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Abstract

A continuously increasing world population, a simultaneously decreasing area of
arable land, con�icts and global warming are only a few threats for the global
food supply. Deeper knowledge in the plant-microbe interface can help to protect
plants against biotic stress, decrease yield loss through adequate safety strategies
and is one possible way to feed humanity.

Plants possess a complex system to interact with their environment and to survive in
their particular ecological niche. Limited resources need to be distributed between
growth, developement and defense. Di�erentiation between friend and enemy, with
a reliable information uptake for a adequate immune reaction, is existential to
spare energy. Di�erent sets of extracellular and intracellular receptors thereby
sense and process abiotic and biotic signals.

In this work, 83 bacterial strains were screened for immuno-stimulating activity in
the model plant S. pennellii. The release of ethylene, a defense hormone, was used
as stress indicator. Activity-based puri�cation led to the isolation of maculosin, a
small molecule produced by many organisms across di�erent kingdoms.

Further investigations about the quantity of maculosin over the fermentation
process and the comparison to the initial screen result revealed a di�erence in
the activity. At least two di�erent compounds were present in the analyzed crude
culture broth, which both caused ethylene production inS. pennellii. One bacterial
derived and still concealed substance and the identi�ed maculosin, originated
from the peptone medium.

Maculosin is so far unknown to induce ethylene production and callose deposition
in S. pennellii. Additionally, �ve derivates of maculosin were tested for ethylene
releasing activity. Even cyclo(L-Phe-L-Pro) the closest derivate to maculosin,
lacking only a hydroxy group, did not show activity. This result underlines the
importance of single functional groups in small molecule signaling.

A compilation of di�erent plants were also tested for stress response due to the
treatment of maculosin and its derivates. Except maculosin inS. pennellii, no
other stress induction could be monitored. This property ofS .pennellii indicates a
speci�c receptor in this plant. With a forward genetic screen the receptor location
of maculosin was narrowed down to a part of chromosome 7.



As additional part of this work, �rst puri�cation steps were performed to isolate
the ethylene-inducing compound out of the culture broth of anEnsifer species.
Activity-based puri�cation of the supernatant led to two stress causing peptides,
one of it with less than 10 kDa in size.

Using the example of maculosin, this work contributes to a better understanding in
plant microbe interaction, especially in plant-mediated recognition and response
to small signal molecules. It further provides a �rst puri�cation protocol for two
potential Ensifer derived elicitors recognized byS. pennellii and S. lycopersicum
M82 respectively.
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The overall world population continues to grow. With 7.7 billion people 2019 and

a prediction of almost 11 billion people in 80 years. In 2020, already 9.9 % of

the global population faced undernourishment, most of them in Asia and Africa

[1]. The COVID-19 pandemic, con�icts and extreme weather such as �ooding,

drought and a rise of temperature caused by climate change are some of the major

drivers of food insecurity [2]. Additionally, due to pests a crop failure about

20-40 % yearly is estimated [3].

With a simultaneously growing population crop losses are an even bigger threat,
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1.1. Plant innate immunity

especially when urbanization and changing climate conditions further restrict arable

land areas and promote plant disease spreading [4] [5].

Crop plants are also necessary for other raw materials. In addition to global

food supply, they further provide �bers such as cotton and �ax, drugs, for example

morphine, chemical base products like bioethanol and more. A better understanding

of the plant as part of the ecosystem, its structure and the interaction with the

environment is a key to successful plant cultivation and with that, the basis for

human life. Modern techniques such as gene editing enable us to engineer more

resistance crops, higher yields and can further help to speed up plant adaption to

new and more extreme environmental conditions [6] [7]. Crop engineering is one

e�cient opportunity to face upcoming threads of food insecurity, including those

of climate change. However, the key is to understand the molecular mechanism

underlying the interaction between plant and microbes.

1.1 Plant innate immunity

The earth bears a plethora of di�erent ecosystems. Plants evolved di�erent

strategies to thrive in diverse environments. Although di�erent species are unique

in development, physiology and secondary metabolites, all higher plants rely on

their innate immune system to deal with biotic threats, such as bacteria, viruses,

fungi, oomycetes and insects [8] [9].

Besides physiological barriers, such as a cuticule or a rigid cell wall, plants possess

an array of pattern recognition receptors (PRRs) located on the plasma membrane.

PRRs monitor the apoplastic space in order to detect microbe-associated molecular

patterns (MAMPs), conserved molecular structures typical for classes of microbes

and not limited to pathogens. PRRs are classi�ed into receptor-like kinases (RLKs)

and receptor-like proteins (RLPs) which together can recognize a wide range of

molecular patterns. Both classes share an extracellular ligand-binding ectodomain

and a transmembrane domain. RLKs have an additional intracellular kinase domain

[10] [11]. Extracellular domains vary in their structure and ligand composition,
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1. Introduction

e.g. leucine-rich repeat (LRR) ectodomains generally sense proteinaceous immuno-

genic patters. LysM-domain receptors recognizeN-acetylglucosamine containing

ligands like fungal chitin or bacterial peptidoglycan, and the extracellular lectin-

domain binds conserved bacterial lipopolysaccharides [12].

Beyond immunity, RLKs are also functionally involved in various developmental pro-

cesses. The LRR-RLK BRASSINOSTEROID INSENSITIVE-1 (BRI1) for example

functions as a receptor for endogenous bassinosteroid hormones to modulate plant

growth. Beside its requirement for LRR-RLP function, LRR-RLK SUPPRESSOR

OF BIR1-1 (SOBIR1) is a negative regulator of �oral organ shedding [13].

Upon ligand perception, RLKs and RLPs need to form a complex with co-receptors

of the SERK family e.g. BRI1-ASSOCIATED KINASE-1 (BAK1) or SOBIR1 to

transfer the received signal into the cell [14]. One of the best studied examples isthe

recognition of �g22, one active epitope of bacterial �agellin, by the FLAGELLIN

SENSING 2 (FLS2) receptor. The presence of �g22 releases the BAK1 negative

regulators BAK1-INTERACTING RLK-2/3 (BIR2 and BIR3), which leads to a

FLS2-BAK1 heterodimerization followed by BOTRYTIS-INDUCED KINASE-1

(BIK1) activation. BIK1 dissociates from the FLS2-BAK1 complex and phosphory-

lates RBOHD to initiate ROS production. In addition, BIK1 associates with other

RLCK VII members and activates the mitogen-activated protein kinase (MAPK)

cascade and further downstream signaling [12].

This process is also referred to as pattern triggered immunity (PTI) and includes

beside ROS release and MAPK activation manifold defense reactions, e.g. stomata

closure, defense hormone activation, callose deposition and the secretion of secondary

metabolites and hydrolytic enzymes [15]. Since the active elicitor epitope �g22 is

embedded in the �agellin polymer, the secretion of hydrolases actively unleash the

immunogenic compound and further promotes PTI defense [16].

PTI is considered as su�cient to ward of non-adapted microbes and causes broad

spectrum resistance [12]. However, adapted pathogens are able to undermine

this defense mechanism, either by interfering with the recognition at the plasma

membrane level or by suppressing PTI through e�ectors. E�ectors are usually
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1.1. Plant innate immunity

small proteins secreted from pathogens into the cell apoplastic space or cytoplasm

of the host, via penetration of the cell wall with haustoria (fungi, oomycetes

and parasitic plants) or the type III secretion system (bacteria) causing e�ector

triggered susceptibility (ETS) [17].

Various targets in the PTI downstream signaling are described. E.g. AvrB and

AvrRpm, e�ectors of Pseudomonas syringae, target the early signaling process

through RIN4 (RPM1-interacting protein4) phosphorylation. RIN4 is located on

the plasma membrane and negatively regulates PTI. This leads to an enhanced RIN4

activity and a decreased PTI activation [18]. The e�ector XopD fromXanthomonas

campestris represses theArabidopsis thaliana(hereafter referred asArabidopsis)

transcription factor AtMYB30, which is located in the cell nucleus and acts as

positive regulator of cell death associated response. This results in suppression

of hypersensitive response (HR) and plant defense [19].

Plants in turn respond to the threat with intracellular nucleotide binding leucine

rich repeats (NLRs) which directly or indirectly detect the presence of e�ectors

and induce e�ector triggered immunity (ETI), a strong defense reaction, which

often leads to a HR and programmed cell death. The observation of no direct

binding between nucleotide-binding domain leucine-rich repeats (NB-LRRs) and

Avr proteins in many cases led to the �guard hypothesis�, which suggests NB-

LRRs are negatively regulated by their guardees. E�ector binding then results

in the activation of a resistance (R) protein and ETI induction [20]. Indirect

recognition is known for example from theArabidopsisNLR RPM1, which guards

RIN4 and triggers ETI after recognition of the e�ectors AvrB and AvrRpm1[18].

However, also direct e�ector recognition was found from the downy mildew pathogen

Hyaloperonospora arabidopsidise�ector ATR1, which is detected by the TNL

RPP1 from Arabidopsis [21].

The concept that disease resistance in plants requires two complementary genes,

an avirulence (Avr) gene in the pathogen and a matching R gene in the host is
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1. Introduction

called the `gene for gene hypothesis'. Plants activate defense mechanisms upon R-

protein-mediated recognition of pathogen-derived Avr products [22]. This suggests

e�ectors and ETI as more species speci�c [17].

1.1.1 PTI and ETI - a two-branched immune system

Since years plant innate immunity has been described as two layers of defense,

including PTI and ETI. While PRRs located on the plasma membrane caused PTI

upon MAMP perception and broad-spectrum resistance. ETI was triggered species

speci�c and inside the cell by intracellular immune receptors, such as NLRs.

To illustrate the evolutionary relationship between PTI and ETI, a so called zig-

zag model was proposed. This model contains 4 phases: Phase 1, MAMPS are

recognized by PRRs resulting in PTI. Phase 2, successful pathogens deploy e�ectors,

suppress PTI and cause ETS. Phase 3, e�ectors are recognized by NB-LRRs and

trigger ETI. Phase 4, natural selection drives pathogens to new e�ectors and plants

to new NB-LRRs [23]. However, this model is based on the assumption of a clear

di�erence between PTI and ETI.

Nevertheless, the model of two independent branches of immunity has its limitations.

For example, it does not explain the �nding, that also the cell-surface receptors

Cf-2, Cf-4, Cf-5 and Cf-9 inSolanum lycopersicumsense e�ectors, secreted by the

leaf mold pathogenCladosporium fulvum[24]. Furthermore, also some e�ectors are

known to be conserved, e.g. the LysM e�ector Ecp6, secreted byC. fulvum, which

suppresses chitin-triggered immunity. This e�ector is conserved in theC. fulvum

family with orthologs across the fungal kingdom [25] [26]. The two-branched innate

immune system with its classi�cation of MAMPs or e�ectors based on their mode

of action or their occurrence is therefore inaccurate [27].

To overcome classi�cation issues, di�erent de�nitions of immunogenic patterns

have been suggested. For example Vleeshouwers and Oliver [28] de�ned elicitors,

host-speci�c toxins and e�ectors as e�ectors including every immunostimulating

substance: `. . . e�ectors as pathogen-produced molecules that have a speci�c

e�ect on one or more genotypes of a host or non-host plant.' However, a new
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de�nition can not explain other issues, namely the question whether there is a

clear border between the two branches PTI and ETI [27] [29] [30]. The overlap

between PTI and ETI immune responses in cell wall forti�cation through callose

and lignin or the production of antimicrobial secondary metabolites are only two

examples for this doubt [31]. Beside that, lately �ndings exhibited a connection

between both defense mechanisms.

1.1.2 Two branches connected

PTI and ETI are activated in di�erent compartments, involve di�erent early signaling

cascades but rely on similar sets of genes. Recent studies show that intracellular

receptors primarily potentiate the signal of PTI. HR for instance, requires NLR

signaling, but is reinforced by the activation of PRRs [32]. Furthermore, the ROS

production by the NADPH oxidase RBOHD is proposed as connection between

PRR- and NLR- mediated immunity [33].

Pruitt et al. [34] published that the EDS1-PAD4-ADR1 node, located on the

inner side of the plasma membrane, is essential for for PTI and ETI immunity.

They further hypothesize that cell surface LRR-RLPs and NLRs share a genomic

organization into gene clusters. Both receptor types further have a largesequence

diversity which could be evolved by similar evolutionary dynamics. All those data

point to a new understanding of plant innate immunity.

However, due to its complexity, the plant has to be understood as a whole organism

with a limited amount of resources and a permanent balance between development,

growth and defense [35]. Many autoimmune mutants are reported inArabidopsis,

caused by the up regulation of NB-LRR Proteins and are often linked with dwar�sm

and spontaneous cell death [36] [37]. Additionally, a single gene can in�uence the

plant development as well as the regulation of immunity. The ERECTA (ER) gene

for example, controls plant growth and beside that, is a regulator for resistance

to Plectosphaerella cucumerinain Arabidopsis [38] [29].
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1.1.3 Perception and action, the Danger model

A recently proposed model, which is referred to the metazoans, overcomes the

limitations of the PTI/ETI framework. This model categorized every pattern

leading to a immune response as danger signals and is therefore called `Danger

model' [29] [30] [39].

