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Abstract 
 

In recent years, the induced systemic resistance (ISR), triggered by elicitors 

produced by plant beneficial bacteria, emerged as a promising strategy for 

implementation in sustainable agriculture. Compared to chemical pesticides, ISR has 

certain advantages, such as provision of long-lasting and broad-spectrum protection 

and a low risk of development of resistant pathogens. Among ISR elicitors, cyclic 

lipopeptides (CLPs) are particularly important. Being reported in high diversity of 

phytopathosystems, the most studied CLP as an ISR elicitor is surfactin (Srf) produced 

by beneficial bacilli. However, the success of plant beneficial bacteria as stimulators 

of ISR has been rather limited due to a number of factors, including our global lack 

of knowledge about the mode of action of their elicitors. The aim of this work was 

therefore to investigate the elusive phenomena of ISR induced by these beneficials, 

using Srf as a model elicitor.  

To tackle this complex question, this work integrated biophysical, in silico, and in 

planta approaches. The first method was to compare immune responses triggered by 

Srf and a well-known pattern triggered immunity (PTI) elicitor flagellin 22. Being the 

first steps in immunity elicitation, perception by the plant cells and mechanisms for 

early immune events elicitation were firstly investigated. Furthermore, a genome-

wide transcriptome analysis was performed to compare these two types of responses 

at the transcriptional level. The data indicated that Srf does not rely on previously 

described elicitors sensing receptors, but rather interacts with the lipid phase of plant 

plasma membrane (PPM). More specifically, Srf interacts with a specific class of 

lipids, causing changes in PPM lipid organization, structural and rheological 

properties. Such membrane changes have been described in the literature to be 

perceived via mechanosensitive ion channels, and this work shows that 

representatives of these channels are required for early immune responses activation 

and induction of ISR by Srf. In addition, genome-wide transcriptome analysis 

revealed that plant responses to Srf and during the onset of PTI significantly differ. 

Considering that the bioactivity of Srf is influenced by the presence of particular PPM 

lipids, other structurally different CLPs were tested, and it was observed that the 

affinity for lipids differs among them. This indicates that in different species, 

CLPs/PPM lipids interaction will result in different immune responses depending on 

plant’s plasma membrane lipid profile. Further structure activity studies revealed that 

CLP activity is a finely tuned process where structural changes in both the peptide and 

the acyl chain can cause loss of activity. 

Through in-depth data mining of results of the RNAseq analysis conducted on 

Arabidopsis thaliana roots, this work also provided data that could be used to decipher 

signaling during the onset of Srf-triggered ISR, as well as the mechanism for 

enhancing plant defense responses.  
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To our best knowledge, this is not only the first time that a perception of an ISR 

elicitor has been described, but also the first time that this peculiar way of perception 

of an immunity elicitor was described. Moreover, by revealing the perception pathway 

and the transcriptional changes induced upon Srf treatment, this work provides clues 

for further elucidation of Srf triggered ISR.
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Résumé 
 

Ces dernières années, la résistance systémique induite (induced systemic resistance 

ISR), déclenchée par des éliciteurs produits par des bactéries bénéfiques pour les 

plantes, est apparue comme une stratégie prometteuse à mettre en œuvre dans 

l'agriculture durable. Par rapport aux pesticides chimiques, la résistance systémique 

induite présente certains avantages, tels qu'une protection durable et à large spectre et 

un faible risque de développement de pathogènes résistants. Parmi les éliciteurs RSI, 

les lipopeptides cycliques (LPC) sont particulièrement importants. La surfactine (Srf), 

produite par des bacilles bénéfiques, est le LPC le plus étudié en tant qu'éliciteur de 

l’ISR, car il est présent dans une grande diversité de systèmes phytopathologiques. 

Cependant, le succès des bactéries bénéfiques pour les plantes en tant que stimulateurs 

de l’ISR a été plutôt limité en raison d'un certain nombre de facteurs, y compris notre 

manque global de connaissances sur le mode d'action de leurs éliciteurs. L'objectif de 

ce travail était donc d'étudier le phénomène insaisissable de l’ISR induit par ces 

auxiliaires, en utilisant le Srf comme éliciteur modèle.  

Pour aborder cette question complexe, ce travail a intégré des approches 

biophysiques, in silico et in planta. La première méthode a consisté à comparer les 

réponses immunitaires déclenchées par le Srf et un éliciteur bien connu de l'immunité 

déclenchée par les motifs (pattern triggered immunity - PTI), la flagelline 22. Etant 

les premières étapes de l'élicitation de l'immunité, la perception par les cellules 

végétales et les mécanismes d'élicitation des événements immunitaires précoces ont 

d'abord été étudiés. En outre, une analyse du transcriptome à l'échelle du génome a 

été réalisée pour comparer ces deux types de réponses au niveau transcriptionnel. Les 

données indiquent que Srf ne dépend pas des récepteurs de détection des éliciteurs 

précédemment décrits, mais interagit plutôt avec la phase lipidique de la membrane 

plasmique de la plante (PPM). Plus précisément, Srf interagit avec une classe 

spécifique de lipides, provoquant des changements dans l'organisation des lipides de 

la PPM, ainsi que dans ses propriétés structurelles et rhéologiques. De tels 

changements membranaires ont été décrits dans la littérature comme étant perçus via 

des canaux ioniques mécanosensibles, et ce travail montre que des représentants de 

ces canaux sont requis pour l'activation des réponses immunitaires précoces et 

l'induction de l'ISR par le Srf. En outre, l'analyse du transcriptome à l'échelle du 

génome a révélé que les réponses des plantes au Srf et pendant le début de le PTI 

diffèrent de manière significative.  

