.d. n.d. 1,46E-02 traces n.d. n.d. 
 

 Aliphatic (Alkyl) 3,06E-01 2,80E+00 5,86E-03 2,37E-01 2,19E-03 5,90E-05 

 Aliphatic (Met-derived)6 2,36E+00 2,17E+00 1,83E-02 6,84E-01 1,74E+00 1,61E-02 

 Benzenic 1,14E-02 1,75E-02 1,88E-01 2,12E+00 traces 1,62E-04 

 Indolic 3,03E-02 1,14E-01 2,65E-01 5,61E-01 traces n.d. 

 Total 2,71E+00 5,10E+00 4,77E-01 3,61E+00 1,74E+00 1,64E-02 
 

1This GSL structure was marked as “partially characterized” in Blažević et al. (2020), lacking characterization by either MS or NMR spectroscopy. 
2Instead of 3-(Methylsulfanyl)propyl-GSL, this mass could also represent 4-Mercaptobutyl-GSL (133). This is unlikely however as other methylsulfanylalkyl-GSLs occur in sequence, with 
similar distribution patterns among the samples. 
3No isomer for this mass was described in Blažević et al. (2020). Clarke (2010) suggests n-Heptyl-GSL for this mass. 
4Instead of 6-(Methylsulfinylhexyl)-GSL, this mass could also represent 3-Hydroxy-6-(methylsulfanyl)hexyl-GSL1 (36). This is unlikely however as other methylsulfinylalkyl-GSLs occur 
in sequence, with similar distribution patterns among the samples. 
5Although there is only one GSL described for this mass in literature, multiple isomers were detected. They might represent unknown structures or iso-GSLs. 
6This calculation encompasses all non-alkyl aliphatic GSLs, i.e. all potentially Met-derived structures.
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In all analyzed samples, a rather broad range of GSL structures could be identified, with 32 different 

GSLs detected in A. alpina root and shoot tissue each, 28 and 26 in C. hirsuta roots and shoots, 

respectively, and 27 and 17 in C. rubella roots and shoots, respectively. As it is the case for Arabidopsis, 

Met-derived GSLs always contributed the most to total structural diversity. Many of the detected Met-

GSLs are products of secondary modification reactions, namely oxidation, alkenylation, benzoylation 

and hydroxylation – with greatly differing concentrations of these compound classes between species. 

Except for the oxidation from methylsulfinyl to methylsulfonyl GSLs, the responsible enzymes for these 

reactions have been well characterized (Augustine and Bisht, 2016). Previous studies about this topic 

suggest that variation in function or expression of the responsible enzymes is mainly responsible for 

these interspecies differences (Kliebenstein et al., 2001; Liu et al., 2014; Czerniawski et al., 2021). Thus, 

these variations in GSL profiles do not lend themselves well for further study on the influence of 

regulatory factors. 

Another notable observation is that not all detected masses that were identified as GSLs correspond to a 

well-described GSL structure. One, presumably representing n-heptyl GSL, occurs in relevant amounts 

in all three species, although this molecule has not been conclusively documented in vivo so far. 

Furthermore, isomers of 9-(methylsulfinyl)nonyl and 9-(methylsulfonyl)nonyl GSL were detected, even 

though none have been described in literature yet. Therefore, these structures could either represent 

novel GSLs or examples for the proposed iso-GSLs, molecules with structural modifications in the GSL 

backbone (Blažević et al., 2020). 

The most striking difference in the entire analysis lies in the total GSL content, which is relatively 

consistent for most samples, but is moderately reduced in C. hirsuta roots and extremely lowered in 

C. rubella shoots – more than a hundred times lower than the root concentration and several hundred 

times lower than the shoot concentrations of other species. Furthermore, the GSLs in C. rubella shoots 

are almost exclusively Met-derived. Because alkyl and benzenic GSLs are also uncommon in the model 

species Arabidopsis, their precise biosynthesis pathway and regulation remain unclear to date (Mitreiter 

and Gigolashvili, 2020), so that a study of their respective contribution to this peculiar absence would 

have to remain mostly speculative. This leaves the almost complete lack of indolic GSLs in C. rubella, 

which is highly unusual and has been suggested to precede a complete loss of this metabolite family in 

the evolutionary lineage of this species (Czerniawski et al., 2021). As the specific regulation of indolic 

GSLs by MYBs and bHLHs is well described, C. rubella provides an excellent environment to study their 

significance in giving rise to interspecies GSL diversity. 

3.2.3 Regulatory MYB and bHLH genes are largely conserved across Brassicaceae 

The detailed GSL profiles presented in the previous section show numerous differences between species, 

some of which are likely the result of variation in GSL biosynthesis genes, while others could potentially 

stem from variations in the MYB-bHLH regulatory machinery. The question if this is actually the case 

can be addressed by analyzing the conservation of these regulatory factors, both sequence-wise and in 
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vitro, the latter of which was addressed by OX in Arabidopsis Ler-0 cell culture. On this basis, it can then 

be assessed if differences in GSL accumulation may indeed be explained by regulatory variation. 

3.2.3.1 MYB sequences are slightly less conserved than bHLH sequences 

Genomic data reveals that subgroup 12 MYB and subgroup IIIe bHLH genes are almost completely 

conserved among the studied Brassicaceae. A. alpina harbors two exceptions, as it lacks copies of 

MYB122 and MYB76. The absence of MYB122 represents a secondary loss, since this gene is already 

present in Aethionema arabicum of the Aethionemeae tribe, the basal sister group to the core 

Brassicaceae (Hofberger et al., 2013; Figure 13). 

In contrast, MYB76 is a product of a later tandem duplication that is ancestral only to the so-called 

lineage I of the Brassicaceae (Beilstein et al., 2006; Nikolov et al., 2019): MYB76 neither occurs in the 

basal A. arabicum, the lineage IV members Arabis montbretiana and A. alpina, nor the lineage II 

members Brassica spp., Eutrema salsugineum, Raphanus sativus, Schrenkiella parvula and Sisymbrium 

irio. While the lineage I species Arabidopsis lyrata, A. thaliana, Boechera stricta, C. hirsuta, Camelina 

sativa and Leavenworthia alabamica all possess copies of MYB76, the gene is absent in the Capsella 

species C. grandiflora and C. rubella (Goodstein et al., 2011; Hofberger et al., 2013; Mitsui et al., 2015; 

Willing et al., 2015; Seo and Kim, 2017; Gomez-Cano et al., 2020; Figure 13). 

This deletion seems to represent one of multiple deregulations in GSL synthesis in the Camelineae clade 

II ancestry (Czerniawski et al., 2021). As both MBY76 and MYB122 only play comparatively minor roles 

in their respective branches of GSL synthesis in Arabidopsis (Mitreiter and Gigolashvili, 2020), it is 

unlikely that their absence significantly alters GSL profiles in A. alpina and C. rubella. 

The respective sequence similarity of all MYB and bHLH genes was then analyzed by generation of a 

MUSCLE alignment and a corresponding phylogenetic tree (Figure 14). Both gene groups exhibit a high 

degree of conservation, but there exist some notable differences: While the relatedness of the bHLHs 

tidily reflects the established phylogeny of the involved species, this is not entirely the case for the MYBs. 

All ortholog genes cluster together, but the apparent relatedness of the particular MYB genes themselves 

does not always mirror the Brassicaceae phylogeny. For instance, CrMYB29 clusters with ChMYB29 

rather than with AtMYB29, whereas AtMYB122 clusters with ChMYB122 instead of CrMYB122. The 

most prominent example is CrMYB34, which is notably dissimilar from the three other orthologs. 
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Figure 14: Evolutionary analysis of Brassicaceae MYB and bHLH genes. 
The evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei model (Tamura and Nei, 
1993). The trees with the highest log likelihoods are shown. Initial tree(s) for the heuristic search were obtained automatically 
by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Tamura-Nei model, and 
then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. (A) shows the relatedness of 21 MYB sequences with a total of 1396 positions in the final 
dataset, (B) shows the relatedness of 16 bHLH sequences with a total of 2219 positions in the final dataset. 

 

A 
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3.2.3.2 MYB factors exhibit a high degree of functional conservation 

Taken together, both subgroup 12 MYB and subgroup IIIe bHLH genes appear to be rather conserved 

in Brassicaceae, whereby some CrMYB genes may provide an exception as they do not fit into the 

phylogenetic tree as it would be expected. This, combined with the fact that MYBs provide specificity 

for the target genes in the MYB-bHLH complex, makes it especially interesting to experimentally test 

the influences of individual MYB TFs on GSL accumulation. To this end, I overexpressed various MYBs 

in cultured Arabidopsis Ler-0 cells (Figure 15). Using orthologous genes from different species enables 

the possibility to obtain information about (i) the functional similarity of different MYBs from one 

species and (ii) the functional similarity, i.e. conservation of orthologous MYBs, across different species. 

Remarkably, aliphatic MYBs displayed a clear pattern of conservation where the MYB28, MYB29 and 

MYB76 orthologs each produced distinct GSL profiles that are highly similar among each other – in fact, 

the orthologous MYBs from different species behaved much more similarly to each other than to other 

MYBs from the same species. Most strikingly, OXs of MYB28 induced a modest amount (less than 

5 µmol/g DW) of the indolic GSL I3M, while this was not the case for the other aliphatic MYBs. 

Moreover, MYB28 OXs led to a relatively high production of long-chain Met-GSLs (7–8C), while this 

effect was less pronounced for MYB29 OXs and completely absent for MYB76 OX. In contrast, OXs of 

indolic MYBs increased the production of main indolic GSL I3M, but did not significantly affect the 

accumulation of modified indolic or aliphatic GSLs. The profiles of MYB34 and MYB51 orthologs did 

not differ significantly from each other. 
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Figure 15: Orthologous MYB factors produce similar GSL profiles. 
GSL quantification of Arabidopsis Ler-0 cell culture overexpressing MYB genes from different Brassicaceae species, seven days 
after transfection. Error bars represent the 95% confidence interval. GSL abbreviations: 3MSOP, 3-(methylsulfinyl)propyl: 
4MSOB, 4-(methylsulfinyl)butyl: 5MSOP, 5-(methylsulfinyl)pentyl: 6MSOH, 6-(methylsulfinyl)hexyl: 7MSOH, 
7-(methylsulfinyl)heptyl: 8MSOO, 8-(methylsulfinyl)octyl: I3M, indol-3-ylmethyl: 1MO-I3M, 1-methoxyindol-3-ylmethyl: 
4MO-I3M, 4-methoxyindol-3-ylmethyl. 

3.2.4 C. rubella bHLHs have numerous non-functional splicing variants 

C. rubella produces extraordinarily low amounts of indolic GSLs, but in principle retains the synthetic 

capability to produce I3M, 4OH-I3M and 4MO-I3M. The previous experiment demonstrated that 

CrMYB51 is also functionally intact and does not differ from its Brassicaceae orthologs in regard to the 

GSL profile that it induces. These findings imply that both the core biosynthetic enzymes for indolic 

GSLs and their regulatory machinery are in principle operative, but the throughput of the pathway is 

drastically reduced. One hypothesis to explain this phenomenon is an overall downregulation of the 

pathway by changes in the MYB–bHLH regulatory machinery that decrease MYB and bHLH influence, 

but do not fully abolish their functionality. 

One mechanism that could have such an impact is the presence of numerous shortened alternative splice 

variants of CrbHLHs, an observation made during the cloning of C. rubella genes and not yet reported 

for the other species used in this study. I investigated the functionality of these splice variants in the 
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induction of GSL biosynthesis via qualitative GUS staining and GSL quantification, with the goal of 

assessing if alternative splicing could potentially act as a regulatory mechanism that decreases indolic 

GSL production in C. rubella. 

Multiple splice variants were isolated for all of the examined genes, CrbHLH04, CrbHLH05, and 

CrbHLH06. However, the full-length sequences could only be cloned for CrbHLH04 and CrbHLH06, 

not for CrbHLH05. When comparing the missing parts of the spliced transcripts with available 

annotation about the domains of Arabidopsis and C. rubella bHLHs, it is notable that in most splice 

variants, at least one of the bHLH, TAD, JID and/or ACT domains is truncated (Table 23). 

Table 23: CrbHLH genes are subject to alternative splicing. 
List of isolated splice variants of CrbHLH genes with the missing base pairs relative to the full-length CDS. The location of the 
bHLH domains was taken from the UniProt entries, while the location of the TAD and JID domains was estimated from the 
UniProt entries of the Arabidopsis homologs. The location of the ACT domains was estimated from the report for AtbHLH06 
by Feller et al. (2006). Variants that were used for further experiments are marked with an asterisk. 

Gene Isolated splice variants Truncated domains 
Name CDS length Missing base pairs Abbreviation 

CrbHLH04 1845 bp full length CrbHLH04 full* none 
47 – 1575 CrbHLH04 sh A* JID, TAD, bHLH, ACT? 
193 – 1619 CrbHLH04 sh B JID, TAD, bHLH, ACT? 