Danger signals can be divided into three di�erent groups; exogenous (non-self),

endogenous (self) and abiotic stressors. The latter one has been described, but isnot

established so far. Exogenous signals contain all patterns fom microbes (MAMPs),

herbivores (HAMPs), nematodes (NAMPs) and parasitic plants (ParAMPs) as well

as recognized e�ectors. Endogenous signals can be further divided into primary

endogenous danger signals, which consist of all kinds of DAMPs, and secondary

endogenous danger signals or immunity modi�ers. Immunity modi�ers include plant

endogenous peptides which are secreted actively and shape the immune responses

upon infection, such as systemin in tomato [40] and the plant elicitor peptides

(Pep) found in Arabidopsisand later in maize [41] [42]. Based on the analogy in

metazoans, these immune shaping molecules should be termed phytocytokines [30].

This model also suggests that the presence of an elicitor is not su�cient for a strong

immune response and therefore follows the new paradigm. It proposes additional

signals released during the infection process as required for proper defense [43].

This model also provides a plausible explanation to the fact, that a plant with a

bacterial microbiome does not show any symptoms of permanent stress [30] [34].

1.2 Phytohormone regulation in plant defense

Phytohormones are small signal molecules which act in low concentrations. They

are essential for the regulation of plant growth, development, reproduction and

defense. Typical phytohormones are ethylene (ET), jasmonic acid (JA), salicylic

acid (SA), auxines, cytokinins, abscisic acid (ABA), gibberellins and brassinosteroids

[31]. All phytohormones have multiple functions in physiological and developmental

processes. E.g. ET mediates seedling emergence, leaf and �ower senescence, fruit
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ripening and organ abscission. However, ET together with JA and SA is also known

for its functions in plant immunity [44]. Those hormones act in antagonistic or

synergistic manner and arbitrate a wide range of adaptive plant responses. Defense

reactions can be divided into local and systemic [31].

1.2.1 Local defense

Apart from abiotic stress caused through high radiation, high salt concentration,

drought or stagnant moisture, Et, JA and SA are key players for a proper response

to biotic stress like pathogenic infections. Pathogens can be divided into biotrophs

(derive nutrients from living cells) such asC. fulvum and Blumeria graminis,

necrotrophs (derive nutrients from dead cells) like the fungiBotrytis cinerea and

Leptosphaeria maculans, and hemibiotrophs (derive nutrients from living cells during

an initial state of infection and kill the host cell in a later stage) such as the fungus

Ustilago maydisand the oomycetePhytophthora infestans[28]. An appropriate

quantity and composition of ET, JA and SA, together with the timing eventually

determines the nature and e�ectiveness of the response and varies on one hand

among plant species and on the other on the lifestyle and infection strategy of the

invader [45]. Upon biotrophic attack, the plants respond with a strong SA response,

HR and cell death. This strategy however would fuel necrotrophic attackers [46].

Necrotrophs therefore have to be distracted by a di�erent set of defense responses,

which are initiated through an ET and JA mediated signaling pathway. SA has

therefore an antagonistic e�ect on JA, whereas ET acts with JA mostly in a

synergistic manner [31]. In parallel to necrotrophs, the wound response which is

triggered against insect herbivores is regulated by a JA dependent pathway [47][48].

1.2.2 Systemic defense

Systemic resistance is besides the direct defense mechanisms a plant reaction to

biotic stress conditions. This process occurs in order to prime distant cells against

pathogenic invaders. Two di�erent forms are described.
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Systemic aquired resistens

Upon pathogenic attack, the plant triggers so called systemic acquired resistance

(SAR), a long lasting and broad spectrum defense mechanism. An induction of SAR

occurs locally, at the side of infection and systemically in distant plant tissue and

involves increased levels of SA. A speci�c set of pathogenesis-related protein(PR)

genes gets activated, which encodes proteins with antimicrobial activity [49] [50].

Induced systemic resistance

Bene�cial soil-borne microorganisms like mycorrhizal fungi and plant growth-

promoting rhizobacteria induce a state of induced systemic resistance (ISR). In

this case, the plant is stimulated for enhanced defense, although PR genes itself

are not activated. ISR is regulated by JA and ET [51].

1.2.3 Phytohormones produced by microorganisms

The complex interplay between the phytohormones enables the plant to react to

biotic stressors in a adequate mode. However, also some non-pathogenic bacteria

as well as host adapted pathogens are able to in�uence the hormone signaling by

the plant. While Pseudomonas putidapromotes root growth with the release of

auxin, the Crown Gall disease-causing pathogenAgrobacterium tumefaciensas well

asAgrobacterium rhizogenes, Pseudomonas savastanoiand Pantoea agglomerans

use IAA for uncontrolled cell proliferation and promotion of virulence [52].

1.3 Phytotoxins

Especially plant pathogens with a necrotrophic or hemibiotrophic lifestyle are known

to produce and secrete phytotoxins as strategy to conquer and �nally kill the host

plant [53]. Phytotoxins cover a wide group of substances, from small molecules like

sclerin, produced by the fungusSclerotinia sclerotiorum[54] to proteins, for instance

NEP1-like proteins (NLPs), which were �rst found in the culture broth of Fusarium

oxysporum[55] [56]. Defense responses to toxins are similar to those activated
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by e�ectors including ET biosynthesis, ROS accumulation, callose deposition,

extracellular alkalinization and phytoalexin synthesis, since the pathways of the

defense hormones ET, JA and SA are overlapping and a�ecting each other [57].

1.3.1 Mode of action - targets of toxins

A number of cellular targets are known for their interaction with phytotoxins,

showing versatile ways to overcome the plant cell [58]. The AAL-toxin for example

undermines membrane integrity through inhibition of sphingolipids biosynthesis in

leaves [59]. Photosensitizers like cercosporin, elsinochrome A and rubbellin D absorb

light energy and generate ROS to damage the plant cell [60]. Tentoxin, produced

by Alternaria species targets the ATP-hydrolysis in chloroplasts, which causes an

energy breakdown inside the cell [61].Ustilago maydiscauses tumor induction

through the production of high concentrations of the signal molecule auxin [62].

Victorin, produced by the fungusCochliobolus victoriaeinhibits mitochondrial

photorespiration [63].

Recognition of phytotoxins occurs either indirect through disruption of the cell

integrity and DAMP release or direct through NB-LRR receptor proteins. In-

terestingly, NB-LRR receptor proteins itself, known for their function in disease

resistance, can act as target of virulence factors and cause susceptibility.Oat

plants containing the R gene Pc-2 show resistance against the rust fungusPuccinia

coronata. The same gene induces susceptibility to the pathogenCochliobolus

victoriae. Victorin thereby induces resistance-like physiological changes, e.g. callose

deposition, ethylene accumulation, ROS burst and others [57].

However, similar to e�ectors, not all toxins activate defense responses. Deoxyni-

valenol (DON) for instance, a family member of trichothecenes is produced by

necrotrophic Fusarium species, acts as translational inhibitor in ribosomes without

induction of defense [64]. In some cases, i.e. the host-speci�c phytotoxin maculosin,

produced byAlternaria alternata, a detailed mechanism remains unclear.
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1.3.2 Toxins as natural herbicides

Phytotoxins exhibit various biological activities against plants and weeds. This

makes them to a potential source of biological herbicides.

Many microbe-derived herbicides have been found during the last years, but only

few ful�ll the requirements for a widespread use [65]. Maculosin for instance has

been found in the fungusA. alternata among other microbes [66] [67]. This simple

cyclic dipeptide composed of L-trypthophan and L-prolin has been considered as

speci�c herbicide against spotted knapweed, an invasive plant in the United States

[68]. However, the substance was not as e�ective as expected in the beginning.

Another example is the recently found 7-deoxy-sedoheptulose (7dSh) produced

by Synechococcus elongatus. This sugar acts as inhibitor of the dehydroquinate

synthase as part of the shikimate pathway and is discussed as a potential alternative

to the controversial use of glyphosate [69].

1.4 Aims of the thesis

In this study we investigate the recognition of 83 non-pathogenic soil bacteria in

the tomato lines Solanum pennelliiand Solanum lycopersicumM82, in order to

�nd and purify a novel ethylene-eliciting substance. The defense hormone ethylene

is used as stress indicating output. This study further explores activity relevant

structural motifs of the puri�ed molecule and localizes gene targets involved in

the perception process via a forward genetic screen.

11



2
Materials and Methods

Contents

2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.1 Bulk chemicals . . . . . . . . . . . . . . . . . . . . . . . 12
2.1.2 Other chemicals . . . . . . . . . . . . . . . . . . . . . . 13
2.1.3 Media . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.1 Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.2 Plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Biochemical Methods . . . . . . . . . . . . . . . . . . . 15
2.3.2 Bioassays . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.4 Data bases and software . . . . . . . . . . . . . . . . . . 19

2.1 Materials

2.1.1 Bulk chemicals

ˆ Water (HPLC grade), methanol (HPLC grade), ethanol (HPLC grade), n-

butanol (HPLC grade), dichlormethan (HPLC grade), ammonium sulfate (99

%, crystalline). The chemicals were purchased from Carl Roth.
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2.1.2 Other chemicals

ˆ Luminol mastermix (1 mL): 986µL H2O, 10 µL Luminol L-012 20 mM, 4µL

peroxidase (5 mg/mL).

ˆ Rotiphorses Gel 30 (Carl Roth, Karlsruhe): 30 % acryl amide solution

2.1.3 Media

All Media were used after autoclaving, with a pH 7.3. For plates, 15 g/L agar was

added.

ˆ Tryptic soy broth (TSB) ready to use powder: 23 g/L.

ˆ Super optimal broth (SOB): 20 g/L Bacto tryptone, 5 g/L yeast extract, 0.5

g/L NaCl, 0.16 g/L KCl, 10 mL/L MgCl 2 (1 M), 10 mL/L MgSO 4 (1 M).

ˆ Peptone medium: 17 g/L casein peptone, 2.5 g/L glucose, 2.5 g/L NaCl, 2.5

g/L K 2HPO4.

ˆ Minimal medium: 2.5 g/L NaCl, 2.5 g/L K 2HPO4, 2.5 g/L glucose, 2.5 g/L

(NH4)2SO4.

2.2 Organisms

2.2.1 Bacteria

20 µL Bacterial suspension (glycerol stock) was grown on a agar plate. After two

days one colony of each strain was added to 3 mL of liquid culture, containing

the same growth medium. After incubation (28°C, 200 rpm), the preparatory

culture was added into 2 L �asks with 500 mL of sterile growth medium. The

grown Bacteria were harvested after 3 days.

Cells were separated from the supernatant via centrifugation (5000- 18000 rpm,

20 min). The cell pellet was resuspended in 2-(N-morpholino)ethanesulfonic acid

(MES) bu�er (30 mM, pH 5.7) and solubilized with a sonicater (65 % amplitude, 3

s pulse frequency until 2 KJ). The decomposed cell residues were removed.

13



2.2. Organisms

2.2.2 Plants

Solanum lycopersicum cv. M82, Solanum pennellii and the introgression
line mapping population

All used tomato plants were grown in a greenhouse (16 h light, 22°C and 30- 40 %

humidity), on Arabidopsis-soil. Leafs of the plants were used after 4- 5 weeks.

Table 2.1: Insertion lines of the mapping population*

Chromosome Insertion lines

1 1-1, 1-3, 1-4
2 2-1, 2-2, 2-4, 2-5, 2-6
3 3-1, 3-3, 3-4, 3-5
4 4-1, 4-2, 4-3, 4-4
5 5-1, 5-2, 5-3, 5-4, 5-5
6 6-2, 6-4
7 7-1, 7-2, 7-3, 7-4, 7-5, 7-5-5
8 8-1, 8-2, 8-3
9 9-1, 9-2, 9-3
10 10-1, 10-2, 10-3
11 11-1, 11-2, 11-3, 11-4
12 12-1, 12-2, 12-3, 12-4

*The material was developed by and/or obtained from the UC Davis/C.M. Rick

Tomato Genetics Resource Center and maintained by the Department of Plant

Sciences, University of California, Davis, CA 95616.

Arabidopsis thaliana

The A. thaliana ecotype Col-0 (ICE73) plants were grown in a growth chamber

(8 h light, 22 °C and 40- 60 % humidity) on GS90-soil containing gnatrol. Leafs

of the plants were used after 5 weeks.

Other plants

The following plants were grown in a growth chamber (8 h light, 22°C and 40 - 60 %

humidity) on potting soil: Lotus japonicus, Brassica napus, Brassica oleracea,

Solanum tuberosum(Désiréé), Centaurea stoebe, Centaurea cyanus, Capsicum
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annuum, Helianthus annuus, Lactuca, Marian thistle, Solanum lycopersicum(Aunt

Ginnys Purple Tomato). The leafs of the plants were used after 5 weeks.

Soil types

Arabidopsis-soil: 70 L CL Topf (Patzer Erden, Sinntal-Altengronau) and 8 L

sand (Flammer Bauunternehmung GmbH & Co. KG, Tübingen) were mixed and

sieved (8 x 10 mm).

GS90-soil: 70 L CL Topf grob 1+1 (Patzer Erden, Sinntal-Altengronau) and

10 L Palabora-vermiculite (Isola Vermiculite GmbH, Sprockhövel) were mixed,

sieved (8 x 10 mm) and steamed.

2.3 Methods

2.3.1 Biochemical Methods

Ion exchange chromatograhpy (IEC)

An Aekta pure fast protein liquid chromatography (FPLC) system (Cytiva) was

used for ion exchange chromatography (IEC). Bu�ers were prepared according

to the manufactureres protocol.