Étant donné que la bioactivité du Srf est influencée par la présence de lipides PPM 

particuliers, d'autres CLP structurellement différents ont été testés et il a été observé 

que l'affinité pour les lipides diffère entre eux. Cela indique que chez différentes 

espèces, les CLP ont une affinité différente pour les lipides.   
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Cela indique que chez différentes espèces, l'interaction CLP/lipides PPM entraînera 

des réponses immunitaires différentes en fonction du profil lipidique de la membrane 

plasmique de la plante. D'autres études sur la structure et l'activité ont révélé que 

l'activité des CLP est un processus finement réglé dans lequel des changements 

structurels dans le peptide et la chaîne acyle peuvent entraîner une perte d'activité. 

Grâce à l'exploration approfondie des résultats de l'analyse RNAseq menée sur les 

racines d'Arabidopsis thaliana, ce travail a également fourni des données qui 

pourraient être utilisées pour déchiffrer la signalisation pendant le début de l'ISR 

déclenché par le Srf, ainsi que le mécanisme d'amélioration des réponses de défense 

de la plante.  

A notre connaissance, c'est non seulement la première fois qu'une perception d'un 

éliciteur ISR a été décrite, mais aussi la première fois que ce mode particulier de 

perception d'un éliciteur d'immunité a été décrit. De plus, en révélant la voie de 

perception et les changements transcriptionnels induits par le traitement au Srf, ce 

travail fournit des indices pour une élucidation plus poussée de l'ISR déclenché par le 

Srf. 
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1. Potential of biological control agents in sustainable 

agriculture 

 

1.1.  Crop protection - then and now 

The main challenge agriculture is facing nowadays is the global food security 

due to a world’s fast-growing population with changing dietary habits 

(Avermaete et al., 2023). Besides abiotic factors (weather and soil conditions), 

pathogens and pests are the most important biotic factors that negatively 

impact crop yields and thus global food security. The yield reduction of the 

world's most important crops due to pathogens and pests was estimated by 

Savary et al., (2019) to be 21.5% for wheat, 30.0% for rice, 22.5% for maize, 

17.2% for potato, and 21.4% for soybean, at the global level.  

In modern farming practices, the management of agricultural yield reduction 

caused by living organisms is achieved through the application of pesticides. 

These products prevent, eradicate, or control harmful organisms (referred to as 

'pests') and diseases, while also ensuring the protection of plants and their 

associated products throughout the stages of production, storage, and 

transportation. In the early days of pest management, people mainly relied on 

natural substances like sulfur, as well as extracts from plants, animals, or 

minerals. However, synthetic chemical pesticides have assumed a predominant 

role as the primary means of pest and disease management in agriculture over 

the last century. With their drastic improvement, they not only ensured 

maximum yields, but also provided food free of toxins harmful to humans, 

such as mycotoxins secreted by pathogens (Mahato et al., 2019; Umetsu and 

Shirai, 2020). 

At the global level, in 2018, the use of these chemicals was the most prevalent 

in Asia (about 50% of the global consumption in two categories total weight 

to crop land, and average kg/ha applied), followed by Americas (30 %), and 

Europe in the third place (in both aforementioned categories) (FAOSTAT site). 

In Europe, the most commonly used pesticides are for the control of 

phytopathogens (fungicides and bactericides, acting against fungal and 

bacterial diseases respectively) and herbicides (acting against weeds), each 
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accounting for about 40-45% of total consumption (total weight to crop land) 

(FAO.Org).  

However, years of application showed that extensive use of pesticides is 

harmful for the environment, poses a risk to human health and induces 

development of phenomena called “resistance” manifested through lower 

sensibility of pathogens, pests, and weeds towards pesticides (Kole et al., 

2019). Consequently, nowadays there is an increased interest in sustainable, 

ensuring rational use of pesticides, and in organic agriculture characterized by 

a strong restriction in commercial pesticides used (FAO.Org). In Europe alone, 

between 2000 and 2021, the area of certified organic cropland increased from 

around 4 million ha to 16,5 million ha (FAOSTAT site). These new 

agricultural trends have opened the door for biological control agents and 

increased their share of total pesticides used in agriculture.  

 

1.2.  Bacillus spp. and Pseudomonas spp. as biocontrol 

agents 
 

Biological control involves the use of non-living nature-based substances 

and/or living biocontrol agents among which plant beneficial bacteria (PBBs) 

are being extensively researched and exploited. Amongst many rhizobacterial 

genera (Lysobacter spp., Streptomyces spp., Paenibacillus spp., Burkholderia 

spp., Serratia spp., Azospirilum spp., Pseudomonas spp., Bacillus spp.) that 

demonstrates beneficial effects, Pseudomonas spp. and Bacillus spp. are the 

most studied (Baliah et al., 2018; Dame et al., 2021).  