CrbHLH05 1809 bp 67 – 1108 CrbHLH05 sh A* JID, TAD 
425 – 1539 CrbHLH05 sh B* TAD, bHLH, ACT? 
470 – 1033 CrbHLH05 sh C TAD 
485 – 1557 CrbHLH05 sh D TAD, bHLH, ACT? 

604 – 1275 CrbHLH05 sh E none 

CrbHLH06 1875 bp full length CrbHLH06 full* none 
46 – 1260 CrbHLH06 sh A* JID, TAD 
153 – 1275 CrbHLH06 sh B JID, TAD 

 

To determine the in vitro functionality of these shortened splice variants, several representative variants 

were selected and overexpressed in Arabidopsis bhlh04/05/06 cell culture to prevent interference from 

native bHLHs. These OXs were conducted alone and in combination with CrMYB51, using AtMYB51 

and AtbHLH05 as controls. Qualitative GUS staining with the promoter-reporter construct 

proAtCYP79B3:GUS was employed to evaluate the ability of the MYB-bHLH complex to activate gene 

transcription. Additionally, GSL quantification was employed to determine the resulting effect on the 

metabolite level. 

GUS staining revealed a qualitative difference between the functional capabilities of the shortened and 

the full-length splice variants (Figure 16). Combined OXs of MYB and full-length bHLH constructs led 

to a stronger GUS expression than isolated MYB or bHLH OXs, while the combination of MYB and 

shortened bHLHs did not induce GUS expression beyond the level displayed by MYB OX alone. 

Interestingly, the effect of CrMYB51 on GUS expression seemed to be consistently stronger than for 

AtMYB51 – which might represent a functional difference or simply a result of a stronger silencing effect 

of Arabidopsis cells against Arabidopsis genes, compared to genes from other species. 
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Figure 16: Shortened CrbHLH splice variants do not induce transcription of CYP79B3.  
Qualitative GUS staining of Arabidopsis bhlh04/05/06 cell culture overexpressing bHLH and MYB constructs as well as the 
proAtCYP79B3:GUS promoter-reporter construct, six days after transfection. The numbers indicate a relative quantification, 
with the scale reaching from 0 (no coloration) to 7 (maximum coloration). Values were calculated as the average of three 
biological replicates. 

When GSL content was quantified in samples from the same experiment, the same tendencies as for the 

GUS staining could be observed, although even more clearly pronounced (Figure 17): Only the 

combined OX of MYB and full-length bHLH constructs led to an overproduction of indolic GSLs. MYBs 

alone had no notable effect on GSL accumulation due to the lack of native bHLHs in the cell culture, a 

gap that the shortened splice variants were unable to bridge. 
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Figure 17: Shortened CrbHLH splice variants do not induce GSL production.  
(A) GSL quantification of Arabidopsis bhlh04/05/06 cell culture overexpressing bHLH and MYB constructs, seven days after 
transfection. Error bars represent the 95% confidence interval. (B) Statistical significance levels of differences in GSL 
concentration between the samples. p-values were calculated using one-way ANOVA and Tukey’s post-hoc test. 

In conclusion, the newly identified alternative splicing of bHLH transcripts in C. rubella does produce 

non-functional transcripts, likely due to the truncation of domains vital for protein function. This 

mechanism has the potential to fulfil a regulatory function that decreases the overall GSL production – 

in this context, it is notable that neither the treatment of C. rubella cells with 10 µM JA in this study (data 

not shown) nor the inoculation of C. rubella plants with the fungus Blumeria graminis f. sp. hordei 

(Bednarek et al., 2011) led to any induction of indolic GSL synthesis.  

Additionally, indolic MYB expression is significantly lowered in all tissues of C. rubella, with CrMYB34 

expression being almost completely undetectable (P. Bednarek, unpublished data). I could confirm this 

observation by cloning attempts that were unsuccessful due to absence of CrMYB34 transcripts from 

C. rubella leaf cDNA. If the alternative splicing of bHLHs fulfils regulatory functions, it could 

hypothetically act together with this decreased expression of indolic MYB genes, potentially dependent 

A 
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on environmental or developmental conditions. However, the in vivo relevance of these mechanisms for 

GSL production in C. rubella remains to be elucidated in the future. 

3.2.5 GSL accumulation in C. rubella cells can be partially complemented by MYB and bHLH 

overexpression 

In C. rubella, both the biosynthetic pathway of indolic GSLs and its regulatory MYB and bHLH factors 

are in principle functional, as it was demonstrated in the previous experiments. Simultaneously, 

alternative splicing of CrbHLHs and low expression of CrMYBs were shown to potentially play a role in 

causing low indolic GSL production. To test this hypothesis, I tried to complement this lack of indolic 

GSLs in C. rubella cells by overexpression of MYB and bHLH genes, both from C. rubella and from other 

species. 

OX of aliphatic MYBs revealed that AaMYB28 and AtMYB28, but not MYB29 or MYB76 constructs, 

were able to induce a moderate accumulation of I3M at a concentration of about 1–2 µmol/g DW 

(Figure 18A). While there are quantitative differences to the OX of MYBs in Ler-0 cell culture, the 

induced profiles are remarkably similar in both species. 

In another experiment, OX of indolic MYB34 and MYB51 factors induced small amounts of I3M 

production in the magnitude of 10–100 nmol/g DW. Additionally, the effect of AtMYBs on I3M 

accumulation was amplified up to 2.5-fold in combination with AtbHLHs (Figure 18B). Qualitative GUS 

staining with the promoter-reporter construct proAtCYP79B3:GUS indicated a limited transcriptional 

activation of this indolic GSL biosynthesis gene by indolic MYBs. This effect was considerably lower for 

MYB28 orthologs and completely absent for MYB29 and MYB76 orthologs (Supplementary Figure 8). 

Taken together, the overexpression of intact MYB and bHLH genes can increase indolic GSL levels in 

C. rubella cell culture. These levels do not reach the concentrations found in other species, however. To 

verify the role of MYBs, bHLHs and potential further genes in indolic GSL synthesis in C. rubella, further 

research is needed. 
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Figure 18: Overexpression of aliphatic and indolic MYBs can induce I3M production in C. rubella cells.  
Qualitative GSL profiles induced in C. rubella cell culture by overexpression of different MYB and bHLH genes. The x-axis 
represents the retention time and the y-axis represents the absorbance. The peaks marked by a red arrow represent the main 
indolic GSL I3M, whereas the major peak to the left represents the reference BGS. (A) and (B) are not to scale, with the BGS 
peak representing an amount of 50 nmol in both cases. 

 

  

A 
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4 Discussion 

4.1 Epigenetic regulation of GSL biosynthesis by EML histone readers 

The induction of GSL synthesis is a well-described part of the stress response in Brassicaceae plants  and, 

as many other processes involved in it, is subject to priming (Rasmann et al., 2012; Bakhtiari et al., 2018). 

This means that GSL induction becomes more sensitive under repeated stress stimuli, an adaptation that 

is likely mediated via epigenetic mechanisms (Lämke and Bäurle, 2017; Ramirez-Prado et al., 2018). 

Indeed, the knockout of LHP1, a PRC1 subunit, leads to the deregulation of GSL accumulation, as does 

the knockout of its interaction partner LIF2 (Ludwig-Müller et al., 1999; Kim et al., 2004; Roux et al., 

2014). Nonetheless, no epigenetic regulation specific to GSL biosynthesis has been described to date. 

Thus, my aim in this study was to identify a potential mechanism for such a regulation. Through 

colocalization, mutant analysis and overexpression experiments I found that the EML histone reader 

family likely participates in the epigenetic control of GSL biosynthesis in interaction with the MYB-

bHLH transcription complex. 

4.1.1 EMLs likely take part in epigenetic regulation of GSL biosynthesis 

The EML family were selected as candidates due to their homology to the maize chromatin-interacting 

factor RIF1, as both EMLs and RIF1 are characterized by the combination of ENT and Agenet domains. 

RIF1 takes part in the regulation of anthocyanin biosynthesis (Hernandez et al., 2007), a process 

intimately connected to GSL biosynthesis – not only because both are part of secondary metabolism, but 

also because both are transcriptionally regulated by MYB-bHLH complexes from closely related 

subgroups. In Arabidopsis, anthocyanin production is controlled by subgroup 6 MYBs and subgroup 

IIIf bHLHs (Chen and Wang, 2019), both of which also interact with JAZ proteins to mediate a JA-

dependent response (Qi et al., 2011). Furthermore, the JA-mediated induction of both GSL and 

anthocyanin biosynthesis is reduced in the lhp1 mutant (Bennett et al., 2005). Therefore, we postulated 

that EMLs could fulfil a similar role in GSL synthesis as RIF1 in anthocyanin synthesis. 

As part of this study, I gathered additional evidence for this by analysis of omics data from the Plant 

Regulomics database (Ran et al., 2020). This revealed an enrichment of the repressive histone marks 

H3K27me (a PRC1 product) for aliphatic and H2AK121ub (a PRC2 product) for both aliphatic and 

indolic GSL biosynthesis genes under unstressed growth conditions. Under drought stress, the activating 

mark H3K4me becomes enriched, in particular for aliphatic genes (Supplementary Tables 8–9). This 

seems to reflect the observation that GSLs are often induced under drought stress (Del Carmen 

Martínez-Ballesta et al., 2013; Variyar et al., 2014), with aliphatic GSLs playing an especially important 

role in the mediation of stomatal closure (Salehin et al., 2019). Histone marks of genes involved in the 

chain elongation of aliphatic GSLs have also been studied by Xue et al. (2015) – here, a particular pattern 

of H3K4me modifications was identified, although it seemingly did not influence the level of 

transcription. Additionally, analysis of Plant Regulomics data suggested that EML expression correlates 
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to some extent with conditions that induce GSL synthesis, such as immune response and various 

hormonal signals (Supplementary Figures 1–4). 

Collectively, it seemed likely that EMLs function in stress response. For further experiments, the role of 

EMLs was considered in regard to the JA response, since JA represents the strongest positive hormonal 

influence on GSL synthesis. In fact, the JA response has been previously associated with other epigenetic 

mechanisms: JAZ proteins recruit the repressive histone deacetylase HDA6 to suppress transcription of 

target genes under uninduced conditions (Zhu et al., 2011; Kim et al., 2017), while MED25 recruits the 

activating histone acetyltransferase HAC1 in interaction with the MYB-bHLH complex (An et al., 2017). 

The JA-mediated GSL induction was measured in eml mutants by growing them in the presence of JA 

for a prolonged period of time. Out of the tested 12 mutant lines, an impairment in this response was 

detected in the lines eml2-1, eml4-1 and eml1/eml3 of set II, with the strongest effect in the double mutant 

eml1/eml3 (Figure 7). As the function of EMLs is dosage-dependent (Milutinovic et al., 2019), it is likely 

that the reduction in induced GSLs is highly dependent on the total reduction of EML expression levels. 

Notably, none of the T-DNA insertions and amiRNA constructs contained in set I (except for eml3-1) 

reduces the EML transcript levels significantly below 70% or 50% of the wildtype, respectively 

(Milutinovic et al., 2019). Combined with the possibility that the expression of the amiRNA constructs 

could be reduced after several generations of seed propagation (which was not controlled for in this 

study due to time limitations), the overall impairment of EML function may not be strong enough in 

these mutants to obtain a noticeable effect on GSL induction (Figure 6). This is consistent with the fact 

that in the set II lines, the T-DNA insertions reduced EML expression to 30% of the wildtype and lower 

in all lines, rendering them completely undetectable in eml1-2 and eml3-4. It is probable that this is the 

reason that an impairment of JA-induced GSL synthesis was only detectable in set II mutants, especially 

in eml1/eml3, which combines two strongly affected alleles. 

This measurement of the metabolite level was complemented by a qPCR measurement of CYP 

biosynthesis genes (from both the aliphatic and the indolic pathways) in the set II mutants (Figure 8). 

Here, only the indolic genes CYP79B3 and CYP83B1 in eml1/eml3 showed a trend that corresponds to 

the metabolite level. Neither the aliphatic gene CYP79F2 in eml1/eml3 nor any genes in the other lines 

exhibited a reduction in JA-mediated induction. These trends correspond generally well with the 

metabolite level, where indolic GSLs in eml1/eml3 were most strongly affected. However, there also was 

a notable amount of uncoupling – for example, in eml1/eml3, a constitutive CYP upregulation in the 

absence of JA was observed. This disconnect between the transcript and the metabolite level is a well-

described phenomenon in GSL biosynthesis (Mitreiter and Gigolashvili, 2020) that might be caused by 

an asynchronicity of the two levels or the interaction with further regulatory mechanisms, for example 

post-transcriptional or post-translational modifications of the biosynthetic enzymes. Another likely 

option is that changes in myrosinase activity, for example through lower expression rates, might lead to 

a decreased breakdown rate of GSLs. The nature of the mechanisms at work here needs to be identified 

through further research. 
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Building on the previous experiments in eml mutants, I aimed to specifically elucidate the connection 

between EML function and priming. Few previous studies exist on how GSL induction is affected by 

priming responses. Rasmann et al. (2012) examined transgenerational inheritance of a primed GSL 

production induced by herbivory, mechanical damage or JA application. Enhanced resistance against 

herbivores was found to be inherited over two generations, with 1MO-I3M concentration increased at 

least in the first progeny generation. In the parental generation, mutations affecting either JA perception 

or RNA-directed DNA methylation, showed decreased GSL concentrations both in induced and 

uninduced states, suggesting a role of these processes in priming. 

