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Summary 

The Arabidopsis thaliana Histidine Kinase 1 (AHK1) is part of the multistep phosphorelay system and 

stands at the beginning of a signaling cascade. Phylogenetic analysis showed that AHK1 and also its 

ecto-domain (ED) is highly conserved in dicot plants, like A. thaliana and Lotus japonicus. A homology-

based structural model revealed that the AHK1ED might comprise a Per-Arnt-Sim (PAS) domain. A 

PAS-domain is known for binding low molecular weight ligands. It is similar to PAS-like CACHE 

domains that other AHK’s carry, and which is associated with the phytohormone cytokinin. In this 

study we tried to identify the ligand of AHK1. For identification of the AHK1 ligand, the ED of 

AHK1 is expressed in E. coli, purified and used for ligand-fishing via LC-MS. In addition, we used a 

microscopic approach in which we expressed transiently full-length AHK1 in plant leaves. The plant 

leaves were than treated with our candidates or with the inhibitors of our candidates. As shown by a 

quantitative phosphoproteomics approach, the activation of AHK1 led to the rapid phosphorylation 

of many proteins. The identified proteins were involved in, for instance, stress and light signaling. 

Therefore, we pursued to characterize the main pathway of AHK1. We executed phenotypic analyses 

using Arabidopsis seedlings carrying different ahk1 mutant alleles based on the findings. Hereby we 

applied different environmental cues e.g. irradiation with light of different intensity and wavelengths, 

application of different stress conditions, which are linked to proteins differentially phosphorylated 

by AHK1.  

In conclusion, our analysis will help to understand the molecular process underlying the activation of 

AHK1. Furthermore, we could describe two homologs of AHK1 in L. japonicus, which we called 

LHK4-1 and LHK4-2. In their alleles we could find similarities and differences to ahk1. Our 

phenotypic analysis in Arabidopsis could further elucidate the signaling network in which AHK1 is 

embedded. Our data indicate that AHK1 is involved in lipid signaling but we were not able to identify 

a lipid as AHK1’s signal. 

 



xiii 

 

Zusammenfassung 

Die Arabidopsis thaliana Histidin Kinase 1 (AHK1) ist Teil des Multistep Phosphorelay Systems 

und sie steht am Anfang einer Signalkaskade. Phylogenetische Analysen der Ektodomäne (ED) 

von AHK1 zeigten, dass sie hochkonserviert in Dikots, wie A. thaliana und Lotus japonicus (L. 

japonicus) ist. Ein Homologie-basiertes strukturelles Model zeigte, dass die AHK1ED eine Per-Arnt-

Sim (PAS) Domäne beinhalten könnte. Eine PAS Domäne ist bekannt dafür molekular leichte 

Liganden zu binden. Sie ähnelt strukturell der PAS-ähnlichen CACHE Domäne, die AHK’s tragen 

und mit dem Pflanzenhormon Cytokinin assoziiert. In dieser Studie haben wir versucht den 

Liganden von AHK1 zu identifizieren. Um den Liganden von AHK1 zu identifizieren, 

exprimierten wir die ED von AHK1 in E. coli purifizierten und nutzten es für Ligandenfischen. 

Zusätzlich nutzten wir einen mikroskopischen Ansatz, in welchem wir die AHK1 in Gesamtlänge 

transient in Pflanze exprimierten. Danach wurden die Pflanzenblätter mit unseren Kandidaten, 

oder den Inhibitoren unserer Kandidaten behandelt. Wie im quantitativen Phosphoproteomik 

Ansatz gezeigt wurde, führt die Aktivierung von AHK1 zu einer schnellen Phosphorylierung von 

vielen Proteinen. Die identifizierten Proteine waren z.B. involviert in Stress und Licht 

Signalwegen. Aufgrund dieser Resultate führten wir phänotypische Analysen mit Arabidopsis 

Samen, die unterschiedliche ahk1 Allele trugen, durch. Hierbei behandelten wir mit 

unterschiedlichen umweltlichen Signalen z. B. Bestrahlung mit Licht in unterschiedlichen 

Intensitäten und Wellenlänge oder durch Anwendung von verschiedenen Stresskonditionen, die 

verbunden sind mit Proteinen, die von AHK1 unterschiedlich phosphoryliert wurden. 

Abschließend kann unsere Analyse helfen, den molekularen Prozess, der die Aktivierung von 

AHK1 unterliegt, zu verstehen. Des Weiteren konnten wir 2 Homologe von AHK1 in L. japonicus 

identifizieren. Diese nannten wir LHK4-1 und LHK4-2. In ihren Allelen konnten wir 

Gemeinsamkeiten und Unterschiede zu ahk1 finden. Unsere phänotypischen Analysen konnten 

das Signalnetzwerk in welchem AHK1 agiert weiter erläutern. Unsere Daten weisen darauf hin, 

dass AHK1 im Lipid Signalweg involviert ist, aber wir konnten nicht den Liganden von AHK1 

identifizieren. 
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1 Introduction 

Histidine kinases (HK’s) are well conserved proteins in prokaryotes like in Escherichia coli and in some 

eukaryotes like plants and yeast (Capra and Laub, 2012; Cheung and Hendrickson, 2008; Janiak-Spens 

et al., 1999; Pekarova et al., 2016). Standing at the beginning of signaling cascades they serve as 

receptors in e. g. abiotic and biotic pathways. HK’s are standing at the beginning of signaling pathways 

that react upon abiotic and biotic stressors which have a constant impact on plants (McLean et al., 

2019; Osakabe et al., 2013; Tanigawa et al., 2012). Hence, as plants evolved, they adapted to biotic and 

abiotic conditions through adjusting their metabolism and growth to improve their reaction to the 

different kinds of stress (Pekarova et al., 2016; Suzuki, 2016). This thesis addresses the question which 

role the Arabidopsis HISTIDINE KINASE 1 (AHK1) plays in response to abiotic and biotic stressors. 

1.1 Abiotic and biotic stress 
Abiotic stress is defined as non-living factors and biotic stress as living factors that have a negative 

impact on organisms (Beck et al., 2014; Khare et al., 2020). Abiotic stress are factors like light, drought 

or humidity. Biotic factors are bacteria, fungi, and other organisms (Beck et al., 2014; Khare et al., 

2020). The extend of abiotic and biotic factors are influenced by climate change and/or changes 

regarding the habitat and growth conditions which makes it necessary to understand how plants react 

to these stressors. 

Abiotic and biotic stress factors influence plant development and growth and can even cause death of 

a plant if it cannot react to these factors adequately. Therefore, plants had to develop quick responses 

to those factors. They did this via highly specific perception systems and signaling pathways (Beck et 

al., 2014; Cortleven et al., 2019; Kollist et al., 2019). 

1.1.1 Light signaling 
Light can serve as a source of energy for plants or signals in developmental processes such as 

photomorphogenesis (Han et al., 2020a; Yadav et al., 2020; Zhang et al., 2019; Zoulias et al., 2020). 

Photomorphogenesis regards the growth and development of plants in light. It affects several stages 

of the development of the plants. There are several characteristics of Arabidopsis grown under light 

like hypocotyl shortening, de-etiolation of the apical hook, anthocyanin accumulation and cotyledons 

with more photosynthetic activity (Arsovski et al., 2012; Podolec and Ulm, 2018; Ponnu et al., 2019; 

Wang et al., 2014). To respond to light adequately, plants evolved the ability to sense it through 
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specified photoreceptors e.g. for parts of for humans visible and invisible spectrum of light: ultraviolet 

light (UV-B, ca. 280-315 nm, UV-A, ca.315-400 nm), blue (BL, ca. 420-500 nm), red (R, ca. 600-

700 nm) and far red (FR, ca. 700-800 nm) (Han et al., 2020a; Ouzounis et al., 2015; Pattison et al., 

2018). Different light receptors sometimes have overlaps in the wavelength they react to different 

pathways in sensing light which are mediating signal transduction. In Arabidopsis, as in other plant 

species, there is not necessarily one receptor for the perception of one wavelength range. 

CRYPTOCHROME1 and CRYPTOCHROME2 (CRY) are able to sense blue light (BL), but CRYs 

can also sense UV-A (Hoffman et al., 1996; Ohgishi et al., 2004; Tissot and Ulm, 2020). The UV-B 

light receptor is UVR8 (Favory et al., 2009; Kliebenstein et al., 2002), PHOTOTROPIN1 and 

PHOTOTROPIN 2 (PHOT) are also able to sense BL alike the CRYs (Briggs and Christie, 2002; Lin 

et al., 1995; Ohgishi et al., 2004). There are five more receptors in A. thaliana, PHYTOCHROMEs 

(PHY), PHYA which responds mainly to FR, but also BL, PHYB-E, which primarily respond to R 

and FR light (Li et al., 2011). PHYs have an non-active Pr- and an active Pfr-state (Mancinelli, 1994). 

PHYs are synthesized in the Pr-state and absorb R light with a maximum at 665 nm, while in their 

active Pfr-state they absorb FR light with a maximum at 730 nm. This photochemical reaction is 

reversible and is called photoconversion (Eichenberg et al., 2000; Mancinelli, 1994). After being 

activated, PHYs relocate from the cytosol to the nucleus to induce cellular responses (Chen et al., 

2012; Hisada et al., 2000; Kim et al., 2000; Kircher et al., 1999). A central protein, which suppresses 

light signaling in the dark, is the RING E3 ligase CONSTITUTIVE MORPHOGENESIS1 (COP1). 

It does so by interacting with the positive regulator of photomorphogenesis, ELONGATED 

HYPOCOTYL 5 (HY5), a basic region/leucine zipper motif (bZIP) transcription factor (Ma et al., 

2002; Osterlund et al., 2000; Saijo et al., 2003; Seo et al., 2003). COP1 regulates several light-signaling 

pathways in the nucleus. COP1s responses are also dependent on its interaction partner 

SUPPRESSOR OF PHYA-105 (SPA) with whom it forms a complex which represses light responses 

of the cell (Laubinger et al., 2004; Ordonez-Herrera et al., 2015). Hence, COP1 acts as key regulator 

in dark-light transitions (Sanchez-Barcelo et al., 2016). After blue light perception, activated 

phytochromes CRY1 and CRY2 inhibit COP1-SPA association directly, thereby stabilizing blue light 

photoreceptors, transcription factors and causing photomorphogenesis (Hiltbrunner, 2019; Hoecker, 

2017; Holtkotte et al., 2017; Laubinger et al., 2004; Leivar et al., 2008; Ordonez-Herrera et al., 2015; 

Zuo et al., 2011).  

Downstream of CRY1 acts BRASSINAZOLE-RESISTANT1, which also links BL with 

brassinosteroid (BR) signaling. Downstream of PHOT1/2 acts the protein NON-PHOTOTROPIC 
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HYPOCOTYL3 (NPH3) (Galen et al., 2004; He et al., 2019; Ibanez et al., 2018; Inada et al., 2004; 

Zhao et al., 2018). CRY1 and CRY2 can bind to PHYTOCHROME INTERACTING FACTORs 

(PIFs), not only to induce a reaction to blue light signaling alone. For plant growth in shade conditions, 

CRY1 and CRY2 are reacting to changes in low BL through interacting with PIF4 and PIF5 (Ma et 

al., 2016; Pedmale et al., 2016; Wang et al., 2017).  

Additionally, key players of the light signaling pathway have been shown to connect it to a broad range 

of other pathways. The two antagonists COP1 and HY5 have been shown to perform in other 

pathways besides light signaling. HY5 and BZR1 have been shown to induce cotyledon opening in a 

BR dependent manner. HY5 and COP1 are of functional importance for thermomorphogenesis 

(Delker et al., 2014; Li and He, 2016; Zhang et al., 2019). In addition, HY5 plays a role in light 

independent stomatal development (Zoulias et al., 2020). CRYs have been shown to release and 

synthesize ROS after excitation by blue light, based on the reduction of the flavin adenine dinucleotide 

(FAD) cofactor in planta (Consentino et al., 2015; El-Esawi et al., 2017; Jourdan et al., 2015). 

Furthermore, HY5 have also been shown to link light signaling to ROS by binding directly to the 

promotor region of ROS related genes and regulating them (Chen et al., 2013; Krasensky-Wrzaczek 

and Kangasjärvi, 2018). 

1.1.2 ROS signaling and anthocyanin biosynthesis 
Anthocyanins are secondary metabolites found in plants and fungi, which belong to the flavonoids. 

Depending on the pH, they are responsible for the red to blue color of plant organs. They are water 

soluble phenolic pigments that help the plant to react to abiotic and biotic stress, but also help to 

attract animals for pollination or seed dispersal (Khalid et al., 2019; Quattrocchio et al., 2006; Thoma 

et al., 2020). Around 600 anthocyanins have been identified in nature (Liu et al., 2018). CRY1 and 

CRY2, PHYA, PHYB and UVR8 seem to influence anthocyanin through gene expression adjustment 

via HY5 leading to the synthesis of central metabolic enzymes. Anthocyanins are synthesized in the 

cytoplasm and the endoplasmic reticulum. In the cytoplasm, anthocyanins are produced from 

phenylalanine and mainly accumulate in the vacuole (Ahmad et al., 1998; Giliberto et al., 2005; Lin et 

al., 1998; Thoma et al., 2020). They have a higher antioxidant activity than regular flavonoids, therefore 

also serving as efficient antioxidants (Ahmed et al., 2014; Chalker-Scott, 1999; Hoballah et al., 2007; 

Khoo et al., 2017; Liu et al., 2018; Quattrocchio et al., 2006). Anthocyanins protect the plant against 

high intensity UV (and blue) light (Bieza and Lois, 2001; Li et al., 2014b; Lorenc-Kukula et al., 2005). 

In most plant species UV light leads to an enhanced accumulation of anthocyanins (Brazaityte et al., 
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2015; Goto et al., 2016; Rodriguez et al., 2014; Vastakaite et al., 2015), whilst their production is 

completely suppressed by COP1 activity. Therefore, COP1 and HY5 are also part of this light 

dependent pathway (Jiang et al., 2016; Maier et al., 2013). To measure whether a gene is involved in 

anthocyanin biosynthesis, usually the quantification of the expression of the enzyme CHALCONE 

SYNTHASE (CHS) is used (Zhou et al., 2013). The CHS is an enzyme which acts in one of the major 

steps for anthocyanin biosynthesis and is a well characterized reporter gene (Deikman and Hammer, 

1995). Due to anthocyanin involvement in abiotic and biotic signaling, a dependency on 

phytohormones like abscisic acid (ABA) under drought or jasmonate under e.g. cold stress was also 

shown (Gonzalez-Villagra et al., 2017; Li et al., 2020; Wingler et al., 2020). Under FR light, jasmonic 

acid (JA) can promote anthocyanin production in a PHYA-dependent manner (Li et al., 2014b). 

Reactive oxygen species (ROS) are part of plant signaling during growth and developmental processes 

and adaptations to environmental cues. One of the most common and stable form of ROS is H2O2. 

ROS are produced upon abiotic and biotic stress in different cellular compartments of plants (Kadota 

et al., 2014b; Kawasaki et al., 2017; Tian et al., 2018; Waszczak et al., 2018). ROS serve amongst others 

as second messenger, where they can help the plant cell to adjust to stressors. They are involved in 

the signaling pathways of programmed cell death (PCD) and the cell cycle (Huang et al., 2019a; Huang 

et al., 2019b). Apoplastic ROS is mainly produced by NADPH oxidases RESPIRATORY BURST 

OXIDASE HOMOLOGs (RBOHs) at the cell wall/plasma membrane (PM) interface (Bolwell et al., 

2002). Recently, the sensor for apoplastic H2O2 has been identified to be the LRR-RK HYDROGEN 

PEROXIDE INDUCED Ca2+ INCREASES 1 (HPCA1) (Wu et al., 2020), although it might not be 

the only sensor. RBOHD is also known to interact with cytoplasmic AHK5 (Drechsler, unpublished), 

which also seem to signal upon H2O2 perception (Heunemann, 2016). RBOHs link H2O2 production 

to miscellaneous pathways, from phosphatidic acid (PA), calcium (Ca2+) and pH, to phytohormones 

like BRs (Jasso-Robles et al., 2020; Lv et al., 2018; Ma et al., 2012; Tian et al., 2018; Wu et al., 2020). 

Upon binding of BR to its receptor BRASSINOSTEROID INSENSITIVE1 (BRI1) cellular levels of 

H2O2 increase. Downstream of BRI1 acts the transcription factor BZR1, which is modified by H2O2 

leading to BZR1 binding to PIF4 and the AUXIN RESPONSE FACTOR 6 (ARF6) which promotes 

several BR and ethylene linked processes (Lv et al., 2018; Tian et al., 2018). 
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1.1.3 Calcium signaling 
Calcium (Ca2+) has many functions in the cell. It acts as co-factor for hydrolysis of ATP or 

phospholipids, is needed upon cell division for the mitotic spindle or in the cell wall where it is stored 

and released from when needed as second messenger. At the inner leaflet of the plasma membrane 

(PM) Ca2+ can bind to Ca2+-sensors, if different stimuli initiate a rise in cytosolic Ca2+ levels. A signaling 

cascade is activated leading to gene regulation or Ca2+ influx/efflux proteins are activated which leads 

to Ca2+ acting as second messenger (Taiz, 2006; Tuteja and Mahajan, 2007). Ca2+ can also function as 

second messenger bound to calmodulin and Ca2+-binding proteins (Li et al., 2017a; Marhavy et al., 

2019). Ca2+ levels effect many different pathways in the plant. Ca2+ signaling also seems to act upstream 

of SA and JA signaling (Bonaventure et al., 2007; Du et al., 2009; Wasternack and Hause, 2013). 

1.2 Phytohormones 

1.2.1 Salicylic acid and Jasmonic acid 
Salicylic acid (SA) is acting as a phytohormone in plant defense signaling. SA can enhance the tolerance 

against various biotic and abiotic stress factors, like cold or osmotic stress (An and Mou, 2011b; 

Mikolajczyk et al., 2000; Ryals et al., 1994; Saleem et al., 2020). Exogenous SA can trigger immune 

responses in plants (An and Mou, 2011a). SA is a β-hydroxy phenolic acid derivate, synthesized 

through two pathways, the shikimic acid/iso-chorismate pathway, which produces 90 % of SA in 

plastids and the cytosol, and the phenylalanine ammonia-lyase pathway, which produces 10 % of SA 

in the cytosol (Ding and Ding, 2020). The first identified protein binding SA was NONEXPRESSOR 

of PR GENE1 (NPR1). By now three classes of SA binding proteins with six receptors were identified. 

Class I consist of NPR1 and 2, class II of NPR3 and 4 and class III of BLADE ON PETIOLE1 

(BOP1) and 2 (Backer et al., 2015; Cao et al., 1994). NPR1-4 can bind SA with higher affinity than 

BOP1 and 2 (Castello et al., 2018; Manohar et al., 2015). In addition to their role as receptors, NPR1 

and NPR2 have been demonstrated to positively regulate downstream targets of SA signaling. NPR3 

and NPR4 seem to act as their antagonists (Castello et al., 2018; Ding et al., 2018). For NPR1/3/4 the 

downstream targets are proteins of the TGA family of bZIP transcription factors to whom they 

directly bind. This regulates SA gene expression in the nucleus (Despres et al., 2000; Zhang et al., 

2006; Zhang et al., 1999; Zhou et al., 2000). Not all downstream targets of the pathways after SA 

binding to its receptors are yet identified (Ding and Ding, 2020; Ding et al., 2018). 
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SA functions as antagonist of Jasmonate (JA) (Phuong et al., 2020; Robert-Seilaniantz et al., 2011). It 

was shown, that if insects lay eggs on plants, SA accumulates, thereby inhibiting JA signaling and 

triggering SAR (Bruessow et al., 2010; Hilfiker et al., 2014).  

JA is a phytohormone which bioactive form is JA-Isoleucin (JA-Ile) (Wasternack and Strnad, 2016). 

It is based upon synthesis from C18 fatty acids in plastids and peroxisomes and accumulates upon 

abiotic and biotic stresses like drought, high light, wounding, necrotrophic pathogens but also during 

developmental processes (Bali et al., 2018; Salvi et al.; Sharma et al., 2018; Wasternack and Hause, 

2013; Wingler et al., 2020). For instance, JA-Ile promotes anthocyanin production under FR light in 

Arabidopsis but also inhibits microbial infections, leading to a decrease of nodulation in Lotus japonicus 

(L. japonicus) (Li et al., 2014b; Nakagawa and Kawaguchi, 2006; Wasternack and Hause, 2013). The JA-

Ile receptor complex consists of the F-box protein CORONATINE INSENSITIVE 1 (COI1), 

JASMONATE ZIM DOMAIN (JAZ) proteins and the co-factor inositol pentakisphosphate (Sheard 

et al., 2010). COI1 has a binding pocket where it recognizes JA-Ile, initiating a signaling pathway. 

(Blazquez et al., 2020; Sheard et al., 2010). It has been shown that COI also regulates the expression 

of the YUCCA9 gene, which is also part of the auxin biosynthesis (Hentrich et al., 2013). 

1.2.2 Brassinosteroids 
Brassinosteroids (BR) are steroidal phytohormones, their most important receptor is the PM-localized 

leucine rich repeat receptor kinase (LRR-RK) BRI1. BR binds to BRI1 and its co-receptor BRI1-

ASSOCIATED KINASE 1 (BAK1) (Albrecht et al., 2012; Li et al., 2002; Nam and Li, 2002). 

BRI1-KINASE INHIBITOR1 (BIK1) usually maintains BRI1 in its inactive form and thereby blocks 

BAK1 (Wang and Chory, 2006). When BR binds to the BRI1- BAK1 heterodimer, it is leading to 

inactivation of BIK1 and induction of BR signaling cascade (Li et al., 2002; Oh et al., 2009a; Wang et 

al., 2008a). BRI1 and BAK1 are deactivated by PROTEIN PHOSPHATASE 2A (PP2A) through 

dephosphorylation (Guo et al., 2013; He et al., 2002; Kim et al., 2011; Kim et al., 2009; Mora-Garcia 

et al., 2004; Segonzac et al., 2014b; Tang et al., 2008; Tang et al., 2011; Wang et al., 2016a).  

BR signaling regulates plant development, cell elongation and division, growth, photomorphogenesis 

and other cell processes. It also enables the cell to adjust to abiotic and biotic stress, (Belkhadir and 

Chory, 2006). It is connected to other phytohormone pathways like ethylene and fast response 

pathways linked to Ca2+ and H2O2, to promote specific responses (Divi et al., 2010; Du and Poovaiah, 
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2005; Kadota et al., 2014b; Planas-Riverola et al., 2019). Ethylene signaling is activated by BR in 

response to abiotic stress factors (Divi et al., 2010; Shi et al., 2015). 

1.2.3 Ethylene 
Ethylene is the first identified gaseous plant hormone that is perceived by five receptors in Arabidopsis 

thaliana (A. thaliana): ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE RESPONSE 

SENSOR (ERS1), ERS2, and ETHYLENE INSENSITIVE 4 (EIN4) (Bleecker et al., 1988; Bleecker 

and Kende, 2000; Chang et al., 1993b; Hua and Meyerowitz, 1998; Hua et al., 1998; Merchante et al., 

2013; Pekarova et al., 2016; Sakai et al., 1998b). Through the signal transduction initiated by these 

receptors it regulates flowering time, fruit ripening, growth, and senescence of flowers and leaves and 

other developmental processes (Chang et al., 1993a; Giovannoni, 2004; Iqbal et al., 2017; Lutts et al., 

1996; Pierik et al., 2006). Abiotic and biotic stress factors influence the production of ethylene. So far 

salinity, cold, drought, flooding, and some bacteria have been identified to influence ethylene 

biosynthesis (Lutts et al., 1996; Marhavy et al., 2019; Masood et al., 2012; Nazar et al., 2014). Ethylene 

is also an essential signaling component during rhizobial symbiosis (Lin et al., 2020). A specific 

phenotype, the triple response, has been used for screens to identify proteins that are part of the 

ethylene pathway. The triple response is seen in etiolated seedlings. The triple response phenotype is 

altered in mutants of proteins that are part of ethylene perception and signaling. In the meantime, it 

is also possible to measure changed ethylene production in mutants (Felix et al., 1991). This helps to 

evaluate ethylene responses more accurately and can be used to identify elicitors which trigger ethylene 

responses. This is useful for identifying a ligand of a protein which regulates the ethylene response in 

some way.  

Ethylene can be synthesized in most parts of the plant. It is derived in three steps from the L-amino 

acid methionine, or it is derived of L-methionine, 5’-Methylthioadenosine, is recycled via the Yang 

cycle (Taiz, 2006; Wang et al., 2002). Due to its gaseous nature, ethylene diffuses through membranes 

into intracellular space and outside the plant to where the plant needs it, elsewise it is transported 

outside the cell (Taiz, 2006).  

The triple response-derived ethylene perception and signaling pathway starts with ligand binding to 

ER membrane-bound ETR1, ERS1, ETR2, ERS2 and/or EIN4 (Chang et al., 1993b; Grefen et al., 

2008; Hua et al., 1998; Sakai et al., 1998a). Thereupon, the Raf-like Ser/Thr kinase CONSTITUTIVE 

TRIPLE RESPONSE 1 (CTR1) is deactivated. After deactivation of CTR1, ETHYLENE 

INSENSETIVE2 (EIN2) is phosphorylated and interacts with the receptors at the ER membrane. 
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Thereafter it transfers into the nucleus where it stabilizes and interacts with the transcription factors 

EIN3 and EIN3-LIKE1 to activate the ethylene response genes (Alonso et al., 1999; An et al., 2010; 

Bisson and Groth, 2010; Hall and Bleecker, 2003; Hua and Meyerowitz, 1998; Ju et al., 2012; Kieber 

et al., 1993; Qiao et al., 2012; Solano et al., 1998; Wen et al., 2012).  

ETR1 and ERS1 function as active histidine kinases (Chang et al., 1993a; Desikan et al., 2006a; 

Pekarova et al., 2016). ETR1 histidine kinase (HK) activity leads to stomatal closure. ETR1 HK 

activity also can also regulate ethylene 

responses independent of CTR1 (Desikan et 

al., 2006b; Hall et al., 2012). After ethylene 

had bound to ETR1 and ERS1, the receptor 

autophosphorylates and starts a multistep 

phosphorelay by transferring the phosphate 

to an AHP which in return transfers it to 

ARR’s (see chapter 1.3). The same signaling 

cascade mechanism is activated by AHK’s 

(Figure 1-1 A)) that bind cytokinin (Hass et 

al., 2004; Scharein and Groth, 2011; Street et 

al., 2015). Although kinase activity is 

controlled by ethylene, the multistep 

phosphorelay system is not the main 

ethylene signaling pathway in Arabidopsis, at 

least not with respect to the regulation of the 

triple response (Pekarova et al., 2016; Wang 

et al., 2003). 

1.3 Multistep-Phosphorelay System 
Plant kinases are subdivided by the amino 

acid that they phosphorylate, although some 

HK’s might also act as phosphatases, like 

AHK4 (Mahonen et al., 2006) and AHK1 

(Hofmann, Müller, Drechsler et al., 2020). In 

general, AHK’s are known to be part of the 

Figure 1-1: A) The Multistep Phosphorelay System 
(MSP) in plants which derived from the B) Two 
Component System (TCS) in bacteria. 