The immense potential of these genera for application as biocontrol agents 

mainly relies on the vast diversity of their genetical pool enabling production 

of numerous bioactive compounds (enzymes, antibiotics, immunity elicitors, 

growth-promoting substances) (Chen et al., 2020; Müller and Behrendt, 2021). 

Additionally, these species demonstrate strong competition with other 

microorganisms and fast adaptation to environmental stresses which together 

result in successful soil establishment often associated with naturally disease 

suppressive soils (Ganeshan and Kumar, 2005; Baliah et al., 2018).  
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However, in the downstream process towards registration, obstacles imposed 

on pseudomonads due to the risk of acting as opportunistic human pathogens 

and the short shelf-life period make this genus less suitable. Despite the 

difficulties, some Pseudomonas sp.-based products are registered in Belgium 

(Table 1). 

On the other hand, Bacillus species, which currently account for half of the 

registered commercial bacterial biocontrol products in the world, show a 

higher potential (Table 1). This is mainly due to the fact that bacilli are 

considered to be generally safe and are successful in forming endospores that 

allow survival under unfavorable conditions, thus ensuring a longer shelf life 

(Dimopoulou et al., 2021). 

Generally, biocontrol agents are affecting pathogens with direct and/or 

indirect inhibition. Directly, they are successful competitors for nutrients and 

environmental niches, secreting metabolites acting as antimicrobials, and 

inhibiting colonization of the host plant by pathogens. Indirectly, these 

microbes rely on plant growth- and health promotion, where health promoting 

effect is supported by the induction of systemic resistance (induced systemic 

resistance, ISR) (Dimopoulou et al., 2021). From an agronomic perspective, 

the importance of PBB-triggered ISR rests in the provision of long-lasting and 

broad-spectrum protection, with low fitness costs, and low risk of resistant 

pathogen development (Köhl et al., 2019).  
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1.2.1. Plant immunity induction 

Due to the sessile lifestyle, plants developed various defense systems in order 

to survive. Constitutively, these are manifested as chemical and physical 

barriers present in plants, whether or not there is an invader’s attack. On the 

other hand, plants also developed defense mechanisms that are induced upon 

the perception of various hostile biotic (pathogens, insects) and abiotic 

(unfavorable environmental conditions) cues (Wiesel et al., 2014).  

The plant plasma membrane (PPM) is the critical cell site not only for the 

perception of these unfavorable cues, but also for their transduction into signals 

that specify to the plants what type of stressor is present. Once the stressor is 

perceived, as a part of transduction into signal, early immune events are 

activated and via fine-tuned hormonal signaling the information is transmitted 

to neighboring and distant organs and the appropriate responses are activated 

(Oelmüller 2021).  

In order to improve their defensive capacity, plants also developed an 

adaptive strategy – the phenomenon of induced systemic resistance (ISR) 

(Conrath et al., 2006). This work refers to ISR as a phenomenon triggered by 

PBB and their elicitors (referred to as ISR elicitors).   
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2. Structural properties of the plant plasma 

membrane: the main site for perception of the 

stimuli and transduction into signals 

 

PPM is the key site for signal perception and transduction, the two 

components necessary for cell survival and proper functioning. It is therefore 

essential that the PPM is stable, but also fluid and adaptable in order to address 

the challenges of a constantly fluctuating environment. This complex system 

is mainly composed of lipids and proteins, where a molar ratio of 50–100 

molecules of lipid for 1 protein could be expected (Cassim et al., 2019).  

The main role of the lipids constituting the two-leaflet PPM is maintaining 

the structural balance of cells. The three main classes of plant membrane lipids 

are sphingolipids, phospholipids, and sterols, where the distribution of these 

lipids within the layers is laterally and transversally uneven (Figure 1). 

 

Figure 1 - Organization of the different classes of lipids in the PPM. Adapted from 

Jaillais and Ott, 2020. 
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Lipids dominating cytosolic, inner leaflet are phospholipids, whereas 

sphingolipids are mainly located on the outer leaflet, where they assemble with 

sterols thus forming microdomains (Cacas et al., 2016; Rondeli et al., 2021; 

Yu and Klaud, 2021). Complex sphingolipids glucosylceramides (GluCer) and 

glycosyl inositol phosphorylceramides (GIPC) constitute more than 40% of 

PPM lipids and are key components required for membrane integrity and 

functionality. 

Being part of such a complex interface, proteins, like PPM lipids, also 

exemplify compartmentalization at the planar and transversal level where the 

lipid bilayer is used as a docking platform. At the planar level, protein 

clustering can occur with other proteins but also with the aforementioned lipid 

microdomains.  

Besides being located, some proteins, such as protein receptors involved in 

the activation of plant immunity, are able to move laterally and colocalize in 

membrane domains in order to realize their activity or even be disactivated 

(Jarsch et al., 2014; Hao et al., 2014; Bücherl et al., 2017).  