AIE : The strong anion exchange chromatography column, HiTrap Q Fast Flow

5 mL column (Cytiva) was used with TRIS-HCl (20 mM, pH 8.5) as bu�er A

and TRIS-HCl (20 mM, pH 8.5) + NaCl (1 M) as elution bu�er B. The column

was washed with 25 mL bu�er A (5 mL/min) and 200 mL sample (pH 8.5) was

loaded to the column (5 mL/min). After washing the column with 25 mL bu�er

A, a three steps gradient was used (30 %, 60 % and 100 % bu�er B, 5 mL/min)

for elution. All fractions were collected.

CIE : The strong cation exchange chromatography column, HiTrap SP Fast Flow

5 mL column (Cytiva) was used with MES (50 mM, pH 5.5) as bu�er A and

MES (50 mM, pH 5.5) + NaCl (1 M) as elution bu�er B. The column was washed

with 25 mL bu�er A (5 mL/min). 200 mL sample was adjusted to pH 5.5 and

loaded to the column (5 mL/min). After washing the column with 25 mL bu�er
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A, a three steps gradient was used (30 %, 60 % and 100 % bu�er B, 5 mL/min)

for elution. All fractions were collected.

Size exclusion chromatography (SEC)

3 mL of sample (450 mg/mL) were applied on a 73 cm sephadex LH-20 agarose gel

packed column. MeOH was used for elution (1 mL/min). Fractions were collected

over night in 15 min intervals with a automated fraction collector.

High performance liquid chromatography (HPLC)

A HPLC System (Agilent Technologies Deutschland GmbH, Waldbronn) was used

with a semi preparative reverse phase C18 column (particle size 5µm, 10 mm

diameter, Dr. Maisch) for liquid chromatography, with methanol (HPLC grade) as

bu�er A and water (HPLC grade) as elution bu�er B. 50 µL (1 mg/mL) sample was

applied via injection loop. Absorption was monitored with a DAD-detector (DAD-

3000RS). Fractions were collected via a fraction collector (Ultimate AFC-3000).

SDS-page

The sodium dodecyl sulfate-polyacryl amide gel electrophoresis for proteins from

10 - 100 kDa was performed like described in LAEMMLI [70] and Sambrook [71].

15 % separating gels and 5 % stacking gels were applied in a BioRad chamber

system (25 mA, 1 h). 5µL of a prestained PageRuler protein ladder mix (Thermo

Fisher Scienti�c, Karlsruhe) was used as size marker.

Mass spectrometry compatible silver stain

The performed SDS page was �xed (1 h) in a mixture of 50 % MeOH, 12 %

CH3COOH, 0.5 mL/L HCOH and H2O, followed by washing (3 x 20 min) with

50 % EtOH. The gel was pretreated (~1 min) with 0.2 g/L of Na2S2O3 x 5 H2O.

After washing with H2O, impregnation was carried out (1 h) using a solution of 2

g/L AgNO 3, 0.75 mL/L 37 % HCOH. The washing step, with distilled water, was

repeated. The gel was developed (~5 min) with a solution of 60 g/L Na2CO3, 0.5

mL/L 37 % HCOH and 4 mg/L Na2S2O3. After rinsing the gel with distilled water,
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the reaction was stopped with a solution of 50 % MeOH and 12 % CH3COOH.

All reagents were prepared freshly.

Enzymatic digest

50µL sample + 5 µL of Pronase E enzyme mix (VWR, Bruchsal) were mixed in a 1.5

mL micro reaction tube (Eppendorf, Wesseling) and incubated at 37°C over night.

Dialysis

Dialysis was performed with a 1 kDa cut-o� membrane tube (Thermo Fischer

Scienti�c, Karlsruhe). Preparation of the membrane was done according to the man-

ufactureres protocol. After loading the sample into the membrane, both sides were

capped with fasteners. The membrane was placed in a beaker containing 10 times

the bu�er volume. Equilibration was set at 6 °C over night, stirring with 20 rpm.

Protein precipitation

Ammonium sulfate crystalline (Carl Roth, Karlsruhe) was added to 2 L of culture

broth (~4 M). The precipitated protein was separated (5000 rpm, 5 min) and

resolved in MES bu�er (30 mM, pH 5.7).

Amberlite XAD16 resin extraction

100 g Amberlite XAD16 resin (Thermo Fischer Scienti�c, Karlsruhe) was activated

according to the manufacturers protocol and packed into a column. 1 L of sample

was �ltered through the column (3 mL/min). The resin was washed with 3 L of

distilled water. After elution with 200 mL MeOH, the solvent was removed via

rotary evaporator. A concentration of 450 mg/mL was set with MeOH as solvent.

Solid - liquid extraction

10 g of lyophilized supernatant were weight into a 50 mL Falcon tube. Extraction

was done with 3 x 30 mL solvent while rotating for 30 min at room temperature.

After removing the remaining solid, uni�ed extracts were dried and resolved in

MES bu�er (30 mM, pH 5.7).
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2.3.2 Bioassays

Ethylene assay

Leafs of �ve weeks old plants were cut into rectangles of 0.5 x 0.7 cm and stored in

distilled water over night. Three leaf pieces were put into a test tube containing

400 µL of MES bu�er (30 mM, pH 5.7). After adding the sample, the tube was

sealed with a rubber septum. Incubation took 3-4 hours on a shaker, with a rate

of 125 rpm. One mL of air was injected to a gas-phase chromatograph (Shimazu,

Reinach). The concentration of ethylene was measured in ppm.

Reactive oxygen species assay

Leafs of �ve week old plants were cut into squares of 0.5 x 0.5 cm and storedin

distilled water over night. One leaf piece was added into every well of a 96 well plate,

containing 90µL of a luminol master mix. After 30 min of equilibration in the dark,

10µL of the samples was added and the ROS production was measured via a Mithras

LB 940 luminometer (Berthold Technologies, Bad Wildbad) in 1 min intervals.

Callose deposition assay

The method was adopted and modi�ed from [72]. The leafs ofS. pennellii plants

were in�ltrated with di�erent concentrations of a maculosin dilution. PEN (5

mg/mL) was used as a positiv control. After 72 h in�ltrated tissue was removed

using a cork borer and bleached with 95 % EtOH. Bleaching took place in an

incubator at 37 °C until no chlorophyll was left. The leaf disks then were washed

with 70 % EtOH and distilled water. Staining was performed using a solution of

0.2 % Anilin blue in 150 mM K2HPO4, pH 9.5. and incubated over night at 8°C,

protected from light. The stained leaf disks were placed on glass slides, mounted

with 50 % Glycerol and covered with a cover glass. Fluorescence was determined

by a AXIO ZOOM V.16 microscope (Zeiss, Jena) with an UV-DAPI �lter.
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2.4 Data bases and software

BLAST data base, Solgenomics.net, R, R Studio and R Markdown (Thesis Template

for R Markdown [73]), Unicorn control software (FPLC), Chromeleon control

software (HPLC)
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3. Results

3.1 Screen for ethylene-inducing substances in a
collection of rhizosphere bacteria

A collection of 83 bacterial strains, isolated from the rizhosphere of a �eld grown

Arabidopsis thaliana, was tested for immunostimulating substances in the tomatoe

ecotypesSolanum pennelliiand Solanum lycopersicumcv. M82, hereafter called

M82. The collection was provided by Paul Schulze-Lefert (MPI, Köln). The

sequences of all strains are available in the BLAST data base [74]. For the two

tomato lines Eshed and Zamir [75] created a mapping population, which includes

50 introgression lines with a M82 background andS. pennellii insertions distributed

on all 12 chromosomes. The sequence of every line is available on solgenomics.net.

Those tools allow to trace back a trait di�erence betweenS. pennellii and M82 to

its location on the chromosome and further qualify trait related genes.

Ethylene production served as output and indicator for a present receptor-ligandpair.

Samples which revealed ethylene activating properties were retested. Untreated

culture broth was used as control. Ethylene concentrations two times higher

than the control or with minimum 1 pmol ethylene/ml air were evaluated as

active. An overview of the activity screen is provided in table 3.1. Additionally,

all strains were explored for �agella by comparing the protein sequence of �g22

(QRLSTGSRINSAKDDAAGLQIA [76]) with the respective strain sequence in

the BLAST data base.
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Table 3.1: Overview of the tested rizosphere bacteria, their immunostimulant property
and the �g22 sequence comparison

Stock ID Strain ID Genus Flagellin* S. pennellii M82

1A1 Root9 Pseudomonas X 1 x2 x
1A2 Root73 Rhizobium x x x
1A4 Root172 Mesorhizobium X x x
1A6 Root329 Pseudomonas x x x
1A8 Root480 Rhodanobacter X x x
1A9 unknown unknown -3 - -
1A10 Root627 Rhodanobacter X x x
1A11 Root670 Bosea X x x
1B2 Root74 Ensifer x x x
1B3 Root127 Ensifer x x x
1B4 Root179 Rhodanobacter x s4, bs5 x
1B5 Root258 Ensifer x s x
1B8 Root562 Pseudomonas X s, bs, c6 x
1B9 Root482 Rhizobium x x x
1B10 Root630 Pseudoxanthomonas X s bc7

1B12 Root916 Lysobacter x x x
1C1 Root31 Ensifer x x x
1C2 Root76 Lysobacter x s, bs x
1C3 Root133 Massilia X x x
1C5 Root267 Acidovorax X x x
1C6 Root342 Caulobacter X x x
1C7 Root411 Variovorax x x x
1C8 Root491 Rhizobium X x x
1C9 Root564 Rhizobium X x x
1C11 Root685 Devosia x x x
1C12 Root919 Cupriavidus - - -
1D1 Root50 Sphingomonas X x x
1D2 Root77 Phenylobacterium X x x
1D3 Root142 Ensifer x x x
1D5 Root268 Rhizobium x x x
1D9 Root565 Achromobacter X x x
1D10 Root651 Rhizobium x s s
1D11 Root690 Lysobacter x x x
1D12 Root954 Ensifer x x s
1E1 Root65 Pseudoxanthomonas X x x
1E2 Root83 Bordetella X s, bs, bc x
1E3 Root149 Rhizobium X s s
1E5 Root274 Rhizobium x x x
1E7 Root423 Ensifer x x x
1E8 Root552 Mesorhizobium X s, bs x
1E9 Root568 Acidovorax X s, bs, c, bc x
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Stock ID Strain ID Genus Flagellin* S. pennellii M82

1E12 Root983 Lysobakter x s x
1F1 Root68 Pseudomonas X x x
1F2 Root96 Lysobakter x x x
1F3 Root154 Sphingopyxis X x x
1F4 Root214 Sphingopyxis X x x
1F5 Root275 Acidovorax X x x
1F6 Root381 Bosea X x x
1F7 Root434 Variovorax x x x
1F8 Root554 Mesorhizobium X x x
1F9 Root569 Pseudomonas X x bc
1F10 Root656 Caulobacter X x x
1F11 Root700 Phenylobacterium X x x
1F12 Root1203 Rhizobium X x x
1G1 Root70 Acidovorax X x x
1G2 Root100 Aminobacter X x x
1G3 Root157 Mesorhizobium X x x
1G4 Root219 Acidovorax X x x
1G5 Root278 Ensifer x x x
1G6 Root401 Pseudomonas X x x
1G8 Root558 Ensifer x x x
1G9 Root604 Lysobacter x x x
1G10 unknwon unknown - - -
1G11 Root708 Rhizobium X x x
1H1 Root71 Pseudomonas X x x
1H3 Root170 Bordetella x x x
1H4 Root231 Ensifer x x x
1H6 Root402 Acidovorax X x x
1H7 Root473 Variovorax X x x
1H8 Root559 Lysobacter x x x
1H10 Root667 Lysobacter x s, bs x
2A2 Root1277 Phenylobacterium X x x
2A3 Root1334 Rhizobium x x x
2A5 Root318D1 Variovorax x s x
2B2 Root1279 Brevundimonas X x x
2B4 Root1485 Massilia X x x
2C1 Root1221 Rhizobacter X x x
2C2 Root1280 Acinetobacter x bs x
2C4 Root1497 Sphingopyxis X x x
2E2 Root1290 Phenylbacterium X s, bs bs
2F2 Root1294 Sphingomonas X x x
2G1 Root1252 Ensifer x s x
2G2 Root1298 Ensifer x s x
2G4 Root198D2 Duganella X x x
2G5 Root483D2 Rhizobium X s, bs x
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Stock ID Strain ID Genus Flagellin* S. pennellii M82

2H2 Root1312 Ensifer x x x

*based on the comparison with the BLAST data base (sequence: QRLSTGSRIN-

SAKDDAAGLQIA [76]).

1yes

2no

3unknown

4supernatant

5boiled supernatant

6cell extract

7boiled cell extract

The strains were grown and processed as described in the method section. After three

days of growth, the culture was harvested and cells and supernatant were separated

via centrifuge. The cell pellet was resuspended in MES bu�er and disrupted with a

sonicater. Remaining cell residues were removed. With this, every strain provided

two samples, the supernatant and the cell extract, in total 166 samples, whichwere

tested for ethylene inducing activity in the described tomato linesS. pennellii and

M82. Since boiling can either destroy the activity of a sample, e.g. by destroying

a necessary folding structure of a protein, or improve the accessibility of a poor

soluble compound, all samples were also tested after heat treatment (95°C, 10

min). Beside the presence and functionality of elicitors, other factors e.g. additional

secreted e�ectors can in�uence the ethylene response.

In total: 63 strains did not lead to a signi�cant ethylene response. 4 strains (1B10,

1D10, 1E3 and 2E2) showed activity in both tomato ecotypes. 2 strains (1D12 and

1F9) caused ethylene accumulation only in M82 and 14 strains (1B4, 1B5, 1B8, 1C2,

1E2, 1E8, 1E9, 1E12, 1H10, 2A5, 2C2, 2G1, 2G2 and 2G5) only inS. pennellii.