Bakhtiari et al. (2018) conducted an experiment in which roots of C. hirsuta plants were induced with 

JA, after which the plants were subjected to aboveground herbivory. Indeed, JA-treated plants exhibited 

a priming response in the form of increased resistance against herbivores. However, the time course of 

GSL concentrations did not match expectations, with GSL levels remaining high in JA-induced plants 

4 d after the initial treatment and similar GSL levels for both control and induced plants after an 

additional week of herbivory. 

In the light of the aforementioned studies, a distinct approach was chosen in this study: I employed a 

repetition of the same stimulus, i.e. JA application, and recorded the same output, i.e. GSL induction. At 

a timeframe of 24 h, which should cover the greatest changes in GSL content (Zang et al., 2015), GSL 

concentrations were measured on a quantitative level in both experimental setups and on a temporal 

level in the second setup. 

Here, overall the same observation was made as in the prolonged stress experiment: GSL induction is 

significantly compromised in eml1/eml3, but not in eml1/eml2 (Figures 9–11). However, no clear 

connection could be drawn between the priming response and EML function. The reason for this is that 

while a priming effect was clearly present for indolic GSLs, it did not take place according to 

expectations. While indolic GSL induction was clearly accelerated by priming, concentration-wise it 

consistently decreased over time. This effect could not be separated from the influence of the eml 

mutations. 

In this context, it is important to note that the general definition of priming just requires the defense 

responses to become more robust over time, not necessarily both faster and stronger at the same time 

(Martinez-Medina et al., 2016; Mauch-Mani et al., 2017). Since indolic GSLs respond strongly to JA-

mediated priming, while aliphatic GSLs do not, the composition of the GSL profile directly changes as a 

result. In fact, it is widely reported that aliphatic GSLs are less sensitive to JA induction than indolic 

GSLs and that both have differential effects on herbivores and pathogens (Bartlet et al., 1994; Malitsky 

et al., 2008; Müller et al., 2010; Zhurov et al., 2014). 

Thus, the altered GSL profile caused by the priming response might in principle provide beneficial 

effects for plant fitness. Finally, it should be considered that the experimental setups used in this study 

did not directly harm the plant, so that no damage- or herbivore-associated patterns were generated. 
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The activation of this signaling mechanism might also have an influence on the nature of the priming 

response. 

Another surprising observation was made in the second priming experiment: In multiple measurements 

of JA-untreated control plants, both aliphatic and indolic GSL content notably increases after 6 h, then 

decreases again afterwards (Figure 11). This might represent either a reaction to the medium exchange 

or a genuine diurnal pattern, as it has been previously reported for GSL synthesis (Rosa et al., 1994; 

Huseby et al., 2013; Burow and Halkier, 2017). 

Additionally, a rather consistent trend observed in wildtype plants was a rise of GSL concentrations over 

time. This is in line with reports that document increased GSL contents in newly generated tissue with 

the ageing of plants (Brown et al., 2003). Intriguingly, this trend was not apparent in eml1/eml3 plants 

(Figures 10–11), suggesting the possibility that the mutation of EML genes also compromises the age-

dependent regulation of GSL biosynthesis. 

In summary of the priming experiments, the specific role of EMLs in this process remains 

uncharacterized. If the decrease in indolic GSL concentrations proves indeed to be physiological, a finer 

timescale is required to identify the influence of eml mutations on the acceleration of GSL induction 

with priming in future experiments. This context could also provide a prime opportunity to analyze the 

relative contributions of DNA methylation (Aller et al., 2018) and histone modification on the regulation 

of GSL synthesis. 

Moreover, it would be interesting to study the influence of eml mutations on the age-dependent 

accumulation of GSLs, as this could provide a hypothetical further role of EMLs in developmental 

processes. Finally, the entire GSL-myrosinase system should be taken into account in the future, as GSL 

hydrolysis is also dependent on plant age (Wentzell and Kliebenstein, 2008) and resulting isothiocyanate 

products themselves can function as a defense-priming compound (Schillheim et al., 2018), implying 

the existence of even more complex regulatory networks. 

4.1.2 EMLs likely function together with the MYB-bHLH complex 

While the previously discussed experiments suggest a role of EMLs in the stress-, in particular JA-

mediated GSL induction, localization and colocalization assays provided information about their mode 

of action. Both EML1 and EML2 localized to subnuclear speckles of high DNA density in living cells, 

with at least EML2 explicitly colocalizing with bHLH05 (Figure 5). Combined with the positive results 

of the yeast two-hybrid assays, that included all combinations of EMLs and subgroup IIIe bHLHs (except 

bHLH28), this strongly suggests an interaction between EML and bHLH proteins, and thus a 

participation of EMLs in the MYB-bHLH transcription complex. 

This is supported by the GSL measurements of EML overexpressions. Here, EML1 or EML2 alone have 

no influence, but combined with MYB51 and bHLH05, the full-length proteins seemingly overcome the 

bHLH-mediated feedback that reduces GSL levels. These trends are fully reflected in the accompanying 
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GUS staining, although the MYB51 OX alone seems to lead to a uniquely high transcription of target 

genes (Figure 12). The precise mechanism of EML action cannot be deduced from these experiments, 

but can be theorized to either function by titrating out bHLH05 molecules so that they cannot mediate 

the feedback mechanism anymore, or by direct participation in the MYB-bHLH complex in such a way 

that the feedback mechanism is disabled, for example by preventing bHLH05 dimerization. 

This raises the question of what the molecular mechanism of EMLs looks like. EML1 and EML3 have 

been conclusively described as H3K36me histone readers, with potentially some affinity towards 

H3K4me (Coursey et al., 2018; Zhao et al., 2018). This contrasts with RIF1, which has been associated 

with H3K9 and H3K14 acetylation, although this is just an indirect connection (Hernandez et al., 2007). 

These findings however only provide an incomplete overview about the histone reader properties of 

ENT-Agenet proteins, as multiple maize proteins related to RIF1 (Milutinovic et al., 2019) as well as 

EML2 and EML4 remain uncharacterized. Based on the existing literature, they seem to exhibit an 

affinity for activating histone marks. 

AIP1 is an Agenet domain protein that does not possess an ENT domain. It promotes flowering 

transition and has been described as a histone reader with the ability to recognize unmodified histones, 

but neither H3K9ac nor H3K14ac marks (Brasil et al., 2015). Interestingly enough, AIP1 interacts with 

LHP1 – the same PRC1 component whose knockout leads to deregulation of GSL accumulation and 

induction. This makes it plausible that while EMLs read activating histone modifications, they could 

simultaneously influence PRC1 function via LHP1. How exactly this contributes to the activation of GSL 

synthesis under stress conditions has to remain unexplored for now, especially as the research on 

recruitment of the PRCs and their relationship to each other is still ongoing (Zhou et al., 2017). 

The role of the Agenet (histone reading) and ENT domains (dimerization) in EML function have been 

described relatively clearly in the literature. The importance of the ENT domain is underlined by the 

apparently disturbed localization of N-terminally GFP-tagged EML1 observed in this study (Figure 5A). 

In contrast, the function of the C-terminal coiled-coil domain in EMLs has not been studied so far. As 

it represents a typical protein-protein interaction domain (Wang et al., 2012), e.g. in the components of 

the photomorphogenesis-repressing COP1-SPA complex (Hoecker, 2017), it might mediate the 

interaction with the MYB-bHLH complex. This hypothesis becomes interesting in regard to the 

alternative splicing that was documented for EML1 in this study (Figure 3). While the coiled-coil 

domain is not directly affected by the sequence shortening of splice variant EML1.1, the function of this 

variant seems to be impaired, as it did not influence GSL accumulation in the OX experiment, in stark 

contrast to EML1.3 (Figure 12). This suggests that the newly identified splice variants EML1.4 and 

EML1.5 are non-functional all the more. This novel “regulation of regulators” by alternative splicing 

highlights another level and the overall complexity of the regulatory machinery. 

In this contest, it should be considered that EMLs are not the only factor interacting with the MYB-

bHLH complex. While SDI1, BES1, JAZ inhibitors and other factors such as subgroup IIId bHLH 
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proteins (Goossens et al., 2017) operate by interfering with the MYB-bHLH complex formation and 

binding, other proteins could rather cooperate with the transcription complex. This could not only be 

the case for MED25 and HAC1 with their roles in transcription and histone acetylation, but also for 

further TFs such as the AP2/ERF family, which was suggested for such a role by Li et al. (2014). 

In conclusion, in this study I demonstrate that EML proteins likely function in the epigenetic regulation 

of JA-mediated GSL induction, while participating in the MYB-bHLH transcription complex. Therefore, 

I propose a model in which the MYB-bHLH complex is at the center of this regulation and EMLs directly 

interact with bHLHs, themselves mediating the function of further epigenetic components, possibly 

PRCs. Simultaneously, even more transcriptional and epigenetic factors such as MED25, HAC1 and 

hypothetically AP2/ERF take part in the complex. Inactivating signals such as low JA, high BR or low 

sulfur inhibit GSL biosynthesis via proteins that disturb MYB-bHLH interaction and DNA binding 

(Figure 19). 

 
Figure 19: Model of the transcriptional complex in GSL biosynthesis.  
Transcription of genes involved in GSL biosynthesis is specifically induced by TFs (blue): Subgroup 12 MYBs bind to subgroup 
IIIe bHLHs, with a hypothetical participation of AP2/ERF proteins. This core complex binds to the respective promoters and 
mediates the recruitment of additional components, such as epigenetic factors (orange) and Mediator proteins (green). EML 
histone readers interact with bHLHs and hypothetically mediate the recruitment of PRCs. The Mediator protein MED25 
directly interacts with the histone writer HAC1, which activates the target promoter. It also recruits further Mediator 
components to initiate transcription by RNA polymerase II (yellow). The MYB-bHLH complex also integrates hormonal and 
other information via diverse factors that interfere with its formation and thus prevent its function, e.g. JAZ at low JA 
concentrations, BES1 at high BR concentrations and SDI1 under sulfur starvation. The thin black line indicates the promoter, 
while the thick black line indicates the transcribed sequence. 

To further elucidate EML function, future research should include co-immunoprecipitation assays of 

MYB, bHLH and EML proteins as well as further OX assays, especially in the Arabidopsis bhlh04/05/06 

cell culture where the interfering feedback effects of the native bHLHs should be limited. Furthermore, 

studies on the role of EMLs in processes beyond pure GSL metabolism could shed light on the 

coordinated regulation of defense and development in Brassicaceae – for example in regard to ageing, 

the broader defense priming response or other JA-mediated processes including anthocyanin synthesis 

and root growth (Huang et al., 2017; Chen and Wang, 2019). 
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4.2 Exploring the regulatory basis of GSL variation 

Several studies have been conducted that address the contribution of biosynthetic genes to interspecific 

or inter-accession diversity in GSL profiles. These effects include secondary modifications of aliphatic 

GSLs by AOP2 and AOP3 (Kliebenstein et al., 2001; Liu et al., 2014), of indolic GSLs by CYP81F4 

(Czerniawski et al., 2021) as well as chain elongation by MAM genes (Liu et al., 2014; Czerniawski et al., 

2021). At the same time, regulatory genes have been suggested to play a significant role in creating this 

diversity (Windsor et al., 2005; Kerwin et al., 2015) – however, no studies have directly addressed this 

topic so far. Thus, my aim in this study was to explore to which extent MYB and bHLH genes could 

contribute to interspecies variation in GSL accumulation. Phylogenetic comparison and overexpression 

experiments suggest that they may be limited to a relatively unspecific influence – which is likely the 

case in C. rubella, where alternative splicing of bHLH transcripts and low expression of MYBs seem to 

play a part in an extremely low production of indolic GSLs. 

4.2.1 The contribution of regulatory genes to interspecific GSL diversity 

A phylogenetic analysis of subgroup 12 MYB and subgroup IIIe bHLH sequences from Arabidopsis, 

A. alpina, C. hirsuta and C. rubella reveals a strong conservation of bHLHs. While the same is generally 

true for MYBs, a somewhat higher degree of variation is visible in this group (Figure 14). First of all, 

MYB76 is not present widely among the Brassicaceae, but only in plants of lineage I with a secondary 

loss in Capsella species. Taking this into account, all ortholog genes cluster together, with the distance 

between clusters reflecting the evolutionary history of the subgroup 12 MYB family: MYB34 derives from 

a pre-At-α duplication, while the paralog pairs MYB28/MYB29 and MYB51/MYB122 were created 

during the At-α WGD (Hofberger et al., 2013; Barco and Clay, 2019) and MYB76 only arose recently 

from MYB29 during the split of lineage I from the other Brassicaceae plants. 