These microenvironments of specific proteins alone or segregated with lipids 

serve as functional hubs by playing the crucial role in cell surface signaling, 

modulating signal perception, and even activation of immune responses (Huby 

et al., 2020; Jaillais and Ott, 2020). As some of the latest research indicated, 

lipid/protein coalescences are not random but assumed by the specific 

interaction between the two (Legrand et al., 2019; Noack et al., 2021). 

Transversally PPM located proteins can be transmembrane (integral 

proteins), such as ion channels, or membrane-associated (peripheral proteins), 

such as signal receptors. Most commonly, transmembrane proteins are static, 

whereas signal receptor proteins diffuse laterally allowing plants successful 

perception of extracellular signals (Jong and Munnnik, 2021). 
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3. Events underpinning immune responses to 

phytopathogens 

The first step in eliciting immunity is always the recognition of elicitors via 

dedicated receptors which leads to the activation of early immune events, such 

as the production of reactive oxygen / nitrogen species, calcium influx, and ion 

fluxes resulting in medium alkalinization or change in media conductivity 

(Figure 2). Plant cells decipher this message by integrating the information 

from all the early immune events which results in activation of complex 

signaling and consequently plant defense responses (DeFalco and Zipfel, 

2021). 

 

Figure 2 - Schematic representation of perception and induction of early immune events 

by flagellin 22 , a known elicitor described in plant pathogens interactions (Adapted from 

Zipfel and Oldroyd, 2017;  Tian et al., 2019; Thor et al., 2020) FLS2 (FLAGELLIN-

SENSING 2) a receptor recognizing bacterial flagellin protein flagellin 22; BAK1 (BRI1-

Associated receptor Kinase) a FLS2 coreceptor; BIK1 (BOTRYTIS-INDUCED 

KINASE1) a receptor-like cytoplasmic kinase; RBOHD a NADPH oxidase; CDPK (Ca2+- 

dependent protein kinases); OSCA1.3, CNGC2, CNGC4 Ca2+ channels, P 

phosphorylation. 
 

 

3.1. Perception of microbial immunity elicitors by the 

plant cells  

Plants are lacking specialized immune cells and the circulatory system like 

vertebrates, so they developed an extraordinary system in which each cell is 
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capable of perceiving immune elicitors and initiating the plant response (Spoel 

and Dong, 2012).  

To successfully detect microbials, plants employ plethora of PPM embedded 

Pattern-Recognition Receptors (PRR). Being in a constant vicinity of 

potentially harmful microorganisms, plants rely on efficient PRRs and thus 

they are able to detect immune elicitors at nM concentrations and activate 

pattern-triggered immunity (PTI) (Han, 2019). Most commonly, PTI elicitors 

are classified as pathogen/microbe - associated molecular patterns 

(PAMPs/MAMPs, respectively), or as damage-associated molecular patterns 

(DAMPs) (Schellenberger et al., 2019). The best-known bacterial molecules, 

whose recognition by the immune system is mostly conserved in the plant 

kingdom, are flagellin, elongation factor Tu, lipopolysaccharides, and 

peptidoglycans (Zipfel and Oldroyd, 2017). In most instances, once the 

receptor/coreceptor complex recognizes an elicitor, it phosphorylates BIK1, or 

its homologue (PBS1-like) PBL1 (Wan et al., 2019), serving as a link between 

perception and early immune events activation (Oelmüller, 2021). To bypass 

the first line of PAMPs/MAMPs induced immune response, adapted pathogens 

use protein effectors injected into host cells to dampen PTI. In turn, plants have 

evolved intracellular nucleotide-binding leucine-rich repeat (NLR) receptors, 

that interfere with these effectors leading to the effector-triggered type of 

immunity (ETI) (Kanyuka and Rudd, 2019; Schellenberger et al., 2019). In 

both cases, when the elicitor is bound by the receptor, local early immune 

events are initiated as a first step following perception (Han, 2019). 

 

3.2. Early immune events triggered by elicitors 

Being involved in both abiotic and biotic stress signaling, plants use early 

immune events in a particularly balanced manner in order to activate specific, 

trigger-dependent immune responses. The most important events occurring 

during this phase are activation of secondary messengers, i.e., production of 

reactive oxygen and nitrogen species, elevation of cytosolic Ca2+, and medium 

alkalinization (Marcec et al., 2019).  
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3.2.1. Reactive oxygen species  

Production of reactive oxygen species (ROS) is one of the earliest 

measurable plant defense responses, also playing an important role in the plant 

metabolism, growth, development, and autophagy (Turkan 2018; Li et al., 

2020).  