Due to several reasons, a decision for further puri�cation was done in favor ofthe

culture supernatants of the two strainsRhodanobacter(1B4) and Ensifer (2G2).
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First, the signi�cantly high ethylene responses of both samples appeared to be

dose dependent (Fig. 3.1 and Fig. 3.29). Furthermore, the activity of both strains

increased in an initial stage of fermentation and decreased in a later stage(Fig.

3.7). This time dependence suggests a substance produced by the strain. Second,

the sequence comparison of �g22 with the genome of both strains via the BLAST

data base indicated an elicitor di�erent from �agellin, because both strains lack

�agellin. For the tomato system, two active epitopes of �agellin are known, namely

�g22, recognized by the FLS2 receptor and �gII-28, perceived by the receptor FLS3

[77]. Since �agella are widespread within the bacterial kingdom, an exclusion of

this plant immunoactive protein in the strain of interest is indispensable. Even as

contamination, the presence of trace amounts of �g22 is su�cient to disturb an

activity based screen or puri�cation [78]. Third, because the immuno-reactions

seem to be di�erent in both tomato ecotypesS. pennellii and M82 (Fig. 3.1

and Fig. 3.29), the requirement for the use of the mapping population to �nd a

corresponding receptor was ful�lled. Finally, with the focus onS. pennellii, all known

bacterial derived elicitors for the tomato system can be excluded. Beside the two

active epitopes of �agellin, only the structurally conserved cold shock protein (csp)

with its active epitope csp22 is known to cause ethylene accumulation in tomato.

Csp22 activates the tomato receptor kinase cold shock protein receptor (CORE).

Interestingly, CORE was identi�ed with the same tomato mapping population as

used in this work [79]. The required phenotypic di�erence betweenS. pennellii and

M82 was ful�lled, due to the fact that csp22 is only active in M82 and not inS.

pennellii. Conversely, the focus on bacterial strains which showed ethylene producing

activity only in S. pennellii already exclude the possibility of csp22 as elicitor.

Taken together this �nding suggests a secreted elicitor fromRhodanobacer(1B4) as

well as formEnsifer (2G2) which can be recognized byS. pennellii but not by M82

and which are di�erent from the already known bacterial derived elicitors.
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3.2 Activity based puri�cation of the Rhodanobac-
ter (1B4) supernatant

3.2.1 Characterisation of the supernatant activity

A dose dependent ethylene production assay was performed with theRhodanobacter

supernatant as well as the cell extract (Fig. 3.1 and Fig. 3.2). The supernatant

was compared to the equal volume of untreated peptone medium as control. Also

higher volumes of medium did not induce a signi�cant ethylene production.

The fold change was calculated with the equation: fold change = supernatant/medium

and indicates the factor of the activity/background ratio, Fig. 3.1 B and D. With

increased volumes of supernatant a higher ethylene accumulation inS. pennellii is

visible, which suggests the active compound as bacterial-derived. Compared to the

medium, the M82 tomato does not react to theRhodanobactersupernatant in a

dose dependent manner. A clear di�erence between both tomato lines is exhibited.

A dose dependent ethylene bioassay was also performed for theRhodanobacter

cell extract, Fig. 3.2 A.

Compared to supernatant and medium, the cell extract does not trigger a signi�cant

amount of ethylene. This �nding suggests that a secreted molecule is recognized

by the tomato line S.pennellii. To explore, whether the active molecule is heat

sensitive, 1 mL of supernatant was boiled for 10 min at 95°C and tested in an

ethylene assay, Fig. 3.2 B. Two di�erent volumes were tested, 20µL and 50 µL.

Medium treated the same way was used as control. Although the total response

with nearly 0.9 pmol/mL air of 50 µL supernatant is not very high, the comparisons

before and after boiling indicates no e�ect of the heat treatment. The ethylene

concentration of the control medium are low as expected.

Additionally, an enzymatic digest with the proteolytic enzyme mix Pronase E was

performed. 5µL of enzyme mix were added to 50µL of supernatant and incubated

at 37 °C over night. The mixture was then tested for ethylene accumulation inS.

pennellii. The experiment was repeated several times but did not lead to a clear

result. There are several possible explanations for this observation: The conditions
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Figure 3.1: Dose dependent production of ethylene caused by theRhodanobacter
supernatant (green) compared to the peptone medium (black) as control.Every dot
represents the average of 3 replicates +/- S.D.. Grey dots illustrate the calculated fold
change (fold change = supernatant/medium). Plant leaf pieces were treated for 4 h. A :
Ethylene accumulation in S. pennellii. B : Fold change of the activity in S. pennellii. C:
Ethylene accumulation in M82. D : Fold change of the activity in M82. The experiment
was repeated three times with similar results.

were not optimal for a digest or the active compound is not of proteinogenic nature.

A negative digestion result does not exclude the possibility of a peptide. Cyclisation

or the exchange of L- with D- amino acids could also prevent an enzymatic digest.
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Figure 3.2: Dose dependent ethylene induction of theRhodanobactercell extract and
heat stability of the Rhodanobactersupernatant. Every dot represents the average of 3
replicates +/- S.D.. Plant leaf pieces were treated for 4 h. A : Ethylene accumulation
of the cell extract (blue), supernatant (green), and peptone medium(black) as control.
B : Heat stability of the Rhodanobactersupernatant tested in two volumes 20µL (grey)
and 50 µL (black), compared with peptone medium as control. Both experiment were
repeated three times with similar results.

3.2.2 Exclusion of �agellin

As already mentioned before, two di�erent epitopes of �agellin are known to

cause PTI in tomato. Preclusion of this ubiquitous bacterial protein, even as

contamination, is therefore of major importance. Beside the result of the BLAST

data base, a �g22 antagonistic experiment was conducted, Fig. 3.3. Chinchilla

et al. [10] described a peptide containing the sequence QRLSTGSRINSAKDD-

A-GLQIA, which is capable to block �g22-derived ethylene induction and was

provided from Professor Felix. An ethylene assay was performed with the antagonist

added 5 min before the supernatant. A concentration of 10µM antagonist could

not block the ethylene induction caused by theRhodanobactersupernatant. This

experiment further con�rms that the ethylene inducing activity is not based on

�g22 perception, excluding also a contamination.

Finally, scanning electron microscopy (SEM) pictures of stainedRhodanobacter

bacteria were taken, Fig. 3.4. Fimbrial structures were visible, but no �agellae.
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Figure 3.3: Dose dependent ethylene accumulation of untreatedRhodanobacter
supernatant (green), Rhodanobactersupernatant with �g22 antagonist (grey) and peptone
medium as control (black). Every dot represents the average of 3 replicates +/- S.D..
Plant leaf pieces were treated for 4 h.

Figure 3.4: Isolated and uranyl acetate stainedRhodanobacterbacteria under a scanning
electron microscope (SEM) Hitachi S-800. Pictures were taken by Dr. York Stierhof.

Taken together, these results exclude �agellin as elicitor. The comparison with

the BLAST data base as well as the SEM pictures consistently show, that the

Rhodanobacterstrain does not possess �agellin. The ethylene assay performed with

the �g22 antagonist and the fact that M82 does not react to theRhodanobacter

supernatant also exclude �agellin as contamination.

3.2.3 Activity of the Rhodanobacter supernatant in Ara-
bidopsis

Despite the focus on the tomato system, theRhodanobactersupernatant was also

tested in A. thaliana ecotype Col-0, hereafter called Col-0. Ethylene biosynthesis

was also induced in this model plant, as shown in Fig. 3.5.
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Figure 3.5: Dose dependent ethylene induction of theRhodanobactersupernatant (green)
compared to the peptone medium (black) in Col-0. Every dot represents the average of 3
replicates +/- S.D.. Plant leaf pieces were treated for 4 h. A : Ethylene accumulation
of the Rhodanobactersupernatant in Col-0. B : Calculated fold change of the activity in
Col-0. The experiment was repeated twice with similar results

Although this is an interesting result, it is not comparable to the tomato system.

The plants are not related and evolved under di�erent ecological conditions. There

might be di�erent sets of receptors. Additionally, theRhodanobactersupernatant

did also trigger ethylene accumulation in theArabidopsismutants sobir1-12 and

bak1-5/bkk1. The result is shown in Fig. 3.6. This implies a sobir1 and bak1

independent pathway. A receptor identi�cation could therefore be di�cult.

The phenotypic di�erence between the tomato linesS. pennellii and M82 however

allows the use of the described mapping population, which facilitates a recep-

tor identi�cation. The puri�cation process was therefore continued in favor of

the S. pennellii.

3.2.4 Time dependent development of the Rhodanobacter
derived active substance

To get a high amount of theRhodanobacterderived active substance, a fermentation

curve was performed. The strain was cultivated as described in the Method section.

Samples were taken in 12 h intervals over a period of �ve days.
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Figure 3.7: Fermentation curve of the Rhodanobacter crude supernatant. After
inoculation samples were taken in a 12 h interval and tested in two volumes, 50µL
(grey) and 100µL (black). Peptone medium was used as control. Every dot represents the
average of 3 replicates +/- S.D.. Plant leaf pieces were treated for 4 h.The experiment
was repeated twice with similar results.

Fig. 3.4 shows the ethylene production of the samples. The activity of the

supernatant compared to the medium increased substantially between 24 h and 36

h of cultivation and reached its maximum around 60 h before it starts decreasing.

This suggests a constant secretion of activity at the beginning and underlines the

activity as bacterial-derived. After around 3 days, when nutrition uptake impedes,
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the substance responsible for the activity seems to get digested again. Therefore

the supernatant was harvested after 60 h of cultivation.

3.2.5 Separating the activity from the background

Ion exchange chromatography

Ion exchange chromatography (IEC) was performed as described in the Method

section. After adjusting the pH to 8.5, theRhodanobacersupernatant with a

conductivity of 8 mS/cm was applied on a strong anion exchange column (HiTrap

Q Fast Flow, 5 mL). The active compound remained in the �ow through. The

same was also observed with a strong cation exchange column (HiTrap SP Fast

Flow, 5 mL) with pH 5.5. This �nding suggested a molecule with a big size/charge

ratio. Therefore other puri�cation steps were considered.

Extraction with solvents of di�erent polarity

A solid-liquid extraction experiment was performed with theRhodanobactersuper-

natant. After lyophilization of the supernatant, 10 g of obtained powder was treated

3 x 30 min with 30 mL of the di�erent solvents: MeOH, EtOH, n-BuOH and CH2Cl2.

After the extraction process, the solid residues were discarded and the united extracts

were dried, resolved in 10 mL water and tested for ethylene accumulation inS.

pennellii, Fig. 3.8. Untreated supernatant and medium were used as control.

Only the polar solvents MeOH and EtOH were capable to extract the activity.

However, compared to the untreated supernatant, the extraction was notvery

e�cient. Additionally, the scale up to bigger extraction amounts caused other

issues. Bubble formation due to additionally extracted biotensides made following

steps of solvent evaporation challenging.

Protein precipitation

Protein precipitation was performed as next puri�cation step. Ammonium sulfate

was added to the supernatant until a concentration of ~4 M. The precipitated

protein was separated and resolved in water. The remaining salt was removed
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Figure 3.8: Dose dependent ethylene induction of lyophyllized and extractedRho-
danobacter supernatant. Extraction was conducted with MeOH (blue), EtOH (pur ple),
n-BuOH (orange) and DCM (red). Rhodanobactersupernatant and peptone medium were
used as controls. Every dot represents the average of 3 replicates +/- S.D.. Plant leaf
pieces were treated for 4 h. The experiment was repeated twice with similar results.

via dialysis (1 kDa cut o�). After this process, the sample did not gain ethylene

production with this setup Fig. 3.9.
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Figure 3.9: Dose dependent ethylene induction of dialysedRhodanobacter protein
dilution, after precipitatation from the supernatant. Two membranes with cut o� of 1
kDa (grey) and 6 kDa (purple) were used for dialysis. Untreated supernatant (green) and
peptone medium (black) were used as controls. Every dot representsthe average of 3
replicates +/- S.D.. Plant leaf pieces were treated for 4 h. The experiment was repeated
twice with similar results.

This outcome indicates that the activity was either not precipitated or got lost or
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3.2. Activity based puri�cation of the Rhodanobacter(1B4) supernatant

inactivated during the process. To examine whether the active substance remained

soluble, the remnant solution was also dialysed and tested for ethylene inducing

activity, Fig. 3.10.
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Figure 3.10: Dose dependent ethylene induction of dialysedRhodanobacterresidue after
protein precipitation. Two membranes with cut o� of 1 kDa (grey) and 6 k Da (purple)
were used for dialysis. Untreated supernatant (green) and peptone medium (black) were
used as controls. Every dot represents the average of 3 replicates +/- S.D.. Plant leaf
pieces were treated for 4 h. The experiment was repeated twice with similar results.

As a result, also with higher volumes of sample no activity was detectable. This

�nding suggests either a small molecule or a protein with a tight folding, capable

to pass the dialysis membrane or a inactivation of it. The dialysis approach

was therefore dismissed.

Broad spectrum extraction and puri�cation via hydrophobic interac-
tion and size

Another approach to concentrate an activity substance is via hydrophobic interaction.

For this, a C18 solid phase extraction column was loaded withRhodanobacter

supernatant, washed and eluted with three di�erent mixtures of methanol/water.