A) The MSP system in plants evolved from the TCS. 
It is activated when a signal binds to the ectodomain 
of a histidine kinase and induces 
autophosphorylation at a histidine (H) in the 
cytoplasmic end of an AHK. The phosphate (P) is 
transferred from the H to the aspartate (D) in the 
protein. The P thereafter binds to an H of the 
ARABIDOPSIS HISTIDINE 
PHOSPHOTRANSFER PROTEIN (AHP), which 
brings the P to the nucleus and induces cellular 
adjustment upon binding to type A or type B 
ARABIDOPSIS RESPONSE REGULATORs 
(ARRs). 

B) The TCS is based on the same principal but less 
elaborated. Upon signal binding, 
autophosphorylation at an H is induced and the P is 
transferred to an H of a RR, which transduces into 
the nucleus to lead to adjustment upon the signal. 

Figure is based on (West and Stock, 2001). 



Introduction 

9 

 

multistep phosphorelay system (MSP) (Figure 1-1 A)), which is in plants a signal transduction pathway 

that evolved from the bacterial two component system (TCS) (Figure 1-1 B; the figure is based on 

(West and Stock, 2001)). The MSP is well described for the perception and signal transduction of the 

phytohormones CK and ET in plants. The CK MSP pathway will be described in more detail below 

(Pekarova et al., 2016). The receptors identified for MSP are six AHK’s, three of them are CK 

receptors (AHK2, AHK3 and AHK4) and two (ETR1 and ERS1) of the five ET receptors. AHK’s 

are activated upon ligand binding, they autophosphorylate at a histidine (H) residue by the transfer of 

a phosphoryl group from ATP (Hanks et al., 1988; Mahonen et al., 2006). After that, the phosphate is 

transferred to an aspartate (D) of the AHK and passed to Arabidopsis histidine phosphotransfer 

proteins (AHPs). In turn, AHPs (Hutchison and Kieber, 2007; Pekarova et al., 2016; Suzuki et al., 

2000) transfer the phosphate to either a type A or type B Arabidopsis response regulators (ARRs). Type 

B-ARR are responsible for the regulation cytokinin response genes and able to bind to type A ARR, 

which can in return inhibit type B-ARR and act as negative regulators of cytokinin signaling 

(D'Agostino et al., 2000; Hwang and Sheen, 2001; Mason et al., 2005; Pekarova et al., 2016; To et al., 

2004).  

The TCS (Figure 1-1 B)) on the other hand, is the precursor of the MSP. The TCS is found in e.g. 

bacteria and yeast. It needs a histidine kinase (HK) that associates to a signal, autophosphorylates and 

activates a response regulator (RR) which initiates a response (Lohrmann and Harter, 2002). Due to 

this, HK’s are activating usually very specifically their RR (Kalantari et al., 2015; Laub and Goulian, 

2007). The MSP and the TCS initiate signal transduction responses, but there are additional, even 

more prominent phosphorylation systems in planta (Alberts B, 2002). 

1.4 Serine/Threonine/Tyrosine Phosphorylation 
Plants can phosphorylate different amino acids. This reversible post translational modification can not 

only be executed on histidine but also on the amino acids serine (Ser), threonine (Thr) and tyrosine 

(Tyr) (Huber, 2007; Lohrmann and Harter, 2002; Oh et al., 2011). The amino acids Ser, Thr and Tyr 

can build O-phosphomonoesters (Klumpp and Krieglstein, 2002; Matthews, 1995). Among these 

three amino acids Ser and Thr are more common to be phosphorylated than Tyr (Ghelis, 2011). These 

phosphorylations are more stable than the phosphorylated histidine or aspartate, which makes them 

easier to study and also the longest studied phosphorylated amino acids (Dautel, 2016; Duclos et al., 

1991; Janiak-Spens et al., 1999; Wei and Matthews, 1991).  
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Alike HK’s, in plants Ser/Thr/Tyr phosphorylation often have receptor kinases standing at the 

beginning of signaling cascades that regulate divers processes, like microtubule organization, stress-,  

hormone-, Ca2+- or immune signaling (Bender et al., 2017; Clark, 2001; Lee and Ellis, 2007; Monroe-

Augustus et al., 2003; Naoi and Hashimoto, 2004). Tyr and Ser/Thr kinases have been identified in 

Arabidopsis. Tyr kinases are e. g. part of ABA signaling and stomatal closure like RAB18. Not much is 

known about these kinases due to their rather late discovery in the 2000s (Ghelis, 2011; Ghelis et al., 

2008). 

Signal transduction within Ser/Thr phosphorylation cascades is in general executed by Ser/Thr 

kinases. Some Ser/Thr kinases are also able to phosphorylate Tyr, like BRI1 and BAK1, who 

autophosphorylate Tyr (Afzal et al., 2008; Goring and Walker, 2004; Macho et al., 2015; Oh et al., 

2012a; Oh et al., 2009b; Oh et al., 2011). BR signaling is an example of the Ser/Thr/Tyr signaling 

cascade in plants (Ghelis, 2011; Oh et al., 2009b). 

Ser/Thr kinases are protein kinases which are able to transfer a phosphate of an ATP to an OH-group 

of a serine or threonine. Often these kinases are regulated by specific stimuli and stand at the beginning 

of a signaling cascade. The stimuli can be e.g. phosphorylation or dephosphorylation. Both are 

posttranslational protein regulation, which can act antagonistically to the same specific stimulus. 

Downstream of kinases can act protein phosphatases which are further regulating target proteins by 

dephosphorylating a protein, leading to transducing reversibly the phosphate to other proteins, e.g a 

TF. When a kinase or a protein is dephosphorylated by Ser/Thr phosphatases, it thereby can be 

inactivated. (He et al., 2002; Sun et al., 2013a; Tang et al., 2008; Wang et al., 2016a; Wang et al., 2008b).  

Ser/Thr/Tyr phosphorylation have also been studied in organisms other than plants. As a result, direct 

interaction of Ser/Thr kinases with components of the TCS has been first shown in bacteria (Kalantari 

et al., 2015). With the interaction of CTR1 and EDS1/ETR1 (Ju et al., 2012; Scharein and Groth, 

2011) and AHK1 with the Ser/Thr kinase BAK1 (Dautel, 2016), this is also the case in plants. 

1.4.1  Osmotic stress pathway 
Osmotic stress in plant cells is induced through many abiotic cues such as drought, low humidity, 

osmotic molecules, such as NaCl. Further, the activation of osmotic stress responses can be induced 

by oxidative damage, temperature stress, wind, and solar irradiance (Borsani et al., 2001; Gujjar and 

Supaibulwatana, 2019; Maruyama et al., 2014; Nishiyama et al., 2011; Werner and Finkelstein, 1995; 

Xiong et al., 2001; Zhao et al., 2020). 
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Different phytohormones are responsible for reacting to osmotic stress. The main hormone is abscisic 

acid (ABA), although cytokinin, SA, JA, auxin, ethylene and gibberellins (GA) have been demonstrated 

to be also involved in the osmotic stress responses (Borsani et al., 2001; Jung et al., 2007; Jung et al., 

2008; Kranz et al., 1998; Maruyama et al., 2014; Skirycz et al., 2010; Xiong et al., 2001; Yanhui et al., 

2006). In addition to the phytohormones, lipid and Ca2+- signaling seem to be part of osmotic signal 

transduction, although this pathway is not very well investigated yet (Mikolajczyk et al., 2000; Munnik 

et al., 2000; Takahashi et al., 2001). 

Currently, literature indicates an osmotic pathway which acts independently of ABA as well. This 

signaling pathway seems to be dependent of the SNF1-RELATED KINASE2 s(SnRK2) SnRK2.4 

and SnRK2.10 and the PHOSPHOLIPASE C (PLC), PHOSPHOLIPASE D (PLD) and 

DIACYLGLYCEROL KINASE (DGK) (Klimecka et al., 2020; Maszkowska et al., 2019; Munnik et 

al., 2000; Munnik and Vermeer, 2010; Soma et al., 2017). Osmotic stress supresses ROS levels in A. 

thaliana and increases PLD levels in barley. The PLD-inhibitor n-butanol decreases also ABA and GA 

levels (Blum et al., 2001; Hong et al., 2008; Meringer et al., 2016; Zhao et al., 2020). 

The ABA dependent pathway starts when ABA binds to its receptor family PYRABACTIN 

RESISTANCE1 (PYR)/PYR‐LIKE (PYL)/REGULATORY COMPONENTS of ABA 

RECEPTORS (RCAR). Binding of the hormone to its receptors deactivates PP2C and activates ABA-

responding SnRK2s (Finkelstein et al., 2002; Fujii and Zhu, 2012; Ma et al., 2009). SnRKs activate 

transcription factors regulating the ABA dependent osmotic response at gene activity level. These TFs 

belong to the ABSCISIC ACID‐RESPONSIVE ELEMENT (ABRE) BINDING PROTEINs 

(AREBs)/ABRE BINDING FACTOR (ABFs) family (Fujita et al., 2005; Joshi et al., 2016; Yoshida 

et al., 2015; Yoshida et al., 2010). SnRK2 can also phosphorylate the A-type response regulator ARR5 

thereby acting antagonistically to CK signaling in response to drought stress (Zubo and Schaller, 2020). 

In return the B-type response regulators ARRs1, 11 and 12 can inhibit SnRK2 (Huang et al., 2018).  

In yeast, the so-called high-osmolarity glycerol response (HOG) pathway is activated through osmotic 

stress. The membrane-bound hybrid sensor kinase SLN1, a HK, initiates a TCS phosphorelay upon 

osmotic stress (Janiak-Spens et al., 1999; Tran et al., 2007). In addition to SLN1, lipids have also been 

shown to play a role in the reaction of yeast to osmotic stress (Tanigawa et al., 2012). In Arabidopsis 

AHK1 has been suggested to be an ortholog of SLN1 acting in the ABA dependent osmotic pathway 

(Tran et al., 2007). However, this has been hinted to be treated with caution (Kumar et al., 2013) and 

disproved (Dautel et al., 2016; Sussmilch et al., 2017; Urao et al., 1999). 
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1.4.2 Immune response 
Plants sense intruders through identifying specific pathogen-associated molecular patterns (PAMPs), 

which are recognized by pattern recognition receptors (PRRs) of receptor kinases (RK) and receptor-

like kinases (RLKs) (Macho and Zipfel, 2014). The text focuses on PAMP triggered immunity (PTI) 

although effector triggered immunity (ETI) is also part of the innate immune response of plants.  

The LEUCINE RICH REPEAT Receptor Kinase (LRR-RK) FLAGELLIN SENSITIVE2 (FLS2) is 

a PRR located in the plasma membrane. Its ligand, flagellin22 (flg22), a PAMP, acts as “molecular 

glue” on FLS2 and its co-receptor BAK1, whereupon both proteins are phosphorylated, and a signal 

transduction cascade is initiated (Chinchilla et al., 2007; Heese et al., 2007; Koller and Bent, 2014; 

Roux et al., 2011; Schulze et al., 2010; Schwessinger et al., 2011; Sun et al., 2013b). Downstream targets 

including RBOHD are phosphorylated and ROS production and signaling activated by RBOHD. In 

the nucleus transcriptional adaptation leads to the induction of immunity-related genes (Kadota et al., 

2014a; Macho and Zipfel, 2014; Schwessinger et al., 2011). FLS2 and BRI1 both interact with BAK1. 

Although BAK1 and FLS2 interaction is linked to flg22 triggered ROS signaling, BL was shown to 

not trigger ROS production (Albrecht et al., 2012; Gomez-Gomez et al., 2001b; Koller and Bent, 2014; 

Li et al., 2014a; Sun et al., 2013b). 

1.4.3 Lipids 
Lipids are alongside carbohydrates, proteins, nucleic acids, and other important macromolecules 

building blocks for living systems. In lipid bilayers, such as the PM, they form structural units or cell 

structures due to their partially inner hydrophobic and outer hydrophilic part. The plasma membrane 

contains different kinds of lipids (phospholipids, glycolipids, sphingolipids, sterols, phosphoinositides 

etc.) and is suggested to have also a different composition in its outside and inside layers. Inside and 

outside the lipid bilayer proteins are integrated or attached (Cassim et al., 2019). Lipids were also 

shown to function as cofactors, electron carriers, anchors for proteins based on their hydrophobic 

feature and signaling molecules (Best et al., 2019; Cassim et al., 2019; Li et al., 2019) in prokaryotic 

and eukaryotic organisms (Nelson, 2008; Taiz, 2006). 

1.4.4 The plasma membrane 
The plasma membrane (PM) separates the cytosol with pH 7.5 from the apoplast with more acidic pH 

between 5.0 and 6.5. It is a matrix made of lipids and proteins, in Nicotiana benthamiana (N. benthamiana) 

in a ratio of 1.3 ± 0,07 (Cacas et al., 2016; Gao et al., 2004; Geilfus, 2017). The membrane consists of 
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two leaflets made of approx. 30 % phospholipids; the percentage is depending on the plant species 

and whether it is the inner or outer leaflet. The main phospholipids are phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE). Phosphatidic acid (PA), PI- phosphatidylinositol (PI), 

phosphatidylglycerol (PG) and phosphatidylserine (PS) are lesser represented in the PM (Bohn et al., 

2001; Cacas et al., 2016; Uemura et al., 1995; Uemura and Steponkus, 1994). In addition to 

phospholipids, sphingolipids, sterols and phosphoinositides are intrinsic components of the PM. The 

Figure 1-2: Phosphatidic acid (PA) production during the phosphatidylinositol (PI)- cycle. 

PA can be synthesized by acylation of the lyso-PA by LPAAT mostly, via phosphorylation from 
DAG by DGK or by hydrolysis of PC by PLD. During this cycle PI is also de novo synthesized: 
G-3-P is acylated at the ER by GPAT to lyso-PA, Lyso-PA is acylated by LPAAT to PA. PA and 
CTP are catalysed by CDS to form CDP-DG. CDP-DG reacts with inositol, via catalysation 
from PIS, into PI. PI is a minor phospholipid, that can be transported from the ER to the PM, 
or the other way around, from PITPs. At the PM PI can be resynthesized, PIK’s transform PI 
to PI(4,5)P2 in two steps. PI(4,5)P2 is hydrolysed by PLC into the second messenger IP3, which 
influences Ca2+-channels and DAG which is further phosphorylated by DGK into PA. It is also 
possible, that PC or PE are synthesized by PLD into PA at the PM. The PA can then be 
retransferred via PITP’s to the ER where the cycle begins again. 
 

Abbreviations: CDS- CDP-DG synthase; DG- diacylglycerol; ER- endoplasmic reticulum; G-3-P- glycerol-3-phosphate; GPAT- 
Glycerol phosphate acyl transferase; IP3- inositol (1,4,5) triphosphate; PA- phosphatidic acid; PAAT- LysoPA acyl transferase; 
PE- phosphatidylethanolamine; PI- phosphatidylinositol; PI4P- PI 4-phosphate; PI(4,5)P2- phosphatidylinositol (4-5) 
bisphosphate; PITPs- phosphatidylinositol transfer proteins; PIS- PI-synthase; PLC- phospholipase C; PLD- phospholipase D; 
PM-plasma membrane. Wortmannin, U73122, n-butanol and R59022- inhibitors of the pathway 
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lipid composition can change upon stress initiation (Grison et al., 2015; Markham et al., 2006; Wewer 

et al., 2011; Yu et al., 2018). 

1.4.5 Lipid biosynthesis inhibitors 
Investigation of lipids and their role in plants are very rudimental. To understand their role in the cell 

and especially in signaling, inhibitors of their biosynthesis are of importance. There are different 

inhibitors for the PA biosynthesis available, with different degrees in specificity (Figure 1-2) (Cassim 

et al., 2019).  

Wortmannin inhibits PI4Kα but acts rather unspecific, as it inhibits more than one pathway (Walker 

et al., 2000). Neomycin is an antibiotic, which is an unspecific inhibitor of PA synthesis. It segregates 

phosphatidylinositol 4,5-diphosphate (PI(4,5)P2), the substrate of phosphatidylinositol phospholipase 

C (PLC), leading to its inhibition. PLC regulates also inositol triphosphate (IP3). Upon its inhibition, 

Ca2+ -channels are blocked causing hyperosmotic stress (Schacht, 1978; Takahashi et al., 2001). 

Another more specific inhibitor of PLC activity are the aminosteroid U73122, which inhibits the 

activity of some PI-PLCs, the mechanism remains unclear (Klein et al., 2011; Staxen et al., 1999). 

U73122 is the active form, whereas U73343 the inactive analog of U73122 (Cassim et al., 2019; Staxén 

et al., 1999). U73122 also inhibits IP3 production and thereby Ca2+ channels (Parre et al., 2007). 

n-butanol/1-butanol is a competitive inhibitor of phospholipase D (PLD). As its inactive form its 

isomer, sec-butanol, can be used. (Munnik, 2001; Munnik et al., 1995).  

R59022 (DGKI) is a direct inhibitor of DIACYL GLYCEROL KINASEs (DGKs), which is one of 

the two possible PA biosynthesis pathways besides PHOSPHOLIPASE D (PLD), in the 

phosphoinositol pathway (Figure 1-2) (Cacas et al., 2017; Gomez-Merino et al., 2004). 

1.4.6 Phosphatidic acid (PA) 
PA is a phospholipid that acts as a signaling molecule and is part of the PM as a minor compound. Its 

level rises during plant development, upon wounding and osmotic stress (Li et al., 2006; Testerink and 

Munnik, 2011; Wang et al., 2006; Wang et al., 2016b). 

PA has two biosynthesis pathways (Figure 1-2). One is via phosphorylating diacylglycerol (DAG), 

produced by PLC from phosphatidyl inositol (PI), through DIACYLGLYCEROL KINASE (DGK). 

The other depends on hydrolyzation of PC and PE through PLD (Arisz et al., 2009; Barneda et al., 

2019; Pappan et al., 1998). There are seven DGKs and twelve PLDs in Arabidopsis, DGK3s and 
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DGK6s gene expression have been shown to be altered upon BR treatment in wild type plants and 

their phosphorylation are affected in an ahk1 mutant when treated with mannitol (Dautel, 2016). 

DGKs and PLDs gene expression seem to be generally affected by BR according to published data 

(Dautel, 2016; Gully et al., 2019; Wu et al., 2014).  

It is known, that PA is linked closely to Ca2+ signaling (Kuppe et al., 2008). It has been shown that PA 

and Ca2+ function together in osmotic stress responses (Blum et al., 2001). 

PA is interacting with a number of proteins which are acting in different pathways, like in H2O2 

signaling through RBOHD/F, ethylene signaling through CTR1, or through SnRK2.1/2.4 in osmotic 

stress signaling independent of ABA. PA can also bind to CPK1 which is involved in PA- and in Ca2+-

signaling (D'Ambrosio et al., 2017; Jakubowicz et al., 2010; Ma et al., 2012; McLoughlin et al., 2013; 

Testerink et al., 2004; Zhang et al., 2009). In addition, Ca2+ is necessary for some PLD activation which 

in return catalyzes a key step in PA production (Li et al., 2009) 

1.5 Arabidopsis Histidine Kinase 1 (AHK1) 
The Arabidopsis Histidine Kinase 1 (AHK1) is one of six histidine kinases in A. thaliana. It has two 

transmembrane domains alike the other AHK’s with the exception of soluble AHK5 (Figure 1-3 A) 

and B)). In contrast to AHK2, 3 and 4, AHK1 is missing the so-called CHASE- (c̱yclases/ẖistidine 

kinases a̱ssociated s̱ensing e̱xtracellular) domain which binds cytokinin (Mougel and Zhulin, 2001; 

Figure 1-3: The structure of Arabidobsis Histidine Kinases (AHK) based on PFAM analysis. 

A) AHK4 consists of two transmembrane domains (TD) in a blue rectangle, in between the 
cyclases/ẖistidine kinases associated sensing extracellular (CHASE) domain in blue with a 
gradient, followed by the Histidine Kinase (HisKA, green square), H-ATPase (green triangle) and 
Receiver (REC) domain, a purple pentagon. B) AHK1 with almost the same protein domain 
structure, but without the CHASE-domain. In between the two TD domains a Per-Arnt-Synt 
(PAS) domain was identified by Dautel, 2016.  
Source: http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1 

http://smart.embl-heidelberg.de/smart/set_mode.cgi?NORMAL=1
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Pekarova et al., 2016; Upadhyay et al., 2016). In contrast, AHK1 has a regular PAS- domain located 

in the ectodomain (ED) in between its two transmembrane domains reaching out into the apoplastic 

space (Dautel, 2016; Upadhyay et al., 2016). (Dautel, 2016). PAS-domains are known to bind small 

molecules of any kind. The cytoplasmic part of AHK1 has, like every other histidine kinase, a histidine 

kinase domain, an H-ATPase domain and a receiver domain (Figure 1-4) (Dautel, 2016; Pekarova et 

al., 2016).Similar to other HK’s, AHK1 is able to form homodimers as well as to stay monomeric. 

AHK1 can interact with AHP2 and BAK1 (Hofmann et al., 2020). 

A phosphoproteomic analysis after mannitol treatment of Arabidopsis seedlings was executed by 

(Dautel, 2016), which revealed AHK1’s influence on many different pathways (Figure 1-4). The gene 

ontology (GO) terms of proteins which were differentially phosphorylated in ahk1 mutants were 

analysed. However, many of these differentially phosphorylated proteins have still unknown functions 

(Dautel, 2016).  

AHK1 was shown to react to different stimuli. 

Up till now AHK1 was shown to react to 

drought, heat and osmotic stress (Dautel, 2016; 

de Vries et al., 2020; Kumar et al., 2013). 

Although AHK1 was proposed to be an 

osmosensor (Hao et al., 2004; Urao et al., 1999), 

repetition of these osmotic phenotyping 

experiments of (Tran et al., 2007; Wohlbach et 

al., 2008) could not confirm this function 

(Dautel, unpublished).  

1.6 AHK1’s co-receptor BAK1 is 
standing at the beginning of many 
different signaling pathways 

BAK1 is an LRR-RK that functions as co-

receptor for many ligand-binding LRR kinases 

including FLS2 and BRI1 (Ladwig et al., 2015; Li 

et al., 2002). BAK1 has been shown to interact 

with AHK1 as well (Caesar et al., 2011a; Dautel, 

2016). Thus, FLS2 and BRI1 function might be 

Figure 1-4: Pathways influenced by AHK1 after 
15 min 100 mM mannitol treatment in an 
unlabeled phosphoproteomic study.  

The 310 proteins with unknown function were 
labeled as unknown. The size of the word is 
relative to how often it came up in the study. 

Experiment was executed by Dautel, 2016. 

Wordcloud rendered with Spyder (Python 3.7). 
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expected to be directly or indirectly affected by AHK1 (Chinchilla et al., 2007; Dautel, 2016; Nam and 

Li, 2002). 

1.7 Lotus japonicus 
Most Fabaceae, a plant family with species found globally, are able to form symbiosis with nitrogen 

fixing bacteria (Doyle and Luckow, 2003). In this symbiosis rhizobial bacteria live inside specialized 

root organs, so called nodules. While the rhizobia supply the plant with ammonia, fixed from aerial 

nitrogen, the plant supplies the bacteria with carbohydrates and other nutrients (Canfield et al., 2010). 

In general, plants access nitrogen through soluble nitrate or ammonium salts that are presented inly 

in insufficient amounts in the soil, therefore nitrogen can become a growth limiting factor for plants 

(Masclaux-Daubresse et al., 2010; Zahran, 1999). Most Fabaceae can, in addition to the rhizobial 

symbiosis, also form arbuscular mycorrhiza with Glomeromycetes fungi, another kind of symbiosis. 

Glomeromycetes do not provide the plant with nitrogen and ammonia, but with phosphate, other 

essential nutrients and water (Parniske, 2008). For agriculture legumes are important because of their 

ability to form these two different symbioses, which makes them able to grow on soil of mediocre 

nutritional value. They are able to improve the nutritional composition of the soil, as previous-crop 

and thereby reduce the need of additional fertilization, thus being a good alternative for environmental 

and ecological reasons (Canfield et al., 2010; Sutton et al., 2011).  

Medicago truncatula and Lotus japonicus are used as model organisms for legumes, based on their ability 

to establish the above-mentioned symbioses, having a relatively small genome and being easy to 

cultivate and transform (Márquez, 2006; Roy et al., 2020). Here we focus on L. japonicus. By now, two 

Lotus ecotype genomes are sequenced and annotated (Kamal et al., 2020a; Mun et al., 2016; Sato et al., 

2008), and there is a database for retrotransposon mutant lines. Currently CRISPR/Cas9 lines of Lotus 

are also in progress (Fukai et al., 2012; Malolepszy et al., 2016; Roy et al., 2020; Urbanski et al., 2012). 

Hence, research on L. japonicus could lead to improving the understanding of nitrogen fixation and 

thereby increasing yield (Roy et al., 2020). 

1.7.1 Nodule formation and nitrogen fixation 
Nodulation is induced when in nitrogen insufficient soil, L. japonicus and other legumes spread 

flavonoids as signaling molecules for their rhizobial symbionts (Peters et al., 1986; Redmond et al., 

1986). Rhizobial species, e.g. Mesorhizobium lotii, respond to these flavonoids by secreting nodulation 

(nod) factors. The rhizobial nod factors are perceived directly by the LysM domain of Lotus NOD-
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FACTOR RECEPTOR1 (NFR1) and NOD-FACTOR RECEPTOR5 (NFR5), which both are 

localized in the PM (Broghammer et al., 2012a; Madsen et al., 2011; Radutoiu et al., 2007). NFR1 and 

NFR5 associate with SYMBIOSIS RECEPTOR KINASE (SYMRK) and 3-hydroxy-3-methylglutaryl 

CoA reductase 1 (HMGR1), to form a complex (Antolín-Llovera et al., 2014; Kevei et al., 2007; Stracke 

et al., 2002). The recognition of nod factors is acquainted by calcium spiking, induced through 

CYCLIC NUCLEOTIDE-GATED CHANNEL15 (CNGC15). CNGC15 releases Ca2+ from the 

nuclear envelope activating thereby other Ca2+ pumps like M. truncatula Ca2+ ATPase 8 (MCA8) leading 

to PLC dependent Ca2+ spiking (Charpentier et al., 2016; Engstrom et al., 2002). Ca2+ spiking leads to 

the stimulation of Ca2+/CALMODULIN-DEPENDENT PROTEIN KINASE (CCaMK) which 

regulates transcription factors such as NODULATION SIGNALING PATHWAY 1 (NSP1), NSP2 

and NIN, which in turn initiate the formation of symbiosis (Hayashi et al., 2010; Oldroyd, 2013; 

Poovaiah et al., 2013; Shimoda et al., 2012). Ca2+ spiking is thereafter inhibited by ET, when 

compatible nod factors were recognized (Denarie and Cullimore, 1993; Roy et al., 2020). The 

recognition of nod factors by their receptors and rhizobial infection are also negatively regulated by 

gibberellins (GA) and JA. 