ROS is a collective term used for a group of high chemical reactivity 

molecules, such as OH−, O2, O
2−, and H2O2 (Janků et al., 2019). According to 

their synthesis site, ROS can be characterized as apoplastic ([ROS]apo) 

(produced by cell wall peroxisomes, amine oxidase, oxalate oxidase, plasma 

membrane associated NADPH oxidase (Rboh)) and intracellular ([ROS]intra) 

(mitochondria, chloroplast, peroxisomes, plasma membrane associated 

quinone oxidase) (Farnese et al., 2016). Among these, MAMPs perception is 

often triggering ROS production through the RBOH family of NADPH 

oxidase, resulting in a PTI-specific strong and rapid burst of [ROS]apo (Kadota 

et al., 2014; Lee et al., 2020). 

Changed redox state caused by “signaling active” levels of ROS, is brought 

back to normal by antioxidants, thus creating a specific ROS signature (Noctor 

et al., 2018). Antioxidants can be categorized as enzymes and non-enzymatic 

low mass molecules (Kapoor, et al., 2019; Soares, et al., 2019). The apoplast 

is characterized by a low content of non-enzymatic antioxidants, which allows 

enhanced apoplastic oxidation state, implying a possible difference in signal 

translation of apoplastic and intracellular ROS (Janků et al., 2019). Besides 

antioxidants, additional factors shaping ROS signature are PPM aquaporins 

conducting ROS across the membrane. During activation of PTI, lack of ROS 

transfer from apoplast to cytosol restricts activation of defense responses, 

therefore demonstrating the important role it plays in plant immunity (Marcec 

et al., 2019).  

All considered, plant immune responses induced by ROS are strongly 

influenced by species synthesized, the site of production, rapidity of synthesis 

and antioxidation, and transport across the membrane (Møller and Sweetlove, 

2010; Noctor et al., 2018; Janků et al., 2019). 
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3.2.2. Reactive nitrogen species 

Besides ROS, the production of reactive nitrogen species (RNS) is 

considered as an early immune response, without which resistance to 

pathogens is significantly reduced (Xu et al., 2013). Their actions influence 

immunity through MAPK activation, cell wall lignification, and immune 

stomatal closure (Kapoor et al., 2019; Lawrence et al., 2020).  

RNS is as well a collective term under which nitric oxide (NO−), 

peroxynitrite (ONOO−), the NOx compounds (NO2, N2O3, and N2O4), and 

nitrous acid (HNO2) are considered. The rest of the section focuses on NO−, 

being the most studied one (Romero-Puertas and Sandalio, 2016; Tomar et al., 

2021).  

Possible routes for NO− generation in plants are oxidative and reductive. 

Even though oxidative mechanism utilizing NO synthase (NOS) characteristic 

for animal cells, was demonstrated to be active in plants, the genes encoding 

related enzymes have not been identified thus far. The reductive route is also 

very active in plants, generating NO− intracellularly and extracellularly. 

Intracellularly, NO− can be synthesized in the cytosol by nitrate reductase 

[NADH] 1 (NIA1) and NIA2, and, though rarely, in the mitochondrial inner 

membrane probably via cytochrome c oxidase and/or reductase. On the other 

hand, extracellular NO− is produced by membrane bound NiNOR which 

activity is suspected to be limited to the roots, and by the cell wall peroxisomal 

enzyme xanthine oxidoreductase, activated only in anaerobic conditions (Yu 

et al., 2014). Activation of the production site depends on the type of the 

elicitor. For instance, NO− production triggered by pathogen Pseudomonas 

syringae pv. maculicola occurs via NIA1 NIA2 involved in the reduction 

pathway, whereas lipopolysaccharides trigger NOS-dependent synthesis 

(Zeidler et al., 2004; Mur et al., 2006). 

The main way for NO− to act is by post-translationally modifying proteins, 

thus changing their functionality and activity (Romero-Puertas and Sandalio, 

2016). In this manner, target proteins are most commonly reversibly changed 

through S-nitrosylation, which impacts their conformation, activity, and/or 

localization, a process highly ubiquitous in the different kingdoms of life 

(Astier et al., 2018; Pande et al., 2021). S-nitrosylation is considered as an 

important event in plant immunity since it regulates cell death during the 
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hypersensitive response, facilitates NPR1 oligomerization thus its activation, 

and regulates ROS production. It is also suspected that S-nitrosothiols (S-

nitrosylated proteins) have signaling role in systemic immune responses (Tada 

et al., 2008; Yun et al., 2011; Jedelská et al., 2021). Additionally, it has been 

shown that NO− can interfere with hormonal signaling by influencing plant 

hormone levels (e.g., biosynthetic, degradation, and conjugation enzymes), 

their distribution (e.g., transport proteins) or signaling (e.g., receptors and 

signal transduction proteins), which emphasizes its role in plant immunity 

(Freschi, 2013). 

Although the specificity of protein/NO− interaction is not completely 

understood, it is postulated that the structure of the target and the local NO− 

concentration are the main factors influencing this process (Feng et al., 2019; 

Cui et al., 2021).  

 

3.2.3. Cytosolic calcium increase 

Alongside ROS, increase in cytosolic Ca2+ ([Ca2+]cyt) is considered as the 

most important ubiquitous early immune event. Most of the plant Ca2+ 

channels are non-selective since they can conduct other cations, both mono- 

and divalent ones. Signaling [Ca2+]cyt influx is most commonly activated by 

glutamate, glycine, ROS, ATP, and ADP (Demidchik et al., 2018).  