All fractions were dried and resolved in water and tested with 20µL and 50

µL for ethylene accumulating activity, Fig. 3.11. Untreated supernatant and

medium were used as control.

The ethylene concentration of the supernatant is not very high. A possible

explanation for this �nding could be the natural variation of the plant state.
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Figure 3.11: Ethylene induction of C18 SPE fractions tested with 20µL (grey) and
50 µL (black). Elution was done with 30 %, 60 % and 100 % MeOH.Rhodanobacter
supernatant and peptone medium were used as controls. Every dot represents the average
of 3 replicates +/- S.D.. Plant leaf pieces were treated for 4 h. The experiment was
repeated twice with similar results.

Nevertheless, some activity was eluted within 30 % MeOH which suggests a

rather polar compound.

As an alternative way, an extraction experiment was performed with an hydrophobic

Amberlite XAD16 resin. 1 L Rhodanobactersupernatant was added to a prepared

column containing 100 g of activated resin. The salt was removed by washing with

3 L water and the active compound was eluted with MeOH. After evaporation of

MeOH, the remaining solid (12.86 g) was resolved in water with a concentration

of 20 mg/mL. The extract was tested in a dose dependent ethylene bioassay Fig.

3.12 A. Untreated supernatant and medium were used as control.

A signi�cant increase in ethylene production was monitored, which suggested the

XAD16 resin as favorable method. Fig. 3.12 B shows an enzymatic digest, performed

with the Amberlite XAD16 extract and Pronase E enzyme mix. 5µL of enzyme mix

were added to 50µL of sample and incubated at 37°C over night. Flg22 incubated

with the enzyme mix served as control for a proper activity. To explore whether the

enzyme mix can function within the XAD16 extract, an additional �g22 spiking

was carried out. As result, Pronase E did successfully degrade the �g22 activity.

It did not signi�cantly reduce the ethylene accumulation of the XAD16 extract
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Figure 3.12: Ethylene induction of the Amberlite XAD16 extract. Every dot represents
the average of 3 replicates +/- S.D.. Plant leaf pieces were treated for4 h. A : Dose
dependend ethylene inducing activity of the extract (grey) compared to Rhodanobacter
supernatant (green) and the peptone medium (black) as controls.B : Enzymatic digest
of the XAD16 extract performed with the enzyme mix Pronase E. The experiment was
repeated twice with similar results.

(ethylene concentration remained over 2 pmol/mL air), although it degraded the

�g22 activity within the XAD16 extract. This result indicates, that the active

compound is not sensitive to proteolytic enzymes. The puri�cation step was veri�ed

with a silver stained SDS 15 % polyacryl amide gel illustrated in Fig. 3.13. While

the Rhodanobacersupernatant still contained protein, the Amberlite XAD16 extract

did not or only below 10 kDa. This experiment proved the puri�cation protocol

as successful process to concentrate and purify the bacterial activity.

3.2.6 Activity puri�cation with size exclusion chromatog-
raphy

The pre-puri�ed extract was used for a size exlusion chromatographical puri�cation.

A glass column was packed with Sephadex LH20 material. 3 mL concentrated

XAD16 extract (450 mg/mL) were added to the column. Elution occurred with
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3. Results

Figure 3.13: Silver stained 15 % SDS polyacryl amide gel. Displayed samples from left
to right: crude Rhodanobactersupernatant, peptone medium as control and Amberlite
XAD16 extract. Protein size was estimated with a prestained protein ladder.

MeOH over night via gravitation. 72 fractions were collected in 15 min intervalls

over a period of 18 h. 5 fractions respectively were pooled, dried and resolved

in water. A concentration of 1 mg/mL was set and the samples were tested in

an ethylene inducing bioassay Fig. 3.14.

The active compound was eluted in fraction 11, after around 14 h, as shown in the

graph. Additionally, thin layer chromatography (TLC) was performed to monitor

every fraction. Fig. 3.15. displays a selection of active and inactive fractions.

The amino acid tryptophan was used as control. It is similar in size and polarity

compared to the active compound.

Both molecules could be separated by TLC (C18 RP silica gel 60, F254) with

MeOH/H 2O 7:3. While tryptophane has an Rf value of 7,5, a Rf value of 6,9

was determined for the active compound. The isolated active fraction was used
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Figure 3.14: Ethylene inducing activity of pooled fractions collected during (Sephadex
LH20) size exclusion puri�cation. Every dot represents the average of 3 replicates +/-
S.D.. Plant leaf pieces were treated for 4 h. The experiment was performed twice with
similar results.

for further puri�cation.

3.2.7 Puri�cation of the activity via semi preparative HPLC

Further puri�cation was performed via High Performance Liquid Chromatography

(HPLC) (Thermo Scienti�c, Ultimate 3000). According to prior information obtained

through TLC, a moderate polarity of the active compound could be estimated. This

information correlates with the �nding of the SPE experiment, which was initially

performed Fig. 3.11. The necessary MeOH/H2O ratio for the elution of the active

compound was below 30 % of MeOH, which also indicated a high polarity. A semi

preparative C18 column was used for further puri�cation (gradient of 5- 30 % MeOH

in 30 min). The absorption was measured with a diode array detector (DAD). Fig.

3.16 shows the absorption spectrum of 210 nm, since the active compound does not

show a strong absorption with 280 nm (Fig. 3.18 B) compared to tryptophane.

The HPLC run was repeated eight times to get enough substance (mg) for further

experiments. Each run was performed with 1 mL of 1 mg/mL starting material.

The respective fractions were pooled and tested for ethylene inducing activity,

which is illustrated in Fig. 3.17.
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Figure 3.15: Thin layer chromatography of the size exclusion fractions (Sephadex LH20).
Tryptophane was used as control. The experiment was performed with a C18 reverse
phase silica gel 60, F254 plate (Merck). A mixture of 7:3, methanol/water was used as
running solvent. The plate was sprayed with anis aldehyde reagent anddeveloped for 5
min.

Figure 3.16: Base peak chromatogram of the semi preparative HPLC (C18 column)
run. Used gradient: 5-30 % MeOH in 30 min. The absorption was measured witha diode
array detector and is displayed at 210 nm. The collected fractions are marked with lines
and vial numbers. The vial numbers correspond with the isolated fraction numbers.

The average activity with tr = 26- 28 min corresponded to vial 9 and 10. The total

yield of those two fractions after eight runs was 1 mg. Since the activity correlates

to only one peak within the HPLC spectrum, the substance was pure enough for

analytical experiments, such as mass spectrometry (MS) for mass determination

and nuclear magnetic resonance spectroscopy (NMR) for structural information.
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Figure 3.17: Ethylene inducing activity of 30 µL of the collected semi preaparative
HPLC fractions. Every dot represents the average of 3 replicates +/- S.D.. Plant leaf
pieces were treated for 4 h. The experiment was performed twice with similar results.

3.2.8 Identi�cation of the active compound maculosin

High resolution LC-MS chromatography was used to determine the mass of the

substance (gradient 0- 100 % MeOH, 20 min). The elution of the active compound

occurred after ~4 min.

With the putative mass of 261,1237 m/z (positive mode), a calculation for the

corresponding formula was conducted. The calculation revealed the formula:

C14H16N2O3. Comparison of this formula with the PubChem data base suggested

maculosin as compound. The data base further provides structural information

about this molecule. The remaining substance was therefore used for a13C NMR

experiment. The obtained NMR spectrum could be directly compared to the

literature. Fig. 3.19 shows the shifts of the13C NMR experiment and the

corresponding carbon atoms in maculosin.

All signals were referenced to13C MeOH. All 13C NMR signals were compared with

the 13C NMR signals of maculosin described in the literature [80]. The comparison

revealed that maculosin is in fact the molecule of interest. The structure is pictured

in Fig. 3.19, (1). Maculosin is a cyclic dipeptide, consisting of L-tyrosine and

L-proline. The condensated amino acids form a diketopiperazine structure with

a phenol moiety. Compared to tryptophane the� -system of maculosin is smaller,
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3. Results

Figure 3.18: (+)MS-Base peak chromatogram and corresponding UV trace of the
performed HR LC-MS experiment with fraction 9- 10. A : Base peak chromatogram of
the analytical C18 HPLC column. The peak of interest is marked with an blackarrow. B :
Absorption spectrum of the eluted compounds. The red color reveals a strong absorption
(210 nm), the blue color only weak (280 nm).C: Determined mass of the marked peak:
261,1237 m/z (pos. mode).

which explains a weaker absorption at 280 nm. Synthetic maculosin was purchased

(Bachem AG, Switzerland) for further experiments. A1H NMR experiment was

performed, to compare the isolated with the purchased maculosin Fig. 3.20.

Although the isolated maculosin (blue) is not absolute, all shifts and coupling

constants compared to the synthetic maculosin were con�rmed.
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3.2. Activity based puri�cation of the Rhodanobacter(1B4) supernatant

Figure 3.19: 13C NMR (125 MHz, methanol-d4) spectrum of the isolated substance.
� C: 170.77 (C-4), 166.97 (C-2), 157.69 (C-12), 132.11 (C-10, C-10'), 127.63 (C-9), 116.18
(C-11, C-11'), 60.06 (C-3), 57.91 (C-1), 45.92 (C-7), 37.68 (C-8), 29.41 (C-5), 22.72 (C-6).
Maculosin (1) shows the numbered C-atoms of the corresponding 13C spectrum.

Figure 3.20: Comparison of isolated (blue) with synthesized maculosin (red) via 1H-
NMR spectroscopy (Bruker Avance III HDX 600).
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3.3 Characterization of synthetic maculosin

Maculosin is described as a host-speci�c plant toxin, selective against spotted

knapweed and produced by the fungusAlternaria alternata. The toxin seems to be

active only on damaged plant tissue in a concentration range of 10µM to 1 mM

[66]. Immune reactions from other plants are so far unknown. Although there were

suggested targets of maculosin (1) [81], the exact molecular mechanism underlying

the intoxication remains unclear. In this work, a dose dependent ethylene induction

assay as well as a reactive oxygen species (ROS) burst assay were conducted

with commercially available maculosin (Bachem Holding AG, Bubendorf) inS.

pennellii, Fig. 3.21.
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Figure 3.21: Immunostimulant activity of maculosin (1) in S. pennellii. A : Concentration
dependent ethylene accumulation. Every dot represents the average of 3 replicates +/- S.D..
Plant leaf pieces were treated for 4 h.B : ROS burst assay with di�erent concentrations
of maculosin. The lines represent the avarage of 8 replicates +/- S.D..Leaf pieces were
directly measured after treatment. Both experiments were repeated twice with similar
results.

A concentration dependent ethylene production was induced inS. pennellii. The

required concentration for a signi�cant response hits 1 mM. This is 2000 times

higher than for known elicitors, e.g. the active epitope �g22 acts in a nM range [82].

This indicates a mode of action di�erent from that of classical elicitors. Moreover,

no ROS burst was elicited. ROS production caused by maculosin is lower than
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3.3. Characterization of synthetic maculosin

the water control (mock). A possible explanation is that maculosin (1) acts as

scavenger and suppress ROS production [83].

In addition to ethylene and ROS production, a callose deposition assay was

performed with maculosin. Leaves ofS. pennellii were in�ltrated with three di�erent

concentrations of maculosin (1) (1 mM, 3 mM and 6 mM). The concentrations were

chosen because of their signi�cant ethylene induction property. After 72 h, the

leaves were harvested and the callose deposition was evaluated, Fig. 3.22 and 3.23.

Figure 3.22: Fluorescence pictures of deposed callose. Plant leafs ofS. pennellii were
in�ltrated with di�erent concentrations of maculosin, stained with aniline blue and scanned
under the microscope. White dots mark the deposed callose.A : In�ltrated water (mock).
B : PEN (5 mg/mL) as positive control. C: 1 mM maculosin. D : 3 mM maculosin. E: 6
mM maculosin. The experiment was repeated three times with similar results.

For quanti�cation, the amount of pixels were counted. A concentration dependent

deposition of callose could be observed.

This experiment together with the evaluation was done by Lambrianna Logarnudi

under my supervision [84].

Stierle et al. [66] described the formation of necrotic tissue in spotted knapweed

after treatment with maculosin in a nicked-leaf bioassay. Due to the unavoidable

leaf damage from the in�ltration process in the conducted callose deposition assay,

one could expect also necrotic tissue formation similar to this described for spotted

knapweed. However, no necrosis was detectable inS. pennellii, 72 h after inoculation.
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3.4 Activity of maculosin and some derivates in
a variety of di�erent plants

Previous researches, regarding the e�ect of maculosin in plants, focused on induced

necrosis. We have detected ethylene production in the tomato lineS. pennellii, but

no necrosis. Several di�erent plant species were treated with maculosin and the

ethylene accumulation was monitored. Fig. 3.24 shows the ethylene induction in

4 di�erent model plants, including other plants of theSolanaceaefamily.

Interestingly, maculosin (1) did not trigger basal immunity in S. lycopersicum

M82, nor did it in Arabidopsis (Col-0) or tobacco. The activity seems thus to

be speci�c to tomato S. pennellii as can be detected from the limited number

of plant species tested. Even other plants of the same family asS. pennellii did

not react to the treatment (table 3.2). This �nding may have been caused by the

adaption in di�erent ecosystems.S. pennellii originates in the mountains of south

America and has to deal with other environmental conditions compared to the

M82 tomato, which was adapted as crop in Europe.
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Figure 3.24: Ethylene inducing activity of synthesized maculosin in 4 di�erent model
plants. Every dot represents the average of 3 replicates +/- S.D.. Plant leaf pieces were
treated for 4 h. The experiments were repeated three times with similar results.