After the recognition, infection thread formation starts, allowing the rhizobia to enter the root and 

start with forming the nodule, a new root organ (Broghammer et al., 2012b; Haney et al., 2011; Liu et 

al., 2019a; Moling et al., 2014; Truchet et al., 1991). By this means, JA can positively affect early stages 

of nodulation like infection thread and nodule formation (Suzuki et al., 2011). The formation of the 

nodule primordium is also positively regulated by cytokinin (CK) and auxin and negatively by ET, JA 

and GA (Huo et al., 2006; Nizampatnam et al., 2015; Plet et al., 2011; Roy et al., 2017; Wang et al., 

2015). During nodule organogenesis, the phytohormones CK and AUX play crucial roles (Lin et al., 

2020). Furthermore, BR and its receptor BRI1 seem to be required for the establishment of functional 

nodules as well (Chen et al., 2014; Cheng et al., 2017; Grunewald et al., 2009; Mortier et al., 2014; Reid 

et al., 2016). The determinated nodule is finally established through interaction of auxin, strigolactones, 

CK and JA (Kim et al., 2013).  

Beneficial ammonia uptake and the cost of symbiosis formation need to be balanced by the plant. This 

balancing is achieved in a systemic feedback loop called the Autoregulation of Nodulation (AON) 

(Kinkema et al., 2006).  
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1.8 Aim of this thesis 
AHK1 was suggested to be an osmosensor in plants (Tran et al., 2007; Urao et al., 1999). It has also 

been shown, that AHK1 is involved in the response to other environmental cues such as drought 

stress and heat, which could be linked to osmotic stress, through the initiation of differential gene 

expression (Dautel, 2016; de Vries et al., 2020; Kumar et al., 2013). AHK1’s role in osmotic stress 

signaling is yet unclear, as it has been shown to act independent of the abscisic acid (ABA) dependent 

osmotic stress response pathway and its main pathway still needs to be found. Whether it acts instead 

in an ABA independent, pathway alike inositol 1,4,5-trisphosphate (InsP3) a product of PLC has yet 

to be investigated (Munnik and Vermeer, 2010; Sussmilch et al., 2017; Takahashi et al., 2001).  

However, our studies could not confirm the published results that are also discussed contradictory in 

the plant community (Dautel, 2016). It could not be shown, that AHK1 is significantly influenced by 

mannitol or other osmotic compounds. Therefore, I wanted to elucidate the role of AHK1 from its 

beginning based on available Ser/Thr/Tyr phosphorylation phosphoproteomic datasets provided by 

Dautel (2016) and to search for AHK1’s main signal-response pathway. Furthermore, nothing was 

known about the implications of the AHK1/BAK1 interaction in the HK’s functional output. 

To elucidate AHK1’s main pathway we tested ahk1 mutants and ahk1/bak1 double mutants for, 

compared to wild type (Ws-2 accession), aberrant growth phenotypes under different temperature, 

phytohormone and light regimes. 

Another approach was to elucidate AHK1’s putative ligand, which could give a hint on the main 

signal-response pathway. The aim was to at least narrow down putative ligands to some candidate 

groups and thereby trying to identify compound families, which might initiate the AHK1 signaling 

cascade. 
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2 Material and Methods 

2.1 Molecular biology methods  

2.1.1 Working with competent cells  

2.1.1.1 Production of chemically competent E. coli cells  

Cells from the Escherichia coli (E. coli) strains NEB5α and TOP10 were streaked out on a selection-free 
LB-plate and grown over night at 37 °C. 5mL LB-liquid medium was inoculated with a colony and 
grown over night at 28°C in an incubator. Two 200 mL SOB-media were inoculated in 2 L flasks with 
0,1 mL of the LB-preculture and shook at 25 °C to OD600 0,45 to 0,55. Afterwards the cultures were 
incubated on ice for 15 min, then centrifugated at 4 °C 2500 g for 10 min. The supernatant was 
discarded, the pellet resuspended in 4 °C cold 5 mL RF1 and incubated for one hour on ice. 
Centrifugation was repeated with the same conditions; the pellet was resuspended in 4 °C cold 4 mL 
RF2 and incubated on ice for 15 min. Aliquots of 50 μl were immediately frozen in liquid nitrogen 
and stored at -80 °C. Testing of the cells for resistance and competence was executed on the day of 
production and two weeks later. For the analysis were streaked out on Ampicillin-, Kanamycin-, 
Spectinomycin- and Gentamycin-selection.  

2.1.1.2 Production of electrically competent E. coli cells  

Cells from a glycerol-stock of CopyCutter Epi4000 were distributed on LB-Streptinomycin-plate and 
grown over night at 37 °C. A 5 mL LB-liquidculture was inoculated with a colony and grown over 
night at 37 °C while shaking. 100 mL mainculture were diluted with the over-night preculture to an 
OD600=0,01. Cells grow until OD600 0,5 was reached. Liquid culture was pelletized by centrifugation at 
4 °C with 4000 rpm for 15 min. The cells were washed twice with precooled 80 mL sterile water and 
once with precooled 40 mL sterile 10 % glycerol. Subsequently the cells were resuspended in 1 mL 
sterile 10 % glycerol. Aliquots of 100 μL were directly frozen in liquid nitrogen and stored at -80 °C.  

2.1.1.3 Production of chemically competent Agrobacterium thumefaciens cells  

Strain GV3101 was streaked out on LB-media with the antibiotics Rifampicin and Gentamycin as 
selection using a glycerol stock of the Agrobacterium thumefaciens (A. thumefaciens). The antibiotics were 
used in all cultures. The plates were incubated for two days at 28° C. A 5 mL LB-preculture was 
inoculated with a colony and incubated overnight at 28 °C while shaking. 22,5 mL LB-medium were 
inoculated with 2,5 mL of preculture and grown overnight at 28 °C while shaking. 250 mL LB-
medium was diluted with the 25 mL overnight culture. The main culture was grown up to an OD600 
of 0,5 – 0,8. Thereafter, the culture was incubated on ice for 15 min and subsequently pelletized by 
centrifugation at 4 °C with 4000 g for 5 min. The cell pellet was resuspended in 50 mL of precooled 
150 mM CaCl2-solution. The cells were again pelletized by centrifugation at 4 °C with 4000 g for 
5 min. The cell pellet was resuspended in 10 mL of precooled 20 mM CaCl2-solution. Aliquots of 
100 μL were immediately frozen in liquid nitrogen and stored at -80°C. For the analysis of resistance, 
it was checked that the cells do not grow on Kanamycin- and Spectinomycin-selection. 
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2.1.1.4 Analysis of competence of competent cells  

For the test of the competence of E. coli cells a transformation of 50 μL competent cells was executed 
with 1 μL of 10 pg/μL pUC19. For the one hour recovering after heatshock at 37 °C just 300 μL LB 
were used. After the recovering 20 μL, 50 μL and 80 μL of the transformed cells were distributed on 
LB medium with Ampicillin selection and grown over night at 37 °C. The grown colonies were 
counted for the calculation of competence. The transformation efficiency (TE) is defined as TE = 
Colonies/μg DNA/dilution. Therefore, as the number of colonies forming units per 1 μg of plasmid.  

2.1.1.5 Transformation of competent cells Transformation of chemically competent E. coli  

Chemically competent E. coli cell strains (NEB5α, One Shot TOP10, Origami-2 (DE3)) were thawed 
on ice. 0,1-1 μg of vector-DNA was added and the mixt by flicking against the reaction tube followed 
by an incubation on ice for 5-30 min. A heat shock of 42°C for 30-50 s was executed, transferred on 
ice, 1 mL LB-medium was added, and the cells were incubated at 37 °C for 1 h while shaking. The 
cells were pelletized by centrifugation at 4000 rpm for 4 min, plated on LB-plates with respective 
antibiotic selection and grown over night at 37°C.  

2.1.1.6 Transformation of electrically competent E. coli  

Electrically competent E. coli cells (CopyCutterTM EPI400TM) were thawed on ice. 0,1-1 μg of DNA 
was added to the thawn cells and left on ice for 5-30 min. The DNA had to be in water or in very low 
salt buffer. After the incubation on ice the 100 µL culture was filled into precooled electroporation 
cuvettes, thereafter electroporated with 1,8 kV. The mixture was then again placed on ice. 1 mL LB-
medium was added, and the cells were transferred to a 1,5 mL tube and incubated at 37 °C for 1 h 
while shaking. The cells were centrifugated at 4000 rpm for 4 min, plated on LB-plates with the 
respective selection and grown over night at 37 °C.  

2.1.1.7 Transformation of chemically competent A. thumefaciens  

An aliquot of chemically competent A. thumefaciens was thawed on ice. 1-5 μg of vector DNA were 
added, incubated for 15 min on ice, and for 5 min at 37 °C. Then 1 mL LB-medium was added on ice. 
The cell culture then was shaken at 28 °C for 2 h. The cells were pelletized with 4000 rpm for 4 min 
and plated on LB-plates with Rifampicin-, Gentamycin- and the vector-specific selection and then 
cultivated at 28 °C for 2-3 d.  

2.1.1.8 Verification of expression in A. thumefaciens  

To verify the correctness of the nucleotide sequence of the respective expression construct 
transformed in A. thumefaciens, a digestion on extracted DNA was executed. Therefore, the plasmids 
were extracted by an Alkaline Lysis and digested with a restriction enzyme. 

2.1.1.9 Storage of bacterial cells  

For long-term storage of E. coli and A. thumefaciens glycerol -stocks were generated. For glycerol-stocks 
750 μL of the respective over-night culture were mixed with 750 μL autoclaved glycerol, incubated at 
room temperature for 5-10 min, frozen in liquid nitrogen and stored at  
-80 °C. 
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2.1.2 Extraction of nucleic acids  

2.1.2.1 Extraction of plasmid DNA  

The Alkaline Lysis was executed according to Sambrook et al. 1989. 4 mL LB-medium with an 
appropriate antibiotic were inoculated with a single E. coli colony and incubated over night at 37 °C 
shaking. The cells were pelletized by centrifugation at room temperature with 6000 rpm for 2 min. 
The cells were resuspended in 250 μL of Mini I-solution. The lysis was executed with the addition of 
250 μL of Mini II-solution and incubation at room temperature for 1 min. The neutralization was 
obtained with the addition of 300 μL Mini III-solution via inverting. Cell fragments and the drop out 
were removed by centrifugation at 4 °C with 13000 rpm for 20 min. 750 µL 2-propanol was mixed 
with 750 µL of the supernatant, the mixture was left for at least 1 h at -20 °C. The vector-DNA was 
pelletized by centrifugation at 4 °C with 13000 rpm for 20-30 min, washed with 70 % and 100 % 
ethanol (EtOH) and dissolved in 55 μL sterile and autoclaved water after the EtOH evaporated. For 
the inactivation of DNases the samples were heated up to 65°C for 10 min.  

Midi Preps for plasmid DNA in higher concentrations and of higher purity were executed using the 
NucleoBond Xtra Midi (50) Kit (Macherey-Nagel) according to the manual.  

2.1.2.2 Extraction of RNA from A. thaliana  

For the RT-PCR the extraction of RNA from Arabidopsis thaliana (A. thaliana) was executed using the 
RNAesy Kit from Qiagen according to the extended manual and with DTT.  

For qPCR RNA extraction was performed with Concert Plant RNA Reagent (Invitrogen #12322): 
40-100 mg of frozen plant tissue was grinded with 3 times 10 s with Silamat® with glass beads. 500 µL 
Plant RNA Reagent was added to the grinded tissue and mixed by vortexing and flicking until sample 
was resuspended. The reaction tube was incubated horizontally for 5 min at room temperature (RT). 
The mixture was centrifuged for 2 min at 12000 g in a microcentrifuge at RT. Thereafter, the 400-
450 µL supernatant was transferred to an RNase-free tube and 100 µL 5 M NaCl was added. Mixing 
of the clarified extract followed by tapping the tube. 300 µL chloroform was added, sample inverted 
and centrifuged for 10 min at 4° C an 12000 g for separating the phases. Next, the upper, 400-450 µL 
aqueous phase was transferred into a new RNase-free tube with 450 µL 2-propanol. After mixing, it 
stood at RT for 10 min. Subsequently, it was centrifuged at 4 °C, 12000 g for 10 min. Then, the 
supernatant was discarded by pipetting. 75 % EtOH to the pellet, which was difficult to see. The liquid 
is centrifuged at RT for 1min at 12000 g. Hereafter, the supernatant was carefully removed off. The 
RNA dried under a hood for 10-30 min. 87,5 µL RNase-free water was added and the RNA dissolved 
by pipetting. Here the RNA could be stored at -80 °C., if not, 10 µL DNase buffer and 2,5 µL DNase I 
was added and incubated for 20 min at RT. 

The following RNA clean up and on column DNase digest was performed with the RNeasy Kit 
(Qiagen) with slight differences: To the RNA with DNase I, 350 µL RLY buffer was added and 
thoroughly mixed. Thereafter, 250 µL 100 % EtOH was added, the mixture was pipetted up and down 
for transferring them into a RNeasy Mini spin column (blue) and centrifuged for 15 s at 8000 g. The 
supernatant was discarded. 80 µL of DNase I incubation mix was pipetted directly on the RNeasy spin 
column and incubated at RT for 30 min. Afterwards, 350 µL RW1 buffer was added, whereupon the 
column was centrifuged at 8000 g for 15 s. The supernatant was discarded and 500 µL RPE buffer 
was pipetted to the column, centrifuged for 2 min at 8000 g. Thereon, the tube was placed upon a 
new 2 mL reaction tube. The membrane dried through centrifugation at full speed for 2 min. Again, 
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the column was placed into a new 1,5 mL reaction tube. 40 µL RNase free water was pipetted on the 
membrane and centrifuged at 8000 g for 1 min. With a platereader, the RNA concentration was 
specified. The amount of RNA needed for cDNA synthesis was calculated. 

2.1.2.3 Extraction of genomic DNA from A. thaliana  

A small, in liquid nitrogen, frozen young leave was grinded with the Silamat® S6 through addition of 
around 100 µL glass beads at 4500 rpm for 10 s. Thereafter, 350 μL Edward’s buffer (see 2.8.4) was 
added, the mixture was left at RT until the frozen material was thawed, whereupon the samples were 
incubated at 65 °C for 10 min. After centrifugation at 13000 rpm for 15-30 min at 4 °C the liquid 
phase was transferred into a new reaction tube with an equal volume of 2-propanol and left for at least 
30 min at 20 °C. The genomic DNA was pelletized by centrifugation at 13000 rpm for 20-30 min. The 
pellet was washed with 70 % EtOH and 100 % EtOH and dissolved in 55 μL ddH2O. For inactivation 
of DNases the reaction tube was left on 65 °C for 10 min. The genomic DNA was stored at -20 °C. 

2.1.2.4 Reverse transcription  

For the reverse transcription the protocol of the RevertAidTM H Minus Reverse Transcriptase was 
followed using total RNA as template RNA and Oligo(dT)18 (ThermoFisher Scientific) as primer. 
For cDNA synthesis in Freiburg for qPCR-cDNA MultiScribe™ Reverse Transcriptase 
(ThermoFisher Scientific) was used according to protocol. The reverse transcription program was 
performed in three steps: 10 min at 25 °C, 120 min at 37 °C and 5 min at 85 °C. 

2.1.2.5 Polymerase chain reaction (PCR)  

The Polymerase chain reaction (PCR) was used to identify homozygous plants and for amplification 
of new genes. Taq DNA Polymerase from NewEngland Biolabs was used for amplification of genomic 
DNA PCRs, Phusion® High Fidelity DNA Polymerase from Thermo Scientific was used for 
amplification of DNA-fragments, needed for cloning. 
 Taqman ROX Master Mix (2X) from Bioscience was used for quantitative real time PCR. With probes 
from IDT. The PCRs with the different DNA polymerases were executed according to the respective 
manual.  

2.1.2.6 Genotyping  

A. thaliana and L. japonicus lines were genotyped. To confirm the T-DNA insertion and transposons 
being homozygous, PCRs were executed on genomic DNA with Taq DNA Polymerase 
(New England Biolabs) and two pairs of primers. One pair to detect putative wildtype alleles and one 
to detect the T-DNA insertion or transposon. Amplification of only the wildtype shows wildtype 
plant, amplification of both primer pairs shows heterozygosity and a homozygous plant just amplifies 
the T-DNA specific primers. For each genotyping reaction a negative- and positive control was added. 
The amplicons were detected with agarose gel electrophoresis. 

2.1.2.7 Site-directed mutagenesis  

For site-directed mutagenesis, specific primers that are modified at the bases to be changed were 
designed and used. This base pair change should have a new cleavage site, if possible. Two PCR 
reaction setups, with either forward or reverse primer of 25 μL each were pipetted according to the 
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manual of Phusion DNA Polymerase (ThermoFisher). After 10 cycles both setups were mixed. 
Additional 30 cycles were performed. Either the template vector was erased from the reaction setup 
by the addition of 1μL of the restriction endonuclease DpnI, or the amplified sequence was eluated 
from a DNA gel. DpnI was inactivated at 85°C for 10 min. 5 μL of the reaction setup were then 
transformed into E. coli cells. 

2.1.2.8 RT-PCR 

RT-PCR was performed with Phusion DNA Polymerase (ThermoFisher) and with Ahk1-specific 
primers over two exons amplifying round about 500 bp (table in appendix 1.27). 

2.1.2.9 qRT-PCR 

Was performed with Taqman probes mastermix. For the qRT-PCR Reaction performed with 
Taqman-probes the following protocol was used: 

Table 2-1: qRT-PCR Settings. 

Step Degrees 
(°C) 

Time Repetition 

1 50 2 min 1 

95 10 min 

2 95 15 sec 35-45 

3 60 1 min 

2.1.2.10 Dephosphorylation of DNA-fragments  

The dephosphorylation of DNA-fragments avoids the reattachment of sticky or blunt ends. It reduces 
that the amplified DNA is ligated back into the former vector. For the dephosphorylation the Shrimp 
Alkaline Phosphatase (Thermo Scientific) was used according to manual. 

2.1.2.11 Phosphorylation of DNA-fragments  

The phosphorylation of DNA-fragments facilitates the directed attachment of phosphorylated DNA-
fragments with dephosphorylated DNA-fragments in ligations. T4 Polynucleotide Kinase (Thermo 
Scientific) was used according to manual, for the phosphorylation.  

2.1.2.12 Classical cloning  

Gene was cleaved out from a former vector, extracted from an agarose gel, de- and phosphorylated, 
the DNA-fragment was ligated with T4 DNA Ligase (Thermo Scientific) according to manual. DNA- 
fragment and new vector-backbone were ligated with following ratio of their DNA-amount: 
1fragment:4plasmid-backbone.  
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2.1.2.13 GatewayTM-Cloning  

In the GatewayTM system of Thermo Scientific/Invitrogen the gene-of-interest is amplified with 
specific attL attachment sites into the entry clone (BP reaction). BP-reactions were executed using the 
respective expression clone and the Donor vector pDONR207 in the concentration of 150 ng/μL. 
0,5 μL of the expression clone, pDONR207, TE-buffer pH 8.0 and BP Clonase Enzyme Mix was 
mixed, incubated for at least 2 h at RT or 16 °C overnight and transformed into E. coli. 

The entry clone serves as donor of the gene of interest for different destination vectors. In destination 
vectors, the GatewayTM cassette is flanked by attR sequences, that recombinates with the entry clone 
(LR-reaction). Destination vectors have different features for protein expression, like different 
fluorophores. 150 ng Entry clone, 150 ng Destination vector, TE-buffer pH 8.0 and LR Clonase 
Enzyme Mix were added to 5 µL. The LR-mix was incubated for at least 1 h at RT. Subsequently, 
0,5 μL Proteinase K was added and incubated for 20 min at 37°C. Heat inactivation was performed 
over 10 min at 75 °C, the LR reaction setup was transformed into E. coli. 

An in vitro recombination between the expression clone and a Donor vector with the GatewayTM 
cassette flanked by attP sites (BP-reaction) generates an entry clone and a destination vector.  

2.1.2.14 Agarose gel electrophoresis  

Agarose gel electrophoresis was used to separate DNA fragments by size through using an electric 
field. Therefore, the agarose was heated in 1x TAE buffer. Agarose concentration varied based on the 
analyzed DNA fragments between 1 - 3 % (w/v). To make DNA visible, Midori green Advanced 
DNA Stain (Nippon Genetics Europe) was added in a 0,03 % (v/v) concentration. The gel was run 
in 1x TAE buffer in gel chambers with 50-120 V. DNA loading buffer was used in a 1:5 ratio.  

2.1.2.15 Extraction of DNA-fragments from agarose gels  

DNA fragments were separated with gelelectrophoresis, so that the wanted DNA-fragments could be 
cut out and further procedure was executed with the use of the Quick Gel Extraction Kit (invitrogen) 
and Gel Extraction Kit (genaxxon) according to the manuals.  

2.1.2.16 Measurement of DNA and RNA concentrations  

DNA was dissolved in ddH2O and RNA in RNase free ddH2O. The amount of nucleic acids was 
measured with a NanoDrop1000 Spectrophotometer (Thermo Scientific). For RNA, the measurement 
was repeated three times. Also, a platereader was used to determine the amount of RNA. Here, the 
measurement was repeated twice. 

2.1.2.17 DNA-sequencing  

The sequencing of DNA fragments and plasmids was executed by GATC Biotech AG and eurofins 
by sanger sequencing. 
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2.1.3 Cell-biological methods  

2.1.3.1 Cultivation of E. coli  

Plasmid transformed E. coli were poured and distributed on LB-agar with suitable antibiotics. LB-agar 
plates were incubated overnight at 37 °C and stored for up to one month at 4 °C.  

5 mL liquid cultures of E. coli with suitable antibiotic were inoculated with a single E. coli colony from 
LB-agar and grown overnight at 37 °C while shaking. These cultures were used for the extraction of 
plasmid DNA (Alkaline Lysis) or used further like for production of competent cells or Midi Preps. 
Cultures of bigger volume were needed here and the 5 mL overnight-culture was used to inoculate the 
bigger culture. These cultures were grown according to the respective protocols.  

CopyCutterTM EPI400TM cells were inoculated in 5 mL LB-medium with suitable antibiotic 
overnight. 4 mL liquid culture were mixed with 1 mL overnight culture and shaken at 37 °C for 4 h. 
CopyCutterTM Induction Solution was added in a dilution from 1:1000 (5 µL) to induce plasmid 
amplification. The culture was used for extraction of plasmid DNA (Alkaline Lysis).  

For proteinexpression in Origami-2 (DE3) and BL21 (DE3) cells, 5 mL LB-medium with suitable 
antibiotic were inoculated with a colony of the transformed cells. It was grown over night shaking at 
37 °C. The liquid culture was diluted into the main autoinduction medium culture with suitable 
antibiotic to an OD600=0,1 or 0,05 for the induction of expression. The culture was cultivated for 72 h 
shaking at 20 °C and then harvested.  

2.1.3.2 Cultivation of A. thumefaciens  

A. thumefaciens with rifampicin and gentamycin resistance, was cultivated on LB with suitable 
antibiotics. For the cultivation on plates, transformed cells were distributed using sterile glass beads. 
Dilution streaking from glycerol stocks were performed on LB as well. LB plates were left for 2-3 d 
at 28 °C or at RT. Storage in fridge at 4 °C followed for up to one month. 5 mL liquid culture was 
inoculated with a single colony and grown overnight at 28 °C while shaking. 

2.2 Physiological methods  

2.2.1 Seed surface sterilization with EtOH  
Around 50 mg of A. thaliana seeds were surface sterilized with 1 mL 70 % EtOH solution with 0,01 % 
triton-x-100 and shaken overhead for 15 min. EtOH was discarded and 250 µL 100 % EtOH was 
pipetted on the seeds, which were shaken overhead for 2 min. EtOH was discarded and ddH2O was 
pipetted the seeds so that they could be transferred on sterile filter paper, dried and used immediately 
or until 2 days later. 

2.2.2 Cultivation of A. thaliana  
For all physiological experiments seeds from plants which were contemporaneously grown in the 
greenhouse were used. Seeds were before cultivation stored for 2 d at -20 °C, sterilized and stratified. 

2.2.3 Cultivation of A. thaliana on soil  
To synchronize germination of seeds, sterilized A. thaliana seeds were stratified on wet soil at 4 °C for 
around 24 h. The trays were covered by a hood for the first week. Depending on the purpose the 
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plants were grown in the greenhouse or phytochambers. Under either continuos light or if not stated 
otherwise 16 h light/8 h dark conditions. 

2.2.4 Cultivation of A. thaliana on ½ MS-Agar plates  
A. thaliana seeds were sterilized with EtOH and with autoclaved toothpicks isolated on ½ MS-Agar 
plates with or without supplemented with different substances. Stratification followed at 4 °C for 2-
4 d. 

2.2.5 Cultivation of A. thaliana on filter paper 
For light signaling experiments, sterilized A. thaliana seeds were distributed on filter paper sucked with 
4 mL ddH2O inside of round petri dishes and stratified for 2 d at 4 °C. 

2.2.6 Cultivation of Nicotiana benthamiana  
The seeds of Nicotiana benthamiana (N. benthamiana) were sown on GS90 soil. Two weeks old seedlings 
were singularized into pots with GS90 with confidor and grown for additional two to three weeks, at 
23 °C/20 °C (day/night), 12 h light and 60 % humidity.  

2.2.7 Lotus japonicus and Mesorhizobium loti resources 
Plants for analysis of infection with M. loti were L. japonicus ecotype Gifu B-129 wild type, two AHK1 
homologues were identified: LHK4A (LotjaGi2g1v0379900) and LHK4B (LotjaGi4g1v0129800). Of 
one we cultivated a mutant line lhk4a-1 (plantline ID: 30010661). 

Plants were inoculated using M. loti MAFF303099 expressing DsRED. 

2.2.7.1 Plant growth and infection of L. japonicus 
L. japonicus seeds were sterilized using sodium-hypochloride solution with 10 g/l chloride and 
swallowed in Conserve solution (Producer, City) for at least one hour at RT. Thereafter the seeds were 
transferred onto a sterile plate with soaked filter paper and stratified for 3 d at 4 °C. After stratification 
seeds were kept in darkness at 22 °C to germinate for 3 d following the protocol for the ecotype Gifu.  
Plants were grown on plates, for which seedlings were transferred to 12 cm square plastic petri dishes 
containing 50 mL quarter-strength Broughton and Dilworth medium (B&D) each (Broughton and 
Dilworth, 1971). Plants growth condition are 21 °C in light and 17 °C in darkness (16 h light, 8 h 
dark).  
For infection with Mesorhizobium loti (M. loti), liquid cultures were grown for 2 d at 28 °C in YMB 
media, subsequently harvested by centrifuging for 10 min at 3000 g. The bacterial pellet was washed 
twice and resuspended in quarter-strength B&D medium. For inoculations, the optical density at 
λ=600 was adjusted to 0,01 and 50 µl bacterial suspension were applied to each root. Roots of control 
plants were mock-treated with 50 µl of sterile medium. Inoculations took place right after transfer to 
plates. 
For measurements of nodulation plates were scanned at 400 dpi resolution respectively one day, 7 d, 
10 d, 13 days and 16 d after transfer to plates. Infected plants were grown for 4 weeks. Plants were 
scanned after 3 weeks and after 4 weeks post inoculation. 
For seed reproduction seedlings were transferred to pots containing GS90 soil and grown at 22 °C 
(16 h light, 8 h dark) at high light and over 70 % humidity conditions.  
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2.2.8 Crossing of A. thaliana lines  
A. thaliana lines were cultivated as described until flowering. For crossing of A. thaliana, sepals, petals 
and stamen were removed from the flowers that were slightly opening. The stigma of the carpel was 
pollinated with pollen of the desired line. All flowers which were not pollinated got removed, the 
fertilized stigma was put in a small seedbag. The seeds which resulted from this pollination were 
cultivated and genotyped. Analysis could show if both alleles were present. The plant lines were 
propagated until homozygous plant lines could be identified. 