Best described ion channel families for Ca2+ transport in cytosol are cyclic 

nucleotide-gated channels (CNGCs), ionotropic glutamate receptors (GLRs), 

two-pore channel 1 (TPC1), annexins, mechano-sensitive channels of small 

conductance-like (MSLs), Mid1-complementing activity channels (MCA), 

Piezo, and reduced hyperosmolarity-induced [Ca2+]cyt increase channels 

(OSCAs) (Demidchik et al., 2018; Kong et al., 2020). Which of these channels 

will conduct the Ca2+ signaling influx depends on the origin of the trigger, 

however the data clearly showing the links elicitor/channel is scarce. For 

instance, when stimulated by well-known PAMP flg22, the Ca2+ influx is 

conducted through CNGCs and OSCA1.3 phosphorylated by BOTRYTIS-

INDUCED KINASE1 (BIK1) which is activated by receptor/coreceptor 

complex (Tian et al., 2019; Thor et al., 2020). On the other hand, abiotic 

stresses, such as mechanical and osmotic, induce calcium influx through 
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families of channels MCAs and MSLs, collectively known as 

mechanosensitive ion channels (MSCs) (Basu and Haswell, 2017).  

In order to restore normal Ca2+ levels and avoid Ca2+ toxicity upon calcium 

influx, efflux mechanisms are activated operating mainly through Ca2+-

ATPases and Ca2+ exchangers (Bose et al., 2011). The combination of 

magnitude, frequency, and shape of the stress signaling induced [Ca2+]cyt 

elevations is creating a specific Ca2+ “signature” which depends on the nature, 

strength, and duration of the stimulus (Bose et al., 2011; Aldon et al., 2018). 

Specific calcium “signature” is deciphered by sensor binding proteins. 

Plants are equipped with three primary families of calcium sensors, namely 

CaM (calmodulin), CBL (calcineurin B-like), and CDPKs (calcium-dependent 

protein kinases). While CaM and CBLs lack intrinsic enzymatic functions and 

rely on conveying calcium-induced structural alterations to target proteins, 

CDPKs, which are unique to plants and certain protists, exhibit both calcium-

sensing and protein-kinase activities within a single polypeptide. 

Consequently, CDPKs are hypothesized to undergo direct activation through 

calcium binding, modulating target proteins via phosphorylation, albeit with 

varying affinities. Namely, calcium binding proteins exhibit diverse affinities 

for calcium ions, levels of expression, subcellular localization, and assembly 

in microdomains (Bose et al., 2011; Boudsocq et al., 2012; Demidchik and 

Shabala, 2018). 

 

3.2.4. Mitogen-activated protein kinase   

Mitogen-activated protein kinase (MAPK) cascades serve as highly 

conserved signaling pathways converting external stimuli into intracellular 

responses across various eukaryotic organisms. In the context of plants, these 

MAPK cascades play a significant role in orchestrating defense responses 

against pathogen attacks. Numerous PRRs have been demonstrated to initiate 

MAPK signaling upon detection of PAMPs (Meng and Zhang, 2013). A 

prototypical MAPK cascade typically comprises a minimum of three 

sequentially acting kinases: a MAP kinase kinase kinase (MAPKKK), a MAP 

kinase kinase (MAPKK), and ultimately, the MAP kinase (MAPK) itself 

(Figure 3). Phosphorylation plays a pivotal role in advancing the signal 

through the MAP kinase cascade, where, upon activation, MAPKs proceed to 
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phosphorylate various protein targets. These targets encompass a broad range 

of proteins, including other kinases, enzymes, cytoskeletal proteins, and 

transcription factors, within all eukaryotic cells (Jagodzik et al., 2018; Krysan 

and Colcombet, 2018; Zhang and Zhang, 2022).  

 

Figure 3 – Schematic representation of mitogen-activated protein kinase 

phosphorylation cascade (Taj et al., 2010). 
 

 

3.2.5. Medium alkalinization  

Even though not so commonly mentioned as [Ca2+]cyt and ROS, medium 

alkalinization does play an important role in plant defense-associated early 

responses to various PAMPs (Boller, 1995, Falhof et al., 2016). It develops 

due to the activation of H+-ATPases located on the plasma membrane, which 

at the expense of ATP transports H+ from outside inside the cell. When H+ 

influx occurs, newly established electrochemical gradient across the membrane 

triggers activation of numerous secondary transporters and channels, thus 

enabling normal cell functioning (Wang et al., 2014). Coordination between 

H+-ATPase and transporters/channels can be established by ionic conditions in 

the cytosol (calcium ions and nitrate), cytosolic pH, nucleotides, malate, 

kinases and phosphatases, redox conditions, and membrane potential (Cosse 

and Seidel, 2021). 
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3.2.6. Achieving signal specificity: secondary messengers’ interplay 

Since using the same secondary messengers for underpinning a myriad of 

cellular processes, the manner in which plants are translating these signals into 

a final stressor-dependent specialized response is intriguing and still unknown. 