3.4.1 Active moiety of maculosin

Some structural derivates of maculosin were already tested for necrosis formating

activity, following the aim to reveal the essential active residue of maculosin [68].

However, other widespread 2,5-diketopiperazines were tested in this study, since

there are only few data about this substance group inducing basal immunity.

For that purpose one of the two amino acids of maculosin was exchanged to get

structure-related, yet di�erent 2,5-diketopiperazines. Fig. 3.25 gives an overview

about the structure of the purchased derivates. All of them occur in nature, with
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3. Results

a speci�c biological relevance [85] [86] [87].

Figure 3.25: Structural formula of the maculosin derivates. (2) : Cyclo(L-Phe-L-Pro)
(cFP), (3) : Cyclo(L-Tyr-L-Trp) (cYW), (4) : Cyclo(L-Gly-L-Pro) (cGP), (5) : Cyclo(L-
Trp-L-Pro) (cWP), (6) : Cyclo(L-His-L-Pro) (cHP). All molecules belong to the group of
2,5-diketopiperazines.

Other plants included in this study were chosen following the earlier study of necrosis

induction and according to their availability. Table 3.2 contains an overview of the

used plant species and the result of the ethylene bioassay. Screening was performed

by Lambrianna Logarnudi under my supervision [84].

Table 3.2: Plant species screen with di�erent 2,5-diketopiperazines

Plant species cYP cFP cGP cHP cWP cYW

Solanum pennellii X X X X X X
Solanum lycopersicumcv. M82 X X X X X X

Arabidopsis thalianaCol-0 X X X X X X
Lotus japonicus X X X X X X
Brassica napus X X X X X X

Brassica oleracea X X X X X X
Solanum tuberosum(Désiréé) X X X X X X

Centaurea stoebe X X X X X X
Centaurea cyanus X X X X X X
Capsicum annuum X X X X X X
Helianthus annuus X X X X X X

Lactuca X X X X X X
Marian thistle X X X X X X

Solanum lycopersicum* X X X X X X

*Aunt Ginny ´ s purple tomato
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3.5. Origin and activity of maculosin in tomato andArabidopsis

Maculosin induced basal immunity speci�cally inS. pennellii. No other tested

derivate showed activity in the range between 500 nM and 6 mM, includingCentaurea

stoebe, the plant which is known for necrosis formation after maculosin treatment.

Considering the occurrence of 2,5-diketopiperazines and their range of known

biological e�ects this is rather surprising. Also cyclo(L-Phe-L-Pro) (2) did not show

an induction of ethylene biosynthesis, although the di�erence from maculosin is only

one hydroxy group. This result highlights the speci�city of molecular recognition

from the plant side. Apparently, a structure backbone is not su�cient to elicit

a response, as it is for example for auxin derivates [85]. Already one functional

group makes the di�erence in ethylene production for (1).

3.5 Origin and activity of maculosin in tomato
and Arabidopsis

Maculosin is a characterized molecule of di�erent origin. Beside fungi likeAl-

ternaria alternata [66] or Botryodiploidia theobromae[88] and bacteria for example

Pseudomonas putida[89] or Lysobacter capsici[67], maculosin is also present in

peptone medium [90]. Peptone medium was used in this study as culture broth

for the cultivation of the Rhodanobacterstrain. To clarify whether maculosin is

originated from the medium or is bacteria derived, the samples of theRhodanobacter

fermentation curve (Fig. 3.7) were investigated for their maculosin content. The

fermentation samples of crudeRhodanobactersupernatant were therefore analyzed

by LC-MS. Fig. 3.26 A displays the base peak chromatogram of F0- F8 with

untreated peptone medium as control (red line).

The Mass spec chromatogram does not show absolute concentrations of di�erent

substances. However, comparable is the area of peaks with the same rt . Bigger

areas roughly imply higher concentrations. Lines in the front of the graph represent

samples in the beginning of the fermentation (F0). Backward lines represent the

content of the proceeded fermentation process. No ethylene accumulation was

induced in the samples F0- F2, high ethylene accumulation was detected in F3-
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3. Results

F6, Fig. 3.7. Over time, a compound transformation is visible. While the polar

substances rt 1- 6 min did not change much, more hydrophobic substances seem

to change in their concentrations. In contrast to signals with rt 11- 12 min which

decreased over time, signals with rt 21 min increased.

A speci�c search for maculosin in every sample is possible with the information

of mass and rt . Fig. 3.26 B shows the extracted base peak chromatogram of the

samples F0- F7. Peak area and shape of the samples indicate the same quantitative

amount of maculosin in every sample (F0- F7). This �nding suggests maculosin

as medium-derived, since there is no increase of the peak area over time.

The dose dependent induction of ethylene of theRhodanobactersupernatant, which

was found in the initially performed screen does not �t to this result. Fig. 3.1 and Fig.

3.7 clearly indicate a bacterial-derived elicitor. However, macuolsin seems to behave

similar to this yet unknown elicitor as trigger of ethylene synthesis inS. pennellii

but not in M82. The concentration of maculosin at the beginning, in the used

peptone medium, was to small to have an ethylene inducing e�ect inS. pennellii.

During the puri�cation process, the initially found activity must have decreased

while the concentration of maculosin increased until a detectable level. Since

no second active peak was visible during later stages of puri�cation, it is likely

that this change happened while extraction of the crude supernatant within one

puri�cation step. This progress remained unrecognized, because it is hardly possible

to distinguish two unknown elicitors within one sample with an ethylene assay.

Natural variation in the plant state caused di�erences in the ethylene response

and additionally impairs a clear distinction.
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3.5. Origin and activity of maculosin in tomato andArabidopsis

Figure 3.26: A : Base peak chromatogram of the fermentation curve samples F0 - F8 with
peptone medium as control. Colored lines represent the di�erent samples. B : Extracted
base peak chromatograms of the samples F0- F7 for relative maculosin evaluation.
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3. Results

3.6 Screen of the introgression line mapping pop-
ulation between S. pennellii and M82

As already mentioned above, a target for maculosin (1) is controversial. Tonarrow

down the location of the target, the backcross introgression line mapping population

betweenS. pennellii and M82 was screened [75]. The population consisted 45

lines with a M82 backbone andS. pennellii insertions. Due to the di�erence in

basal immunity induction, only the introgression line with the insertion including

the maculosin target is supposed to react to the treatment. The experiment was

performed by Lambrianna Logarnudi under my supervision [84].
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Figure 3.27: Ethylene inducing screen of the mapping population with maculosin.The
two tomato lines S. pennellii and S. lycopersicumM82 were used as control. Every dot
represents the average of 3 replicates +/- S.D.. Plant leaf pieces were treated for 4 h.
The whole screen was done once. Lines with a ethylene response were repeated two times,
with similar results.

As shown in Fig. 3.27 the target is located on chromosome 7 insertion 2 and 3.

The related lines show a clear ethylene induction. This observation is reasonable,

since those insertions are overlapping, Fig. 3.28. For identi�cation of the maculosin

target, further research is necessary. What can be concluded is that maculosin

targets not a canonical plasma membrane immune receptor, which would make

an identi�cation via mapping population di�cult.
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3.7. Activity based puri�cation of an Ensifer (2G2) supernatant

Figure 3.28: Graphical representation of the tomato chromosom 7. Beside physical and
a genetical map, the insertions ofS. pennellii in M82 are shown and marked from IL 7-1
until 7-5-5.

3.7 Activity based puri�cation of an Ensifer (2G2)
supernatant

The initial performed screen (Chapter 3.1) also revealed signi�cant ethylene inducing

activity in the strain Ensifer (2G2). The bacteria were grown for three days in

peptone medium. Cells were separated and the supernatant was tested in a concen-

tration dependent ethylene bioassay. The peptone medium was used as control.

Ethylene production induced by di�erent volumes of supernatant are shown in Fig.

3.29. While a di�erence between supernatant and medium is visible inS.pennellii, no

signi�cant di�erence is shown in M82. The calculated fold change shows the factor

of the activity/background ration. Also higher volumes of medium do not elicit

signi�cant ethylene production which indicates a bacterial-derived active molecule.

This observation together with the assumption that this strain does not develop

�agella (according to the BLAST data base) excludes all known bacterial elicitors

for tomato including medium-derived maculosin as toxin. Further puri�cation steps

were performed using theEnsifer supernatant.
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Figure 3.29: Dose dependent production of ethylene caused by theEnsifer supernatant
(green) compared to the peptone medium (black) as control. Every dot represents the
average of 3 replicates +/- S.D.. Grey dots illustrate the calculated fold change (fold
change = supernatant/medium). Plant leaf pieces were treated for 4 h. A : Ethylene
accumulation in S. pennellii. B : Fold change of the activity in S. pennellii. C: Ethylene
accumulation in M82, D : Fold change of the activity in M82. The experiment was repeated
three times with similar results.

3.8 Protein precipitation and puri�cation

The whole puri�cation process was performed by Lambrianna Logarnudi under my

supervision and can be reviewed in her Bachelor thesis [84]. The following sections

only provide a summary of the puri�cation protocol, including some key steps.

A protein precipitation with 2 M ammonium sulfate was performed. The protein
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3.8. Protein precipitation and puri�cation

pellet was separated via centrifugation and resolved in water. Desalting was done

with a C18 solid phase extraction (SPE, C18, 10 g, Chromabond) column. Elution

occurred with 60 % methanol. After evaporation of the solvent, the pellet was

resolved in 40 mL water and applied on a strong anion exchange column (HiTrap

Q Fast Flow, 5mL). Fig. 3.30 shows the obtained elution pro�le. A three step

gradient was used for a �rst separation. All fractions contained 25 mL and were

tested for ethylene induction. Ethylene triggering activity was found for fraction A1

in both tomatoesS.pennellii and M82 and for fraction A2 only inS. pennellii. Since

a di�erent phenotype between the tomato lines is necessary to use the mapping

population, further puri�cation was conducted with A2. The focus onS. pennellii

additionally excludes the csp as eliciting protein [79].

Figure 3.30: Elution pro�le of the anion exchange chromatographical puri�cation of
the Ensifer -derived protein. Absorption was measured with 280 nm (blue). Elutionwas
performed with a 3 step gradient (green). Conductivity is displayed in orange.

The whole puri�cation process was monitored with a silver stained 10 % SDS

polyacrylamid gel, Fig. 3.31. The anion exchange fractions contain less protein

than the crude supernatant. Fraction A1 contains an isolated band around 35

kDa, whereas fraction A2 contains no bigger proteins. However, with a 10 % SDS

polyacrylamid gel, no proteins or peptides smaller than 10 kDa can be monitored.
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3. Results

Figure 3.31: Silver stained 10 % SDS polyacrylamid gel with obtained fraction of the
anion exchange chromatography, compared to the crude supernatant and peptone medium
as control.

Fraction A2 was dialysed against the bu�er A for cation exchange chromatography.

A membrane with cut o� of 1 kDa (Spectra/Por 6, Specturm labs) was used.

Fraction A2 was applied to a strong cation exchange column (HiTrap SP Fast Flow,

5 mL). For better separation, a linear gradient was used. Fig. 3.32 shows the

obtained elution pro�le. A low absorption at this length suggests that there are

only few peptides with conjugated double bonds, such as aromatic rings.

All obtained fractions were tested for ethylene induction, which occurred in the

fractions between 42- 52 % bu�er B. Those fractions were pooled. The pooled

fractions elicit signi�cant ethylene production, which can be monitored in Fig. 3.33.

Additionally, experiments for heat stability and an enzymatic digest were performed.
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3.8. Protein precipitation and puri�cation

Figure 3.32: Elution pro�le of the cation exchange chromatographical puri�cation of the
Ensifer -derived active substance. Elution was performed with a linear gradient (green).
Absorption was measured with 280 nm (blue). Conductivity is displayed in orange. The
arrow marks ethylene eliciting fractions (42- 52 %).
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Figure 3.33: Enzymatic digest with the Pronase E enzyme mix and heat treatment of
pooled cation exchange fractions. Every dot represents the average of 3 replicates +/-
S.D.. Plant leaf pieces were treated for 4 h.
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3. Results

Pronase E treatment did not lead to a decreased activity. Also boiling did not

in�uence the immune response. As mentioned above, many reasons can lead to

a negative digestion result. Since, big proteins are more sensible to get degraded

under harsh conditions, both �ndings support the idea of an active molecule

smaller than 10 kDa.

Taken together, these �ndings suggest a small,Ensifer-derived molecule, which

induces ethylene production inS. pennellii but not in M82. Binding neither to

a anion- nor to a cation exchange column was possible. However, more e�ort is

needed to identify the active compound.
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4.1 One molecule, many questions

The �nal isolated substance was the medium-derived cyclo(L-Tyr-L-Pro), also

known as maculosin (1). Maculosin induced ethylene production as well as callose

deposition in S. pennellii. Although this molecule is already known to be present in

peptone medium [90], it is also found as secondary metabolite of various microbes
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4. Discussion

e.g. bacteria [91] and fungi [66] and could therefore have a deeper, yet unknown

function in plant-microbe interaction. We could show, that maculosin acts as

activator of basal immunity in S. pennellii, and that it is therefore not restricted

to spotted knapweed in a�ecting leaf health. Comparison of maculosin with �ve

derivates revealed insights in the essential active structure. Finally the target

location of maculosin could be restricted to chromosome 7S. pennellii. A screen

of di�erent plants highlights the speci�city of maculosin recognition.