2.2.9 Gravitropism assay  
Sterilized seeds were placed on ½ MS-agar and ½ MS-agar supplemented with enough space left in 
between seeds. Up to 30 seeds were placed on one plate, that were stratified at 4 °C for 3 d and grown 
in constant light conditions at 20 °C for 7 d in an upright position. Thereafter, the plates were turned 
for 135° to the left. After 2 d of additional growth the plates were scanned for analysis. Using ImageJ 
the growth angle (α) of the root towards the applied gravitropic stimulus in reference to the original 
direction of gravity was analyzed.  

2.2.10 Infiltration of N. benthamiana 
For infiltration of N. benthamiana plants, constructs were transformed into A. thumefaciens. Liquid 
cultures were grown overnight at 28 °C (2.1.2.3). Their OD was measured, the cultures were 
centrifugated and diluted to an OD of 0,7-0,8 with infiltration medium, that consists of 10 mM MES, 
200 nM acetosyringon, 10 mM MgCl2 and ddH2O. To ease infiltration, N. benthamiana plants were 
watered a few hours before infiltration and left with a hood on the tray. Constructs were always mixed 
1:1 with p19 and then infiltrated into young N. benthamiana leaves.  

Overnight the plants were left with hoods. Afterwards the protein expression was inducted with ß-
estradiol (see 2.2.11). 

2.2.11 Activation with ß-estradiol 
20 µM ß-estradiol was mixed in water with 0,1 % triton-x-100, The mix was applied on the lower half 
of the N. benthamiana leaves with a brush until the leave was covered. The stock of 10mM ß-estradiol 
was dissolved in EtOH. 

2.3 Biochemical methods  

2.3.1 Native extraction of 6xHis-tagged proteins from E. coli  
For native protein extraction, cells from a 150-250 mL culture were harvested via centrifugation at 
2000 g for 5 min at 4°C in a swing-out centrifuge. Cells were resuspended in NPI-10 (see 2.8.5.1, 10:1 
in comparison to cell culture) with freshly added PMSF to 1 mM PMSF. After cell suspension, the 
liquid was transferred to 2 mL safelock reaction tubes containing autoclaved and well dried 100 μl 
glass beads (0,25 – 0,5 mm). The reaction tubes were vortexed at 8 °C for 10 min. The cell lysate was 
centrifuged at 4 °C for 40-70 min at 15000 g. The cleared protein liquid was either directly transferred 
to purification columns, Ni-NTA Superflow Columns, or shock-frosted in liquid nitrogen. 
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2.3.2 Purification of 6xHis-tagged proteins under native conditions  
Ni-NTA columns were equilibrated with 10 mL NPI-10 buffer. Columns work by gravity flow. 
Thereafter, cleared protein lysate was pipetted onto the columns. Then, two washing steps followed 
each 10 mL with the NPI-20 buffer. Elution of the purified protein was performed three times by 
sealing first the purification column and incubating with 1 mL NPI-250 for 30 min, then collecting 
eluted protein. 5 min for the additional two elution’s with 1 mL elution buffer NPI-250 each. For 
buffers used, see 2.8.5.1. 

2.3.3 Cleaning and reusage of Ni-NTA Superflow columns  
Ni-NTA columns were cleaned after purification with two 10 mL of 0,5 M NaOH washing steps. The 
cleaned column was stored upright at 4 °C. The upper part of the column was covered with 5 mL 
30 % EtOH to prevent microbial growth. The column was reused for purification of the same protein. 

Ni-NTA resin was recharged according to Novex Ni-NTA Purification manual, if the blue resin 
turned white or yellow after purification. Therefore, columns containing 1,5 mL of Ni-NTA resin, 
were washed twice with 10 mL of 50 mM EDTA stripping off chelated nickel ions. Next, the column 
was washed twice with 10 mL 0,5 M NaOH and twice with 10 mL ddH2O. Recharging was performed 
by applying twice 10 mL NiCl2 hexahydrate solution (5 mg/mL). Residues of NiCl2 hexahydrate were 
washed off twice with 10 mL ddH2O. 5 mL 30 % EtOH was applied onto the column, sealed, and 
stored at 4 °C. 

2.3.4 SDS-PAGE 
Proteins were analyzed and separated via SDS-PAGE. It was performed with hand cast gels using the 
equipment of Hoefer Scientific Instruments.  

For the SDS-gel, first a running gel was poured and covered with 100 % isopropanol. After this part 
was polymerized, the isopropanol removed and cleared with VE-water, a second stacking gel phase 
was added. Solutions are listed in chapter 2.8.5.3.1. 

SDS-gels were wedged to a running chamber, the cavities were filled with SDS running buffer (2.8.5.3), 
protein samples were loaded into gel-pockets. Additionally, the SpectraTM Multicolor Broad Range 
Protein Ladder (Thermo Scientific) was added. Gel electrophoresis was executed at 20–25 mA per gel 
for the stacking gel. When proteins reached the running gel, the amperage was raised to 30-35 mA per 
gel until the dye front enters the SDS running buffer. 

2.3.5 Western Blot 
Protein transfer from SDS-GEL onto PVDF membrane (Millipore) was performed using wet blot 
system. Therefore, PVDF membrane was activated for 1 min in 100 % MeOH prior to usage. Two 
sponges and Whatman-paper (GE healthcare) were pretreated with SDS running buffer. Sponge, 
Whatman-paper, gel, PVDF membrane, Whatman-paper and sponge were clapped into a bubble-free 
sandwich, starting from the lowest. Protein transfer was performed for 90 min at 4 °C at 300 mA per 
sandwich. A magnetic stir bar was put into SDS running buffer. Alternatively, the transfer was 
conducted overnight at 30 mA per sandwich at 4 °C. 

Thereafter, the PVDF membrane was rinsed with TBS-T and blocked 2 h (RT) to overnight at 4 °C. 
Washing steps were repeated three times à 10 min each, and were always performed in between the 
following steps. First or combined first and second antibodies were incubated for 1 to 3 h at RT, 
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followed by the washing steps with TBS-T. If a second antibody incubation step was necessary it was 
always executed for 1 h. Whereupon, the membrane was again. 

Immunodetection was carried out by incubation of the PVDF membrane in a chemical staining 
solution (see 2.8.5.3.1) until the bands were clearly visible or with chemiluminescence. Detection was 
performed with horseradish peroxidase. 

2.3.6 Coomassie staining  
Coomassie staining were always executed after SDS-PAGE (2.3.4). To confirm that all proteins were 
transferred to the PVDF membrane or for checking, whether the protein-purification was successful, 
a SDS-gel was incubated shaking for 1-4 h in Coomassie staining solution, after SDS-PAGE (2.3.4). 
Next, the staining solution was poured back into the flask for reusage and the destainer solution was 
poured on the gels. Destaining time varied and destaining was performed while shaking until protein 
bands were clearly visible. Stained SDS-gels were kept between two cellophane (Roth) foils that were 
wetted with 10 % glycerol, dried over 2-3 d and scanned.  

2.3.7 Immunoprecipitation of MBP-Fusion Proteins using MBP-Trap_A 
For immunoprecipitation 25 µL MBP-traps from chromotek were used per sample, MBP-traps were 
always pipetted using cut tips. Ahead of IP, beads were equilibrated in three steps, by successive 
change of buffer. First MBP-traps were suspended in 500 µL 100 % MeOH once, then twice with 
500 µL 50 % MeOH and finally three times with 500 µL washing buffer. Buffers were ice cold beads 
were resuspended by pipetting and supernatant was removed carefully after 2 min centrifugation at 
4 °C at 2500 g. 

Native protein was thawed. 200 µL native-purified protein (MBP or MBP-AHK1ED) was diluted with 
washing buffer to 500 µL and added to the equilibrated traps. The mixture was left rotating at 4 rpm 
for 1 h at 4°C. Unspecific bound protein was removed by washing five times with 500 µL washing 
buffer. Than 300 µL apoplastic washfluid (AWF) with or without mannitol treatment, extracted by 
Prof. C. Zörb, University of Hohenheim, or 100 µL of 2 mL lipid extracts from Arabidopsis plants 
(extracted from: Ws-2, ahk1-4, bak1-1, bri1-5) was added and further diluted to 500 µL using washing 
buffer. 

The mix was left rotating at 4 rpm for 1 h at 4°C. Afterwards it was again washed five times in 500 µL 
washing buffer and resuspended in 50 µL glycine at pH 2.5. Then the reaction tubes were heated to 
95 °C for 10 min, placed on ice instantly and centrifuged at 4 °C 14,000 rpm for 40 min. The 
supernatant was sent into LC-MS performed by Dr. M. Stahl. The pellet was kept as a control. 

2.3.8 Amidoblack 10B protein concentration measurement 
10 µL protein was mixed with 30 µL ddH2O and 160 µL coloring solution (90 % MeOH, 10 % acetic 
acid and 0,05 % amidoblack 10B). After 15 min incubation at RT, the mix was centrifuged at 
maximum speed (22.000 g) for 10 min. The supernatant was discarded, the tube was filled with 200 µL 
decoloring solution (90 % MeOH, 10 % acetic acid) and vortexed. Next, the reaction tubes were 
centrifuged at maximum speed for 10 min and the supernatant was discarded. The pellet was dissolved 
in measuring solution (0,2 M NaOH) and the OD600 was specified with a photometer. For comparison, 
a BSA standard curve from 0,1 mg/mL to 1 mg/mL BSA was used. For each protein-extraction, 
concentration was measured in three technical replicates. 
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2.3.9 PIP StripTM membrane-type 
The PIP strip membrane was covered with 5 mL of PBS-T with 0,1 % Tween-20 and 3 % BSA 
blocking solution. If harsher washing was needed, TBS-T was used instead of PBS-T. The membrane 
was blocked overnight at 4 °C. Thereafter, at least 0,5 mg of the native protein were added in 5 mL 
PBS-T 3 % BSA. Incubation was done at RT for 1 h. Subsequently, the membrane was washed three 
times with 5 mL PBS-T for five to ten minutes. Hereafter, the tag-specific antibody (anti-MBP mouse, 
monoclonal and anti-GST mouse) was added to the membrane, diluted in PBS-T 3 % BSA. Dilution 
was done according to the manual. The antibody was incubated for 1 h at RT, following three washing 
steps with PBS-T for 5-10 min at RT. Then, the second antibody, anti-mouse horseradish peroxidase 
(HRP), also diluted in PBS-T 3 % BSA, was added to the membrane and incubated for 1 h at RT. 
After it, the membrane was again washed three times à five to ten minutes in PBS-T. 

Subsequently, the washing buffer was discarded, and the interaction detected with chemiluminescence. 
For buffers see 2.8.5. Every step was performed with gloves so that no lipids could come onto the 
membrane. 

2.3.10 Immunodetection  
The proteins which were transferred and immobilized on the PVDF-membrane were detected with 
specific antibodies. After the western wet blot, the PVDF-membrane with the bound proteins was 
incubated in blocking solution for at least 1 h at room temperature or overnight at 4 °C. Subsequently 
to three washing steps with TBS-Tween for 10 min each the first antibody was added and incubated 
for at least 2 h at room temperature or overnight at 4 °C. The first antibody binds specifically to the 
protein which should be detected. Excessive antibody was removed in three washing steps with TBS-
T for 10 min each. The second antibody which binds onto the first antibody, and which is fused to a 
tag, generally the Alkaline Phosphatase (AP), was added and incubated for at least 1 h at RT. Excessive 
antibody was again removed by three washing steps with TBS-Tween for 10 min each. Subsequently 
to the equilibration of the PVDF-membrane in staining buffer for 5 min the staining with the staining 
solution was executed. The staining solution contains 5-Bromo-4-chloro-3-indolyl phosphate (BCIP) 
and nitro blue tetrazolium chloride (NBT) (2.8.5). BCIP is oxidized by the AP to a blue indigo-dye 
whereas the BCIP oxidation leads to the reduction of NBT and therefore to the generation of a blue 
formazan-dye. The staining reaction was stopped by washing with MilliQ water as soon as clear bands 
were visible. For documentation the PVDF-membrane was dried and scanned. Alternatively, to the 
use of two antibodies just one antibody was applied when it was specifically binding to the tag and 
already fused to the AP. 

2.3.11 Ethylene Assay 
For the ethylene assay plants were grown under short-day conditions as described before (see 2.2.1.2). 
When the Arabidopsis plants were around 30 d old, the leaves were cut in small squares (3x3 mm or 
2x3 mm), left overnight in a petri dish at RT. Next, three leavediscs were transferred in one glass tube 
filled with 1 mL ddH2O, three tubes per plantline per treatment. Then, an elicitor was given to the 
leavediscs like PEN, flg22 or AWF with or without mannitol. The glass tubes were closed with gum 
closures and placed on a shaker that shook at 200 rpm for 3 h at RT. 

Subsequently, the ethylene levels were measured by gas-chromatography. 
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2.3.12 N. benthamiana RD29b-promotor-Assay 
Tobacco plants were co-transformed by infiltration as previously described (2.2.10), using the two 
plasmids: p35S::AHK1:GFP and pRD29b::NLS:mCherry. Fluorescence intensity of mCherry-NLS 
was measured by confocal microscopy, using a Leica SP8 microscope and LAS-X software. 

Prior of measurement leaves were infiltrated with either water or 80 mM Mannitol. Additionally, N. 
benthamiana leaves were left for 15 min in 0,05 % n- and sec-butanol and DGKI, 1:1000 neomycin and 
1:1000 PAO for 2 h. 

2.3.13 Light-reaction tests 
Sterilized Arabidopsis seeds were sown on filter paper as described (see 2.2.5). Then a white light 
induction was performed for 8 h at 20 °C, whereupon the petri dishes were transferred into black 
boxes and left there until the next day, where the seeds were put under their light treatment (red light 
R, far-red light FR, blue light B, and dark D). 

2.3.13.1 FR-light–associated high-irradiance responses (HIR persistence) 

Plant seeds were sown on four filter papers with 4 mL ddH2O in a petri dish. Left for 2 d at 4 °C. 
Light induction was performed for 8 h at 20 °C, transferred into dark boxes for another 16 h and then 
left under 2.5 min FR light followed by different lengths of dark turns. Either completely dark, or for 
4 min, 8 min, 12 min, or 20 min cycle. Plants were grown for 4 d according to (Buche et al., 2000). 
Afterwards the hypocotyl length was estimated. 

2.3.13.2 HY5, CHS and very low fluence response (VLFR) pre-qPCR treatment 

Plant seeds were sown on four filter papers with 4 mL ddH2O in a petri dish. Left for 2 d at 4 °C. 
Light induction was performed for 8 h at 20 °C, the petri dishes were transferred into dark boxes for 
16 h and 3 d more, thereafter, they were transferred to be treated with FR light. 1 h or 4 h, or none 
for HY5 and CHS qPCR. For the qPCR on the reportergene for very low fluence rate (VLFR) PRR9 
the FR light treatment was 0 min, 40 min, 80 min, 120 min, and 160 min long. The FR light intensity 
was 15 µmol/m2*sec 

2.3.14 Massspectrometry LC-MS-MS 
Mass spectrometry was done by Mark Stahl by using LC-MS/MS Synapt G2-Si mass spectrometer 
and analysed with the program MassLynx MS-software. 

2.4 Lipid extraction from leaf tissue 
Dry weights of 5 to 30 mg of Arabidopsis leaves lead to get the best results. Up to six Arabidopsis leaves 
were immersed in 3 mL 0,01 % butylated hydroxytoluene (BHT) in isopropanol preheated to 75 °C 
for 15-30 min. Therefore, a glass tube with a metal screw cap was used. 1,5 mL chloroform and 0,6 mL 
ddH2O were added separately, the liquid was vortexed and shaken on an incubator at RT for 1 h. 4 mL 
chloroform/methanol (MeOH) (2:1) with 0,01 % BHT were added and shaken for 30 min- overnight. 
This extraction-step was repeated on all samples until the leaves became white. For this, up to three 
extractions were necessary. 

Subsequently, 1 mL 1 M KCl was pipetted to the extracts, the liquids were vortexed, and centrifuged 
at 3000 rpm for 5 min at RT, the upper phase was discarded. 2 mL water were added, shaken and 
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centrifuged again. The upper phase was discarded again carefully, so there was no rest of water. The 
purification with water was repeated several times. 

For evaporation of the organic phase tubes were opened in the fume hood and flushed with gaseous 
nitrogen until the liquid was evaporated. If too much water was left in the chloroform-MeOH mix, 
the evaporation process took a lot longer. The glass tubes with dried out lipid extracts were stored in 
a freezer at -20 °C. When needed the solvent was resolved in MeOH. 

The extracted leaves were dried overnight at 105 °C and weighed afterwards.  
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2.5 Materials 

2.5.1 Strains and Plantlines 
Table 2-2: E. coli and A. thumefaciens strains 

Strain (company)  Genotype  Function  

NEB®5α  

(New England Biolabs)  

fhuA2 Δ(argF-lacZ) U169 phoA glnV44 
Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17  

Cloning and amplification of 
vectors  

One Shot®TOP10  

(invitrogen)  

F- mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80ΔlacM15 ΔlacX74 nupG recA1 
araD139 Δ(ara-leu)7697 galE15 galK16 
rpsL (StrR) endA1 λ-  

Cloning and amplification of 
vectors 

CopyCutterTM 
EPI400TM  

(Epicentre, USA)  

F- mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80dlacZΔM15 ΔlacX74 recA1 endA1 
araD139 Δ(ara, leu)7697 galU galK λ- 
rpsL (StrR) nupG trfA tonA pcnB4 dhfr  

Cloning and amplification of 
coding sequences which are 
toxic to E. coli  

Origami-2 (DE3)  

(Merck, D)  

Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII 
phoR araD139 ahpC galE galK rpsL F‘ 
[lac+ lacIq pro] (DE3) gor 522::Tn 10 
trxB (StrR, TetR)  

Protein expression  

BL21 (DE3)  

(Merck, D)  

Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII 
phoR araD139 ahpC galE galK rpsL F‘ 
[lac+ lacIq pro] (DE3) gor 522::Tn 10 
trxB (StrR, TetR)  

Protein expression  

DB3.1TM  

(invitrogen)  

F-gyrA462 endA1 Δ(sr1-recA) mcrB mrr 
hsdS20(rB–, mB–) supE44 ara- 14 galK2 
lacY1 proA2rpsL20(SmR) xyl-5 λ– leu 
mtl1  

Amplification of Donor and 
Destination vectors with ccdB 
cassettes 

A. thumefaciens 
GV3101:pMP90 
(Koncz and Schell, 
1986) 

RifR, pTiC58 ΔtraC, pMP90, GentR, Amplification of plasmids for 
cLSM or ROS-Assays in planta 

Table 2-3: A. thaliana lines which were used for the Ph.D. thesis. 

Plantline (NASC) Ecotype Description Source 

Nos-0 Nos-0 Wildtype (WT) Paul Verslues 

ahk1-1 Nos-0 Kumar et al. (2013) Paul Verslues 
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Ws-2 Ws-2 WT Katharina 
Caesar 

ahk1-3 Ws-2 Wohlbach et al. (2008) Katharina 
Caesar 

ahk1-4 Ws-2 Wohlbach et al. (2008) Katharina 
Caesar 

  

ahk1-3/35S::AHK1- 
GFP 

Ws-2 pH7FWG2-AHK1 (vector #1168) in 
ahk1-3, homozygous 

Katharina 
Caesar 

bri1-5 Ws-2 Noguchi et al. (1999) Peter 
Huppenberger 

bak1-1 (N6125) Ws-2 Li et al. (2002) NASC 

bri1-5 ahk1-3 Ws-2 Homozygus Rebecca Dautel 

bak1-1 ahk1-3 Ws-2 Homozygous Rebecca Dautel 

bak1-1 ahk1-4 Ws-2 Homozygous Rebecca Dautel 

Col-0 Col-0 Wildtype Paul Verslues 

ahk1-5 Col-0 Kumar et al. (2013) Paul Verslues 

ahk1-6 Col-0 Kumar et al. (2013) Paul Verslues 

AHK1 ox Col-0 pUBQ10::AHK1-GFP (vector #1708)  Katharina 
Caesar 

bri1-201 (N9532) Col-0 Domagalska et al. (2007) Sacco de Vries 

bri1-301 Col-0 Kang et al. (2010) Sacco de Vries 
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2.6 DNA  

2.6.1 Vectors  

2.6.1.1 Vectors, already supplied for this Ph.D. thesis 

Vectors which were needed but not generated for studies during this Ph.D. thesis, are included in the 
appendix (1.28), alike their maps (1.28.4). 

2.6.1.2 Vectors, that were created during this Ph.D. thesis 

Vectors being generated during this Ph.D. thesis are included in the appendix (1237.2.3), alike their 
maps (7.2.4). 

2.7 General chemicals and solutions  

2.7.1 Chemicals  
Unless otherwise noted, all used chemicals were ordered analytically pure from Sigma-Aldrich 
(Steinheim, D) and Roth (Karlsruhe, D).  

2.7.1.1 Antibiotics  

Table 2-4: Antibiotics. 

Antibiotic  Selection 
E. coli 

Selection 

A. thumefaciens 

Selection 

A. thaliana 

Solvent Company 

Ampicillin  100 μg/mL - - 70 % EtOH Roth® 

Chloramphenicol 
Gentamycin  

30 μg/mL 

10 μg/mL 

30 μg/mL 

40 μg/mL 

- 
- 

EtOH 
H2O 

 
Duchefa 

Hygromycin  - - 25 μg/mL H2O Sigma-Aldrich 

Kanamycin  50 μg/mL 50 μg/mL 50 μg/mL H2O Roth® 

Neomycin 25 µg/mL 40 µg/mL 100 µM H2O  

Spectinomycin  50 μg/mL 100 μg/mL - H2O AppliChem 

Streptomycin 25 µg/mL 300 µg/mL - H2O  

Rifampicin  - 100 μg/mL - DMSO Sigma-Aldrich 

2.7.1.2 Hormones and inhibitors 

Table 2-5: Hormones, elicitors and inhibitors. 

Hormone/elicitor/in
hibitor 

Doseage Solvent Impact Company 

Brassinolide  1 nM EtOH Brassinosteroid pathway Sigma-Aldrich  

n-butanol 0,1-0,5 % Max 10 % in H2O Alternative substrate for 
PLD 

Thermo Fisher 
Scientific 
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sec-butanol 0,1-0,5 % Max 10 % in H2O Negative control to n-
butanol 

Thermo Fisher 
Scientific 

Phenylarsine oxide 
(PAO) 

60 µM DMSO PI(4)K inhibitor  

lyso-phosphatidic acid 12.5 µM Max. 5 mg/mL in H2O 
(with sonification), or 
0,5 mg/mL in 
DMSO 

Elicitor Enzo Life 
Science 

Salicylic acid (SA) 100-300 µM EtOH SA pathway Sigma-Aldrich  

β-estradiol  20 µM EtOH For induction Sigma-Aldrich  

     

2.7.1.3 Elicitors (PAMPs) 

The pathogen-associated molecular pattern flagellin22 was provided by Farid el Kasmi (ZMBP, 
Biochemistry). 

2.7.1.4 Enzymes and commercial kits  

Table 2-6: Enzymes and commercial biology kits. 

Enzyme or commercial kit  Company  

Taq DNA Polymerase  New England Biolabs  

Phusion® High Fidelity DNA Polymerase  Thermo Scientific  

T4-DNA-Polymerase  Thermo Scientific  

Gateway® LR Clonase enzyme mix  Thermo Scientific  

Gateway® BP Clonase enzyme mix  Thermo Scientific  

restriction endonucleases  Thermo Scientific and  

New England Biolabs  

Shrimp Alkaline Phosphatase, SAP  Thermo Scientific  

T4 Polynucleotide Kinase, PNK  Thermo Scientific  

T4 DNA Ligase  Thermo Scientific  

RevertAidTM H Minus Reverse Transcriptase  Thermo Scientific  

PureLinkTM Quick Gel Extraction Kit  Invitrogen  

Gel Extraction Kit  genaxxon  

EURx GeneMATRIX Universal RNA Purification 
Kit  

roboklon  

NucleoBond Xtra Midi (50)  Macherey-Nagel  

Maxima® SYBR Green qPCR Master Mix (2X)  Thermo Scientific  



Material and Methods 

38 

 

 

 

2.7.1.5 Ladders 

SpectraTM Multicolor Broad Range Protein Ladder 
(Thermo Scientific) was used for protein work and 
self-made PstI digested λ-DNA, λ-PstI DNA size 
marker was used for DNA work (Figure 2-1).  

 

 

 

 

 

 

2.7.2 Antibodies 
Table 2-7: Antibodies 

 

2.8 Solutions, media, and buffers 
10X TE-buffer pH 8.0 

100 mM Tris/HCl pH 8,0  

10 mM EDTA pH 8,0 

 

 

 

Antibody  Clonality  Organism  Dilution  Company  

α-AHK1  polyclonal  rabbit 1:1.000  Roche  

α-MBP  monoclonal  mouse  1:4.000  Sigma 

α-mouse-AP  polyclonal  goat  1:5.000  BioRad  

α-rat-AP  polyclonal  goat  1:10,000  Sigma  

α-rabbit-AP  polyclonal  goat  1:7.000  Bio-Rad  

α-His-AP  monoclonal  mouse  1:2.500  antibodies-online  

α-mouse-HRP monoclonal goat 1:10,000 Sigma 

Figure 2-5: Protein and DNA ladders. 