The current theory is that plant responses are determined by specific secondary 

messengers’ signatures, which have been shown to be unique to particular 

environmental cues, and by a fine balance among these. This fine balance 

creates a “lock and key” mechanism, and it is often established by the mutual 

interplay amongst the early immune events (Marcec et al., 2019). 

The best known example of interaction between early immune events is the 

Ca2+/ROS hub. Namely, depending on the elicitor inducing the immune 

responses, Ca2+ and ROS appear to orchestrate the signature network, by 

activating, up- or down-regulating each other (Marcec et al., 2019). 

Additionally, in some cases such as flg22 triggered early immune responses, 

ROS production by RBOHD and [Ca2+]cyt increase are two independent 

processes (Kadota et al., 2014). The participants in such an interplay may be 

different, thus NO− and Ca2+ can also be involved in interaction. However, it 

has been shown that the influence of NO− on [Ca2+]cyt influx is restricted to 

specific cellular compartments, thus adding a layer of complexity on the 

interplay (Ali et al., 2007; Astier et al., 2011). Although not directly, RNS can 

also regulate ROS homeostasis in plants through S-nitrosylation (Wang and 

Chu, 2020). 

Plants demonstrate deep complexity regarding secondary messengers’ 

interplay, however its physiological function is yet to be deciphered. To reveal 

how a fine balance and interaction between messengers is influencing plant 

responses, a better comprehension of the production sites, specific signatures, 

and mechanisms for expressing activity of these cues is needed.  
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3.3. Hormonal signaling in plant immunity 

Besides having a key role in growth, development, and reproduction, plant 

hormones also significantly participate in the onset of plant immunity. This 

complex signaling network influences immune responses by integrating 

information about the phytohormonal blend in the plant, relative concentration 

of each hormone, timing and sequence of initiation of each of these molecules, 

and their cross talk (Pieterse et al., 2012; Gimenez-Ibanez and Solano, 2013). 

Molecules considered as immunity signaling hormones activated during 

pathogen attack are salicylic acid (SA), jasmonic acid (JA) with its derivatives 

(Figure 4), ethylene (ET), abscisic acid, gibberellins, auxins, cytokinins, and 

brassinosteroids. Among these, the role of phytohormones SA, JA, and ET has 

been most thoroughly described in pathogen triggered immunity. In 

Arabidopsis, even though there are exceptions, these signaling pathways are 

often correlated with the pathogen’s lifestyle, biotrophs and hemi-biotrophs 

being fended off through SA signaling pathway, and necrotrophs by JA acting 

in alliance with ET. This is however an oversimplistic view since other 

hormones are also synergistically or antagonistically involved in signaling 

(Berens et al., 2017; Vlot et al., 2021). 

 

Figure 4 - Synthesis pathway of JA and oxylipins involved in plant defenses (Adapted 

from Wasternack and Feussner, 2018). 
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3.4. Plant defense responses 

Upon recognition of immunity elicitors and following signaling, plants 

reallocate their resources from growth and reproduction to resistance achieved 

in three steps. 

Firstly, plants activate production of cellulose, hemicellulose, pectin, and 

lignin to reinforce the cell wall. This physically restraints pathogens ingress 

and it is also considered as the most universal defense response (Wan et al., 

2021). On the other hand, plants also activate synthesis of antimicrobial 

enzymes, proteins, or metabolites (also known as phytoalexins) involved in 

direct fight against attacker (Vos et al., 2013; Jeandet et al., 2014). 

Phytoalexins are compounds that can be categorized in two groups: nitrogen-

containing molecules (alkaloids) and nitrogen-deficient molecules (terpenoids 

and phenolics) (Jeandet et al., 2014). Some of the commonly used markers of 

phytoalexins synthesis are lipoxygenase and phenylpropanoid pathway 

activation. 

Lipoxygenase (LOX) pathway is involved in plant immunity in two ways, 

one being synthesis pathway of phytohormones jasmonates (Chapter 1 – 

section 3.3) and the second one being the pathway for production of oxylipins 

acting as antimicrobials (Thakur and Udayashankar, 2019; Deboever et al., 

2020). Similarly, phenylpropanoid (PAL) pathway is involved in SA synthesis, 

but as well in the production of lignin and wide range of phenolic compounds 

directly acting against pathogens (Kim and Hwang, 2014).  

Among the high diversity of so far identified phytoalexins, the crucial plant 

defense metabolite for Arabidopsis, the model plant used in this study, is an 

alkaloid phytoalexin called camalexin (Frerigmann et al., 2015). The first step 

in the biosynthesis of this molecule is the production of indole-3-acetaldoxime 

from tryptophan, which is further followed by several steps catalyzed by a set 

of enzymes finally resulting in the production of camalexin (Figure 5). 

Biosynthesis of this compound is also linked to tryptophan derived indolic 

glucosinolates production contributing to plant immunity by improving callose 

deposition. Depending on the pathogen challenge, activation of camalexin 

production can be triggered by different phytohormones SA, JA, or ET 

(Nguyen et al., 2022a). So far, camalexin has been described as an important 
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player in Arabidopsis resistance against some of the most important pathogens 

such as Botrytis cinerea and Pseudomonas syringae (Nguyen et al., 2022b).  