Nonetheless, MYB29, MYB34 and MYB122 do not cluster in complete accordance with the established 

Brassicaceae phylogeny. These differences could be explained by a single assumption, namely an 

increased divergence of MYB genes in C. rubella. This prompted us to focus in particular on the 

interspecific conservation of MYB function and the role of regulatory factors in C. rubella in the 

following experiments. 

To complement the in silico sequence similarity with in vitro experimental data about functional 

conservation, various MYBs from all examined species were overexpressed in Arabidopsis Ler-0 cell 

culture (Figure 15). For indolic MYBs, no differential effect was observed, as all of them only induce a 

single GSL species, the main indolic GSL I3M. This accords with previous studies which reported the 

regulation of the synthesis of modified indolic GSLs to be independent from MYB activity (Wiesner et 

al., 2013; Frerigmann and Gigolashvili, 2014; Zang et al., 2015). A quantitative difference in I3M 

induction between the different indolic MYBs could in theory exist, but this question is beyond the scope 

of the experiment and would need to be addressed in the future. 
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Among the aliphatic MYBs, the individual orthologs yield qualitatively different GSL profiles. MYB28 

seems to have a broader function than the others, inducing more long-chain Met-GSLs – in accordance 

with previous reports (Sønderby et al., 2007; Beekwilder et al., 2008; Sønderby et al., 2010a; Li et al., 

2013) – and also a significant amount of the indolic GSL I3M. This effect is conserved between the two 

examined MYB28 orthologs from Arabidopsis and A. alpina, i.e. from the two most distantly related 

species. It could stem either from an induction of indolic GSL synthesis enzymes or from a certain 

affinity of aliphatic enzymes for indolic substrates, a question I addressed in more detail in C. rubella, as 

discussed in section 4.2.3. In comparison, OXs of MYB29 and MYB76 led to a relatively lower 

accumulation of long-chain Met-GSLs and no I3M accumulation at all. The functional difference 

between these two TFs seems to be notably smaller, as the evolutionary split between these two is much 

younger than between them and MYB28. 

It is thought that the At-α WGD event enabled the structural diversification of GSLs, which in turn led 

to the diversification and radiation of the Brassicaceae family and a subsequent coradiation of the 

butterfly family Pieridae (Schranz et al., 2011; Edger et al., 2015; Edger et al., 2018). Despite this 

evolutionary central role of GSL diversity and the emergence of most subgroup 12 MYBs as part of At-α, 

it seems that the individual MYB factors are highly conserved across the Brassicaceae. This is true both 

sequence-wise, with at least the four key TFs MYB28, MYB29, MYB34 and MYB51 present in all 

Brassicaceae species studied so far, and functionality-wise, with the respective orthologs generating 

similar GSL profiles. 

This means that variation in subgroup 12 MYBs may only influence GSL diversity as a function of their 

expression strength, in two different ways: Either by promoting or repressing the entire aliphatic or 

indolic branches of GSL synthesis – or by conveying rather subtle differences in I3M or long-chain GSL 

induction. This corresponds well to the study by Windsor et al. (2005), who proposed a role of regulatory 

factors in broad changes to GSL metabolism, such as the absence of Met-derived GSLs from most tissues 

(except seeds) in some Brassicaceae species. The same is true for Kerwin et al. (2015), who demonstrated 

the evolutionary significance of MYBs by a comparison between Col-0 wildtype and myb28 and myb29 

mutant plants. In contrast, studies in B. rapa reported that divergence between additional MYB copies 

of the polyploid genome might result in more significant functional divergences (Seo et al., 2016; Seo et 

al., 2017), although further research is needed here. 

To further explore this topic, native and induced expression profiles of subgroup 12 MYB genes could 

be established in different Brassicaceae species, then correlated with GSL profiles. This approach would 

also be feasible for different accessions of one species or different tissues of one accession, where the 

MYBs have less potential for divergence. Alternatively, OX assays such as the ones performed in this 

study could be complemented with quantitative measurements such as qPCR to obtain a more precise 

measure of how strongly particular MYBs induce particular GSLs.  
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In summary, a slight degree of functional variation exists between some of the individual subgroup 12 

MYB TFs. Overall however, these MYBs seem highly conserved between Brassicaceae species and thus 

may only contribute to GSL profile diversity in a rather broad fashion, i.e. by mediating very specific 

differences or by affecting entire branches of aliphatic or indolic GSL synthesis. It seems probable that 

the impact of bHLHs on GSL diversity is not too dissimilar from the impact of MYBs. While both can 

be assumed to primarily exert broad influences, the role of bHLHs is presumably even broader because 

they do not mediate specificity in regard to particular GSL synthesis genes. Additionally, subgroup IIIe 

bHLHs seem to be conserved even more strongly that subgroup 12 MYBs in the phylogenetic 

comparison (Figure 14B). This may easily be explained by their central importance for numerous 

regulatory processes besides GSL synthesis, which all depend on their correct functions (Kazan and 

Manners, 2013; Pireyre and Burow, 2015; Goossens et al., 2017). 

However, it is conceivable that different bHLH TFs could possess different affinities towards different 

MYBs, depending on the makeup of their JID. It is also possible that bHLHs can be modified post-

transcriptionally or -translationally under specific circumstances, a topic that I partially explored in 

C. rubella, as discussed in section 4.2.3. 

4.2.2 Indolic GSL accumulation is drastically reduced in C. rubella 

The large range of variation in GSL profiles between different Brassicaceae species is well documented. 

To put the findings from Arabidopsis into context, I also aimed to study the contribution of regulatory 

genes to GSL diversity in other species, namely A. alpina, C. rubella and C. hirsuta. The first goal was to 

establish cell cultures of these plants. In parallel, an LC-MS analysis was conducted that generated 

detailed GSL profiles for root and shoot tissues.  

As a basis for further experiments with the selected Brassicaceae species, root tissue-derived cell cultures 

of A. alpina and C. rubella were established. C. rubella, the closest relative to Arabidopsis, was 

successfully cultivated under the conditions established for Arabidopsis and subsequently used for 

overexpression assays in this study. A. alpina, a perennial plant, exhibited slower growth as well as 

significant oxidative browning. These problems required modifications to the protocol, but ultimately 

led to the successful establishment of callus and suspension cultures which can be used for future studies. 

Additionally, the oxidative browning, which is caused by the overproduction and subsequent oxidation 

of phenolic compounds as a result of the stress response, could be addressed by the use of antioxidants, 

adsorbants or the targeted inhibitor aminoindane-2-phosphonic acid (Jones and Saxena, 2013). A 

C. hirsuta cell culture could not be established as lower auxin concentrations led to dedifferentiation of 

the callus culture, while higher auxin concentrations led to an arrest of growth. In the future, it could be 

attempted if callus growth can be restored by an additional increase in cytokinin concentrations. 

The LC-MS analysis underlined both interspecific and inter-tissue diversity in GSL profiles and provided 

novel data both in regard to the examined tissues and the analytic sensitivity (Table 22). As far as they 

can be compared, the results obtained in this study are in excellent agreement with previously published 
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data. Seeds of A. alpina and C. hirsuta have been analyzed twice in the past (Daxenbichler et al., 1991; 

Bennett et al., 2004). While all GSL species described there were also detected for root or shoot tissue in 

this study, a higher sensitivity enabled the detection of numerous additional GSL structures. Bednarek 

et al. (2011) quantified indolic GSLs (I3M, 1MO-I3M and 4MO-I3M) in leaves of numerous 

Brassicaceae species, including the three analyzed in this study. The trends described for these 

compounds were confirmed in this study, with all three GSL structures present in C. hirsuta, 1MO-I3M 

absent in A. alpina and overall low indolic GSL content in C. rubella. Czerniawski et al. (2021) revisited 

C. rubella with a detailed analysis of root and leaf tissue, the latter in various developmental stages. These 

results notably agree with this study insofar as in both, small amounts of I3M, 4OH-I3M and 4MO-I3M 

were detected. Additionally, all reported Met-GSL structures were confirmed in this study, with 

additional findings of alkyl and benzenic GSLs. 

The total numbers of identified GSL structures in root and shoot tissues were 27 resp. 17 for C. rubella, 

28 resp. 26 for C. hirsuta and in both cases 32 for A. alpina. In comparison with previous studies, the 

data agree with observed tendencies that root tissue produces a higher diversity of GSLs, but disagree 

with tendencies of a higher total concentration (Brown et al., 2003; van Dam et al., 2009; Zang et al., 

2015), which emphasizes that such trends cannot be regarded as universal across the Brassicaceae. 

The majority of identified GSL structures in this study are well-described, including the responsible 

enzymes. Some however are completely unknown and seem to represent isomers to established GSLs. 

These structures could either represent novel GSLs or examples for the proposed iso-GSLs, molecules 

where the defining GSL backbone itself (Figure 1) exhibits one or more isomerisms compared to actual 

GSLs (Blažević et al., 2020). These compounds would have to be products of so far undescribed 

enzymatic reactions or regulatory mechanisms. Identifying such compounds would however require 

tandem mass spectrometry (MS/MS) and possibly nuclear magnetic resonance (NMR) analysis. 

The wealth of data generated by the LC-MS analysis provides possibilities for many further avenues of 

research, as also for the documented GSL structures, many pieces of the puzzle are still missing: In some 

cases, such as for the modified indolic GSLs, the responsible enzymes are known (Pfalz et al., 2009; Pfalz 

et al., 2011; Pfalz et al., 2016), but their regulation remains unclear. In other cases, such as for benzenic 

and methylsulfonylalkyl GSLs, both synthesis and regulation are unknown to date. As all of these 

compounds are differentially accumulated across the examined species in this study, genomic and 

transcriptomic comparisons could provide information about candidates for the missing components. 

If more closely related species were to be used, this could also be approached by crossing and subsequent 

quantitative trait locus (QTL) mapping. 

The most striking part of all analyzed GSL profiles is the almost complete lack of indolic GSLs in 

C. rubella. It represents a divergence whose broad nature corresponds well to what was postulated to 

potentially be mediated by variation in MYB and bHLH genes in the previous section. Several 

deregulations affecting both biosynthetic and regulatory components of the indolic GSL pathway have 



Discussion 

73 
 

already been identified in C. rubella and other members of Camelineae clade II (Figure 13). They include 

the loss of several genes, namely MYB76, the atypical myrosinase PEN2 as well as the indolic secondary 

modification enzymes CYP81F2, CYP81F4 and multiple copies of IGMT genes. In particular, the loss of 

CYP81F4 has been suggested to cause the absence of 1MO-I3M (Bednarek et al., 2011; Czerniawski et 

al., 2021). Despite this, C. rubella fundamentally retains the biosynthetic capability to produce the 

indolic GSLs I3M, 4OH-I3M and 4MO-I3M, albeit their concentration is drastically reduced. 

4.2.3 Alternative splicing of bHLH transcripts and low MYB expression contribute to low 

indolic GSL levels in C. rubella 

The unique GSL profile of C. rubella, together with the successful establishment of a cell culture and the 

potential divergences of MYB genes apparent in the phylogenetic data, led me to focus on the role of 

MYBs and bHLHs in the regulation of GSL biosynthesis in this species. In fact, this study identified a 

new regulatory mechanism in C. rubella which so far has not been described in other Brassicaceae 

species: the alternative splicing of subgroup IIIe bHLHs (Table 23). All three bHLHs considered here 

seem to be affected in similar ways, i.e. by truncating large parts of the transcript, often including the 

JID, TAD or even bHLH domains. The resulting transcripts are rendered non-functional, as 

demonstrated by OX assays with GSL quantification (Figure 17) and GUS staining (Figure 16) in 

Arabidopsis bhlh04/05/06 cell culture. 

The true relevance of alternative bHLH splicing as a regulatory mechanism needs to be assessed in the 

future by a quantitative analysis such as qPCR or RNA-Seq (which holds the power to detect further 

splice variants) in vivo, preferably under various stressed and unstressed conditions, in different tissues 

and developmental stages. Further information about the prevalence and potential role of non-

functional splice variants would be interesting not least because such a regulation of bHLH functions 

would affect a plethora of JA-mediated mechanisms besides GSL synthesis. To date, there is no 

indication that JA signaling is generally disturbed in C. rubella. However, in this study, JA treatment did 

not induce GSL production in C. rubella cells. Thus, further research is needed in this direction. 