A) Proteinladder PageRuler™ Prestained Protein 
Ladder from Thermofisher and B) lambda-DNA 
ladder. Source for A): Thermofisher, for B) Ape. 
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2.8.1 Media, buffers, and solutions for bacteria 

2.8.1.1 Growth media 

Luria-Bertani broth (LB)  
1,5 % agar for plates 
1 % (w/v) Bacto-Peptone  
0,5 % (w/v) Yeast extract  
1 % (w/v) NaCl 

Autoinduction medium 
ZY medium 
10 g Tryptone (casein)  
5 g Yeast extract  

to 920 mL with H2O 
Autoclave 

25x 5025 (1L) 
125 g Glycerol  
12.5 g Glucose  
50 g Lactose  
Autoclave 

25x M (1L) 
88,8 g Na2HPO4  
85 g KH2PO4  

67 g NH4Cl  
40,27 g Na2SO4∙10xH2O  
Autoclave 

Autoinduction medium 
ready to use (1 L) 
920 mL ZY medium 
40 mL 25x 5025  
40 mL 25x M  
2 mL 1 M MgSO4  

2.8.1.2 Media for producing chemically competent cells 
RF1 
100 mM RbCl 
50 mM MnCl2 

30 mM potassium acetate 
10 mM CaCl2 

15 % (v/v) glycerol 
Adjust to pH 5,8 with acetic acid  
Sterilize by filtration 

RF2 
10 mM MOPS 
10 mM RbCl 
75 mM CaCl2 
15 % (v/v) glycerol 
Adjust to pH 6,1 – 6,4 with KOH and HCl 
Sterilize by filtration

 

2.8.2 Media, buffers, and solutions for plant work 

2.8.2.1 Growth media and Seed sterilization 

½ MS-agar 
2,15 g/L Murashige and Skoog basal salt 
mixture (Sigma-Aldrich) 
0,039 % (w/v) MES 
Adjust to pH 5,7 with KOH  
1-1,5 % (w/v) phytoagar (Duchefa) 

Hormones were added to autoclaved ½ MS-
agar at 60 °C 

 

EtOH seed sterilization solution 
70 % (v/v) EtOH 
0,01 % (v/v) triton-x-100 

2.8.2.2 Transformation solutions for plants 

Stable transformation 
solution for Arabidopsis 
5 % sucrose 
0,01 % Silwet L-77 
200 μM Acetosyringon 
10 mM MgSO4 
 

Transformation solution for 
N. benthamiana 
1 % (v/v) 1 M MES/KOH 
pH 5,6 
0,1 % (v/v) 200 mM 
Acetosyringon 
0,33 % (v/v) 3 M MgCl2 

ß-estradiol induction 
solution 
20 μM β-estradiol 
0,1 % (v/v) triton-x-100 
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2.8.3 Solutions for RNA work and Polymerase Chain Reaction 
RNA dNTP mix 
10 mM dATP 
10 mM dGTP 
10 mM dCTP 
10 mM dTTP 
Dissolve in RNase free water 

PCR dNTP mix 
10 mM dATP 
10 mM dGTP 
10 mM dCTP 
10 mM dTTP 
Dissolve in ddH2O 

2.8.4 Buffers and solutions for DNA work 
MiniI 
50 mM Tris/HCl pH 8,0 
10 mM EDTA 
Autoclave 
Add 20 mg/mL RNase 

MiniII 
1 % (v/v) SDS 
0,2 M NaOH 

MiniIII  
29,44 % (w/v) KCH3COO 
11,44 % (v/v) acetic acid glacial 
Adjust to pH 5,5 

Edwards buffer  
for genDNA extraction  
200 mM Tris/HCl pH7.5 
250 mM NaCl 
0,5 % (v/v) SDS 

50x TAE buffer (2 L) 
1,2 L MQ water 
484 g TRIS base  
Dissolve 
37,24 g EDTA 
114 mL glacial acetic acid  
(17,4 M) 
Fill up to 2 L with MQwater

2.8.5 Buffers and solution for Proteinwork 

2.8.5.1 Buffers for native extraction and purification of 6x His-tagged proteins 

NPI-10 (500 mL) 
50 mM NaH2PO4∙H2O 
300 mM NaCl  
10 mM Imidazole  
To 450 mL with MQwater 
Adjust to pH 8,0 with NaOH 
To 500 mL with MQwater 
1 mM PMSF and 300 units 
Benzonase added immediately 
before use 

NPI-20 (500 mL) 
50 mM NaH2PO4∙H2O  
300 mM NaCl  
20 mM Imidazole  
To 450 mL with MQwater 
Adjust to pH 8,0 with NaOH 
To 500 mL with MQwater 

 

NPI-250 
50 mM NaH2PO4∙H2O 
300 mM NaCl 
250 mM Imidazole 
To 450 mL with MQwater 
Adjust to pH 8,0 with NaOH 
To 500 mL with MQwater 

2.8.5.2 Amidoblack B solutions 

Coloring solution (20 mL)  
90 % Methanol 
10 % Acetic acid  
0,05 % Amido black 10B  

Decoloring solution (20 mL) 
90 % Methanol 
10 % Acetic acid 

 

Measuring solution (100 mL) 

0,2 M NaOH 

 

2.8.5.3 Loading buffers 

2x Urea Lyse and Load buffer 
(denaturating) 
50 mM Tris HCl pH 6,8 
100 mM DTT 

7 M Urea 
0,04 % Bromophenol blue 
2 % SDS 

30 % Glycerol 
stored at -20 °C 
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5x LaemmLi buffer 
300 mM Tris Base 
10 % SDS  

50 % Glycerol  
Adjust to pH 6,8 
3 % ß-mercaptoethanol 0,05 % 

Bromophenol blue 
 

2.8.5.3.1 SDS gel and Western blot solutions 

SDS PAGE gels were always poured four at once at 10 % for the running gel  
SDS PAGE gels were always poured four at once at 4.5 % for the stacking gel 

Bottom buffer mix for running gel 
1 M Tris HCl pH 8,0 
0,27 % (v/v) SDS 

Upper buffer mix for stacking gel 
0,25 M Tris HCl pH 6,8 
0,2 % (v/v) SDS 

30 % acrylamide 
8 mL 

ddH2O 
6.8 mL 

Bottom buffer 
9 mL 

10 % APS 
200 µL 

TEMED 
16 µL 

30 % acrylamide 
1,2 mL 

ddH2O 
2,8 mL 

Upper buffer 
4 mL 

10 % APS 
40 µL 

TEMED 
8 µL 

10x SDS-Running buffer (1 L) 
30 g Tris BASE 
144 g Glycine 
15 g SDS 
Adjust to pH 8,3 

 

Coomassie solutions 
Staining solution (1 L), 
0,05 % (w/v) Bromophenol blue  
25 % (v/v) Isopropanol 

10 % (v/v) Acetic acid 
Fill up to 1 L with MQwater 

Destaining solution 
10 % Acetic acid 
Fill up with MQwater 

Transfer buffer (1 L/chamber) 
14,3 g Glycine 
3,9 g Tris BASE 
20 % EtOH 
Fill up to 1 L with MQwater 

5x TBS buffer 
250 mM Tris HCl 
50 mM Tris BASE 

750 mM NaCl 
Adjust to pH 7.5 with HCl 
1x TBS was used with 0,2 % 
Tween-20 

10x PBS buffer 
1.37 M NaCl 
25 mM KCl 
100 mM Na2HPO4 

18 mM KH2PO4 
Adjust to pH 7.4-7.5 
1xPBS was used with 0,1 % 
Tween-20 

Blocking solution 
1x PBS/TBS 
5 % milkpowder

Staining buffer A 
100 mM Tris BASE 
100 mM NaCl 
10 mM MgCl2 

Nitro blue tetrazolium chloride 
(NBT) solution 
5 % (w/v) in 70 % DMF 

5-Bromo-4-chloro-3-indolyl 
phosphate (BCIP) solution 
5 % (w/v) in 100 % DMF 

Staining solution 
99 % Staining buffer A 
0,66 % NBT solution 
0,33 % BCIP solution 

2.9 Plant Growth Conditions 
Longday chamber 
16 h light – 8 h dark  
light tubes: 33 % 6500 K, 
550 Lumen, 70-79 Ra  
66% 4000 K, 1.350 Lumen, 80-
89 Ra  
20 °C day – 18 °C night 
50 % humidity 

Shortday chamber 
8 h light – 16 h dark 
light tubes: 50% 6500 K, 
550 Lumen, 70-79 Ra 
50% 4000 K, 1.350 Lumen, 80-
89 Ra 
21 °C day – 20 °C night 
50 % humidity 

Longday chamber N. benthamiana 
12 h light – 12 h dark  
light tubes: 50% 6500 K, 
550 Lumen, 70-79 Ra 
50% 4000 K, 1.350 Lumen, 80-
89 Ra 
22 °C day – 20 °C night  
60 % humidity 
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Constant light Percival 
24 h light 89μmol m-2 s-1 
20 °C or 24 °C 

Greenhouse A. thaliana 
16 h light – 8 h dark  

20 °C day – 18 °C night  
55-60 % humidity  

2.10 Machines  

Agarose gel-electrophoresis chambers: Peqlab 
PerfectBlueTM Gelsystem  

Beckmann J2-21M induction drive centrifuge  

clean benches: Microflow Biological Safety 
cabinet, ASTEC  

cLSM TCS SP8, Leica Microsystems GmbH  

Eppendorf Centrifuges 5417R, 5417C, 5810R  

incubators: HettCube 600 R, Hettrich; Inova 44, 
Eppendorf  

Labnet Power Station 300 Plus 

Mini Trans-Blot Electrophoretic Transfer Cell, 
BioRad  

NanoDrop photometer ND-1000, NanoDrop 
products  

PCR-Thermocycler PeqStar96 Universal 
gradient, Peqlab  

Platereaders: Berthold Tech TriStar2S, 
BertholdTech 

PowerPacTM High-Current Power Supply, BioRad  

qPCR-machines: ABI3000,  

Roth Micro Centrifuge  

Scanner: Expression 1600, Epson  

SDS-PAGE chambers: Hoefer Scientific 
Instruments, Mighty Small II SE250 

Silamat® S6, Ivoclar Vivadent 

Sherwood flame photometer Model 410  

Thermomixer 5436, Eppendorf  

Vortex-GenieTM, Bender & Hobein AG  

2.11 Software 

Adobe Illustrator CS5 (Adobe Systems 
Software Ireland Limited) 

Adobe Photoshop CS5 (Adobe Systems 
Software Ireland Limited) 

Adobe Reader IX & 2017 Pro (Adobe Systems 
Software Ireland Limited)  

ApE - A plasmid editor (by M. Wayne Davis)  

Gimp 2.10,12 (The Gimp Team)  

ImageJ (Wayne Rasband, National Institutes of 
Health) 

Inkscape 0,92.4 (Inkscape.org) 

jalview version 2.11.1.0 

Leica Application Suite X (Leica Microsystems 
GmbH)  

Leica Application Suite AF Lite (Leica 
Microsystems GmbH)  

MEGA-X version 10,1.8 phylogenetic tool 
(Kumar et al., 2018) 

Microsoft Office 2010 (Microsoft 
Corporation)  

RStudio (RStudio, Inc.) 

Spyder (Python 3.7) (The Scientific Python 
Development) 

2.11.1 Webpages 
Arabidopsis lines and sequences http://arabidopsis.org/ 

https://www.arabidopsis.org 

Arabidopsis eFP browser http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi  
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Pub Med and BLAST https://www.ncbi.nlm.nih.gov  

prediction of protein domains www.elm.eu.org  

http://smart.embl-heidelberg.de  

apps.webofknowledge.com 

2.12 External devices  
GATC-Biotech (D) later eurofins (USA) 
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3 Results 

3.1 Physiological analysis of Arabidopsis mutants carrying different ahk1 alleles 
ARABIDOPSIS HISTIDINE KINASE 1 (AHK1) was suggested to function as an osmosensor in 

response to osmotic stress, caused by different osmotically active substances. However, osmotically 

active substances were not the only variable that was changed in the published papers. The plants were 

grown under different conditions of light intensities and day length but compared to each other 

(Kumar et al., 2013; Lu et al., 2013; Tran et al., 2007). R. Dautel tried to reproduce the published 

results, without success. The results of her experimental repetitions of the analyses hinted that the 

altered osmotic phenotype of the ahk1 mutants was highly dependent on the only identified AHK1 

interaction partner so far, BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 

(BAK1) (Dautel, 2016). 

Figure 3-6: Root length of different ahk1-alleles and double mutant lines of Arabidopsis thaliana. 
A) Root length of seedlings grown for 9 days at 20 °C under continuous light and at 24°C under 
16 h light and 8 h dark regime. B) Root length of seedlings grown for 7 days under 16 h light and 
8 h dark regime, in the absence of SA or presence of SA at the indicated concentrations. C) 
Reverse transcriptase (RT)-PCR on ahk1- mutants ahk1-3, ahk1-4 in Ws-2 background and ahk1-
6 in Col-0 background. Amplified gene length is 500 base pairs (bp) long. D) Shows the AHK1 
gene with its T-DNA insertion lines and where they do have their T-DNA insertion. Red triangles 
show the first pair of primers and purple the second, used for RT-PCR. 
Data is represented by box plots, middle lines of boxes indicate the median; box limits embody 
the 25th and 75th percentiles as determined by Python Seaborn software; whiskers extend 1.5 
times the interquartile range from the 25th and 75th percentiles, data points are shown as points. 
One-way ANOVA was performed (p<0,05) followed by Tukey HSD post-hoc test. Different 
characters indicate statistical differences, p<0,05. 
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Despite the fact, that the published results concerning AHK1’s involvement in osmosensing under 

constant light and temperature conditions, were not reproduced in the study of Dautel, 2016 (Dautel, 

2016; Dautel, unpublished; (Figure 3-1 A)), it indicated differences between mutants carrying 

different ahk1 alleles (Figure 3-1 A)). By showing significantly different root length compared to wt 

at 20 °C and 24 °C ahk1-3 is significantly different from wt, but ahk1-4 is neither significantly different 

to wt nor ahk1-3. Hence, under different tested conditions, the root length showed different 

phenotypes between the ahk1-3 and ahk1-4 mutant. Additionally, at 20 °C the roots of 

the ahk1 mutants are shorter and at 24 °C longer compared to wt, due to the different light and 

temperature conditions used before (Kumar et al., 2013; Lu et al., 2013; Urao et al., 1999; Wohlbach 

et al., 2008). The differences in between ahk1 mutants seem to be even stronger in the double mutants, 

with AHK1’s interaction partner BAK1. This led to the assumption that at least one of 

the ahk1 mutants, proposed in the literature to carry a loss-of-function (LOF) allele, might not be a 

complete gene knock-out (Wohlbach et al., 2008). 

Nevertheless, our ahk1-3-phosphoproteomic study revealed several phosphorylated proteins, 

predicted to be involved in phytohormone signaling (Dautel, 2016). Thus, it could be assumed that 

AHK1 might modify hormone signaling. However, AHK1´s significant role in many phytohormone 

pathways, such as: partially ABA, GA, MeJa, auxin, CK and ethylene, was already neglected (Dautel, 

2016; Hauser et al., 2011; Pornsiriwong et al., 2017; Sussmilch et al., 2017). However, published data 

indicated that salicylic acid (SA) accumulation was significantly altered in ahk1-3 mutant plants 

compared to wild type (Engelsdorf, 2018). Therefore, we tested the response of the ahk1 mutants to 

exogenously applied SA at various concentrations (Figure 3-1 B). The root and hypocotyl (Appendix) 

lengths of all seedlings were strongly reduced by exogenous SA independent of the genotype. There 

was no significant difference in the SA response between ahk1 single mutants and wt plants. However, 

the seedlings of the bak1 ahk1 double mutant and the bak1 single mutant seemed to be less responsive 

to SA compared to the seedlings of the other genotypes with bak1-1 ahk1-3 showing a dependence on 

bak1-1 but not ahk1-3, therefore indicating, that this reaction is dependent on bak1-1 and not ahk1-3. 

Overall, we could observe again the differences between mutants as we could see in the temperature 

data set. Therefore, we decided to test the mutants whether they are indeed LOF mutants. 

Indeed, ahk1-3 in Ws-2 background shows a truncated transcript derived from gene section before 

the T-DNA insertion (Figure 3-1 C) and D)), which is in between the sixth and seventh exon. This 

was not tested, when first published ((Wohlbach et al., 2008), supplementals Fig. 1). In ahk1-6, 



Results 

46 

published as a knock-out mutant in Col-0 background (Kumar et al., 2013), reduced levels of full 

length AHK1 transcript could be traced by reverse transcriptase (RT)-PCR. A functional protein could 

not be detected with AHK1ED specific polyclonal antibody. Except for ahk1-4, all genotypes showed 

transcripts. ahk1-3 shows transcript level until the insertion of T-DNA in the 6th exon. (Figure 3-1 

C)) The primers chosen for this RT-PCR are shown at a genomic DNA scheme of AHK1 in (Figure 

3-1 D)). 

Consequently, we had to find a new starting point for the finding of AHK1’s main physiological 

pathways via phenotypic analyses and, therefore, re-analyzed the phosphoproteomic data. 

Aggravatingly, many proteins with unknown function were found in this dataset (Figure 1-4). 

Consequently, we focused our further analysis on key players of known pathways that appeared to be 

post-translationally influenced by AHK1. 

3.1.1 AHK1 and the light signaling pathway 
After re-analyzing the phosphoproteomic data published in (Dautel, 2016), we considered, that AHK1 

might be part of the light signaling pathway. The modifications of many key players of the far-red 

(FR) light (700-780 nm) signaling pathway seem to be regulated by AHK1, like CONSTITUTIVE 

PHOTOMORPHOGENIC 1 (COP1), ELONGATED HYPOCOTYL 5 (HY5), FAR-RED 

ELONGATED HYPOCOTYL 3 (FHY3) and SUPPRESSOR OF PHYA-105 1-2 (SPA1-2) (Delker 

et al., 2014), as well as photoreceptors of the phototropic blue-light (BL) pathway (450–485 nm) 

PHOTOTROPIN1 and 2 (PHOT1/2), NON-PHOTOTROPIC HYPOCOTYL3 (NPH3) (Briggs et 

al., 2001; Zhao et al., 2018) and circadian clock mediating TIME FOR COFFEE (TIC) (Shin et al., 

2012). Due to the diverse background of these proteins for different light signaling pathways, we 

tested the response to different light regimes by dose response analyses of hypocotyl length and qPCRs 

on light signaling-specific reporter genes.  

We set up seeds for dose response curves. All seeds were sawed first at the same time point a day and 

thereafter, 2 d kept at 8 °C and exposed to 8 h white light irradiation at 20 °C for the induction of 

seed germination. Afterwards seedlings were grown under different light conditions, such as blue light 

(BL), red light (R, 625-700 nm) and far-red light (FR) (Figure 3-2). For each light-specific dose-

response analysis, the mean hypocotyl lengths were set relative to the mean of the hypocotyl length 

of dark grown seedlings (100 %) of each genotype. The results under LED lights were inconsistent in 

different seed batches. The experiments were repeated at the University of Freiburg, with lightbulbs 

instead of LEDs and the same intensities as before, starting with the first plate at 12 µmol/m2*s FR 
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light, 20 µmol/m2*s BL light and 40 µmol/m2*s R light. The hypocotyls of the seedlings were 

measured until the hypocotyl lengths of a plate were similar to the dark control, which is indicated by 

the hypocotyl length, by reaching the size of the etiolated seedling. Therefore, each data point 

represents a plate, from the one with the highest light intensities at the right side, to the one with the 

smallest hypocotyl length. 

FR light alters plant growth in general (Küpers et al., 2018; Possart et al., 2014). In Arabidopsis wt plants 

higher FR light led to shortened hypocotyl length compared to etiolated seedlings. ahk1 and bak1 

single and double mutants were compared to wt and show no significant differences in their relative 

hypocotyl length. For statistics a two-sided t-test was used. The biggest differences were observed at 

Figure 3-7: Hypocotyl length of A. thaliana ahk1 mutant seedlings show a wt-like dose response 
to different light treatments.  
A-D) Relative hypocotyl length of wt, ahk1 and bak1 single and double mutants at A) far-red (FR)-
light from 12 µmol/m2*s to 0,01 µmol/m2*s, B) blue-light (BL), starting from 20 µmol/m2*s to 
0,05 µmol/m2*s, C) Red-light (R) with the largest intensity at 50 µmol/m2*s to 0,05 µmol/m2*s 
and  
D) seedlings were irradiated with multiple 2,5 min 5 µmol/m2*s FR light far-red light pulses, 
varying the duration of the dark phases between the light pulses, according to (Buche et al., 2000). 

A -D) Hypocotyl length relative to dark grown seedlings of according to genotype; n=~ 20 plants. 
A&C) Performed in three replicates, C & D) were performed once. A-D) Two-sided t-test was 
performed for testing significance, p=0,05. No significant differences were observed. 
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a light intensity between 0,1-0,5 µmol/m2*s, still not significant (Figure 3-2 A)) alike under BL light, 

also at R (Figure 3-2 B) and C)). Under R light treatment no significant differences between lines was 

observed (Figure 3-2 C)). Only bak1-1 and especially bak1-1 ahk1-3 showed a reduced reaction. To 

elucidate whether the seedlings were reacting to another mode of FR light irradiation, we tested FR 

light associated high irradiance response (HIR persistence) by application of 2,5 min long FR pulses 

of 5 mol/m2*s intensity interrupted by dark intervals of 4 min, 8 min, 12 min, and 20 min, for 3 d 

after white light induction of germination, according to (Buche et al., 2000). The longer the absence 

of light, the longer the wt-hypocotyl is. There were not any significant differences in the relative 

hypocotyl length between genotypes (Figure 3-1 D)). 

The last FR pathway we tested was the very low fluence response (VLFR). To clarify whether there is 

a significant influence of the ahk1 mutant alleles, we tested the transcript accumulation of the VLFR 

reporter gene PSEUDO-RESPONSE REGULATOR 9 (PRR9) via qPCR (Nakamichi et al., 2007; 

Wenden et al., 2011)) 0 min, 40 min, 80 min, 120 min and 160 min after onset of 1 µmol/m2*s FR 

light. The seedlings were grown before for 4 days in darkness. In the end there were no significant 

differences in the PRR9 transcript accumulation (Figure 3-3 A)). The differences after 80 min are not 

due to expression differences, instead, there was ¼ less cDNA than needed for the qPCR approach, 

due to pipetting error. All in all, PRR9 expression level is the same in the ahk1 mutants and in the wt. 

3.1.2 HY5 qPCR and Anthocyanin pathway 
Additional to the PRR9 transcript levels, we tested the levels of the light signaling key player HY5 

after 1 h and 4 h exposure to FR light of 15 µmol/m2*s in the ahk1 and bak1 single and double mutants 

compared to wt (Figure 3-3 B)). Transcript level peaked 1 h the levels were fallen more or less to the 

dark values (Yang et al., 2018a; Yang et al., 2018b). This tendency is seen in every genotype except for 

bak1-1. Significant differences were calculated between bak1-1 and bak1-1 ahk1-3 and bak1-1 and bak1-

1 ahk1-4 after 1 h. Anthocyanin is produced in plants upon various environmental factors. One factor 

is FR light (Rabino and Mancinelli, 1986; Warnasooriya and Montgomery, 2009; Xu et al., 2017). To 

determine anthocyanin accumulation, seedlings were sown on ½ MS with 1 % sucrose for 4 d 
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(Solfanelli et al., 2006; Warnasooriya et al., 2011). The plates were transferred to 8The first anthocyanin 

extraction was performed for 8Figure 3-3Anthocyanin levels showed the same tendencies under FR 

light. BL and D are used as negative controls. Compared to the wt all mutant plants, with the exception 

of ahk1-3, are reacting hyposensitive to FR. Probably due to differences in the extraction timespan. 

No significant differences were observed, when all three extractions were combined. Figure 3-3The 

amplification of CHS was evaluated in darkness (D) and after 1°h and 4 h in . All seedlings had an 8 

4 d in darkness (D). According to earlier publications the peak of CHS expression is estimated at 

around 4 h and in D there should be no expression (Lewis et al., 2011; Zwick, 2012). Based on this, 

no significant differences were detected. Lighting up the phenotype on an evolutionary basis in 
dicotyledons 

Figure 3-8: The ahk1 mutants show a reduced sensitivity to FR light.  

A) PRR9 transcript level after different time-lengths under FR light. Treatments were performed 
with 1 µmol/m2 intensity. B) HY5 transcript levels after 1 h and 4 h irradiation with FR light 
(~20 µmol/m2).C) Anthocyanin levels after 4 d under continuous FR light (~15 µmol/m2) or 
continuous BL (~20 µmol/m2) or Darkness. Optical density (OD) at 535 nm of the extract of 
20 seedlings per plant genotype and treatment, were quantified. D) CHALCONE SYNTHASE 
(CHS)-transcript levels after 1 h and 4 h of FR light treatment.  
Shown are the means and standard deviations. n=~20 plants, the experiment A) was executed 
once B-D) three times. A, B & D) Quantification via qPCR had three technical replicas, mean of 
3 biological replicas shown. 
Two-sided students t-test was performed (p<0,05). p<0,05=*, p<0,01=** and p<0,001=***. For 
A), C), D) no significant differences were observed. 
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AHK1 was shown to be conserved through most dicots but is also found in non-seed plants such as 

mosses, streptophyta and other algae (Dautel, 2016; de Vries et al., 2020; Kabbara et al., 2019). 

Although AHK1 is not well conserved in monocots, some carry an AHK1 homolog (Hertig et al., 

2020). In Lotus japonicus (L. japonicus), a dicotyledon of the Fabaceae family, the AHK1 gene was 

duplicated, and the species possesses two AHK1 homologs: LHK4A (LotjaGi2g1v0379900) and 

LHK4B (LotjaGi4g1v0129800) (Figure 3-4 A)). Medicago truncatula , another legume, also carries two 

AHK1 homologues in its genome (Tan et al., 2019).  

Most Fabaceae are able to establish nitrogen fixing symbioses with rhizobia. In the presence of its 

symbiont Mesorhizobium loti (M. loti), L. japonicus is developing root nodules, which are inhabited by the 

rhizobia. Inside of these nodules the bacteria are able to fix nitrogen and supply the plant with 

ammonia (Márquez, 2006; Zahran, 1999). In exchange the symbionts are supplied with carbohydrates 

and other nutrients (Madigan, 2015). In the establishment and regulation of the rhizobial symbiosis 

many signaling components remain unknown. During the evolution of the rhizobial symbiosis many 

preexisting signaling pathways were adapted, like the common symbiosis pathway (Roy et al., 2020). 

Rhizobial symbiosis can be both beneficial but also harmful when deregulated for the plant, thus small 

defects in signaling can lead to strong phenotypes (Jones et al., 2007). The duplication of AHK1 in 

nodulating species like L. japonicus and M. truncatula (Tan et al., 2019) could hint for an acquired 

function in symbiosis signaling. On Lotusbase.dk.au AHK1 was blasted against the L. japonicus genome 

sequence (Mun et al., 2016). For identification of LHK4A and LHK4B the genome version Gifu v1.2 

was used, in which background the loss of function mutant lhk4a-1, is (Kamal et al., 2020a; Urbanski 

et al., 2012). To clarify, that the two found genes are truly AHK1 homologues, I performed a 

Neighbor-Joining tree combined with bootstrap analysis including other AHK’s (Figure 3-4 A)). 



Results 

51 

 

 

Figure 3-9: Highlighting AHK1 gene homologues in Lotus japonicus and nodule formation in the 
lhk4a mutant. 
A) Neighbor-Joining Tree with bootstrap values based on amino acid sequences of full length 
AHK’s, the previously described LHK1-3 (Held et al., 2014) and previously undescribed, putative 
AHK homologues of L. japonicus. The analysis was executed with MEGA-X version 10,1.8 
phylogenetic tool (Kumar et al., 2018; Lu et al., 2013). Accession numbers are written behind the 
newly identified genes. B) jalview version 2.11.1.0 ClustalW alignment (Waterhouse et al., 2009) of 
AHK1ED with its two L. japonicus homologues LHK4A and LHK4B. C) Exon/intron structure of 
the LHK4A genomic sequence and the position of the retrotransposon insertion indicated by red 
triangle in first exon (Urbanski et al., 2012). D-E) Number of mature nodules of wild type L. 
japonicas Gifu plants and the lhk4a-1 insertion mutant three weeks post inoculation with  
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Thereby it became evident, that there was also a gene duplication of AHK5 and a deletion of CKI1. 