4.1.1 The group of diketopiperazine

Maculosin belongs to the group of cyclo dipeptides (CDPs) or 2,5-diketopiperazines,

a large and ubiquitous group found in nature [92]. The simplest form of this group

consists of two amino acids. Their cyclic form makes them more stable e.g. against

heat and proteolysis. First, CDPs were mainly considered as side products in protein

and polypeptide hydrolates or fermentation broths. However, research ofthe last

two decades reveals microbes across di�erent kingdoms are producing this class of

substances in general and maculosin in particular, which indicates already a more

important biological relevance. Additionally, more and more 2,5-diketopiperazines

were found to exhibit diverse biological and pharmacological characteristics [93] [94].

It is also well-established that CDPs can a�ect plants in various ways. E.g.,

Cyclo(L-Gly-L-Pro) which was used in this study, is already described to cause

extracellular alkalization and ROS production in a tobacco cell suspension [86].

Cyclo(L-Pro-L-Pro) is known to induce systemic resistance inN. benthamiana

[86]. Other studies show CDPs like cyclo(L-Pro-L-Val), cyclo(L-Pro-L-Phe) and

cyclo(L-Pro-L-Tyr) as important signal molecules in bacteria-plant communication

and root development [87] [85].

4.1.2 Occurence and properties of maculosin

The occurrence in multiple organisms and inconsistent e�ects on plants makes the

biological relevance of maculosin controversial. While Stierle et al. [66] describedit

as host speci�c phytotoxin, which induces necrotic lesions inCentaurea maculosa
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4.1. One molecule, many questions

(renamed toCentaurea stoebe), Ortiz-Castro et al. [85] highlighted the plant growth

promoting e�ect of maculosin. Beside that, it is also considered as quorum sensing

signal molecule, in�uencing the plant-microbe interaction by altering the bacterial

swarming behavior [95].

Plant growth promotion

Indeed, plant growth-promoting bacteria like for exampleBacillus subtilis [91],

Lysobacter capsiciAAZ78 [67] andPseudomonas putidaWCS358 [96] are known to

produce maculosin. Taking the plant pathogens into account, which were found

to produce maculosin:Alternaria alternata [66], Leptographium qinlingensis[97]

and Fusarium nivale [67], an intended plant growth-promoting e�ect seems rather

questionable. Additionally, also marine organisms were found to produce maculosin

[98] [99]. In those cases, maculosin seems to have other biological functions. Another

explanation for the root growth promoting e�ect of maculosin is the auxin recognition

system itself. Over 200 substances are known as activators of this auxin receptor

transport inhibitor response1 (TIR1). They only have a planar aromatic ring

structure and a carboxyl group containing side chain as shared backbone. A single

atom attached to the ring can dictate the activity. [85] [100]. Therefore, the weak

auxin e�ect perhaps occurs as side e�ect.

Phytotoxic activity

Phytotoxins can be classi�ed as pathotoxins or vivotoxins [101]. While pathotoxins

are necessary for the virulence and act in very low concentrations, vivotoxins are

causing symptoms, but are not required for the virulence [102]. Maculosin causes

necrotic lesions in spotted knapweed [66] as well as ethylene production and callose

deposition in S. pennellii, but in summary, it does not kill the plant [68]. Therefore

it could be assigned as vivotoxin. Vivotoxins are in general nonselective [101].

Regarding the toxicity, this is not the case for maculosin, with only two known

susceptible plants:C. stoebeand S. pennellii. A toxic e�ect could also be determined

by the situation. E.g. siderophores are produced by plant growth-promoting
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rhizobacteria (PGPR) to complex environmental iron and therefore impede the

growth of pathogens [103]. However, siderophores can also act as virulence factors,

when secreted by a plant invading fungi [58]. Beside that, siderophores can also

induce plant systemic resistance. Applied on plant roots, pseudobactin induces ISR

in Arabidopsis. [104]. Maculosin could act similar, depending on the application.

Quorum sensing signaling

Bacterial pathogens and symbionts rely on QS signaling to colonize their hosts. QS

molecules are autoinducers which regulate the population-dependent gene expression

in bacteria. The most common QS class of substances in Gram-negative bacteria

are N-acyl homoserine lactones (AHLs). The accumulation of AHLs in nanomolar

to micromolar concentrations elicits many functional responses from the plant side

[105]. The induced responses are further dependent on structure, concentration and

time of exposure, suggesting putative AHL receptors in plants [106].

Some CDPs including maculosin, seem to have similar physicochemical properties,

especially to short chain AHLs. They are found to interfere with the AHL-mediated

swarming modality, although they act in millimolar concentrations [95]. It is

therefore possible that plants react to higher concentrations of maculosin or other

CDPs similar as to AHL signal molecules.

Beside AHLs, other QS molecules are described as elicitors. The bacterial fattyacid

cis-11-methyl-2-dodecenoic acid, known as di�usible signal factor (DSF), induces

callose deposition and cell death inArabidopsis, N. benthamianaand rice [107].

Those examples indicate that plants could also be able to detect CDPs as QS

molecules and react with di�erent physiological changes. The plant dependent

speci�city in recognition could also include a receptor-mediated signaling.

4.2 What makes the activity

The structure of maculosin has two sides, a phenol ring as part of the amino acid

tyrosine and a 2,5-diketopiperazine ring formed by the condensation with proline
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(Fig. 3.19 (1)). In early studies, Park and Strobel [81] �rst suggested the 2,5-

diketopiperazine moiety as binding part of maculosin. In this study a potential

receptor or target was explored with a�nity chromatography. In two experiments,

both sides of the molecule were coupled to sepharose. The authors found ribulose-1,5-

bisphosphat-carboxylase-oxygenase (RuBisCo) as protein with the highest binding

a�nity to the 2,5-diketopiperazine ring part of molecule and concluded this moiety

as active side of maculosin. Indeed, many active 2,5-diketopiperazine contain the

ring structure of prolin, which indicates the structural importance of this part.

[108]. However, two years later, the same group hypothesized the phenol ring as

important side for the phytotoxic activity [68]. By investigating di�erent analogs

of maculosin, they found the hydroxy group of the phenolic moiety as key feature

for necrosis induction. The polarity and the thereby concomitant solubility in

aqueous systems is important for the virulence.

The impact of single functional groups in terms of recognition and activation of

basal immunity in plants is known. The bacterial medium-chain 3-hydroxy fatty

acid elicits the receptor kinase LIPOOLIGOSACCHARIDE-SPECIFIC REDUCED

ELICITATION (LORE). The free 3-hydroxyl group is thereby crucial for LORE-

mediated immune activation [109]. The same can be observed with the group of

2,5-diketopipierazines. Structure-activity relationship studies of thaxtomins, a family

of phytotoxins, revealed the 4-nitro indole fragment as well as the conformation

as essential parts for the phytotoxicity [110]. Interestingly, additional functional

groups in this phytotoxin family seem to in�uence crop selectivity [111].

In this work, �ve di�erent cyclo dipeptides were tested in an ethylene induction assay

(Fig.3.25). Cyclo(L-Phe-L-Pro) (2) is the closest homolog to maculosin, only lacking

the hydroxyl group. Like maculosin, this molecule can in�uence plant development

through auxin signaling [92]. Cyclo(L-Tyr-L-Trp) (3) shares the amino acid tyrosine

compared to maculosin and holds a similar structure to the family of thaxtomins.

Cyclo(L-Gly-L-Pro) (4), described as substance with antibiotic and phytotoxic

properties [112] [113]. However, the classi�cation as phytotoxin or antibiotic is

rather an economic consideration [114] [115]. Cyclo(L-Trp-L-Pro)(5), also known
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as Brevianamide F occurs as precursor of a variety of fungal prenylated alkaloids

with diverse biological activities [116]. Cyclo(L-His-L-Pro)(6) is an endogenous

mammalian signal molecule, acting in the central nervous system [93].

Taken together, all used peptides show biological relevance and share parts of

the structure of maculosin. Despite that, none of them did induce ethylene

production after treatment of the plants (summarized in Table 3.2). This indicates

the whole molecular structure of maculosin as important for recognition byS.

pennellii. Cyclo(L-His-L-Pro)(6) has a similar backbone as maculosin but due to

the histidine an higher polarity. Cyclo(L-His-L-Pro) treatment did not lead to an

ethylene response, which indicates a speci�c receptor rather than the polarity

as major requirement.

This data also suggests one hydroxyl group as substantial for the ethylene inducing

activity in S. pennellii, since cyclo(L-Phe-L-Pro) (2) did not activate immunity.

The functional group could also explain the crop selectivity as it also the case for

some thaxtomins. However, the few examples of immunity activation in plants

through maculosin compared to the maculosin producing organisms indicates the

phytotoxicity not as main function of maculosin. A corresponding receptor or target

from C. stoebeor S. pennellii, could lead to a better understanding of the function.

4.3 Unravelling the target of maculosin

Di�erent targets of maculosin in spotted knapweed have been hypothesized. Park

and Strobel [81] describes that maculosin inhibits the enzyme RuBisCo at least 20

% with 0.15µmol, proposing RuBisCo as target of maculosin. With this assumption

two questions arise, �rst: Why is the toxin speci�c to spotted knapweed whenit

targets an enzyme which exists in all plants? A speci�c toxin requires a speci�c

target. Second: RuBisCo is essential for carbon dioxide �xation. Inhibition of this

process should kill the plant, which is not the case for maculosin. Aside RuBisCo,

the group also suggests a target at the plasma membrane [81]. In fact, phytotoxins

are known to target components of the cell membranes like structural or transport
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proteins or lipids as well as enzymes [101]. Still, the question of speci�city in case

of target located in the cell membrane remains.

Cell disruption caused by maculosin could explain the formation of necrotic lesions,

as well as ethylene production. Such e�ects are also trigged through NEP1-like

proteins (NLPs), a conserved class of pore forming toxins produced by many microbes

[56]. Yet, NLPs are pathotoxins and stimulate immunity associated defenses and

cell death in all dicotyledonous plants tested and act in much lower concentrations

[117]. Classi�ed as vivotoxin, maculosin can cause di�erent symptoms, but does

not kill the host in the end. Cell disruption seems therefore implausible.

However, the speci�city of maculosin points to an active recognition through

a speci�c plant receptor. The introgression line screen performed in the sub

project of Lambrianna Logarnudi could locate the receptor or target to chromosome

7 of S. pennellii. The receptor analogue for maculosin perception could be a

member of a new class of receptor proteins, necessary for cross communication

between plants and microbes.
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4.4 Reviewing the project

MAMPs and PTI inducing molecules can be found in pathogenic as well as non-

pathogenic bacteria. In this work, a collection of 83 non-pathogenic bacteria was

explored for a novel PTI triggering substance in tomato. Ethylene accumulation

was used as stress indicating output. A promising active bacterial culture broth,

was analyzed and puri�ed. Finally maculosin could be identi�ed as ethylene

inducing substance and charaterized by comparison with structural derivates. A

selection of di�erent plants were examined for phenotypes similar toS. pennellii.

A gene involved in the recognition process could be localized on chromosome 7

via screen of a mapping population.

The bacterial collection was also screened for ethylene inducing activity inAra-

bidopsis. This work was done by Tobias Reiÿer.

4.4.1 The Tomato model system

Tomato was used as model system for several reasons. First, according tothe

FAO (2021), tomato belongs to the �ve most grown vegetables in the world [118].

It is therefore a very important crop. Second, although a genomic prediction

indicates an array of PRRs [119], only three receptors for bacterial-derivedMAMPs

are known until today. The receptors are FLS2, FLS3 and CORE. This suggests

an high potential for novel players in PTI signaling. Finally, Eshed and Zamir

[75] created a mapping population betweenS. pennellii and S. lycopersicumM82.

Upon treatment with a novel ligand, a forward genetic screen allows to trace a

corresponding receptor back to the chromosome location.

4.4.2 The ethylene bioassay

An ethylene response from the plants´ side displays either a direct recognition

i.e. by PRRs or indirect recognition of DAMPs through molecules which disrupt

the cell integrity. To elicit the plants in the �rst performed screen, a crude sample,

supernatant or cell extract, was added in di�erent concentrations to the prepared
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plant leaves. A bacterial culture is a very complex system from the chemical

point of view, since countless proteins, peptides and small molecules of di�erent

classes are present. With almost 650 RLKs, which are predicted for the tomato

genome [119], ethylene induction through multiple immunoactive substances is

supposable. Although not all RLKs are PRRs involved in plant immunity (257

RLKs were predicted as LRR-RLKs), there is still a high potential for physiological

alterations, followed by activation of PTI and ethylene production after treatment

with a crude bacterial broth. When multiple defense elicitors act together, no

statement about amount or potency can be made by evaluating the amount of

ethylene. Beside that, the induction of ethylene is unspeci�c, in a sense that it

is not restricted to stimulating processes occurring on the plasma membrane. No

information about the mode of action is included, like for example from ROS

burst, which is triggered presumably on the plasma membrane. Furthermore,

ethylene production is not restricted to biotic stress, since high concentrations of

salt could increase the osmotic pressure, which also leads to an activation of ethylene

signaling [120]. However, an ethylene assay is fast in execution and compared to

other assays less accident-sensitive.