As mentioned above, the phylogenetic sequence analysis provided evidence for a possible beginning 

divergence of MYB genes, especially regarding CrMYB34 (Figure 14A). At the same time, expression of 

all indolic CrMYBs is drastically reduced in comparison to Arabidopsis, with CrMYB34 transcripts 

practically completely absent (P. Bednarek, unpublished data). Consequentially, only CrMYB51 could 

be cloned successfully, with its OX in Arabidopsis Ler-0 cell culture not revealing any obvious functional 

differences to its Brassicaceae orthologs (Figure 15). On the one hand, it would be highly interesting to 

test the functionality of the more divergent CrMYB34, but on the other hand, this functionality may not 

play any significant role in vivo if the gene is never expressed. In fact, the relative conservation of 

CrMYB51 may result from its functional importance remaining relatively high compared to the other 

indolic CrMYBs. In any case, their low expression rates may play a decisive role in reducing indolic GSL 

synthesis in C. rubella. 
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Taken together, both the decreased expression of indolic MYB genes and the alternative splicing of 

bHLH transcripts could potentially diminish the expression of indolic GSL biosynthetic genes and thus 

negatively influence the production of these metabolites in C. rubella. To test this hypothesis, MYBs 

from all analyzed species and bHLHs from Arabidopsis were overexpressed in C. rubella cell culture with 

subsequent GSL quantification and GUS staining. Interestingly, ortholog MYBs elicited similar GSL 

profiles, and these profiles were in turn highly similar to the ones observed in Arabidopsis Ler-0 cell 

culture. 

Generally, indolic MYBs were able to induce a minor accumulation of I3M at concentrations of 

10-100 nmol/g DW, while AtMYB28 and AaMYB28 were able to induce a significantly higher amount 

of 1–2 µmol/g DW (Figure 18). At the same time, GUS staining indicated only a weak induction of 

AtCYP79B3 expression under MYB28 OX, while OX of indolic MYBs led to a mild, but notable staining 

(Supplementary Figure 8). This would tendentially suggest that MYB28 does not induce indolic GSL 

biosynthesis enzymes, but rather that the aliphatic enzymes have a residual affinity for indolic GSL 

substrates. However, the high similarity in binding site specificity exhibited between members of one 

MYB subgroup (Romero et al., 1998; Jiang and Rao, 2020), as well as empiric data from Arabidopsis that 

potentially indicates a minor affinity of MYB28 for indolic GSL synthesis genes (Gigolashvili et al., 

2007b; Hirai et al., 2007) point towards the second possibility, with the respective contributions of both 

mechanisms to I3M induction by MYB28 remaining to be elucidated. 

Whereas orthologs of the aliphatic regulator MYB28 proved capable to induce indolic GSLs in this 

experiment, orthologs of the other aliphatic regulators MYB29 and MYB76 did not show any influence 

on indolic GSL levels, identical to what was also observed in Arabidopsis cell culture. This difference 

could stem from a different affinity towards either indolic GSL synthesis genes or particular aliphatic 

GSL synthesis enzymes that accept indolic substrates. The former hypothesis is supported by slightly 

lower AtCYP79B3 induction displayed in the qualitative GUS assay under MYB29 and MYB76 OX than 

under MYB28 OX (Supplementary Figure 8). 

Most importantly, this experiment shows that low indolic MYB expression is at least partially the cause 

of low indolic GSL production in C. rubella and that MYB OX can induce the intact core pathway of 

indolic GSL synthesis to a certain extent. Additionally, bHLH OX seems to have a compounding effect 

on I3M concentrations (Figure 18A), but it is difficult to pinpoint due to the metabolic feedback 

mechanism which presumably is also active in C. rubella. The connection between this effect and the 

alternative splicing of CrbHLH transcripts needs to be studied in the future. 

Notably, no combination of MYB and bHLH OX tested in this study could increase I3M production to 

concentrations observed in other species. A possible explanation for this is that other further genes could 

be involved in this phenomenon, considering that C. rubella shows multiple signs of a beginning 

deregulation of indolic GSL synthesis. Such candidates include PEN2, which is essential for the biological 

activation of 4MO-I3M (Bednarek et al., 2009), but absent in the Camelineae clade II species (Bednarek 
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et al., 2011; Barco and Clay, 2019; Czerniawski et al., 2021). The lack of PEN2 hydrolysis products might 

disequilibrate the metabolic feedback mechanisms of GSL synthesis in C. rubella and prevent further 

indolic GSL production. However, C. rubella retains defense functions that are mediated via the PEN2-

dependent hydrolysis of 4MO-I3M (Clay et al., 2009; Bednarek et al., 2011), which suggests that PEN2 

functions could be taken over by the paralog PEN2L (Barco and Clay, 2019). 

Hypothetically, transcriptional or functional divergences in enzymes of the indolic GSL synthesis 

pathway, e.g. reduced expression or substrate affinity of CYP83B1, could also contribute to low indolic 

GSL levels. Another possibility could be the reduced availability of tryptophan as amino acid precursor. 

This is unlikely, however, because such a change in primary metabolism would not only profoundly 

affect growth and development in general, but also auxin and camalexin metabolism in particular, both 

of which are apparently not deregulated in C. rubella (Bednarek et al., 2011). Eventually, future research 

should aim to determine the relative roles of reduced MYB expression, alterative bHLH splicing, absence 

of PEN2 and potential changes to the biosynthetic machinery in causing the remarkable indolic GSL 

profile of C. rubella. 

In conclusion, in light of the multiple deregulations both on the biosynthetic and regulatory level, it 

seems likely that the indolic branch of the GSL pathway is in the process of being abolished in C. rubella 

and its relatives of Camelineae clade II (Czerniawski et al., 2021). This of course raises the question of 

which ecological context would render the loss of indolic GSLs into an evolutionary fitness benefit. Have 

these molecules become useless against the main pathogens and herbivores of these species? It could be 

speculated that the plants are especially targeted by specialist herbivores, who are much less strongly 

affected by GSLs than generalist herbivores (Mitreiter and Gigolashvili, 2020). These insects have 

various ways of circumventing the GSL-myrosinase system (Wittstock et al., 2016a): For example, 

Pieridae butterflies produce endogenous nitrile specifier proteins to detoxify GSLs (Wittstock et al., 

2004; Wheat et al., 2007). In fact, GSLs even serve as oviposition cues for specialist herbivores (Marazzi 

and Städler, 2004; Sun et al., 2009; Schweizer et al., 2013) and thus could lead to drawbacks in fitness. 

Future research needs to determine if in Camelineae clade II plants, the functions of indolic GSLs are 

taken over by other compounds. This could mean either molecules that are related in synthesis and 

regulation, such as camalexin (Glawischnig et al., 2004; Frerigmann et al., 2015; Frerigmann et al., 2016), 

4-hydroxyindole-3-carbonylnitrile (Rajniak et al., 2015; Barco and Clay, 2020) and indole-3-carboxylic 

acids (Böttcher et al., 2009; Böttcher et al., 2014; Frerigmann et al., 2016) or completely novel molecules. 

In any case, such an evolutionary development could provide a fascinating insight into the ongoing 

biochemical arms race between plants and insects that has been the driving factor in developing GSL 

diversity in the first place (Schranz et al., 2011; Edger et al., 2015; Edger et al., 2018). 

4.3 Conclusion 

In this study, I expanded the knowledge about the transcriptional regulation of GSL biosynthesis in two 

areas: First, I demonstrated that the EML protein family likely participates in the epigenetic control of 
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GSL biosynthesis, in particular in its JA-mediated induction. In their function as histone readers, EMLs 

recognize activating histone modifications and likely interact with further epigenetic components to 

contribute to an epigenetic shift in the activation of GSL defenses. This function is mediated by the direct 

interaction between EMLs and subgroup IIIe bHLHs, i.e. the participation of EMLs in the core MYB-

bHLH regulatory complex of GSL biosynthesis. These findings shed light on the epigenetic regulation 

of GSLs in particular and secondary metabolism in general. 

Second, the results presented in this thesis suggest that the role of MYBs and bHLHs in interspecific GSL 

diversity may be mostly limited to broad influences on the entire aliphatic and indolic GSL pathways. 

This effect is likely exemplified in C. rubella, where the alternative splicing of bHLH transcripts into 

non-functional variants and the reduced expression of indolic MYBs may play crucial roles in 

diminishing the accumulation of indolic GSLs. These findings enable a better understanding of how the 

biosynthetic and regulatory levels work together to generate diverse GSL profiles. 

Ultimately, both topics can be interpreted as two sides of the same coin, as both contribute to the optimal 

coordination of defense with growth and development. The relationship between these two aspects of 

plant life is much more than a simple trade-off between resources – in fact, the metabolic requirements 

are not automatically identical for both. Instead, defense and development should be understood as 

interacting in a highly complex cross-talk, in which reactions to environmental stress are facilitated by 

adjustments in the developmental program (Kliebenstein, 2016; Burow and Halkier, 2017). 

This coordination needs to integrate information about the plant’s previous experiences as well as 

countless internal and external (i.e. abiotic and biotic) factors and consequently operates on many 

different regulatory levels. These levels do not only encompass transcription factors and hormones, but 

also a variety of epigenetic, posttranslational and posttranscriptional mechanisms (with the latter 

including alternative splicing). On an interspecific or inter-accession level, we can additionally study 

how these mechanisms interact with variation in the target genes themselves. 

For all of this, the regulation of GSL biosynthesis can serve as a prominent example. Both the epigenetic 

regulation by EML proteins in response to stress and the alterative splicing of EML and bHLH transcripts 

documented in this study represent mechanisms whose importance, in particular in the context of 

ecology and evolution, is just beginning to be understood (Syed et al., 2012; Richards et al., 2017; Laloum 

et al., 2018; Alonso et al., 2019). Taken together, an extremely complex system of multi-layered 

regulation provides plants with a high degree of flexibility that enables them to continually adapt and 

maximize their fitness in response to an ever-changing environment – from an individual to a species-

wide scale. This thesis opens up new perspectives for the study of this regulation, helping to fully 

understand all facets of these mechanisms in the future.  
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6 Supplementary Data 

6.1 Supplementary Tables 

Supplementary Table 1: Gateway entry clones used and/or generated in this study. 

Plasmid Source 
pDONR201-AabHLH05 this study 
pDONR201-AabHLH06 this study 
pDONR201-ChbHLH05 this study 
pDONR201-ChbHLH06 this study 
pDONR207-CrbHLH04 (full length) this study 
pDONR207-CrbHLH04 (short A) this study 
pDONR207-CrbHLH04 (short B) this study 
pDONR207-CrbHLH05 (short A) this study 
pDONR207-CrbHLH05 (short B) this study 
pDONR207-CrbHLH05 (short C) this study 
pDONR201-CrbHLH05 (short D) this study 
pDONR201-CrbHLH05 (short E) this study 
pDONR201-CrbHLH06 (full length) this study 
pDONR201-CrbHLH06 (short A) this study 
pDONR201-CrbHLH06 (short B) this study 
pENTR-/D-TOPO-EML1.1 Brkljacic Lab (Ohio State University, USA) 
pDONR207-EML1.3 this study 
pDONR207-EML1.4 this study 
pDONR207-EML1.5 this study 
pDONR207-EML2 this study 
pDONR207-AaMYB28 this study 
pDONR207-AaMYB29 this study 
pDONR201-AaMYB34 this study 
pDONR201-AaMYB51 this study 
pDONR207-ChMYB29 this study 
pDONR201-ChMYB34 this study 
pDONR201-ChMYB51 this study 
pDONR201-CrMYB51 this study 
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Supplementary Table 2: Gateway expression clones used and/or generated in this study. 

Plasmid Source 
pAUBERGINE-AtbHLH05 Gigolashvili Lab 
pGWB2-AtbHLH05 Gigolashvili Lab 
pGWB5-AtbHLH05 Gigolashvili Lab 
pGWB6-AtbHLH05 this study 
pGWB2-CrbHLH04 (full length) this study 
pGWB2-CrbHLH04 (short A) this study 
pGWB2-CrbHLH05 (short A) this study 
pGWB2-CrbHLH05 (short B) this study 
pGWB2-CrbHLH06 (full length) this study 
pGWB2-CrbHLH06 (short A) this study 
pGWB3-proCYP79B3 Gigolashvili Lab 

pGWB2-EML1.1 this study 
pGWB2-EML1.3 this study 
pGWB5-EML1.3 this study 
pGWB6-EML1.3 this study 
pGWB6-EML1.5 this study 
pGWB2-EML2 this study 

pGWB5-EML2 this study 
pGWB2-AtMYB28 Gigolashvili Lab 
pGWB2-AtMYB29 Gigolashvili Lab 
pGWB2-AtMYB76 Gigolashvili Lab 
pGWB2-AtMYB34 Gigolashvili Lab 
pGWB2-AtMYB51 Gigolashvili Lab 
pGWB5-AtMYB51 Gigolashvili Lab 
pGWB6-AtMYB51 this study 
pGWB2-AaMYB28 this study 
pGWB2-AaMYB29 this study 
pGWB5-AaMYB341 this study 
pGWB5-AaMYB511 this study 
pGWB2-ChMYB29 this study 
pGWB5-ChMYB341 this study 
pGWB5-ChMYB511 this study 
pGWB5-CrMYB511 this study 

1Contains a stop codon, thus functionally identical to a pGWB2 construct 
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Supplementary Table 3: Primers used for genotyping of plant lines. 
All oligonucleotides were purchased from Sigma-Aldrich (Steinheim, Germany). 