Because of AHK1’s putative role in symbiosis we decided to investigate the symbiotic phenotype of 

the newly identified mutant lhk4a-1. lhk4a-1 is caused by an insertion of the LORE retrotransposon 

eight basepairs after the start codon (Figure 3-4 B)). Because there are two AHK1 homologues, we 

also aligned AHK1ED, LHK4AED and LHK4BED and did a Pairwise distance test (Figure 3-4 C)), to 

figure out, whether the ectodomain (ED) is conserved or not. Pairwise distance test, performed with 

MEGA-X version 10,1.8 phylogenetic tool (Kumar et al., 2018) revealed, that LHK4A is more alike 

AHK1 than LHK4B, but when the ED of all three genes was compared, LHK4AED and LHK4BED 

are more alike (0,183) than AHK1ED and LHK4BED (0,353) and (0,385). A jalview version 2.11.1.0 

ClustalW alignment (Waterhouse et al., 2009) showed the conserved and non-conserved amino acids 

(aa’s) in the ED pinpointing, that there is a deletion of 17 aa and an addition of 6 aa at the same region 

in LHK4BED compared to AHK1ED (aa 224 to aa 233 in AHK1, marked as aa 121 to aa 136) (Figure 

3-4 C)). After isolation of homozygous lhk4a-1 mutants, we tested if the formation or regulation of 

nodules is altered compared to wild type. Lotus plants were grown under long day conditions either 

fully exposed to the light or cultivated in boxes that only allowed light to come from above to 

cotyledons and shoots but shadowed the roots (dark conditions). Light exposure led to a significant 

reduction of mature nodules in both wt and lhk4a-1 plants (Figure 3-4 D)). There was no significant 

difference between wt and lhk4a-1 under both light conditions (Figure 3-4 D)).  

In the Autoregulation of Nodulation (AON), infection and nodulation are restricted systemically by a 

symbiotic state or by sufficient nitrate supply. (Nishida et al., 2018; Tsikou et al., 2018). So, we grew 

Gifu and lhk4a-1 at different nitrate concentrations at shaded condition. At 0 mM nitrate there were 

no significant differences between the genotypes (Figure 3-4 E)). However, nitrate supply led to a 

reduction in nodule numbers. This reduction is stronger in lhk4a-1, at 5 mM nitrate lhk4a-1 has a 

Figure 3-4:  
Mesorhizobium loti. D) Plants were grown with their roots either exposed to light or kept in darkness 
at 0 mM nitrate concentration. 
The data are represented as box plots: The middle lines of boxes indicate the median, the box 
limits embody the 25th and 75th percentiles as determined by Python Seaborn software, whiskers 
extend 1.5 times the interquartile range from the 25th and 75th percentiles and the single 
measurements are represented by points. One-way ANOVA was performed followed by Tukey 
HSD post-hoc test. Different characters indicate statistically significant differences (p<0,05). 
Lotusbase.dk.au was used for L. japonicus gene sequence (Mun et al., 2016) for the ecotype Gifu 
v1.2 (Kamal et al., 2020a; Kumar et al., 2013). 
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significantly reduced number of nodules compared to Gifu (Figure 3-4 E)). A qualitative difference 

in nodule development could not be observed between the genotypes. 

3.2 “Fishing” for an AHK1 ligand 
The receptor kinase AHK1 localizes to the plasma membrane, anchored there by two transmembrane 

domains. It possesses a cytosolic histidine kinase domain, a H-ATPase, a receiver domain and an 

ectodomain (ED) that reaches into the apoplastic space (Dautel, 2016; Urao et al., 1999). As shown 

by Dautel (2016), AHK1 stands at the beginning of a signaling cascade. In situ analysis identified a Per-

Arnt-Sim (PAS) domain in the ED, known for binding small molecules (Chang et al., 2010; Taylor 

and Zhulin, 1999). Nevertheless, the molecule (ligand), triggering AHK1 signaling is unknown. Due 

to the identification of the PAS-domain, which should bind a ligand, we decided to only use the ED 

for the “fishing” of an AHK1 ligand. To elucidate the putative ligand, we expressed AHK1ED in 

bacteria and tried to identify the ligand in an untargeted approach via mass spectrometry as well as 

with different targeted approaches. 

3.2.1 Ligand identification with the E. coli expressed AHK1 ectodomain (AHK1ED) 
The AHK1 ectodomain (ED), reaching from the amino acid 103 to 446, was cloned into E. coli 

expression vectors with different tags (Dautel, 2016), to perform ligand fishing with the purified 

protein. The most promising results were obtained by AHK1ED expression from the pETM41-MBP-

AHK1ED-6xHis vector. It was compared with the expression of AHK1ED from the pMhsSUMO-

AHK1ED-6xHis plasmid (Figure 3-5 A)). The MBP-AHK1ED-6xHis showed cleaner results with our 

extraction method, the yield was higher than AHK1ED-6xHis. The natively extracted MBP-AHK1ED-

6xHis and AHK1ED-6xHis were purified via Ni2+-NTA columns and the performance of purification 

was tested by western blots and Coomassie gels (Figure 3-5 B) and C)). Thereafter, the protein 

amount of MBP and MBP-AHK1ED was estimated via amidoblack staining. Additionally, the maltose 

binding protein (MBP) allowed us to use MBP-traps for our LC-MS analysis (see below). As the 

AHK1ED is predicted to reach into the apoplast (Dautel, 2016), we expected the ligand to be present 

in the extracellular space. Therefore, I incubated MBP-AHK1ED and, as control, MBP alone with 

apoplastic washfluid (AWF), extracted from Phaseolus vulgaris, French bean, supplied by Prof. Christian 

Zörb, University of Hohenheim. An AHK1 homolog exists also in beans according to protein 

sequence blast (blast.ncbi.nlm.nih.gov/). The well-established preparation of AWF from P. vulgaris 

results in a larger volume and faster harvest compared to Arabidopsis (O'Leary et al., 2014). Before 
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AWF preparation bean plants were treated either 15 min with 100 mM mannitol or mock treated. 

Assuming that AHK1 is an osmosensor (Urao et al., 1999), we hypothesized that the osmotically 

stressed beans could probably accumulate more of the putative ligand. After 1 h incubation MBP-

AHK1ED or MBP with AWF followed by washing steps, bound compounds were released from the 

trap by a heat shock treatment followed by centrifugation (2.3.7). Putative ligands should be found in 

the supernatant consequently they were analyzed via mass spectrometry.  

3.2.2 Mass spectrometry 
The supernatants released from MBP-AHK1ED or MBP were analyzed by liquid chromatography–

mass spectrometry (LC-MS). LC-MS was executed by Dr. M. Stahl. LC-MS was indicating lipids as a 

putative ligand due to the retention time of the putative ligand, which is the time a molecule needs 

from injection onto the chromatography column to detection, as well as their precise molecular mass. 

Although no specific ligand was identified, many different molecular weights of lipids as potential 

Figure 3-10: AHK1ED purification.  
A) Western blot of MBP-AHK1ED (aa103-446 of AHK1), AHK1ED-6xHis (aa100-446 of AHK1). 
B) Western blot of MBP-AHK1ED-6xHis and MBP-6xHis. C) Coomassie gel of purified MBP-
AHK1ED-6xHis and MBP-6xHis. 
A-C) Different steps of the purification process of native proteins with Ni-TATM columns. Elution: 
last purification steps of native protein, FT- flow through of protein binding step, lysate- native 
protein after native extraction from E. coli cells, not purified, Wash-washthrough. 
A) and B) combined first and secondary antibody αhis-AP. Detected with 5-Bromo-4-chloro-3-
indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT). C) SDS gel stained with Coomassie 
blue.  
Abbreviations: A)-C) 1,2,3- numbers for repetition of wash or elution step, aa- amino acid; FT- 
flow through, His- histidine; lysate- supernatant after proteins were extracted from cell culture, 
MBP- maltose binding protein; n- spilled over; wash- washstep.  
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signal have been fished. Ancillary of the LC-MS, we incubated the purified MBP and MBP-AHK1ED 

with AWF. After we identified lipids as putative signals, we also used lipid extracts from A. thaliana 

leaves, for scaling up the amount of lipids and for identifying a lipid as putative in the LC-MS (2.4) 

that were solubilized in MeOH before the treatment. The treatment with AWF identified lipids as 

putative ligand three times, but without identifying one specific ligand; probably due to the small 

number of compounds in the AWF, with lipids being at nanomolar to picomolar concentrations 

(Bolwell et al., 2002; Misra, 2016). The LC-MS suggested that lipids might probably be binding to the 

ED of AHK1 hence, pointing to lipids as putative ligand. For getting a sample with higher lipid 

concentrations, we used lipid extracts from Arabidopsis Ws-2 plants. Nevertheless, the results with the 

lipid extract were also inconclusive (Table 7-1) and did not hint for a specific lipid or class of lipids. 

Furthermore, we used different functional approaches to confirm or disprove the data from the LC-

MS, like ethylene production (Figure 3-6) and re-established an AHK1 reporter gene assay, originally 

developed by Dr. K. Caesar (Caesar, unpublished). 

3.2.3 Approach to identifying a putative AHK1 ligand by an ethylene assay 
After the LC-MS suggested a kind of lipid as a putative ligand, the phosphoproteomic dataset was re-

analyzed whether there are suitable pathways that we could use for further characterization of the 

AHK1 ligand. Our phosphoproteomic data suggested, that AHK1 was likely to influence ethylene 

production (Dautel, 2016). Additionally, to the LC-MS work, we attempted different functional assays 

to identify and confirm a potential ligand of full length AHK1. In the ethylene assay, ethylene 

accumulation is measured produced by leaf discs of plants, which were treated before with an elicitor 

(Felix et al., 1991). For my purpose, leaf tissue samples from plants grown under short day conditions 

were cut into equally sized squares. As controls and elicitors, we used (2.3.11) either water (ddH2O), 

flagellin22 (flg22), Pen (extract from Penicillium chrysogenum (P. chrysogenum)), AWF (diluted 1:100) from 

untreated plants or AWF from plants treated with mannitol (diluted 1:100). After treatment vials 

containing the leaf samples were sealed using gum closures. After 3 h gas from the vial was transferred 

into a gas chromatograph using a syringe. The amount of ethylene was calculated based on the peak 

area of the gas chromatograph. This ethylene assay could confirm the hypothesis and in addition could 

be used for further narrowing down to a putative ligand or ligand class of AHK1 through using 

apoplastic washfluid (AWF) and AWF treated with mannitol. Pen, an extract from P. chrysogenum’s 

mycelium, served as a positive control, due to its characteristic to induce ethylene production during 

resistance-related responses in many plant species (Thuerig et al., 2005). Wassiljewskja (Ws) carries a 
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mutation in the N-terminus of FLAGELLIN SENSITIVE2 (FLS2), the known flagellin receptor 

(Gomez-Gomez et al., 2001a; Zipfel et al., 2004) which is why it is not able to recognize flg22, 

therefore it served as another negative control (Chinchilla et al., 2006). For the assay water and flg22 

served as negative controls.  

In the tested plants, the relative ethylene production was similar without significant differences. Solely, 

AWF with mannitol treatment showed a difference in ahk1-3 leaflets. After the treatment with AWF 

with mannitol treatment, a small rise in ethylene production was visible (Figure 3-6). The bak1-1 ahk1-

3 double mutant did not produce ethylene upon AWF treatment, alike wt and every other mutant. 

The peak of bak1-1 is an outlier, probably due to a hurt leaflet.  

Due to ambiguous results and needing material in inaccessible amounts, we continued another assay. 

3.2.4 AHK1 dependent promotor-induced Assay 

Figure 3-11: Ethylene assay with ahk1-plant lines. 

Ethylene assay according to (Felix et al., 1991). Relative ethylene production after treatment with 
H2O  
as mock control, flg22 as negative control and PEN as positive control, AWF from untreated lines 
and AWF from lines treated with 80 mM mannitol. Error bars shown in standard deviation. 
p=0,05, three biological replicates 3x3mm leave squares. 
One-way ANOVA was performed (p<0,05) followed by Tukey HSD post-hoc test. Different 
characters indicate statistical differences, p<0,05. 
Abbreviations: AWF-apoplastic washfluid, flg22-flagellin22, H2O-water, PEN- extract from 
Penicillium chrysogenum. 
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The LC-MS data suggested that AHK1’s putative ligand could be a lipid. To verify these results, we 

looked for a further suitable functional assay with full-length AHK1. I tested several assays in different 

organisms, like Arabidopsis (ethylene assay) and E. coli (pCOLD Assay, data not shown). It could be 

shown, that the pCOLD assay worked, but not with AHK1. Hence, we decided to use an in planta 

assay with full length AHK1, originally established before (Caesar, unpublished). It is a transient 

activator/reporter gene assay in Nicotiana benthamiana (N. benthamiana). The use of N. benthamiana has 

the advantage, that its AHK1-homologues are quite different with just 56 % protein sequence identity 

when looked into blast from (https://solgenomics.net/). Due to this, AHK1 background is not 

expected. As reporter gene a plasmid is used of which the expression of nuclear NLS-mCherry is 

controlled by the stress inducible RESPONSIVE TO DESICCATION 29B (RD29b, AT5G52300) 

promotor (Liu et al., 2020; Virlouvet et al., 2014). RD29b expression is also induced by AHK1 in 

response to osmotic stress in Arabidopsis (Caesar, unpublished). In N. benthamiana 35S::AHK1:GFP 

serves as an activator gene construct to the RD29b promotor. AHK1-GFP localizes to the plasma 

membrane and is able to induce the accumulation of NLS-mCherry in an osmotic stress-dependent 

manner (Caesar, unpublished). Thereby, NLS-mCherry fluorescence is quantified by quantitative 

cLSM. The first aim was to reproduce the results of Dr. K. Caesar. Leaves were either infiltrated with 

both plasmids or only RD29b::NLS-mCherry and were left afterwards in the climate chamber for 

another 3 d. Thereafter, plants were treated with either 80 mM mannitol or ddH2O for 1 h. Pictures 

of around 20 nuclei were taken with the same adjustments and the nuclear mCherry fluorescence 

intensities were measured and compared. Mannitol treatment showed an upregulation of the nuclear 

mCherry fluorescence compared to the water control when both plasmids were present. Hence, I 

could confirm that the assay succeeds and can be used for ligand or ligand class identification. 

However, it is crucial for this assay, that infiltrated N. benthamiana plants were not stressed before, as 

the RD29b promotor is also induced by other abiotic stress factors such as heat stress in the absence 

of AHK1-GFP (Caesar, unpublished). 

https://solgenomics.net/
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The responses to different inhibitors of lipid synthesis, such as n-butanol (1-butanol) with its control 

sec-butanol, neomycin, Phenylarsine oxide (PAO), lyso-PA, diacylglycerol kinase inhibitor (DGKI) 

were tested (Figure 1-2 Introduction). Inhibitors were chosen by lipid classes that have been confined 

as putative ligands in the LC-MS. Neomycin and n-butanol for PA synthesis, with its negative control 

sec-butanol, DGKI for inhibiting diacylglycerol kinases, another synthesis pathway of PA and PAO 

for phosphoinositides. For all inhibitors, the lowest published concentrations were used (Table 2-5) 

and first tested with 2 h incubation time according to Cassim et al. (Cassim et al., 2019). After this 

time, no fluorescence in the nucleus was observed. A 0,2 % dilution of n-butanol and sec-butanol and 

15 min incubation time was sufficient to have an effect on leaves expressing RD29b::NLS-mCherry 

(Figure 3-7). The effect of the inhibitors on NLS-mCherry was stronger with AHK1-GFP in the 

same leaf. 

The negative control to n-butanol is sec-butanol (Figure 3-7 B) & D)). The toxicity of sec-butanol 

should be comparable to n-butanol as they are alcohols of similar molecular weight, however only n-

butanol acts as an inhibitor of the PA-synthesis pathway. I could show, that the RD29b::NLS:mCherry 

reporter reacted least to the mock treatment with filtrated H2O (Figure 3-7 A) & D)), which indicates 

that AHK1 is needed to induce the system. Solo infiltrated RD29b::NLS served as an additional 

negative control for each treatment, due to RD29b::NLS accumulation being activated by AHK1 

(Figure 3-7 D)). Without co-infiltration of 35S-AHK1-GFP, the nuclear NLS-mCherry fluorescence 

intensity rose with n-butanol treatment, but not significantly compared to NLS-mCherry treated with 

Figure 3-12: An activator/reporter gene assay suggests a lipid-dependent regulation of gene 
expression by AHK1 in N. benthamiana cells. 
A) Nicotiana benthamiana (N. benthamiana) cells expressing 35S::AHK1-GFP and RD29b::NUCLEAR 
LOCALIZATION SIGNAL-mCherry (NLS), untreated. B) Tobacco cells expressing AHK1-GFP 
and RD29b::NLS-mCherry, treated with sec- butanol the negative control for n-butanol, C) N. 
benthamiana cells expressing AHK1-GFP and RD29b::NLS-mCherry, treated with n-butanol. D) 
Intensity of the NLS-mCherry fluorescence measured in N. benthamiana cells expressing either 
AHK1-GFP and RD29b::NLS-mCherry or RD29b::NLS-mCherry. 
A) to C) show representative pictures of cells after the different treatments with H2O, n-butanol or 
sec-butanol. 
Nucleus measured: ~20 per treatment and expression. Experiment repeated three times with the 
same results. Boxplots show two repeats, separated by different dot colors, the third was excluded 
due to stressed plants, although they showed similar results. 
Data is represented by box plots, middle lines of boxes indicate the median; box limits embody the 
25th and 75th percentiles as determined by Python seaborn software; whiskers extend 1.5 times the 
interquartile range from the 25th and 75th percentiles, data points are shown as points. One-way 
ANOVA was performed (p<0,05) followed by Tukey HSD post-hoc test. Different characters 
indicate statistical differences, p<0,05. 
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sec-butanol. Thereby, I could observe that n-butanol with co-infiltrated 35S-AHK1-GFP, increased 

the nuclear NLS-mCherry fluorescence intensity significantly compared to sec-butanol treatment, 

although there is a huge distribution of measured fluorescence intensities with this treatment (Figure 

3-7 C) & D)). 

All in all, the results show a significant reaction of AHK1 to PA lipid inhibitors, but they cannot 

confirm whether a lipid is the ligand of AHK1. For this, further experiments are needed. 
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4 Discussion 

4.1 Looking for AHK1’s main pathway with ahk1 alleles 
AHK1 has been a suggested osmosensor, although the experiments previously executed, suggesting 

this function, used very different parameters. I therefore tried to identify the main pathway of AHK1 

by using phenotyping. The characterization of ahk mutants began with looking for a function of 

AHK1 through analyzing ahk1 mutants, because we were not able to reproduce published data. In the 

course of our experiments we saw, that exogenous salicylic acid did not result in significantly altered 

lengths of roots and hypocotyls of ahk1 compared to its WT (Figure 3-1 B)), although research 

showed, that SA expression levels in ahk1-3 plants were altered significantly (Engelsdorf et al., 2018). 

This could be probably due to AHK1 being involved in regulating SA biosynthesis but not its signaling 

pathway. Similar observations were made with abscisic acid (ABA). Exogenous applied ABA on WT 

showed altered gene expression levels of AHK1 in transcriptome data, but exogenous applied ABA 

on ahk1 mutant lines showed wildtype-like hypocotyl- and root length (Dautel, 2016; Hauser et al., 

2011; Pornsiriwong et al., 2017). What we could observe after SA treatment, were significant 

differences between our mutants (Figure 3-1 A) and B)). This led to testing, whether ahk1 mutants in 

the ecotype backgrounds Col-0 and Ws-2 are LOF mutants as published (Kumar et al., 2013; 

Wohlbach et al., 2008) or whether there is transcript left before or after the T-DNA insertion in the 

mutants. In ahk1-3, we could show, that upstream of the T-DNA insertion there was AHK1 transcript 

detectable in the plant (Figure 3-1). This includes the two TD’s, the ED and the full histidine kinase 

domain. Still, it needs to be elucidated, whether the transcript is translated to a functional part of the 

protein. Based on these results and the contradictory phenotypes we compared the wt to ahk1-3 and 

ahk1-4 (Figure 3-1, (Dautel, 2016)), it is only certain, that ahk1-4 is a LOF mutant. ahk1-3 in contrast 

seems to be a gain of function mutant. However, we could not prove this by our results. Whether the 

remaining transcript in ahk1-3 is translated into a functional protein could be shown by a test executed 

with an AHK1ED specific monoclonal antibody on ahk1-3 plant material. We tried to detect the 

possible protein using a polyclonal antibody, which failed because of unspecific binding, and AHK1-

levels were too low to be detected via western blot. If indeed a truncated AHK1 is translated in ahk1-

3, it would be interesting to know, what actions it could still perform and whether it is due to being 

probably of a truncated protein? With the histidine kinase domain still present, it could be an 

autoactive form, probably being able to autophosphorylate, or bind to BAK1 and inhibit thereby their 
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shared pathway. This still needs to be investigated. It would also be interesting to know whether it is 

still able to form heterodimers with BAK1 or homodimers with itself. For ahk1-6 there was a general 

detection of the full-length transcript, probably due to only a reduction of transcript level of AHK1, 

compared to wt (Kumar et al., 2013). This means, that it is a knock-down, rather than a knock-out 

mutant.  

The results could explain the main differences observed in ahk1-3 and ahk1-4 mutants under different 

temperatures, light conditions, stress treatments, and phytohormone production (Figure 3-1, Figure 

3-2, Figure 3-3). For the phytohormone salicylic acid (SA) it is necessary to point out, that it has been 

tested on ahk1 plant lines before, but with concentrations being too low to trigger a sufficient response 

for SA according to published data (1 µM SA, (Dautel, 2016)). Moreover, levels of cellular SA have 

been shown to be significantly altered in ahk1-3 mutants while JA levels were WT-like (Engelsdorf et 

al., 2018). Therefore, the exogenous application of SA influences ahk1 mutants similar to the WT, but 

the cellular level is altered significantly (Figure 3-1, (Engelsdorf et al., 2018)). 

Investigation of ahk1 plants, showed altered reactions compared to wt, when treated with different 

light conditions. The shortened hypocotyl of the ahk1-alleles in comparison to wt were caused by 

stress during seed production due to fluctuating growing conditions of the plants. It took several 

reproduction cycles to get healthy seeds, noticed by a constant reduction of the FR phenotype of 

mutant seedlings. Seedlings grown under optimal conditions did not show a FR phenotype, seedlings 

grow rather wt-like (results not shown). 

In cooperation with the AG Hiltbrunner at the University of Freiburg, I took the first sample of seeds 

of non-stressed plants to repeat the experiments under more stable conditions. Therefore, I repeated 

dose response curves for A. thaliana ahk1 mutant seedlings and I could see similar results for wt plants 

under different light treatments (Figure 3-2 A)-C)). The largest difference of ahk1 hypocotyls lengths 

compared to wt with FR and BL seem to be around 0,01 µmol/m2*s (Figure 3-2 A) and B)), which 

is still insignificant. This means, that AHK1 is not a directly involved in light signaling. Then we tested 

FR-light–associated high-irradiance responses (HIR) persistence with 5 µmol/m2*s 2,5 min FR light 

pulses. Also, with no significant outcome. For all four experiments bak1-1 and bak1-1 ahk1-3, in 

comparison to the wt, reacted less responsive. It is not clear, whether they react that way because of 

the light treatment or whether it is due to germinating and growing slower in general under every 

condition, so these results need to be taken under careful consideration, that these plants in general 

show altered development, regardless to light signaling. Another issue is, that the experiments were 
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executed with Ws-2 plants that lack PhyD, and the consequences of this mutation still need to be 

better understood (Aukerman et al., 1997). Therefore, the plant lines were not optimal in general to 

test, whether a protein is part of light signaling. 

Due to FR light showing the biggest impact on very low fluence response (VLFR) we performed 

qPCR with the VLFR reporter gene PRR9 (Figure 3-3 A)). The observed differences are due to spilled 

extracted RNA from ahk1-4 plant material Additionally, we looked with qPCR at the transcript levels 

of HY5 and CHS (Figure 3-3 B) and D)), different genes involved in light signaling. After performing 

anthocyanin extraction experiments with an insignificantly reduced accumulation of anthocyanins 

under FR light stress in ahk1 mutants. The double mutants bak1-1 ahk1-3 and bak1-1 ahk1-4 

nevertheless showed significant differences to wt regarding anthocyanin accumulation, which could 

be due to general inhibitions of the bak1 plants (Figure 3-3 C) and D)). Differences in these mutants 

might be due to anthocyanin extraction being performed after 3 d under FR light and qPCR was 

performed after 1 h and after 4 h FR light treatment. Differences between the first and the other 

anthocyanin extraction (Figure 3-3 C)) could be due to different extraction lengths-, one was 

performed over 8 h and the other two overnight. This could explain why the differences are 

insignificant. In another experiment we tested the expression levels of the anthocyanin reportergene 

CHS (CHALCONE SYNTHASE) to further elucidate whether AHK1 plays a role in the anthocyanin 

accumulation. During this experiment the only significant difference was produced by using 1/3 less 

cDNA as usually required for cDNA, due to lacking enough cDNA. So, it would have a matching 

expression level if enough cDNA of ahk1-4 would have been there, and a direct role of AHK1 in the 

anthocyanin synthesis is unlikely. 

HY5-levels (Figure 3-3 D)) were increased the most after 1 h FR light treatment. No significant 

differences in comparison to WT levels were seen here, too. But the results of ahk1-3 matches on a 

transcript level, what has been observed in our phopshoproteom (Dautel, 2016). Although HY5 is a 

key player in light signaling, it was shown, that it could act independently of photoreceptors 

(Bellegarde et al., 2019; Gaillochet et al., 2020; Zoulias et al., 2019). So we could show, that there is an 

influence on HY5 transcript levels in ahk1 alleles but the transcript levels are nor significantly altered 

by FR light. In addition to the phenotypic experiments under FR light, this could probably be due to 

ahk1 not being part of a light signaling pathway- but on other pathways where HY5 acts as a 

transcription factor, like ROS homeostasis and response to nitrogen (N) (Bellegarde et al., 2019). 
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As the phenotypic analysis of ahk mutants in A. thaliana was not very insightful, we decided to look at 

AHK1 in another plant species. AHK1 is conserved in dicotyledons (Dautel, 2016; He et al., 2016) 

and among these dicots we decided to look at the Fabaceae Lotus japonicus (L. japonicus). In L. japonicus 

homologues of AHK2-4 have already been described. We identified further undescribed homologues 

of AHK1 and AHK5, both genes seemed to underwent duplication in this species. In contrast to this, 

we could not identify a homologue of CKI1 (Figure 3-4 A)). The duplication of AHK1 (LHK4a and 

LHK4b) and AHK5 (LHK5a and LHK5b) in L. japonicus could hint to an adapted function, not 

present in Arabidopsis. To elucidate differences between LHK4a and LHK4b, we did an alignment of 

the EDs of Lotus and Arabidopsis, following a pairwise distance analysis (Figure 3-4 C)), which did not 

lead to clear results. In general, LHK4A is much more expressed in Lotus than LHK4B (Kamal et al., 

2020b). Furthermore, there seems to be a spatial separation of both genes: LHK4A is more expressed 

in roots and LHK4B more in leaves. This could hint to LHK4’s role being highly specific in Lotus or 

that there is an adaptation in its role.  