4.4.3 Soil bacteria

Table 3.1 displays 14 strains which exhibited ethylene inducing qualities inS. pen-

nellii . Although MAMPs often are body-derived structures of microbes i.e. bacterial-

derived �agellin or fungal chitin, a lot of elicitors are known to be secreted. Among

others, this group covers cell wall degrading enzymes [121], siderophores [122],

harpins [123] and toxins [124]. Ethylene accumulation after treatment with a cell

free supernatant is thus not surprising.

Rhodanobacter

Strain 1B4 (Table 3.1) is a Gram-negative and non-motileRhodanobacterbacterium,

which belongs to the class of gammaproteobacteria. SEM pictures (Fig. 3.4)

show hair-like �mbria on the bacterial surface. Fimbria are proteins which allow
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bacteria to stick to the surface, to remain at a favorable location [125]. Subunitsof

this proteins are proposed to be highly conserved, which makes them to possible

PRR-targets [126].

On agar plates,Rhodanobacter�rst forms yellow pigmented colonies and in later

stages a closed yellow bio�lm. Yellow pigments indicate chromophores produced by

the strain. Chromophores are known to have manifold functions, e.g. protection from

damaging e�ects of light and oxygen [127]. They can also indicate the production

of pyoverdines, a class of siderophores necessary for iron acquisition [128].

A bio�lm formation involves the secretion of exopolysaccharides, an external

digestive system. This matrix contains extracellular enzymes, nucleic acids, lipids

and other biopolymers and bears a high potential for elicitors [129].

Fimbriae, siderophores and exopolysaccharides are possible PTI inducers. However,

the Rhodanobactercell extract as well as the cells itself did not induce ethylene

accumulation in S. pennellii (Fig.3.2), which excludes all of those compounds.

Ensifer

Strain 2G2 (Table 3.1) belongs the genusEnsifer as part of the class alphapro-

teobacteria. This genus is also described as nitrogen-�xing rhizobacteria [130]. Like

Rhodanobacter, the cell extract did not induce ethylene accumulation inS. pennellii

[84], which points to a secreted elicitor. On agar platesEnsifer showed white

colonies and a bio�lm formation in a later stage. Unlike theRhodanobacteractivity,

a puri�cation with ion exchange chromatography was possible. This indicates an

elicitor di�erent from Rhodanobacter, since the size/charge ratio is di�erent.

4.4.4 Diverse puri�cation methods for versatile compound
qualities

Most MAMPs and DAMPS were identi�ed after puri�cation from a culture extract

[77]. Puri�cation methods utilize physical and chemical properties of the analyte

of interests to separate it from the rest. Conversely, a successful puri�cation step
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reveals properties of the analyte itself e.g. a solvent extraction reveals information

about the substance polarity.

Common puri�cation methods are fractionated protein precipitation, ion exchange

chromatography, HPLC, and for concentrated samples size exclusion chormatog-

raphy. The opportunities are numerous. In this work a hydrophobic polymeric

resin was also successfully included. High resolution mass spectrometrical analysis

revealed the mass and enabled the calculation of the molecular formula. Often

proteins are to big for direct mass analysis and have to be digested beforehand. The

generated peptide stings have to be recomposed afterwards. NMR experiments as

well as infrared spectroscopy elucidate structural information but are alsonot

suitable for proteins.
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4.5 Di�erent methods for PRR identi�cation

After elicitor identi�cation, di�erent approaches are known to �nd the corresponding

receptor [131].

4.5.1 Forward genetic screen

A successful strategy to identify PRRs is the forward genetic screen. Two parents

with di�erent phenotypic traits were used to create a mapping population. The

population screen leads to the location of the trait of interest. Transient expression

allows the correlation between a phenotype and a gene. The parasitic pattern

recognizing receptor CuRe1 was identi�ed with a forward genetic approach [132].

The same mapping population was used in this work to locate a gene which is

involved in PTI after maculosin treatment.

With the mapping population, a receptor identi�cation could also be achieved

by testing the bacterial selection on a single introgression line instead the whole

mapping population. As for the other strategy, the requirement is a di�erent

phenotype between the parental plants. As soon as the IL exhibits ethylene

accumulation, a receptor location is found without knowledge of the ligand. Another

advantage of this approach would be less plants which have to be compared and

therefore less signal variation.

4.5.2 Reverese genetics

The reverse genetic approach leads from the gene to the phenotype and therefore

requires the complete sequenced genome of the interested organism. Mutations ofa

single gene of interest as well as of a whole gene family can be explored. The e�ect

in development and behavior can be traced back. This strategy was successfully

applied for identi�cation of EFR receptor in A. thaliana [131].
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4.5.3 Biochemical approach

The high speci�city between receptor and ligand can be utilized for receptor

puri�cation. An immobilized ligand can be used for a�nity puri�cation of the

corresponding receptor. Also radioisotope labeling is a useful biochemical strategy

to detect binding receptors. The successful implementation led to several pattern

recognition receptors, e.g. PEPR1 inA. thaliana, S. lycopersicumand Zea mays

[133]. However, both biochemical approaches are more di�cult in their procedures,

compared to the genetic strategies [131].
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The protein translation intiation facter 1 (IF1) is a known elicitor in Arabidopsis

thaliana, with the corresponding patter recognition receptor RLP32. IF1 induces

ethylene production in the tomato Solanum lycopersicumM82, which suggests

a respective receptor in this plant. The tomatoSolanum pennelliihowever does

not respond to IF1 treatment. A foward genetic screen, using a genetic mapping

population, with M82 background andS. pennellii insertions can therefore be used

to �nd the corresponding IF1 receptor in tomato [134].

5.0.1 The IF1 corresponding receptor in S. lycopersicum
M82

In an initial screen Dr. Katja Fröhlich could narrow down the population to

4 introgression lines (ILs), namely IL 7-4, IL 7-5, IL 11-4 and IL 12-2. An

ethylene induction assay was performed with the same plants to con�rm one

of this introgression lines as potential receptor location, Fig. 5.1.S. pennellii

and M82 were used as controls.

Since M82 is reacting to IF1 andS. pennellii is not, the ILs which do not respond

upon IF1 treatment could lead to the IF1 receptor location. No ethylene was

elicited in IL 7-4 and IL 7-5. As shown in the graphical map of this chromosome
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Figure 5.1: Ethylene accumulation of the introgression lines IL 7-4, IL 7-5, IL 11-4 and
IL 12-2 after IF1 treatment (black). The experiment based on the work of Dr. Katja
Fröhlich. Every dot represents the average of 3 replicats +/- S.D.. Plant leaf pieces were
treated for 4 h. The experiment was repeated three times.

7 (Fig. 3.28), the insertions are overlapping, which suggests the receptor on IL

7-5. For further localisation, the backcross IL 7-5-5 was ordered and provided by

the Tomato Genetic Resource Center of the UC Davis [135]. IL 7-5-5 was also

tested for IF1 dependent ethylene accumulation, Fig. 5.2.
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Figure 5.2: Ethylene production of IL 7-5-5 after IF1 treatment (black). The box plot
represents 9 independent experiments +/- S.D.. Plant leaf pieces were treated for 4 h.S.
pennellii and M82 were used as controls.

Compared to the mock control (blue), IL 7-5-5 does not respond to IF1 treatment.

This indicates the IF1 receptor located on this part of chromosome 7.
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IF1 receptor candidates

Fig.3.28 also provides SNP markers �anking the region of the insertion 7-5-5, namely

snp_37065(15) and snp_37030(26). With those markers, the region of interest

could be analysed with the Solgenomics.net webside. The region contains around

1.5 billion base pairs (bp) and includes four RLKs:

ˆ Solyc07g065860.3.1 (Receptor protein kinase, 3710 bp, 130 kDa), candidate 1.

ˆ Solyc07g066230.4.1 (Receptor-like protein kinase, 3800 bp, 118 kDa), candi-

date 2.

ˆ Solyc07g065240.4.1 (Receptor-like kinase, 1785 bp, 64 kDa), candidate 3.

ˆ Solyc07g066360.1.1 (Proline-rich receptor-like protein kinase, 246 bp), candi-

date 4 .

Receptor candidates cloning procedure

Candidate 4 seemed to be too small for a plasma membrane receptor and was there-

fore excluded. Candidate 1-3 were synthesized (GenScript Biotech, Netherlands)

and cloned using the Gateway system (Gateway Cloning Protocol, ThermoFisher

Scienti�c). A Gateway entry clone was created using the BP reaction (BP Clonase

II enzyme mix, ThermoFisher Scienti�c) with the competentEscherichia coli strain

DH5� . The transformation to the destination vector was done with the LR reaction

(LR Clonase II enzyme mix, ThermoFischer Scienti�c). The destination vector

was then transformed into the competent cells ofAgrobacterium tumefaciensstrain

GV3101, using electroporation, 1500 V. Selection was done with di�erent antibiotics,

table 5.2 (antibiotics were gathered after vector/strain speci�c resistance). Colonies

grown on agar plates containing selective antibiotics were transferred into 3 mL

of liquid LB medium, with the same antibiotics. The cells were incubated over

night at 28 °C and 200 rpm. After separation (5000 rpm, 5 min), the cells were

resuspended in MMA bu�er with OD = 0.1. The obtained solution was in�ltrated

into four weeks oldNicotiana benthamianaleaves.
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Primers: The pDONR Vector has additional sequences in front of the primer se-

quence. FW: GGGGACAAGTTTGTACAAAAAAGCAGGCTTC, REV: GGGGAC-

CACTTTGTACAAGAAAGCTGGGTC.

Table 5.1: Primers used to clone the receptor candidates 1- 3.

Identi�er Sequence

Candi1_F1 ATGAGTCATAAAAGATGCCATGAA
Candi1_F2 CCTCAGTTGAGTTTCCACCCT
Candi1_F3 TTGCAGGAACTTGATATGGCTAG
Candi1_R CGGTTCCCTTTCTTGCGATTC
Candi2_F1 ATGCTGGCTCCTTCAACATATC
Candi2_F2 GTCCATTACAGTTATTGACTTG
Candi2_F3 CAGGTGATATACCTAAAGAGTTG
Candi2_R TTTGGTGATAGAGTTATCCGAAAA
Candi3_F1 ATGGACAATCTTCTCAAGTTCAT
Candi3_F2 GTGTGTGACACTGAAGAGAAAAG
Candi3_R AAGGGCATAAACATGCTTCATTG

Medium and bu�er

ˆ LB medium: 10 g/L Bacto tryptone, 5 g/L Yeast extract, 5 g/L NaCl, pH

7.0.

ˆ MMA bu�er (50 mL): 1mL 0.5 M MES bu�er (pH 5.7), 0.5 mL 1 M MgCl 2,

50 µL 150 mM Acetosyringon, H2O.

ˆ TBST bu�er: 20 mM TRIS, 150 mM NaCl, pH 7.5, 0.1 % (v/v) Tween-20.

Vectors and antibiotics

ˆ Vectors: pDONR207, pB7FWG2 (gfp), pGWB14 (ha), pGWB20 (myc).

ˆ Antibiotics: Gentamycin (40 µg/mL), Rifampicin (100 µg/mL), Spectinomycin

(100 µg/mL), Kanamycin (50 µg/mL).
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PCR program

Table 5.2: Overview of time, temperature and cycles.

Time [min] Temperature [ °C] Cycles

5:00 95 1
0:30 94 30
0:30 58
1:30 72
5:00 72 1

- 10 1

Antibodies:

ˆ Primary antibodies: � -gfp, rabbit (Sicgen), � -myc, rabbit (Merck), � -ha,

mouse (Merck).

ˆ Secondary antibodies:� -rabbit (IgG), � -mouse (IgG), both purchased from

Merck.

Western blot and immune induction assay

To verify whether the transformed receptor proteins with the di�erent tags were

expressed, a western plot was performed, Fig. 5.3. Approximately 30 mg grained leaf

powder were mixed with 70µL 2 x SDS loading bu�er and boiled at 95°C for 10 min.

The remaining solid were spun down (14 000 rpm, 10 min). 15µL of the remaining

liquid were load into a 8 % SDS PAGE. The western blot was done with 100 mA

for 1 h 15 min. Blocking was done with TBST bu�er containing 5 % milk (Merck)

over 1 h. The primary antibody, diluted in TBST bu�er containing 5 % milk, was

added. After 1 h, the primary antibody was removed and the blot was washed (3 x

10 min). The secondary antibody, also diluted in TBST bu�er containing 5 % milk,

was added and incubated for 1 h, followed by 3 x washing steps. A freshly prepared

development solution, containing 186µL Asssay B, 10µL Tropix Nitro-Block II

and 4 µL CDP-Stark, was added and the blot was recorded under a CCD camera.

The Agrobacterium containing the receptor candidate 3 did not grew in this

experiment. Except candidate 1 (� -myc), no protein was expressed, including
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Figure 5.3: Western blot of the transformed IF1 receptor candidates inN. benthamiana.
C1: Candidate 1, C2: Candidate 2, C3: Candidate 3 with used tags. RLP32 as used as
positiv control.

the positive control. However, the expressed receptor was tested forethylene

production upon IF1 treatment, Fig. 5.4.
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Figure 5.4: IF1 induced ethylene production in N. benthamiana after in�ltration with A.
tumefacienscarrying plasmids with RLP32 and receptor candidate Candi1 myc tagged,
respectively. MMA bu�er was in�ltrated as control.

No enhanced ethylene production could be detected. Since a tag can also in�uence

the receptor binding activity, only candidate 1 containing the myc-tag can be

excluded as IF1 receptor after this experiment. This candidate could still be

functional with a di�erent tag or even without a tag. Though, an assumption

of a classical receptor is fundamental for this approach. A di�erent perception

system could also be possible.
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