Name ID Target Sequence Reference 

NGA139_fw 170 
NGA139 
(SSLP) 

GGTTTCGTTTC 
ACTATCCAGG TAIR 

NGA139_rv 171 
NGA139 
(SSLP) 

AGAGCTACCA 
GATCCGATGG TAIR 

CIW5_fw 172 CIW5 (SSLP) 
GGTTAAAAATT 
AGGGTTACGA TAIR 

CIW5_rv 173 CIW5 (SSLP) 
AGATTTACGT 
GGAAGCAAT TAIR 

SAIL LB2 - 
pCSA110 
(T-DNA) 

GCTTCCTATTATATCTT 
CCCAAATTACCAATACA 

SIGnAL, Salk Institute  
(San Diego, CA, USA) 

SALK LBb1.3 117 
pROK2 
(T-DNA) 

ATTTTGCCGA 
TTTCGGAAC 

SIGnAL, Salk Institute  
(San Diego, CA, USA) 

Ds3-1 RB 175 Ds (transp.) 
ACCCGACCGG 
ATCGTATCGGT 

SIGnAL, Salk Institute  
(San Diego, CA, USA) 

EML1 CS69823_LP1 174 AT3G12140 
AATCTGCGAAT 
TGAGCTTGAG 

Milutinovic et al. 
(2019) 

EML1 
CS69823_RP1 176 AT3G12140 

TTTGTCCACAC 
TTTTCTTCCG 

Milutinovic et al. 
(2019) 

EML2 CS69824_LP2 178 AT5G06780 
GTTTCTCTCTC 
CTCCAACTTG 

Milutinovic et al. 
(2019) 

EML2 
CS69824_RP2 179 AT5G06780 

AAATTCATCAG 
CCTGTGCTTG 

Milutinovic et al. 
(2019) 

EML3 CS69825_LP2 181 AT5G13020 
ATGGATTACC 
GACCTTCTGAT 

Milutinovic et al. 
(2019) 

EML3 
CS69825_RP2 182 AT5G13020 

TCATTTCATCA 
GCGTTAACCC 

Milutinovic et al. 
(2019) 

EML4 
SAIL_202_D12_LP3 183 AT2G44440 

ATTTTGGCTTG 
CTGTCATCAG 

SIGnAL, Salk Institute  
(San Diego, CA, USA) 

EML4 
SAIL_202_D12_RP3 184 AT2G44440 

GTGGATAGGA 
GAGGATCCTGG 

SIGnAL, Salk Institute  
(San Diego, CA, USA) 

EML1 
SALK_114038_LP2 185 AT3G12140 

TTTTAAGGGC 
TTTTAAAGCGC 

Tsuchiya and Eulgem 
(2011) 

EML1 
SALK_114038_RP2 186 AT3G12140 

ATCCCATCTTA 
TGTCTTCCGG 

Tsuchiya and Eulgem 
(2011) 

EML1 
SALK_077088_LP2 187 AT3G12140 

TAGTCCCACTT 
TCTCAGCTGC 

Tsuchiya and Eulgem 
(2011) 

EML1 
SALK_077088_RP2 188 AT3G12140 

ATGAGTGCCT 
GTTCATGTTCC 

Tsuchiya and Eulgem 
(2011) 

BAR fw 189 
bar (BASTA 
resist.) 

TGCACCATCG 
TCAACCACTA Lohar et al. (2001) 

BAR rv 190 
bar (BASTA 
resist.) 

ACAGCGACCA 
CGCTCTTGAA Lohar et al. (2001) 

1used with Ds3-1 RB 
2used with SALK LBb1.3 
3used with SAIL LB2 
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Supplementary Table 4: Primers used for sequencing and sequence verification of constructs.  
All oligonucleotides were purchased from Sigma-Aldrich (Steinheim, Germany). 

Name ID Sequence Reference 

Actin_2_long_fw - TAACTCTCCCGCTATGTATGTCGC Gigolashvili Lab 
Actin_2_long_rv - CCACTGAGCACAATGTTACCGTAC Gigolashvili Lab 
35S fw - GCAAGACCCTTCCTCTATATAAG Gigolashvili Lab 
GFP rv - GAACTCCAGCAGGACCATGTG Gigolashvili Lab 
Nos rv - CGGCAACAGGATTCAATCTTAAG Gigolashvili Lab 
pDONR fw - TCGCGTTAACGCTAGCATGGATCTC Invitrogen 
pDONR rv - GTAACATCAGAGATTTTGAGACAC Invitrogen 

Aa_bHLH05_middle_fw 95 ACTATGGTTTGTATCGCTACGGAG this study 
Aa_bHLH05_middle_rv 96 CATGATTCAACGGCTCTTCTCTTC this study 
Ch_bHLH05_middle_fw 97 GAGCTAAATTCGTTAATCTCCGGC this study 
Ch_bHLH05_middle_rv 98 CTCTTCTTATTACTCTCCTCCGCC this study 
Ch_bHLH06_middle_fw 99 GAAGGCTGGACTTACGCTATTTTC this study 
Ch_bHLH06_middle_rv 100 CGGATTTTGGGTCTGAGAATGAAC this study 
Cr_bHLH06_middle_fw 101 GGTTGATGAGGAGGTTACGGATAC this study 
Cr_bHLH06_middle_rv 102 TTCTCTACCGCTACTTCTTTCACG this study 
EML1_fw 147 GAGACACAAATTCATCAACTTGAGC this study 
EML1_rv 132 CCTCCCTGTCTCCAATCTCTTATC this study 
EML2_fw 150 ACGTTCCAATCCTATCCGTC this study 
EML2_rv 151 CATCTTCCTCTCCATCCCATC this study 
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Supplementary Table 5: Primers used for cloning.  
All oligonucleotides were purchased from Sigma-Aldrich (Steinheim, Germany). 

Name ID Sequence Reference 

Aa_bHLH05_fw 
63 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGAACGACTACTTCATCAA 

this study 

Aa_bHLH05_rv 
64 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTATCCGACTTTCGCCATCA 

this study 

Aa_bHLH06_fw 
65 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGAATCTCTGGACCACCGA 

this study 

Aa_bHLH06_rv 
66 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTAACCGATCTTCGAAATCA 

this study 

Aa_MYB28_fw 
191 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCAAGAAAGCCATGTTG 

this study 

Aa_MYB28_rv 
192 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCCATGGAATGCTTTTCGAGGG 

this study 

Aa_MYB29_fw 
193 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCAAGAAAGCCATGTTG 

this study 

Aa_MYB29_rv 
194 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTATGAAGAAGTCCTTGGCGT 

this study 

Aa_MYB34_fw 
59 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTGAGAACACCATGTTG 

this study 

Aa_MYB34_rv 
60 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTAGAAAAAGACACCTACCT 

this study 

Aa_MYB51_fw 
61 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTACGAACACCATGTTG 

this study 

Aa_MYB51_rv 
62 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTCATCCAAAATAGTTATCAA 

this study 

Ch_bHLH05_fw 
55 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGAACGGCACAACATCATC 

this study 

Ch_bHLH05_rv 
56 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTCAATAGTTTTCTCCGACTT 

this study 

Ch_bHLH06_fw 
57 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGAATCTCTGGACCACCGA 

this study 

Ch_bHLH06_rv 
58 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTAACCGATCCTTGAAATCA 

this study 

Ch_MYB28_fw 
195 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCAAGAAAGCCATGTTG 

this study 

Ch_MYB28_rv 
196 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTATAAAATGCTTTTCGAGGG 

this study 

Ch_MYB29_fw 
197 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCAAGAAAACCATGTTG 

this study 

Ch_MYB29_rv 
198 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCACTAAAATCGGAATGGTCAA 

this study 

Ch_MYB34_fw 
51 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTGAGGACACCATGTTG 

this study 

Ch_MYB34_rv 
52 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTCAGACAAAGACTCCAACCA 

this study 

Ch_MYB51_fw 
53 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTGCGGACACCGTGCTG 

this study 

Ch_MYB51_rv 
54 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTCATCCAAAATAGTTATCAA 

this study 
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Name ID Sequence Reference 

Cr_bHLH06_fw 
49 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGACTGATTACCGGCTACA 

this study 

Cr_bHLH06_rv 
50 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTAACTGATTTTTGAAATCA 

this study 

Cr_MYB28_fw 
199 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCAAGAAAGCCATGTTG 

this study 

Cr_MYB28_rv 
200 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTATGAAATGCTTTTCGAGGG 

this study 

Cr_MYB29_fw 
201 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCGAGAAAGCCATGTTG 

this study 

Cr_MYB29_rv 
202 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTACGGAGTTCTTGTCGTCGC 

this study 

Cr_MYB34_fw 
43 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTGAGGACACCATGTTG 

this study 

Cr_MYB34_rv 
44 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTTATTCGTTCCAACAACCAA 

this study 

Cr_MYB51_fw 
45 

GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTGCGAACGCCGTGTTG 

this study 

Cr_MYB51_rv 
46 

GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTCAGGAAAAATATTTATCAA 

this study 

CrbHLH04_attB_fw 103 
GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGTCTCCGACGAGTGTTCA 

this study 

CrbHLH04_attB_rv 104 
GGGGACCACTTTGTACAAGAAAGCT 
GGGTCTAGGCATTCTCCGACTTTCT 

this study 

CrbHLH05_attB_fw 115 
GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGAACGGCACAGCATCATC 

this study 

CrbHLH05_attB_rv 116 
GGGGACCACTTTGTACAAGAAAGCT 
GGGTCATAGGTTTCTCCGACTTTCG 

this study 

EML1_attB_fw 139 
GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGAGACACAAATTCATCA 

this study 

EML1_attB_rv 140 
GGGGACCACTTTGTACAAGAAAGCT 
GGGTCAGAAGAAGACCTATATTTCA 

this study 

EML2_attB_fw 143 
GGGGACAAGTTTGTACAAAAAAGCA 
GGCTTCATGGTAGGTCTACACATTAA 

this study 

EML2_attB_rv 144 
GGGGACCACTTTGTACAAGAAAGCT 
GGGTCCCCCAGCAGCATTGGAAGCT 

this study 
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Supplementary Table 6: Primers used for qPCR.  
All oligonucleotides were purchased from Sigma-Aldrich (Steinheim, Germany). 

Name ID Target Sequence Reference 

CYP79B3_RT_fw 124 AT2G22330 
CTCCTTCTTCC 
TTGCAAATGGA Frerigmann et al. (2014) 

CYP79B3_RT_rv 125 AT2G22330 
GAGAATCATCAA 
GAAGCAAAGGG Frerigmann et al. (2014) 

CYP79F2_RT_fw 126 AT1G16400   
CATGCTTTCAAATCT 
TACTAGGATTTATCG Frerigmann et al. (2014) 

CYP79F2_RT_rv 127 AT1G16400   
GTAGATTGCC 
GAGGATGGGC Frerigmann et al. (2014) 

CYP83B1_RT_fw 137 AT4G31500 

GGCAACAAACCA 
TGTCGTATCAAG Frerigmann et al. (2014) 

CYP83B1_RT_rv 138 AT4G31500 
CGTTGACACTCTT 
CTTCTCTAACCG Frerigmann et al. (2014) 

PP2A_RT_fw 128 AT1G69960 
CAAGAGGTTCC 
ACACGAAGGA Frerigmann et al. (2014) 

PP2A_RT_rv 129 AT1G69960 
TGTAACCAGC 
ACCACGAGGA Frerigmann et al. (2014) 
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Supplementary Table 7: Lists of aliphatic and indolic GSL synthesis genes used for binding factor enrichment analysis. 

Aliphatic GSL synthesis Indolic GSL synthesis 

Gene Locus Name Gene Locus Name 

AT3G19710 BCAT4 AT5G05730 ASA1 

AT5G23010 MAM1 AT5G54810 TSB1 

AT5G23020 MAM3 AT4G39950 CYP79B2 

AT1G16410 CYP79F1 AT2G22330 CYP79B3 

AT1G16400 CYP79F2 AT4G31500 CYP83B1 

AT4G13770 CYP83A1 AT2G30860 GSTF9 

AT3G03190 GSTF11 AT2G30870 GSTF10 

AT1G78370 GSTU20 AT4G30530 GGP1 

AT4G30530 GGP1 AT2G20610 SUR1 

AT2G20610 SUR1 AT1G24100   UGT74B1 

AT1G24100 UGT74B1 AT1G74100 SOT16 

AT1G18590 SOT17 AT4G37430 CYP81F1 

AT1G74090 SOT18 AT5G57220 CYP81F2 

AT1G65860 FMO-GSOX1 AT4G37400 CYP81F3 

AT1G62540 FMO-GSOX2 AT4G37410 CYP81F4 

AT1G62560 FMO-GSOX3 AT1G21100 IGMT1 

AT1G62570 FMO-GSOX4 AT1G21120 IGMT2 

AT1G12140 FMO-GSOX5   

AT1G12130 FMO-GSOX6   

AT1G12160 FMO-GSOX7   

AT4G03060 AOP2 
 

 

AT4G03050 AOP3 
 

 

AT2G25450 GS-OH 
 

 

AT1G65880 BZO1 
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Supplementary Table 8: Epigenetic binding factor enrichment of aliphatic GSL biosynthesis genes.  
Data from Plant Regulomics was filtered for enrichment in H2AK121, H3K27 and H3K4 modifications. All such entries that 
were generated for wildtype plants under regular or under stress conditions and overlapped with at least 50% of the genes of 
interest were considered. 