In contrast to A. thaliana, L. japonicus can establish symbiosis with both, arbuscular mycorrhiza fungi 

and rhizobial bacteria (Márquez, 2006; Roy et al., 2020). In this work we focused on the latter, where 

L. japonicus is establishing nodules with Mesorhizobium loti (M. loti). Nodule formation is a conserved 

pathway in legumes and dependent on the AHK4 homologue LHK1 (Held et al., 2014). A knockout 

of LHK1 leads to an arrest of cortical infection thread formation, and therefore the loss of most 

functional nodules (Held et al., 2014; Miri et al., 2019; Murray et al., 2007). In contrast, a knock-out 

of LHK1b shows only minor effects, working partially redundant to LHK1 and LHK3 (Held et al., 

2014; Miri et al., 2019). The duplication of AHK1 in L. japonicus could therefore be a hint that one of 

the homologues has acquired a symbiosis-specific function. Nodulation is tightly regulated and 

dependent on systemic and local stresses, one among others, light exposure of roots, or systemic 

nitrate status (Nishida et al., 2018; Roy et al., 2020; Tsikou et al., 2018). Because of these hints we 

decided to take a look at LHK4a in more detail. Interestingly, LHK1, the homolog of AHK4, plays a 

double role in rhizobial symbiosis. On the one side, lhk1-1 appears to be linked to a lack of nodules, 

as the progression of cortical infection threads is arrested. On the other side, lhk1-1 shows an increased 

numbers of infection threads. The observations imply a role in both nodule organogenesis as well as 

Autoregulation of Nodulation (AON). The autoactive lhk1 mutant snf2 in contrast shows spontaneous 

nodule formation in absence of rhizobia (Held et al., 2014; Miri et al., 2019; Plet et al., 2011; Tirichine 

et al., 2007). This is the opposite to what we could observe in our lhk4a mutants, suggesting that LHK1 

and LHK4 are acting in different pathways. 
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However, we could not observe any light dependent differences between lhk4a and wildtype here 

(Figure 3-4 D)). Alike there was no difference in nodule numbers between lhk4a and wildtype at 

0 mM nitrate (Figure 3-4 E)). Thus, lhk4a showed reduced nodule formation compared to wt at 5 mM 

KNO3, nitrate condition (Figure 3-4 E)). This could hint either a role of LHK4 in nodule 

organogenesis or autoregulation of nodulation (AON). Due to the similarity of the phenotypes of bri1 

and cdpk1 mutants which both show a decreased number of nodules in Medicago truncatula , another 

Fabaceae which is able to form rhizobial symbiosis (Cheng et al., 2017; Ivashuta et al., 2005; Roy et 

al., 2020). This, and our knowledge, that AHK1 influences BRI1 in Arabidopsis could hint, that early 

nodule organogenesis is more likely the pathway in which LHK4 acts in. Interestingly, Mtcdpk3 showed 

an increase in nodule number (Gargantini et al., 2006). Many CDPKs or also called CPKs have been 

found in the phosphoproteomic study and many have been shown to be part of stress signaling. It is 

suggested that they are linked to FLS2 and BAK1 (Lei et al., 2020). CDPKs are more directly linked 

to ion transport system (Saito and Uozumi, 2020), but both, MtBRI1 and MtCDPK1, seem to be 

important for early nodule formation (Cheng et al., 2017; Ivashuta et al., 2005), hence, this could be 

LHK4A’s main pathway. As could be looking into Ca2+-spiking, which is an important part of early 

steps in the common symbiotic pathway. The phenotype of lhk4a-1 could suggest that it acts in this 

pathway. Working on lhk4b mutants and afterwards double mutants with lhk4a lhk4b to test whether 

it has an influence on the observed phenotype. With RT-PCR different genes could be tested to see 

whether their expression is altered in lhk4 mutants, like CDPK1, CCAMK, NSP1, and NIN; important 

genes in symbiosis, that act downstream of Ca2+. But also, DGK’s, PLD’s and PLC’s. This could give 

hints whether the role here is still the same of BRI1 and AHK1/LHK4 or they adapted new roles in 

Lotus. In addition, tests like phenotyping with different phytohormones like BR, auxin, which is 

important for nodulation, and ethylene which is also important for nodulation, and a completed test 

with CaCl2, and the Ca2+ channel blocker LaCl3 could give hints, whether LHK4 is acting in early 

organogenesis alike BRI1 and CDPK1 and whether it is dependent on one of the phytohormones 

acting in early organogenesis. In addition, measuring [Ca2+]cyt with a luminometer, could give insights 

(Dautel, 2016; Rentel and Knight, 2004; Zheng et al., 2020).  

All in all, I could show that a role of AHK1 in light signaling is unlikely. On the contrary, the results 

show a subtle influence on general stress signaling in Arabidopsis. In Lotus, I could show, that there is 

a phenotype, which seems to point out a role in early organogenesis of LHK4, alike BRI1. BAK1’s 
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role is still not investigated in Lotus. But, to be sure, further experiments with crossed lines and with 

qPCRs could give more insights. 

4.2 Ligand fishing 
The identification of the ligand of Arabidopsis HISTIDINE KINASE 1 (AHK1) has never been 

approached before. It brought some difficulties with itself. AHK1 full length cannot be expressed 

easily in E. coli. Often, there were no colonies or when colonies grew, they would stop growing at 

some point. AHK1 seems to be lethal for E. coli. Therefore, we decided to solely use its well conserved 

ectodomain (ED) for fishing, which covers amino acid (aa) 100-446 (Figure 1-3). The expression of 

the AHK1ED required adjustment due to the aa 100 to 103 a hydrophobic aa (aa HFT) and caused 

problems with the solubility of the protein (Figure 3-4). Hence, a construct starting at aa103 to 446 

fused to a MALTOSE BINDING PROTEIN (MBP) tag was used. The AHK1ED is proposed to reach 

into the apoplastic space and contains a Per-Arnt-Sim- (PAS) domain (Dautel, 2016). PAS-domains 

were identified in Bacteria, Archaea, and Eukaryota (Henry and Crosson, 2011; Nambu et al., 1991; 

Rojas-Pirela et al., 2018; Vogt and Schippers, 2015). It serves as a sensor domain in a broad range of 

perception mechanisms (Nambu et al., 1991; Taylor and Zhulin, 1999). They are known to bind 

diverse small molecules. Ligand binding to PAS-domains can be dependent on different aspects 

(Rojas-Pirela et al., 2018). Putative ligands serve as initiators for versatile signal perception acting e.g. 

through photo-, redox-, chemo-, or phytohormone receptor (Chang et al., 2010; Dautel, 2016; Mougel 

and Zhulin, 2001; Ryo et al., 2018; Vogt and Schippers, 2015). PAS-domains seem sufficient to bind 

its ligand, therefore we suggested, that for ligand fishing the ED is sufficient. 

Due to the ED reaching into the apoplastic space, we suggested, the putative ligand would be in the 

apoplast and therefore used an extract of apoplastic washfluid (AWF) of beans for its ligand analysis 

using mass spectrometry (O'Leary et al., 2016; O'Leary et al., 2014). It was extracted by Prof. C. Zörb. 

In the AWF many components were identified (Geilfus, 2017; Geilfus et al., 2015a; Geilfus et al., 

2015b). Therefore, a lot of different putative ligands were found, but all in all the concentrations of 

them were very low. This made the identification more difficult. After three repeats with AWF, lipids 

were repeatedly identified as possible ligands (Table 7-1). The presence of phospholipids and fatty 

acids (FA) in the apoplast was previously reported (Jung et al., 2012; Misra, 2016; Xiao et al., 2004). 

To get a more specific result on which lipid could be AHK1’s ligand, we extracted lipids from 

Arabidopsis leaves. But the results stayed inconclusive. A possibility could be, that the charge of the 

lipid or maybe its surrounding is more important for binding to AHK1’s PAS-domain. This would be 
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in line with the CACHE domain pocket, a PAS-like-domain, where pH and hydrophobic binding are 

important for ligand binding, for example cytokinin to AHK2, AHK3, and AHK4 (Hothorn et al., 

2011; Lomin et al., 2015). Identifying AHK1’s ligand could be performed by using the AHK1 induced 

RD29b-promotor assay by treating it with an improved lipid extraction. Chromatography could be 

used to extract lipid classes and test those on AHK1ED. However, this method would be very time 

consuming. 

Figure 4-13: What is left to be explored for AHK1’s ligand? 

1) Where originates the AHK1’s ligand and 2)-4) How does the ligand bind to AHK? When does 
it bind to AHK1? Our data suggest that the putative ligand is in the AWF and that it seems, that 
stress could lead to a higher production or higher accessibility of the ligand. Yet the ligand could 
not be identified for certain. Our results suggest it to be a lyso-lipid, a proof is missing and some 
more question arise. It could be, that AHK1 needs to form homodimers to bind the ligand 
accurately, such is the case with other AHK’S. This could be hard to form with just the ED that 
we used for ligand fishing. Although just the ED could be enough for ligand binding, the structure 
could be stable enough to bind the signal. Another possibility could be, that BAK1 could also 
work as a stabilizing co-receptor of AHK1 as did it for BRI1 and FLS2 and their ligands 
(Chinchilla et al., 2007; Nam and Li, 2002). A crystallization of all forms would be necessary to 
elucidate this. 
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We wanted to identify AHK1’s main acting pathway, for better elucidation of its ligand. Because this 

was not possible, it remains to be investigated, where the signal is coming from and what is its trigger 

(Figure 4-1 1)). We seem to be able to show, that the ligand is present in the apoplast, but neither its 

origin is clear, nor whether it is coming from the plasma membrane, the cell wall, or whether it is 

mobile in the apoplast. Additional tests are needed to determine the origin of the signal regarding how 

the ligand binds to AHK1. It needs to be elucidated whether it is associates to its ligand like other 

AHK’s, like AHK2 and AHK4 through homodimerization (Hothorn et al., 2011; Wulfetange et al., 

2011). Another possibility would be to bind a ligand like other kinases that also interact with BAK1, 

supporting the recognition of the ligand as heterodimers (Chinchilla et al., 2007; Li et al., 2002; Sun et 

al., 2013a; Sun et al., 2013b) or completely different (Figure 4-1 2)). AHK1’s crystal structure is not 

resolved yet, therefore it is not understood whether the ED is unstable alone, or it needs other domains 

to form an active functional protein structure. The solely ED could be deformed, which could lead to 

not being stable enough to bind its ligand, without AHK1’s two transmembrane domains (TD). The 

two TDs could be necessary to maintain the structure of the ED. Furthermore, like any other AHK, 

AHK1 forms homodimers (Caesar et al., 2011a; Dautel, 2016; Hericourt et al., 2013), but we could 

not elucidate if homodimerization is essential to bind the ligand (Figure 4-1 3)). This seems to be 

essential in some HKs, but not in all AHKs (Caesar et al., 2011c; Hothorn et al., 2011; Lomin et al., 

2018; West and Stock, 2001; Wulfetange et al., 2011). For the cytokinin binding histidine kinases, like 

AHK2, 3, and 4, but also for the leucin rich repeat receptor like kinases (LRR-RLK) FLAGELLIN 

INSENSETIVE 2 (FLS2) and BRASSINOSTEROID-INSENSITIVE RECEPTOR-LIKE 

KINASE1 (BAK1) and BRASSINOSTEROID INSENSITIVE 1 (BRI1) and BAK1, the protein 

structure was shown to be highly important for ligand binding (Hohmann et al., 2017; Hothorn et al., 

2011; Sun et al., 2013a; Sun et al., 2013b). For AHK2 and 4 the homodimerization was also of 

importance for binding cyktokinin (Bhate et al., 2015; Hothorn et al., 2011). AHK4 binds different 

cytokinins based on charge, therefore it does not bind all cytokinins (Hothorn et al., 2011). Unlike 

AHK1, AHK2-4 have a PAS-like domain, the cyclase histidine kinases associated sensory extracellular 

(CHASE) domain, which specifically binds cytokinin by discriminating in between different isoforms 

of cytokinin in the structure of their CHASE-domains (Hothorn et al., 2011; Mahonen et al., 2000; 

Romanov et al., 2006; Spichal et al., 2004). PAS-domains are known to be able to bind diverse small 

molecules (Henry and Crosson, 2011; Taylor and Zhulin, 1999). They are characterized via their 

tertiary structure, which allows them to bind diverse kinds of ligands. Regarding AHK1, carrying a 

PAS-domain could mean, that its ligand is not one very specific molecule, but maybe a class of 



Discussion 

69 

 

molecules with a specific charge, alike AHK4’s ligand (Hothorn et al., 2011; Romanov et al., 2006). 

This class of molecules could be a class of lipids (e.g. anionic lipids) for AHK1. This could explain the 

results of our PIP-StripTM (appendix). This experiment still needs to be repeated. It was performed 

once with washing with PBS, TBS could be leading to cleaner results, due to its better washing abilities. 

Considering, that AHK1 not only forms homodimers but also heterodimers with BAK1, and the fact 

that BAK1 serves as co-receptor that helps to bind the ligand of some LRR-RLKs, like its interaction 

partners FLS2 and BRI1, makes it necessary to investigate, if BAK1 is important for ligand binding 

of AHK1(Figure 4-1 4)) (Chinchilla et al., 2007; Li et al., 2002; Nam and Li, 2002). Homodimers of 

AHK1 could be an inactive or active version of AHK1 (Dautel, 2016). AHK1 homodimers could also 

activate a different pathway than the AHK1 BAK1 heterodimers. This should be considered when 

further analysis is designed, because it could have also affected our results in the LC-MS. In 

conclusion: our results could mean anything.  

4.3 Evaluating assays for delving into putative ligands 
Delving into identifying the ligand of AHK1 lead to putative ligands. But the question whether the 

ligand is a lipid could not be answered through LC-MS. Hence, another approach was required. We 

tested several assay systems, like the pCOLD assay in E. coli, the ethylene assay, and the AHK1-

induced promotor assay in plant tissue. The pCOLD assay identified and verified putative ligands of 

AHK2, AHK3, AHK4, and AHK5 (Heunemann, 2016; Mizuno and Yamashino, 2010; Yamada et al., 

2001). However, full length AHK1 stopped the growing process of E. coli completely. Hence, we 

continued with an other assay for ligand fishing. 

Applying the ethylene assay we could solely show, that AWF treatment did neither induce an ethylene 

response in the wt, nor in ahk1-4 leave discs. In contrast, ahk1-3 showed an ethylene response upon 

treatment with AWF derived from mannitol treated bean leaves. In wt this is explained, by ethylene 

production depending on a strong elicitor, which AWF is not. Also, overexpressor lines are usually 

taken for this assay. Differences between the alleles could be explained by remaining transcripts in 

ahk1-3, which shows transcript until after the histidine kinase domains, ahk1-4 in contrast is a KO 

mutant. Phenotypic differences between the alleles and wt could indicate ahk1-3 being a gain of 

function mutant that may accumulate a somehow dominant-active AHK1 fragment (Figure 3-5 E), 

Figure 3-1 D)). The rise in ethylene production of bak1-1 leave discs might be due to a hurt disc, 

which can also lead to inducing ethylene production. This could have happened after transferring the 
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discs from the petri dish into the glass vial. In conclusion, we did not pursue this assay for ligand 

identification, due to the need of a huge amount of our elicitor, the AWF, which is not easy to produce 

in large amounts. Furthermore, an AHK1 overexpression line would be required for clear results.  

We tried to re-establish another higher through-put assay, which was used for AHK’s 2-5. It is based 

on the KMI001 strain of E. coli, the pCold Assay. After testing AHK1 in this assay, it seems to not be 

suitable for AHK1, due to our positive control AHK5 being able to produce blue from the lacZ gene, 

but AHK1 was not able to. The bacteria seemed to stop reproducing at some point. It could be, that 

with different growing conditions this assay could work. Looking for another faster assay could still 

be useful due to the many questions still being left, unless the lipid inhibitors will lead fast to the 

ligand. Consequently, we pursued the already introduced AHK1-induced promotor assay on its 

functionality for our purpose.  

The AHK1-GFP induced promotor assay is an assay based on transiently expressed genes in Nicotiana 

benthamiana plant leaves. AHK1-GFP, that localizes to the plasma membrane, induces the expression 

of the RD29b promotor driven NUCLEAR LOCALIZATION SIGNAL (NLS):mCherry, which 

localizes to the nucleus (Caesar K; unpublished). The AHK1-GFP induced promotor assay was at first 

reestablished with a mannitol treatment of N. benthamiana leaves. After 1 h of treatment, the expression 

of the NLS-mCherry rose. RD29b::NLS is positively regulated by AHK1 activity. In the next phase, a 

range of lipid inhibitors were tested on the assay. The focus has been laid on PA-pathway inhibitors: 

neomycin, DGK inhibitor (DGKI), lyso-PA and mainly n-butanol with its negative control sec-butanol 

due to finding similar expression patterns as after mannitol treatment (Figure 1-2, Figure 3-5 A)-C)). 

A treatment timespan of 15 min with 0,05 % of any inhibitor was sufficient to measure significant 

differences between inhibitor and control treatments as well as infiltrations without degraded signals, 

like we could observe after 2 h (Figure 3-6 D)). The fast reaction of AHK1-induced NLS-mCherry 

accumulation in response to the tested PA synthesis inhibitors could be due to a suggested 

involvement of PA in cellular pH dynamics (Li et al., 2019). Thereby PA signaling acts in stress 

tolerance and microtubule organization through its interaction partners ARABIDOPSIS SALT 

OVERLY SENSITIVE 1 (SOS1) (Wang et al., 2007; Yao and Xue, 2018; Yu et al., 2010), and 

PLASMAMEMBRANE INTRINSIC PROTEINS (PIPs, aquaporins), which could explain the 

similar patterns after mannitol treatment (Bellati et al., 2016; Li et al., 2019; McLoughlin et al., 2013). 

Another option for the fast reaction upon lipid inhibitor treatment could be the link between stress 

responses through the second messengers PA and Ca2+ upon binding directly to some RBOHs, 
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including RBOHD (Kadota et al., 2015; Kimura et al., 2012; Ma et al., 2012; Ogasawara et al., 2008; 

Yao and Xue, 2018; Zhang et al., 2009). As shown previously, exclusively RBOHD was found to be 

phosphorylated by AHK1 and ahk1 mutants were shown to be less sensitive to H2O2 treatment 

(Dautel, 2016; Lu et al., 2013). In addition to SOS1, PIPs, different Ca2+-channels, many proteins of 

the PA-pathways were also found in our phosphoproteomics assay (Figure 4-2) (Dautel, 2016). The 

results of the AHK1-induced RD29b-promotor assays, PIP StripTM and LC-MS data also hint at an 

involvement of AHK1 in this pathway. Still, the proof of a direct binding of PA to full-length-AHK1 

is missing. Also, it still needs to be investigated, whether PA is directly or indirectly influencing AHK1 

or the positive regulation of AHK1 by PA biosynthesis. The inhibitor n-butanol indicates, that AHK1 

is inhibited by PA, but not in which way (Figure 3-6). Our findings of a putative role of AHK1 in PA 

signaling are backed up by newly published data, that link BRI1 and BAK1 to PA signaling in a Ca2+- 

dependent manner (Gully et al., 2019; Kretynin et al., 2019). According to these published data, there 

is a link between the BRI1/BAK1 complex PA, Ca2+, BR signaling and the redox system (Kretynin et 

al., 2019). Our data suggests that this link may be AHK1, as it interacts at least with BAK1 (Caesar, 

unpublished; Dautel, 2016) (Figure 4-2).  

In conclusion, we could re-establish the AHK1-GFP induced RD29b-promotor reporter assay. An 

assay based on the stress-inducible RD29b-promotor (Liu et al., 2020; Virlouvet et al., 2014), which 

was shown to be dependent on AHK1 (Caeser K, unpublished). Upon adding of elicitors, the RD29b-

promotor drives the production of NLS-mCherry which leads to a stronger mCherry signal. This 

increase in signal is then measured with imageJ. With the assay we could show a significant reaction 

to the lipid-inhibitor n-butanol, that inhibits PHOSPHOLIPASE D (PLD), which forms PA from PC 

or PE at the PM (Figure 1-2). Treatments with lyso-PA and DGKI must be repeated, DGKI inhibits 

the other synthesis pathway of PA at the PM, by binding to DGK. Lesser concentrations and shorter 

time spans should be used. On the PIP stripTM, interactions of AHK1ED with PA but not lyso-PA are 

detected. These results should be kept in mind, although proteins could be swapped by application 

and the usage of PIP stripTM is very artificial, which becomes even more so, by using just the ED of 

AHK1 (appendix). Furthermore, LC-MS data detected several lipid classes as putative ligand, but 

never the same one. In general, those fished ligands were phospholipids and FAs. Combining the 

results of the assay and the LC-MS, this might be a hint to the ligand. AHK1’s putative ligand could 

be a lipid, but neither the lipid nor its lipid class could be determined. Although FAs were the only 

class of lipids shown to bind to PAS-domains, both saturated, and unsaturated (Fala et al., 2015; King-
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Scott et al., 2011; Rojas-Pirela et al., 2018). All in all, it was shown, that AHK1 has a fast influence on 

the PA pathway. The problem is, that in the AWF only low amounts of molecules are present in 

general, hence, our statistics are hard to rely on. The LC-MS on AHK1ED, treated with Arabidopsis lipid 

extraction showed, that lipids could be putative ligands. The LC-MS could not specify on which lipid 

could be the ligand due to no clear overlaps with the AWF. Both treatments lead to fishing 

phospholipids and FAs. This could be due to the extraction being executed on Arabidopsis leaves and 

not every lipid class is extracted with lipid extractions or with the AWF extractions, which only extracts 

lipids found in the apoplast. 

A vital challenge for the AHK1-promotor assay was, that the signals or proteins were degraded or 

diffused out of the nucleus after 1 - 2 h. 1 h was the standard timespan to measure the transcriptional 

influence for this assay, which was used for signal intensity measurements of the nuclei, after 80 mM 

mannitol treatment. AHK1 reacted strongly to a minimum of lipid inhibitor treatment. 1:1000 dilution 

of n-butanol and DGK-inhibitor (results not shown). The optimal time to measure the intensity of 

the nuclei for n-butanol treatment was after 15 min incubation time (Figure 3-7). Both, dilution and 

timespan, have been previously shown to be sufficient to stimulate seedlings (Li et al., 2019). lyso-PA 

was tested with an applied dilution of 12,5 µM, an increase to 100 µM is possible, and a timespan of 

1 h and DGK-inhibitor (U73122) with a dilution of 5 µM and the timespan, both should be tested 

after 15 min again for a better understanding (Cassim et al., 2019). After 2 h and 1 h treatment the 

cells looked similar to neomycin and n-butanol treatment of the same time span, with probably 

degraded signals (Figure 3-7). Interestingly, the leaves that have only been infiltrated with 

RD29b::NLS:mCherry did not show this kind of degradation after lipid inhibitor treatment. When 

both RD29b::NLS-mCherry and AHK1-GFP were expressed in N. benthamiana leaves treated with 1 h 

mannitol- and 2 h neomycin-, n- and sec- butanol, fluorescent dots were observed in the cytosol.  

Thus, the question arises, whether it is likely, that the ligand of AHK1 is a lipid. AHK’s have been 

shown to bind cytokinins and probably H2O2. HK’s in general are able to bind a broad range of ligands 

(Cheung and Hendrickson, 2008, 2009; Sevvana et al., 2008; Zhang and Hendrickson, 2010). Ancillary, 

narrowing down AHK1’s putative ligand through looking into specializations in the PAS-domain, 

which is the most likely place of a ligand to bind, is not optional. PAS-domains are known to bind 

many kinds of small molecules (Chang et al., 2010; Cheung and Hendrickson, 2009; Henry and 

Crosson, 2011; Ryo et al., 2018; Vogt and Schippers, 2015). Hence, not being a cytokinin-receptor is 

unusual for an AHK. Research showed several ligands of HK’s in yeast and bacteria. In these 
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organisms, PAS-domains were shown to be able to associate with saturated and unsaturated FA, but 

not with any phospholipids (Fala et al., 2015; Henry and Crosson, 2011; Herrou and Crosson, 2011; 

King-Scott et al., 2011). Considering literature, it is possible that lipids bind to PAS-domains and 

therefore it is likely, thatthe AHK1 ligand is a small lipid. Upon ligand binding, AHK1 could form a 

complex with BAK1 and BRI1.  

BRI1 is the receptor of the phytohormone brassinosteroid (BR), which biosynthesis has been linked 

to the Ca2+ signaling over e.g. the BR insensitive DWARF1 (DWF1) in the cell. It transmits a fast 

response from environmental stimuli to the BR pathway by regulating DWF1 (Du and Poovaiah, 

2005; Noguchi et al., 1999). BAK1 and BRI1 have been both shown to react to Ca2+-signaling over 

CNGC’s, AHA1 and AHA2. BAK1 and BRI1 also interact with some of them (Dautel, 2016; Ladwig 

et al., 2015; Oh et al., 2012b; Yuan et al., 2018). It is suggested that they could be interacting with 

CPKs and the dynamic IQDs, via phosphorylation of especially IQD32, 14, and 2 (Burstenbinder et 

al., 2017; Dautel, 2016; Kolling et al., 2019). These proteins are found in our phosphoproteomic data 

(Dautel, 2016), which could hint connected crosstalk between Ca2+, BR, PA, and H2O2 based on stress 

induction (Du and Poovaiah, 2005; Gao et al., 2013; Kretynin et al., 2019; Kuppe et al., 2008; Lv et 

al., 2018; Zhao et al., 2020; Zhao et al., 2013; Zhu et al., 2013). Moreover, our findings in the promotor 

assay could indicate that AHK1 can trigger these fast response pathways after stress treatment (Figure 

3-5). PA, DGKs, PLCs, and PLDs can either be linked to the main pathway or they could be part of 

the main signalling pathway of AHK1 (Figure 4-2) (Dautel, 2016; Derevyanchuk et al., 2019; Gully 

et al., 2019; Han et al., 2020b; Li et al., 2019; Schlöffel et al., 2019). Noting, that there is no major 

phenotype in ahk1 plants, it is not likely, that AHK1 plays a major role in its pathway, but it could 

serve here as a protein helping BAK1 and BRI1 to adjust to regulating a stress response pathway like 

the PA pathway and, by that, supporting and helping the cell to adjust to membrane stress. Ca2+ could 

link between AHK1, BRI1, and BAK1, and PA signaling on cellular stress response (Figure 4-2). In 

general, BR treated wt plants have been shown to have significantly altered transcript levels of PLD’s 

and DGK’s compared to wt. Additionally, BZR1, a transcription factor downstream of the BRI1 BR 

signaling pathway, has been shown to be targeted by PA over PP2A (Wu et al., 2014). It shows that 

BR and PA signaling could be closely entangled and a lot has yet to be investigated on this matter. 

PLD regulates PLA, which is able to produce FA’s and PA.  

Furthermore, PLA was shown to be transported into the apoplast for degradation (Jung et al., 2012). 

This could be a second pathway that could probably be directly targeted by AHK1, BAK1 and BRI1. 
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Lipid distribution concerning plant development and plant organs needs further investigation, as it is 

yet quite unexplored. There are a lot of questions left in the field of lipids in plants. Their role during 

plant development and in which parts of the plants which lipids are present or more abundant needs 

to be explored. I suggest, that AHK1 has a role in lipid adjustment during plant stress, as is to be 

proposed by the results of our promotor assay and LC-MS data (Figure 3-6, appendix, Table 7-1).  