Marker GEO Dataset Description Overlap % p-value 
(FDR) 

Fold 
change 

H2AK121ub GSM2367150 WT 94 1.97e-4 2,50 

H2AK121ub GSM2367148 WT 94 2.22e-4 2,41 

H2AK121ub GSM2367146 WT 94 2.22e-4 2,35 

H2AK121ub GSM2367152 WT 94 2.43e-4 2,29 

H2AK121ub GSM2367140 WT 94 2.51e-4 2,25 

H2AK121ub GSM2367138 WT 88 7.48e-4 2,13 

H3K27me3 GSM1530047 WT_Col/C24 59 3.84e-4 4,59 

H3K27me3 GSM1625911 F1-Endosperm Columbia x 
Landsberg 

53 7.58e-4 4,46 

H3K27me3 GSM1625913 F1-Endosperm Landsberg x 
Columbia 

53 1.41e-3 3,87 

H3K27me3 GSM624616 Col whole seedling 71 3.84e-4 3,46 

H3K27me3 GSM1625912 F1-Leaf Columbia x Columbia 71 3.84e-4 3,46 

H3K27me3 GSM1225092 Col-0; young leaves 77 2.22e-4 3,43 

H3K27me3 GSM1644813 Col; 2 week-old seedlings 
without roots 

65 7.48e-4 3,32 

H3K27me3 GSM1625914 F1-Endosperm Columbia x 
Landsberg 

53 3.48e-3 3,29 

H3K27me3 GSM1146786 WT; 14 day-old seedlings 71 4.37e-4 3,23 

H3K27me3 GSM2027816 Col-0 leaves 65 9.02e-4 3,19 

H3K27me3 GSM1146785 WT; 14 day-old seedlings 71 5.05e-4 3,16 

H3K27me3 GSM1955349 2-week old wt seedlings 
without roots 

65 9.60e-4 3,14 

H3K27me3 GSM1225093 Col-0; young leaves 77 3.84e-4 3,09 

H3K27me3 GSM1296933 14 day-old wt seedlings 65 1.04e-3 3,09 

H3K27me3 GSM2367142 WT 71 6.22e-4 3,06 

H3K27me3 GSM1625915 F1-Leaf Columbia x Columbia 77 3.84e-4 3,04 

H3K27me3 GSM1296932 14 day-old wt seedlings 65 1.28e-3 2,98 

H3K27me3 GSM1530043 WT_C24 77 4.10e-4 2,93 

H3K27me3 GSM1048079 H3K27me3 of 14 day-old 
seedlings 

77 4.32e-4 2,9 

H3AK27me3 GSM2498439 WT 71 8.13e-4 2,88 

H3K27me3 GSM1530044 WT_Col/C24 77 4.37e-4 2,87 

H3K27me3 GSM2367144 WT 65 1.65e-3 2,87 

H3K27me3 GSM2079966 Col-0 seeds 77 4.72e-4 2,84 

H3K27me3 GSM2366608 WT; 14 day-old seedlings 77 4.73e-4 2,83 

H3AK27me3 GSM2498437 WT 71 1.01e-3 2,77 

H3K27me3 GSM1530042 WT_Col 77 5.87e-4 2,76 

H3K27me3 GSM1592579 Col; seedlings at 12 DAG 71 1.01e-3 2,76 

H3K27me3 GSM1625916 F1-Endosperm Landsberg x 
Columbia 

65 2.57e-3 2,71 

H3K27me3 GSM2028109 Wt seeds 77 9.27e-4 2,52 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367150
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367148
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367146
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367152
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367140
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367138
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1530047
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625911
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625913
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM624616
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625912
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1225092
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1644813
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625914
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1146786
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2027816
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1146785
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1955349
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1225093
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1296933
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367142
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625915
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1296932
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1530043
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1048079
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2498439
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1530044
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367144
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2079966
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2366608
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2498437
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1530042
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1592579
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1625916
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2028109
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Marker GEO Dataset Description Overlap % p-value 
(FDR) 

Fold 
change 

H3K27me3 GSM2090072 C24; 10 day-old seedlings 77 9.60e-4 2,50 

H3K27me3 GSM2028111 Wt seeds 77 1.26e-3 2,41 

H3K27me3 GSM2101793 C24; 10 day-old seedlings 65 1.35e-2 2,14 

H3K4me1 GSM1669404 Col-0; 21 day-old rosette leaves 
in drought stress state 

65 7.99e-3 2,31 

H3K4me1 GSM1669402 Col-0; 21 day-old rosette leaves 
in drought stress state 

83 1.65e-3 2,11 

H3K4me1 GSM1669418 Col-0; 21 day-old rosette leaves 
in drought stress state 

83 2.07e-3 2,07 

LHP1 GSM2028108 ProLHP1:LHP1:GFP 77 3.95e-4 2,95 

 

  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2090072
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2028111
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2101793
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669404
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669402
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669418
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2028108
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Supplementary Table 9: Epigenetic binding factor enrichment of indolic GSL biosynthesis genes.  
Data from Plant Regulomics was filtered for enrichment in H2AK121, H3K27 and H3K4 modifications. All such entries that 
were generated for wildtype plants under regular or under stress conditions and overlapped with at least 50% of the genes of 
interest were considered. 

Marker GEO Dataset Description Overlap % p-value 
(FDR) 

Fold 
change 

H2AK121ub GSM2367150 WT 100 1.96e-4 2,65 

H2AK121ub GSM2367148 WT 100 1.96e-4 2,56 

H2AK121ub GSM2367146 WT 100 1.96e-4 2,5 

H2AK121ub GSM2367152 WT 94 1.64e-3 2,27 

H2AK121ub GSM2367138 WT 94 1.64e-3 2,26 

H2AK121ub GSM2367140 WT 94 1.64e-3 2,23 

H3K27me3 GSM2028113 WT seeds 87 6.73e-3 2,03 

H3K4me1 GSM1669404 Col-0; 21 day-old rosette leaves 
in drought stress state 

67 1.68e-2 2,38 

H3K4me1 GSM1669390 Col-0; 21 day-old rosette leaves 
in normal watered state 

67 2.32e-2 2,22 

H3K4me1 GSM1669405 Col-0; 21 day-old rosette leaves 
in drought stress state 

67 2.35e-2 2,21 

H3K4me3 GSM1669407 Col-0; 21 day-old rosette leaves 
in drought stress state 

94 1.64e-3 2,25 

H3K4me3 GSM1669408 Col-0; 21 day-old rosette leaves 
in drought stress state 

87 4.21e-3 2,22 

H3K4me3 GSM1669392 Col-0; 21 day-old rosette leaves 
in normal watered state 

94 2.67e-3 2,13 

H3K4me3 GSM1669406 Col-0; 21 day-old rosette leaves 
in drought stress state 

87 5.42e-3 2,1 

H3K4me3 GSM1669391 Col-0; 21 day-old rosette leaves 
in normal watered state 

87 7.48e-3 2 

 

  

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367150
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367148
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367146
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367152
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367138
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2367140
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2028113
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669404
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669390
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669405
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669407
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669408
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669392
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669406
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1669391


Supplementary Data 

100 
 

Supplementary Table 10: Statistical significances of prolonged stress experiments. 
Statistical significances of the isolated factors genotype (wildtype or mutant) and jasmonate presence as well as the overall 
interaction between the two (GT-JA). (A) corresponds to the GSL quantification in set I eml mutants (Figure 6), (B) to the GSL 
quantification in set II eml mutants (Figure 7) and (C) to the qPCR of GSL biosynthesis genes in set II eml mutants (Figure 8). 
p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, 
“***” < 0.001. 

A 
 Genotype Jasmonate GT-JA 
Aliphatic ***  

(0.00059) 
*** 
(< 2e-16) 

*** 
(0.00020) 

Indolic * 
(0.011) 

*** 
(< 2e-16) 

- 
(0.19) 

B 
 Genotype Jasmonate GT-JA 
Aliphatic *** 

(< 2e-16) 
*** 
(< 2e-16) 

*** 
(4.3e-07) 

Indolic *** 
(2.6e-11) 

*** 
(< 2e-16) 

*** 
(4.19e-07) 

C 
 Genotype Jasmonate GT-JA 
CYP79F2 - 

(0.35) 
*** 
(1.2e-05) 

- 
(0.12) 

CYP79B3 . 
(0.074) 

*** 
(4.7e-14) 

*** 
(8.1e-08) 

CYP83B1 - 
(0.49) 

** 
(0.0017) 

* 
(0.028) 
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Supplementary Table 11: Standard deviations of GSL concentrations in Brassicaceae root and shoot tissue. 

m/z ratio RT 
(min) 

Possible Identities Number Type Derived 
from 

Standard Deviations 

Aa root Aa shoot Ch root Ch shoot Cr root Cr shoot 

360.0429 6 1-Methylethyl 56 A-Alkyl Val 1,5E-02 2,4E-01 8,6E-05 1,4E-04 1,5E-04 2,0E-05 

374.0585 a 6,8 1-Methylpropyl; 
2-Methylpropyl; n-Butyl1 

61, 62, 131 A-Alkyl Ile, Leu, ? 7,0E-02 2,4E-01 1,7E-04 2,6E-04 1,6E-04 5,2E-05 

374.0585 b 7 1-Methylpropyl; 
2-Methylpropyl; n-Butyl1 

61, 62, 131 A-Alkyl Ile, Leu, ? 7,4E-03 2,7E-01 8,0E-05 1,3E-04 1,1E-04 4,2E-05 

402.0898 9,05 n-Hexyl1; 3-Methypentyl1; 
4-Methylpentyl1 

201, 581, 591 A-Alkyl ?, Ile, Leu 1,6E-03 1,1E-02 3,1E-03 8,4E-02 6,8E-05 0 

416.1050 10 n-Heptyl –3 A-Alkyl ? 1,9E-04 4,8E-03 2,1E-03 3,7E-02 5,2E-04 0 

372.0429 6,4 But-3-enyl 12 A-Alkenyl Met 2,0E-03 1,0E-01 5,5E-03 2,8E-01 1,6E-04 1,0E-04 

386.0585 7,4 Pent-4-enyl; 
3-Methylbut-3-enyl 

101, 521 A-Alkenyl Met, Leu 5,5E-05 3,2E-04 8,8E-04 3,0E-02 0 0 

494.0796 9,7 4-(Benzoyloxy)butyl; 
1-(Benzoyloxymethyl)propyl1 

5, 71 A-BOA Met, Ile 0 0 1,7E-04 8,8E-04 0 0 

390.0534 a 5,19 1-(Hydroxymethyl)propyl; 
2-Hydroxy-2-methylpropyl; 3-
Hydroxybutyl1; 
4-Hydroxybutyl1 

30, 31, 251, 261 A-HOA Ile, Leu, 
Met, Met 

0 0 0 4,3E-04 0 0 

390.0534 b 5,4 1-(Hydroxymethyl)propyl; 
2-Hydroxy-2-methylpropyl; 3-
Hydroxybutyl1; 
4-Hydroxybutyl1 

30, 31, 251, 261 A-HOA Ile, Leu, 
Met, Met 

1,1E-01 1,2E-02 0 0, 0, 0 

406.0306 6,79 3-(Methylsulfanyl)propyl2 95 A-MSAA Met 3,4E-05 4,8E-05 4,9E-05 5,1E-05 7,1E-05 7,2E-05 

420.0457 7,45 4-(Methylsulfanyl)butyl 84 A-MSAA Met 5,1E-04 9,4E-04 1,3E-04 1,4E-04 3,4E-05 2,7E-05 

434.0619 8,33 5-(Methylsulfanyl)pentyl 94 A-MSAA Met 1,5E-04 1,7E-04 9,0E-05 1,5E-04 0 0 

448.0775 9,2 6-(Methylsulfanyl)hexyl 88 A-MSAA Met 9,0E-05 9,0E-05 0 6,8E-05 0 0 

462.0932 10,05 7-(Methylsulfanyl)heptyl 87 A-MSAA Met 1,2E-04 1,2E-04 0 0 7,6E-05 0 

476.1088 10,82 8-(Methylsulfanyl)octyl 92 A-MSAA Met 5,3E-03 8,2E-04 0 0 2,6E-03 0 

490.1245 11,6 9-(Methylsulfanyl)nonyl1 891 A-MSAA Met 3,9E-01 1,2E-01 1,2E-04 0 1,7E-01 7,3E-04 

504.1401 12,5 10-(Methylsulfanyl)decyl1 851 A-MSAA Met 9,0E-02 9,7E-03 5,5E-06 0 1,4E-02 2,5E-04 

422.0255 4,68 3-(Methylsulfinyl)propyl 73 A-MSIA Met 4,4E-05 5,1E-05 3,2E-05 2,6E-05 5,4E-05 4,3E-05 

436.0411 5,11 4-(Methylsulfinyl)butyl 64 A-MSIA Met 9,2E-05 1,1E-03 1,6E-04 1,5E-03 3,3E-04 6,2E-05 

450.0568 5,65 5-(Methylsulfinyl)pentyl 72 A-MSIA Met 8,7E-05 6,1E-04 1,6E-04 2,1E-03 2,0E-05 0 

464.0724 6,26 6-(Methylsulfinyl)hexyl4 67 A-MSIA Met 4,2E-05 2,7E-04 5,6E-05 1,6E-04 0 0 

478.0881 6,92 7-(Methylsulfinyl)heptyl 66 A-MSIA Met 2,5E-05 2,3E-04 4,8E-06 0,0E+00 3,7E-05 0 
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492.1037 7,7 8-(Methylsulfinyl)octyl 69 A-MSIA Met 1,3E-03 5,7E-03 2,6E-05 2,1E-05 2,3E-03 2,7E-04 

506.1194 a 7,95 9-(Methylsulfinyl)nonyl5 685 A-MSIA Met 0 0 6,6E-04 1,0E-04 0 0 

506.1194 b 8,45 9-(Methylsulfinyl)nonyl5 685 A-MSIA Met 9,6E-02 3,7E-01 0 0 2,0E-01 1,2E-02 

520.1350 9,18 10-(Methylsulfinyl)decyl 65 A-MSIA Met 1,2E-01 2,1E-01 6,8E-05 0 2,3E-01 1,4E-02 

522.1143 a 8,22 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met 6,1E-04 2,9E-04 0 0 4,0E-04 0 

522.1143 b 8,55 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met 4,2E-04 1,2E-03 1,6E-04 6,9E-05 5,9E-04 4,2E-05 

522.1143 c 9 9-(Methylsulfonyl)nonyl5 795 A-MSOA Met 2,1E-04 1,2E-02 0 0 9,0E-05 1,2E-04 

408.0429 7,4 Benzyl 11 B Phe 2,8E-04 1,6E-04 1,6E-01 2,2E-01 5,6E-04 1,7E-04 

422.0585 8,3 2-Phenylethyl 105 B Phe 5,1E-03 3,0E-03 2,1E-02 2,4E-01 8,7E-05 1,8E-05 

447.0538 7,87 Indol-3-ylmethyl 43 I Trp 9,7E-04 8,6E-04 8,4E-02 6,0E-02 2,5E-04 0 

463.0487 7 4-Hydroxyindol-3-ylmethyl 28 I Trp 5,8E-03 4,1E-03 5,8E-04 5,8E-04 2,4E-04 0 

477.0643 a 8,5 4-Methoxyindol-3-ylmethyl 48 I Trp 5,3E-03 6,1E-02 3,8E-02 1,1E-01 7,5E-05 0 

477.0643 b 9,05 1-Methoxyindol-3-ylmethyl 47 I Trp 0 0 1,6E-02 1,7E-03 0 0 
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6.2 Supplementary Figures 

 

Supplementary Figure 1: Transcriptomic enrichment analysis for EML1. 
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Supplementary Figure 2: Transcriptomic enrichment analysis for EML2. 
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Supplementary Figure 3: Transcriptomic enrichment analysis for EML3. 
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Supplementary Figure 4: Transcriptomic enrichment analysis for EML4. 
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B 
 Genotype Jasmonate GT-JA 
Aliphatic *** 

(3.7e-07) 
*** 
(< 2e-16) 

*** 
(6.0e-11) 

Indolic *** 
(1.5e-12) 

*** 
(< 2e-16) 

*** 
(8.7e-13) 

C 
 eml1/eml3 eml3 eml4 

Aliphatic ** 
(0.0038) 

- 
(0.29) 

** 
(0.0073) 

Indolic *** 
(0.00014) 

* 
(0.037) 

. 
(0.087) 

Supplementary Figure 5: The set II eml1/eml3 double mutant is impaired in JA-mediated GSL induction (Repetition 2).  
(A) GSL quantification of set II eml mutants grown under JA presence. Error bars represent the 95% confidence interval. 
eml1/eml3 is abbreviated to eml1/3. (B) Statistical significance of the isolated factors genotype (wildtype or mutant) and 
jasmonate presence as well as the overall interaction between the two (GT-JA). (C) Statistical significance of differences in GSL 
concentration between mutant plants and their respective wildtypes, regarding the interaction between and jasmonate presence. 
p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, 
“***” < 0.001. 

  

A 
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B 
 Genotype Jasmonate GT-JA 

Aliphatic * 
(0.028) 

*** 
(< 2e-16) 

- 
(0.43) 

Indolic . 
(0.064) 

*** 
(< 2e-16) 

- 
(0.21) 

C 
 eml1/eml3 eml3 eml4 
Aliphatic - 

(0.12) 
- 
(0.43) 

- 
(0.81) 

Indolic . 
(0.071) 

- 
(0.48) 

- 
(0.59) 

Supplementary Figure 6: The set II eml1/eml3 double mutant is impaired in JA-mediated GSL induction (Repetition 3). 
(A) GSL quantification of set II eml mutants grown under JA presence. Error bars represent the 95% confidence interval. 
eml1/eml3 is abbreviated to eml1/3. (B) Statistical significance of the isolated factors genotype (wildtype or mutant) and 
jasmonate presence as well as the overall interaction between the two (GT-JA). (C) Statistical significance of differences in GSL 
concentration between mutant plants and their respective wildtypes, regarding the interaction between and jasmonate presence. 
p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, 
“***” < 0.001. 

A 
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B 
 Genotype Jasmonate GT-JA 
Aliphatic - 

(0.41) 
*** 
(1.1e-07) 

* 
(0.013) 

Indolic ** 
(0.0015) 

*** 
(< 2e-16) 

** 
(0.0054) 

C 
 eml1/eml3 eml2 eml3 eml4 

Aliphatic * 
(0.019) 

- 
(0.72) 

- 
(0.97) 

- 
(0.21) 

Indolic *** 
(5.8e-06) 

- 
(0.85) 

- 
(0.79) 

- 
(0.11) 

Supplementary Figure 7: The set II eml1/eml3 double mutant is impaired in JA-mediated GSL induction (Repetition 4). 
(A) GSL quantification of set II eml mutants grown under JA presence. Error bars represent the 95% confidence interval. 
eml1/eml3 is abbreviated to eml1/3. (B) Statistical significance of the isolated factors genotype (wildtype or mutant) and 
jasmonate presence as well as the overall interaction between the two (GT-JA). (C) Statistical significance of differences in GSL 
concentration between mutant plants and their respective wildtypes, regarding the interaction between and jasmonate presence. 
p-values were calculated using two-way ANOVA. Significance codes represent the p-value: “.” < 0.1, “*” < 0.05, “**” < 0.01, 
“***” < 0.001. 

A 
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Supplementary Figure 8: Indolic MYBs can induce transcription of AtCYP79B3 in C. rubella cell culture. 
Qualitative GUS staining of C. rubella cell culture overexpressing MYB genes from different Brassicaceae species and the 
proAtCYP79B3:GUS promoter-reporter construct, six days after transfection.
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7 List of Abbreviations 

1OH-I3M 1-Hydroxyindol-3-ylmethyl GSL 

1MO-I3M 1-Methoxyindol-3-ylmethyl GSL 

2,4-D 2,4-Dichlorophenoxyacetic acid 

4OH-I3M 4-Hydroxyindol-3-ylmethyl GSL 

4MO-I3M 4-Methoxyindol-3-ylmethyl GSL 

Aa Arabis alpina 

ABA Abscisic acid 

ACT domain Aspartate kinase, chorismate mutase and TyrA protein domain 

AIP1 ABAP1-INTERACTING PROTEIN 1 

amiRNA Artificial microRNA 

Amp Ampicilin 

ANOVA Analysis of variance 

AOP ALKENYL/HYDROXYALKYL-PRODUCING 

AP2/ERF APETALA2/Ethylene-responsive factor 

At Arabidopsis thaliana 

bar Bialaphos resistance 

BES1 BRI1-EMS-SUPPRESSOR 1 

BGS Benzyl GSL 

bHLH basic helix-loop-helix 

bp Base pairs 

BR Brassinosteroids 

BRI1 BRASSINOSTEROID-INSENSITIVE 1 

BZR1 BRASSINAZOLE-RESISTANT 1 

Carb Carbencilin 

CDS Coding DNA sequence 

Ch Cardamine hirsuta 

Chl Chloramphenicol 

Col Columbia 

COP1-SPA CONSTITUTIVE PHOTOMORPHOGENIC 1/SUPPRESSOR OF PHYA-105 

Cr Capsella rubella 

CYP CYTOCHROME P450 

DEAE Diethylaminoethyl 

DAPI 4′,6-Diamidino-2-phenylindole 

DMF Dimethylformamide 

DOF DNA‐binding‐with‐one‐finger 

DTT Dithiothreitol 

DW Dry weight 

EDTA Ethylenediaminetetraacetic acid 

EML EMSY-LIKE 

ENT domain EMSY N-terminal domain 

ET Ethylene 

FDR False discovery rate 

flg22 22-amino acid flagellin peptide 

FW Fresh weight 

Gent Gentamycin 

GFP Green fluorescent protein 
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GSL Glucosinolate 

GT Genotype 

GUS β-glucuronidase 

HAC1 HISTONE ACETYLTRANSFERASE OF THE CBP FAMILY 1 

HDA6 HISTONE DEACETYLASE 6 

HPLC High performance liquid chromatography 

Hyg Hygromycin 

I3M Indole-3-methyl GSL 

IGMT INDOLE GLUCOSINOLATE O-METHYLTRANSFERASE 

IPMI ISOPROPYLMALATE ISOMERASE 

IPMDH ISOPROPYLMALATE DEHYDROGENASE 

IQD1 IQ-DOMAIN 1 

JA Jasmonic acid or jasmonate 

JAR1 JASMONATE-RESISTANT 1 

Jas domain Jasmonate-associated domain 

JAZ JASMONATE ZIM-DOMAIN 

JID JAZ-interacting domain 

Kan Kanamycin 

LB Left border primer; Lysogeny broth 

LC-MS Liquid chromatography-mass spectrometry 

Ler Landsberg erecta 

LIF2 LHP1-INTERACTING FACTOR 2 

LHP1 LIKE HETEROCHROMATIN PROTEIN 1 

LN2 Liquid nitrogen 

LP Left primer 

MAM METHYLTHIOALKYLMALATE SYNTHASE 

MED25 MEDIATOR 25 

MeJA Methyl jasmonate 

MOPS 3-Morpholinopropanesulfonic acid 

MPIPZ Max-Planck-Institut für Pflanzenzüchtungsforschung 

MS Murashige and Skoog 

MYB MYELOBLASTOSIS 

MYC MYELOCYTOMATOSIS 

NAA 1-Naphthaleneacetic acid 

NINJA NOVEL INTERACTOR OF JAZ 

OBP2 OBF-BINDING PROTEIN 

OD600 Optical density at 600 nm 

ORF Open reading frame 

OX Overexpression 

PCR Polymerase chain reaction 

PEN2 PENETRATION 2 

PEN2L PEN2-LIKE 

PRC Polycomb repressive complex 

qPCR Quantitative real-time PCR 

RB Right border primer 

Rif Rifampicin 

RIF1 R-INTERACTING FACTOR 1 

RP Right primer 
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rpm Revolutions per minute 

RT Retention time; Room temperature 

SA Salicylic acid 

SCFCOI1 Skp1-Cullin-F-box/CORONATINE INSENSITIVE1 

SDI1 SULFUR DEFICIENCY-INDUCED 1 

SDS Sodium dodecyl sulfate 

SSLP Simple sequence length polymorphism 

TAD Transcriptional activation domain 

TAE Tris-acetate-EDTA 

TAI Time after induction 

T-DNA Transfer DNA 

TF Transcription factor 

Tfb Transformation buffer 

TOF Time of flight 

TP Time point 

TPL TOPLESS 

TPR TOPLESS-RELATED 

UTR Untranslated region 

VM Vermehrungserde 

WGD Whole-genome duplication 

WT Wildtype 

X-Gluc 5-bromo-4-chloro-3-indolyl glucuronide 

YEB Yeast extract broth 
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