Due to not being able to identify at least a specific kind of lipids, we tried to confirm the most likely 

by using different lipid inhibitors on AHK1 in our promotor assay (Cassim et al., 2019). The tested 

lipid inhibitors lead to a strong reaction in the treated N. benthamiana leaves with transiently 

overexpressed AHK1. After 2 h of the lowest established treatments, the cell degraded the 

fluorescence signals from AHK1 and RD29B::NLS-mCherry. This was observed after n-butanol, lyso-

PA, DGKI (R59022), neomycin, and PAO treatment. The reaction was not observed when 

RD29B::NLS-mCherry was expressed alone in the N. benthamiana leaves or with an 80 mM mannitol 

treatment for 1 h. Therefore we reduced the time to 15 min, a timespan that has been used in recent 

experiments to characterize the pH-sensing ability of PA (Li et al., 2019). 

wt plants treated with 100 nM BR for 6 h showed altered transcript levels of PLD and DGKI family 

member genes compared to mock treatment. PA was also shown to influence PP2A, which is 

responsible for polar auxin transport and BR signaling through dephosphorylation of BRI1 and 

positive regulating BAK1 (Gao et al., 2013; Li and Wang, 2019; Segonzac et al., 2014a; Wu et al., 2011; 

Wu et al., 2014). We therefore started to use inhibitors of those proteins. Neomycin looked the most 

promising due to reflecting mannitol treatment, but it is quite unspecific, so we investigated more 

direct inhibitors of the pathways it effects. n-butanol inhibits the last part of the PA production cycle 

(Figure 1-1) (Blunsom and Cockcroft, 2020; Cassim et al., 2019; Hong et al., 2016; Pokotylo et al., 

2018). Upon lipid inhibitor treatment, AHK1 significantly enhanced its signaling to RD29b::NLS, 

eventually after 15 min with just 0,01 %, suggesting a fast activation of a signaling cascade. In 

consequence, upon PA treatment, AHK1’s signaling cascade should be inhibited, indicating that 

AHK1 could be negatively regulated by the phospholipid. AHK1’s putative role in PA-signaling is 

supported by phosphoproteomic data (Dautel, 2016). It also suggests, that it has an influence on Ca2+ 

signaling proteins as mentioned above, but also many proteins part of the PA production cycle at the 

PM. Interestingly, there were significant differences in root elongation observed with 1 and 10 mM 

CaCl2 treatment on ahk1-3 plants, in comparison to WT (Dautel, 2016). In our phosphoproteomic 

studies calcium channels (CNGC7, AHA1 and 2) were identified. They could be used for further 
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studies by being crossed into ahk1, bak1, and bri1 plant lines. Also the CaM/CML-binding IQDs could 

be of interest, due to their changing association with the PM and the nucleus (Burstenbinder et al., 

2017; Dautel, 2016; Kolling et al., 2019). IQD2 and 32 seem to also be very promising candidates to 

be analyzed with ahk1 and bak1 based on phosphoproteomic and published data (Burstenbinder et 

al., 2017; Dautel, 2016). New plant lines, from genes mentioned above, found in phosphoproteomics 

and that are linked to lipid signalling, could clarify the link between Ca2+, PA, and BR signaling in 

addition to simple physiological treatment tests and qPCR analysis with marker genes similar to the 

published ones (Wu et al., 2014). PA also links to other second messengers over e.g. enhancing the 

activation of RBOHD. ROS is activated upon abiotic and biotic stress factors such as anthocyanins 

and ethylene, in addition RBOHD can be also activated by PAO (Jakubowicz et al., 2010; Jasso-Robles 

et al., 2020; Tan et al., 2018; Xu et al., 2017). Furthermore, H2O2 and Ca2+fluctuation were also shown 

to be disturbed in guard cells of ahk1-4 mutants, which could be a further hint, that AHK1 acts upon 

many stress signals, rather than one (Lu et al., 2013). Hence, literature, phosphoproteomic data, and 

our results (Figure 3-5, Figure 3-6) seem to link this further, although additional experiments are 

needed to manifest this, yet unsteady, hypothesis. Looking at lipids being the putative ligands, we tried 

to exclude some lipids, based on the formation of AHK’s PAS-domain with the help of online tools, 

which try to predict the structure of the protein, like phyre2. This was not successful, due to 

inconclusive results. Identifying the putative ligand could be approached by identifying the lipids 

which can be found in the AWF. Solely identifying them could reduce the search immensely. 

Unfortunately, this experiment needs a lot of leaf material for the LC-MS. Additionally, lipids are 

quickly degraded or oxidized, and some lipid extraction methods are better for some lipid classes than 

others, which could distort the results. Therefore, the results could still be inconclusive (Shiva et al., 

2018). Although the lipid distribution in the cell and at the inner and outer leaflet of the PM and the 

molecules in the apoplast were tried to be identified several times, further experiments are needed to 

exclude putative ligands. Mapping molecules in the apoplast upon different treatments could be used 

as an approach, thereby we need to careful not to miss a molecule group, which could be interesting, 

due to using an unfitting extraction method (Cassim et al., 2019; Misra, 2016; Schenk et al., 2019). 

Although we used different negative controls, such as RD29B::NLS:mCherry alone and with the same 

treatments, and as negative controls treatments sec-butanol and water; we did not apply a lipid inhibitor 

from the other side of the PA-cycle, like wortmannin (Figure 1-1). Those need to be further 

elucidated, whether n-butanol causes a specific reaction to the pathway or if it just reacts to the caused 

stress indirectly.  
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Figure 4-14: A proposed signaling cascade for ligand binding activation of AHK1. 

After a stress initiation, the putative ligand, most likely a phospholipid or a fatty acid (FA), of AHK1 
binds to its PAS-domain. As a result of this association, AHK1 could bind to BAK1, a confirmed 
interaction (Dautel, 2016) and form a complex with BRI1. BAK1 and BRI1 mediate brassinosteroid 
signaling (Nam and Li, 2002; Wang et al., 2008b). Subsequently, a signaling cascade via 
serine/threonine/tyrosin phosphorylation is activated (Dautel, 2016). In addition, the second 
messengers PA (Cowan, 2006; Liu et al., 2019b; Michaud and Jouhet, 2019), Ca2+ (Burstenbinder et 
al., 2017; Han et al., 2020b; Kolling et al., 2019; Lu et al., 2013; Shi et al., 2018) and pH at the 
apoplastic PM leaflet, that seem to be affected by Ca2+ under certain conditions (Angelova et al., 
2018; Caesar et al., 2011b; Geilfus, 2017; Ladwig et al., 2015; Martiniere et al., 2018), are stimulated 
shortly afterwards, this in return affects membrane lipids (Angelova et al., 2018). The two most 
important pathways for AHK1 seem to address AHA2, a Ca2+-proton pump, direct interaction 
partner of BRI1 and a direct (Wanke, unpublished) and indirect of BAK1 (Ladwig et al., 2015; Yuan 
et al., 2018). CPKs act downstream of and regulating to AHAs (Han et al., 2020b; Shi et al., 2018), 
they were shown to be part of stress responses through Ca2+- (Saito and Uozumi, 2020; Shi et al., 
2018), as also to connect Ca2+ with H2O2 signaling via RBOHD (Pan et al., 2019). The ROS burst 
of AHK1 and Ser/Thr/Tyr phosphoproteomics connect it to RBOHD (Dautel, 2016). The 
apoplastic H2O2 transfers from RBOHD to aquaporins, which channel the molecule through 
membranes into the cell (Bienert et al., 2006; Boursiac et al., 2008). RBOHD is regulated by PA on 
the inner leaflet of the PM and PA is synthesized at the PM by e.g. DGKs (Arisz et al., 2009; 
Hothorn et al., 2011; Testerink and Munnik, 2011) and PLDs (Liscovitch et al., 2000). PLA 
synthesizes PA and fatty acids and is regulated by PLD (Jung et al., 2012). The PA synthesis pathway 
seems to be the second important pathway that AHK1 affects (Dautel, 2016; Han et al., 2020b; 
Wielandt et al., 2015). Additional suggested interaction partner of BRI1 and BAK1 are IQDs (Koller 
and Bent, 2014), proteins that link Ca2+ to the reorganization of microtubuli pathway (Burstenbinder 
et al., 2017; Kolling et al., 2019). Plants can adjust to stress via all mentioned pathways (Hong et al., 
2016; Michaud and Jouhet, 2019; Saijo and Loo, 2019; Shi et al., 2018). AHK1 could act in a complex 
with BAK1 and BRI1 as a finetuning signaling protein, due to its fast response to lipid inhibitor 
application after 15 min (Gully et al., 2019; Li et al., 2019), which proposes to the connection 
between phospholipids and phospholipases and Ca2+ (Dixit and Jayabaskaran, 2012; Kuppe et al., 
2008; Liu et al., 2019b; Meneghelli et al., 2008; Pappan et al., 2004; Qin and Wang, 2002). This is 
manifested by research linking BRI1, BAK1 to DAG (Derevyanchuk et al., 2019; Gully et al., 2019) 
and its inhibitors BIR2 and 3 to PLC (Schlöffel et al., 2019). A lot of the proteins in these pathways 
are co-regulated through PA (D'Ambrosio et al., 2017; Hong et al., 2016; Zhao, 2015). Through 
BRI1 to BZR1 (He et al., 2019; Ibanez et al., 2018; Li et al., 2017b; Li and He, 2016; Li et al., 2017c), 
and from the phototropins to NPH3 there are multiple links to blue light and temperature signalling 
(Briggs et al., 2001; Fiorucci and Fankhauser, 2017; Keuskamp et al., 2011; Wenden et al., 2011; 
Zhao et al., 2018). With COP1, SPA1.2, FHY3 and HY5 (Delker et al., 2014; Fiorucci and 
Fankhauser, 2017) there seem to be a probably indirect but conserved link to FR light and heat 
stress pathways (de Vries et al., 2020; Kim et al., 2014; Legris et al., 2016; Wang et al., 2011). Apart 
of the proposed complex from AHK1 with BRI1 and BAK1, BAK1 interacts also with FLS2 
(Chinchilla et al., 2007; Sun et al., 2013b), to activate plant defence mechanisms, negatively regulated 
by BIR2 (Halter et al., 2014; Koller and Bent, 2014). With the exception of grey toned proteins, all 
visible proteins were found in ahk1-3/wt phosphoproteomics performed by (Dautel, 2016). Red-
rimmed proteins are upregulated, blue-rimmed down, and purple are both. 
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The promotor assay had also the disadvantage, that it is not a high-throughput method. Trying 

different points of time and concentration and evaluating the results, is very time-consuming. All in 

all, our experiments could not give a clear answer to which ligand binds to AHK1, although it seems 

likely, that it is a lipid. They also seem to indicate, that AHK1 might act as a general stress response 

protein in dependence of BAK1. In general, proof is needed for these hypotheses. 

4.4 Outlook 
This project ends with many open questions and putative starting points for new projects. But the 

basis of all projects have to be proper mutant lines. Therefore, I suggest generating new overexpressor 

and knock-out lines. Knock-out lines could be generated using CRISPR/Cas9. Previously generated 

overexpressor plantlines of AHK1 were silenced, which could have multiple reasons. Silencing of 

transgenes is induced by smallRNAs (sRNA), and, based on new literature, depending on multiple 

things. It was shown that not only the promotor, but also the presence of introns is influencing the 

silencing of transgenes, and even the often overlooked terminator seems to play a big role in transgene 

silencing. (Baeg et al., 2017; Bologna and Voinnet, 2014; Dadami et al., 2013; de Felippes et al., 2020; 

Matzke and Matzke, 1998). The new lines should be based on the ecotype Col-0, as the mutation in 

the flg22 recognition-site in FLS2 makes Wassileskija (Ws-2) unsuitable to evaluate AHK1’s role 

between BRI1 and FLS2. Additionally Ws-2 lacks a functional PhyD (Aukerman et al., 1997; 

Chinchilla et al., 2007), hence the reaction of ahk1 null-mutants could be different in Col-0, although 

data suggests, that non-phosphorylatable PhyD leads to less responsiveness in R light (Viczian et al., 

2020). Although the reactions of lhk4a-1 suggest, that AHK1 does not play a role in light signaling. 

BRI1 and FLS2 phosphomimicking mutants in Col-0 background could be generated thereafter, 

revealing or dismissing whether there is a significant influence from AHK1 or not. This could also 

help to clarify whether AHK1 is significantly influenced by H2O2-signaling (Lu et al., 2013). In addition 

to this, Lotus double mutants could help to clarify this, too. 

Furthermore, the relation between AHK1, BAK1, and BRI1 needs to be analyzed more detailed. It 

has been shown, that AHK1 interacts directly with BAK1, but not with BRI1 (Dautel, 2016). It still 

needs to be tested, whether these three proteins form a complex. There are several possibilities to 

address this, for example Turbo-ID, mating-based split ubiquitin bridge assay (mbSUSB) or three-

fluorophore Förster Resonance Energy Transfer – Fluorescence Lifetime Imaging Microscopy 

(FRET-FLIM) (Arora et al., 2019; Glöckner et al., 2019; Grefen et al., 2009). Biotin based Turbo-ID 

and three-fluorophore FRET-FLIM would have the advantage of showing the interaction in planta, 
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which is not the case for mbSUSB. mbSUSB is an assay carried out in yeast, an organism which 

seemingly has no issues in expressing AHK1, BAK1, and BRI1 (Dautel, 2016). 

For ahk1-3 in Ws-2 background, AHK1ED should be analyzed, whether it might be also interacting 

with BAK1ED-assay to clarify whether ahk1-3 is partly active. This could clarify further why ahk1-3 

and ahk1-4 are acting so different at times. An ahk1-3 ahk1-4 heterozygous double mutants could 

confirm whether it is a dominant negative form. 

In future work in L. japonicus lhk4b mutants are needed, to identify its role and differences to lhk4a is 

needed. Therefore, generating lhk4a lhk4b mutants is extremely valuable. The detected phenotype of 

lhk4a is similar to MtBRI1 and MtCDPK1 mutants (Cheng et al., 2017; Ivashuta et al., 2005; Roy et 

al., 2020). Thus, first generated, then crossed Ljbri1 and Ljcdpk1 plants with lhk4a are necessary to 

clarify whether it is actually the same pathway for both proteins. Those mutants could be an interesting 

start to look into early organogenesis of nodule formation. Especially regarding the need of calcium 

in early organogenesis, as well as looking at calcium spiking upon inoculation (Roy et al., 2020). In 

addition, probably reformatting lipids during early organogenesis could be interesting. To save time it 

could be started with testing DGK and PLD transcription levels with RT-PCR of important genes in 

common symbiosis like NSP2 and NIN in L. japonicus under standard and sufficient nitrate conditions, 

where we detected lhk4a’s phenotype. Also, we know, that AHK1 does not interact directly with 

AtBRI1, but with BAK1, that has three potential homologs in Lotus (LotjaGi6g1v0354800,6, 83 % aa 

identity; LotjaGi2g1v0096200,1, 76 % aa identity; LotjaGi5g1v0283100,1, 78 % aa identity). Hence, it 

needs to be tested, if one or more interact with LHK4a and LHK4b. It also still has to be elucidated 

how LHK4a is linked to BRI1. 

Also, the performed experiments need to be repeated with new seedling batches due to knowing, that 

there can be huge differences between seed batches of AHK1 even under the same growing 

conditions. 

New analysis of the phosphoproteom revealed, that many proteins being part of lipid-signaling, -

synthesis, -metabolism, and -degradation are influenced by AHK1. Lipid signaling in general is not 

well investigated in plants, so there are many open questions. This makes it currently even more 

challenging to understand how ahk1 works. Our LC-MS data seem to suggest a lipid as AHK1’s ligand, 

but we do not have confirmation yet for this hypothesis. For this a yeast three hybrid system could be 

used in future (Licitra and Liu, 1996). The data from our promotor assay, using the lipid inhibitor n-

butanol, seem to suggest the same. Yet, different lipid-inhibitors have to be used to rule out the main 
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pathway being affected (Figure 1-2). These inhibitors would be U73122, inhibiting PLC, acting before 

DGK, and U59022, which inhibits DGK, one step closer to the production of PA at the PM. Both 

inhibitors are necessary, due to being unclear on which proteins AHK1 has more influence. The 

application of lyso-PA, a putative ligand, could be useful, too. The application of just PA is difficult 

due to solubility and degradation. The fluorescent dye FM1-43, which is binding to amphiphilic lipids, 

possibly the kind of lipids binding to AHK1, and non-fluorescent in water but strongly fluorescent 

under cyan light (Jelinkova et al., 2010; Schenk et al., 2018) could also be tested. It is excited when 

bound to lipids and could probably highlight differences when in the promotor assay the inhibitors 

are applied. One need to keep in mind, that the seen reaction could also be an indirect one over BAK1 

and BRI1, due to AHK1’s interaction with BAK1 and its phosphorylation from BRI1 (Dautel, 2016). 

One possibility to rule it out could be to use KO-N. benthamiana plants of BAK1 and BRI1 and redo 

the experiments of the promotor assay. Particularly BRI1 could be interesting, due to its diverse role 

in many different lipid pathways. A repetition of the PIP stripTM with a proper amount of protein and 

using TBS-T instead of PBS-T could help additionally. 

All in all, the main pathway of AHK1 seems to be related to BRI1. We could identify several pathways, 

where BAK1 and BRI1 play an important role. As it was shown that BRI1’s influence on DGK gives 

a direct link to lipids and back to AHK1. BRI1 was shown to phosphorylate DGK3 and (Michaud 

and Jouhet, 2019), several DGK’S were shown to be transcriptionally regulated after BR treatment 

(Wu et al., 2014). ahk1-mutants should be investigated in the same direction, meaning the expression 

levels of DGKs, PLDs and PLCs should be evaluated via RT-PCR. In addition, the link between PA, 

Ca2+, BR and AHK1 signaling could be tested first with qPCRs, then physiologically according to the 

results. 

Transiently expressed AHK1 showed a decrease in expression of fluorescent proteintag to DGK 

inhibitor after 1 h, although this reaction was quite strong, due to showing signs of degradation. 

Therefore, it was not possible to quantify the expression intensity. The inhibitor should be used with 

only 15 min of treatment. This quick reaction to the application of lipid inhibitors in general suggests 

that this is a calcium and/or pH related response. Yet, this has to be confirmed, probably using 

reporterlines, although proper fluorescent tags could be with mCherry on RD29b::NLS and 

35S::AHK1 probably just GFP. At the same time, it should be looked for a putative inhibitor for 

apoplastic fatty acids (FAs), the second group of lipids popping up in our LC-MS results, besides 
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phospholipids (Table 7-1). Both, FAs and phospholipids were shown to play a role in the apoplast 

(Jung et al., 2012; Misra, 2016; Xiao et al., 2004). 

In conclusion, this could indicate, that when the ligand, most likely a lipid, binds to the AHK1ED, with 

or without BAK1 is unclear, a signaling cascade is activated, helping the plant to adjust to a range of 

stressors. This cascade is clearly influenced by BAK1 and possibly BRI1. In this cascade PA, BR, and 

Ca2+ seem to play a major role and SA and ABA are activated after AHK1’s ligand binding, hinted by 

the fast response of AHK1 to applied n-butanol, altered SA levels in mutants, but no reaction to 

exogenous applied SA and ABA. Therefore, the previously observed putative role of AHK1 in 

osmosensing (Chefdor et al., 2006; Hao et al., 2004; Kumar et al., 2013; Tran et al., 2007; Urao et al., 

1999; Wohlbach et al., 2008) could be an indirect result of these closely interacting pathways.  
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6 Appendix 

 

Compound Neutral mass (Da) m/z Charge Retention time (min) Anova (p) q Value Max Fold Change Highest Mean Lowest Mean Max. Abundance Min.CV% 1 2 3 1 2 3      
Negatively Charged
12,02_265,1471m/z 265,147096 1 12,02263333 0,00199079 0,00732248 1,339813177 MBP_AHK1+M MBP+K 122846,6091 4,34 104710,067 121677,204 118549,366 91228,3957 83400,0784 100439,598
Positively Charged

12,49_267,1578m/z 267,157778 1 12,48861667 5,62E-05 5,09E-05 1,783632523 MBP_AHK1+M MBP+M 1686079,064 3,43 1248353,77 1392776,09 1515128,04 1147762,36 1053856,47 1207368,51  
12,17_239,1623m/z 239,162265 1 12,17405 0,00080262 0,00032477 1,94219756 MBP_AHK1+M MBP+M 924996,8718 8,62 651129,426 726687,158 833776,74 605083,242 510068,18 670576,194  

13,99_662,4465n 662,4464528 663,453729 1 13,99061667 0,00322096 0,00082922 2,195603378 MBP_AHK1+M MBP+K 1815810,929 0,51 1563910,77 1825827,47 1731263,04 848027,076 791357,788 841679,267
 

 

Normalized abundance
MBP-AHK1+AWF MBP+AWF   

           1 2 3 1 2 3 Accepted Description Adducts Formula Score Fragmentation Score Mass Error (ppm) Isotope Similarity
 

98 119506,033 128990,878 120042,916 93705,4775 85221,8635 97149,1296 laurilsulfate M-H C12H26O4S 36,4 0 -3,041523955 85,60189115
 

51 1626931,6 1742419,48 1688886,12 1015965,94 873292,658 946660,308 Dodecyl sulfate M+H C12H26O4S 35,1 0 -17,57794146 93,19513986
94 848725,896 918508,463 1007756,26 523283,972 410301,302 495203,781 (S)-3-hydroxylauric acid M+Na C12H24O3 39 0 2,303199931 97,65628839

67 1820046,84 1805109,47 1822276,47 689006,179 576065,093 1355615,38

(1R,4S,5S,8R,9R,12S,13S,16
S,19S)-19-Methoxy-8-
[(2R,4E)-6-methoxy-6-
methyl-4-hepten-2-yl]-

5,9,17,17-tetramethyl-18-
oxapentacyclo[10.5.2.0~1,
13~.0~4,12~.0~5,9~]nona

dec-2-en-16-yl beta-D-
allopyranoside M+H, M+Na C38H62O9 54,1 83,4 10,65885744 98,42121513

 
MBP-AHK1+AWF mannitol MBP+AWF mannitol

Table 7-8: Results from the third repetition of ligand fishing with the LC-MS. Performed by Dr. 
Mark Stahl. 

Figure 8-15: AHK1ED ligand specification.  
Phosphatidylinositol phosphate (PIP)-stripTM treated with MBP (left) and MBP-AHK1ED (right). 
PIP strips contain 100 pM of lipid per spot. 
First antibody: αMBP 1:4.000, secondary antibody: αmouse-HRP dilution 1:7.000, Detected with 
horseraddish peroxidase (HRP). Exposure time: 20 s and 3 min 20 sec 
Abbreviations: IP3- inositol (1,4,5) triphosphate; PA- phosphatidic acid; LPA- LysoPA acyl 
transferase; PE- phosphatidylethanolamine; PI- phosphatidylinositol; PI4P- PI 4-phosphate; PI5P- 
PI 5-phosphate; PI(3,4,5)P3- PI (3,4-5) trisphosphate; PI(4,5)P2- PI (4-5) bisphosphate; PITPs- 
phosphatidylinositol transfer proteins; PS- synthase; PC- phospholipase C; PS- phosphatidylserine  
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6.1 Oligonucleotides  

6.1.1 Genotyping of A. thaliana mutant lines 
Genotype Mutation/(Enzyme) DNA-sequence 
ahk1-3  T-DNA  CATTTTATAATAACGCTGCGGACATCTAC  
gene-specific fwd    GACCTCTCTGGTATGACTCGGTATTATA  
gene-specific rev    CACATCCAGTATCATCAACCTCAAACCA  
ahk1-4  T-DNA  CATTTTATAATAACGCTGCGGACATCTAC  
gene-specific fwd    AGGAAGGTGTTCGATAAAATGACTGAATG  
gene-specific rev    CAAGTTCTTCTTGAGTTGTTGGCTTGTCA  
ahk1-5  T-DNA  AACGTCCGCAATGTGTTATTAAGTTGTC  
gene-specific fwd    TATTATTACAAACATATTCCTCTCTATA  
gene-specific rev    GATCCCAAATCATAAACAAAGACACATA  
ahk1-6  T-DNA  AACGTCCGCAATGTGTTATTAAGTTGTC  
gene-specific fwd    TCTGGTATATTCTGTGATTACTCTACAG  
gene-specific rev    GTTAAAAGCCCTATCAAAATTGCTAACA  
bak1-1  T-DNA  CATTTTATAATAACGCTGCGGACATCTAC  
gene-specific fwd    CTATTTGGCGACACTACTTTCTGAC  
gene-specific rev    GGTGCTTCAAAGTTGGGATGC  
bri1-5 EMS/ (HpyCH4V)  / 
gene-specific fwd    TTTCATTTCAAGCTTCACCATCTCAG 
gene-specific rev    AGAGATGTTCAACAACTTGAGCTCTG 

 

6.1.2 Oligonucleotides for the detection of T-DNAs in stably transformed Arabidopsis 
thaliana lines  

Insert DNA-sequence (Fwd / Rev) 
35S::AHK1-GFP TATGGAAGTACAGCAAGAATGAT / 

TTACTTGTACAGCTCGTCCATGC 
UBQ10::AHK1-GFP TATGGAAGTACAGCAAGAATGAT / 

TTTGTATAGTTCATCCATGCCATGTG 

 

6.2 Vectors provided for this PhD thesis 

6.2.1 Entry vectors 
Vector (source) Selection Purpose 

pDONR207 (invitrogen) Gent GatewayTM-cloning 

6.2.2 Plant and E. coli vectors 
Vector (source) Selection 

(E. coli /plants) 
Purpose 

pB7-AHK1pro-mCherryNLS 
(Katharina Caesar)  

Spec / Basta test AHK1 promotor 
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pH7FWG2-AHK1 (Jakub Horak)  Spec / Hyg 35S::AHK1-GFP 
pABind-AHK1-GFP  Spec / Hyg lexA-4635S::AHK1-GFP 
pB7-RD29Bpro-NLSmCherry 
(Manikandan Veerabagu)  

Spec / Basta RD29B::mCherry 

pUC57-AHK1ED (GenScript)   Amp  codon-optimized (c.o.) 
AHK1ED 

pDONR207-BRI1-S1172A   Gent  GatewayTM-cloning 
pDONR207-BRI1-S1172E   Gent  GatewayTM-cloning  

 
E. coli expression vectors 

(producer) 
Selection Purpose 

pMH-HSsumo-AHK1ED-6xhis Amp E. coli expression vector for 
AHK1ED 

pETM41-MBP-AHK1ED-6xhis Kan E. coli expression vector for 
AHK1ED 

   
 

6.2.3 Vectors which have been generated during the Ph.D. thesis 

Vector (source) Selection Purpose 

pABind-BRI1-S1172A Spec GatewayTM-cloning 
pABind-BRI1-S1172E Spec GatewayTM-cloning 
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6.2.4 Vector maps 
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7 Erklärung 

1.21.1- 1.21.2 Experimente wurden von mir an der Universität Freiburg, mithilfe der Geräte und 

Protokolle der AG Hiltbrunner, durchgeführt. Protokollansprechpartner: Philipp Schwenk. 

1.21.3 Experimente wurden von mir durchgeführt, mithilfe der Geräte und Protokolle der AG 

Markmann. Protokollansprechpartner: Moritz Sexauer. 

1.22.2 Massenspektronomie wurde von Dr. Mark Stahl durchgeführt 

Eine Erklärung über den Rahmen der gemeinschaftlichen Arbeit, die Namen der Mitarbeiter 

und deren Anteil an dem Gesamtprojekt und die Bedeutung der eigenen Beiträge für die 

Gemeinschaftsarbeit. 
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