 

Figure 5 - Schematic representation of enzymes catalyzing reactions, intermediate 

products of camalexin biosynthesis pathway. Scheme also represents a possible link 

between camalexin synthesis and indolic glucosinolates (IG) production (Frerigmann et 

al., 2015). 

 

 

Eventually, plants produce pathogenesis-related (PR) proteins that lower the 

pathogen occurrence or delay the disease spreading in plant organs that have 

not yet been infected. PR proteins achieve this through their dual function in 

cell wall lignification and synthesis of antimicrobial compounds and enzymes 

(such as chitinases and glucanases), thus playing a critical role in the plant 

immune response against a variety of pathogens (Ali et al., 2018).
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4. Plant immune responses triggered by 

beneficial bacteria 

One of the most commonly used tactics of PBB to protect plants from 

unfavorable cues is activation of ISR. Amongst vast number of beneficials 

reported to induce resistance in plants, elicitors have only been identified for a 

small fraction. Moreover, despite efforts, relatively little is known about the 

mechanisms underpinning ISR from elicitor perception to the elevated 

resistance upon pathogen attack (Stringlis et al., 2018; Shrestha et al., 2022; 

Yang et al., 2023; Pierre et al., 2023).  In the subsequent sections, the chemical 

diversity and activity of ISR elicitors produced by PBB are highlighted, with 

their activity being influenced by both their structure and dosage. The 

emphasis is placed on compounds that have been rigorously tested in their pure 

form, at biologically relevant concentrations, and/or via specifically 

suppressed bacterial mutants. The studies cited are those in which the ability 

to induce systemic resistance was clearly shown to be independent from any 

direct antimicrobial effects of elicitors. Another factor considered was that the 

application of these elicitors was to a plant organ other than the one of pathogen 

infection. 

 

4.1. Elicitors of ISR produced by PBB 

Even though some proteins produced by Brevibacillus laterosporus, B. 

amyloliquefaciens, and Saccharothrix yanglingensis have also been proposed 

as PBB determinants responsible for ISR elicitation, in majority of cases these 

compounds have been reported to be small-size molecules (Wang et al., 2015, 

2016; Zhang et al., 2018). Generally, PBB secondary metabolites identified as 

ISR elicitors can be divided in following groups: volatile organic compounds, 

Acyl-Homoserine Lactones, rhamnolipids, N-Alkylated Benzylamine 

Derivative, siderophores, compounds with antibiotic function, and the CLPs - 

the most studied ones (Pršić and Ongena, 2020).  
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4.1.1. Volatile organic compounds 

Most of the well-characterized PGPR elicitors are soluble compounds, but 

some volatile organic compounds (VOCs) were as well-reported to induce 

systemic resistance in the host plant, showing that these metabolites can also 

act as infochemicals involved in inter-kingdom communication (Kai et al., 

2016). The most studied VOC immunity elicitor is 2,3-butanediol (2,3-BD; 

Figure 6-1) produced from glucose in the central metabolism (Yang et al., 

2013). Its bioactivity was first assessed on Arabidopsis by application on roots, 

where B. subtilis GB03 induced resistance against Erwinia carotovora subsp. 

carotovora, while mutants deprived in 2,3-BD or its precursor acetoin 

production were inactive (Ryu et al., 2004). Bioactivity, when treated on roots 

in relatively high mM concentrations, was demonstrated as well in the 

pathosystems maize/Setosphaeria turcica, tobacco/Erwinia carotovora, and in 

pepper against multiple viruses, where the immunity eliciting ability was 

structure dependent. Namely, among the three forms, 2R,3R-BD (R), 2S,3S-

BD (S) and 2R,3S-BD (meso), the S form is the least active (Han et al., 2006; 

D’Alessandro et al., 2014; Kong et al., 2018). However, on pepper against 

Xanthomonas axonopodis pv. vesicatoria, another VOC 3- pentanol (10 µM, 

1 mM; Figure 6-2) showed higher activity than 2,3-BD (Choi et al., 2014). 

Beside 3-pentanol, long-chain VOCs tridecane and hexadecane (Figures 6-3,4, 

respectively) showed bioactivity as well at µM (100) concentration (Lee et al., 

2012; Park et al., 2013). 

 

4.1.2.  Acyl-homoserine lactones 

Many gram-negative bacteria produce N-acyl-homoserine lactones (AHLs) 

as quorum-sensing molecules involved in cell-to-cell communication in order 

to monitor their behavior according to population density. Some AHLs are not 

only the mean of communication between bacterial cells, but also may be used 

as signal in inter-kingdom interaction and act as plant growth promoting 

compounds and/or as immunity elicitors (reviewed in Schikora et al., 2016). 

Firstly, it was showed by using an AHL-suppressed mutant of Serratia 

liquefaciens MG1, that induced resistance in tomato toward Alternaria 

alternata by this strain is AHL-dependent (Schuhegger et al., 2006). Several 

works performed with purified molecules further revealed that AHL 
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bioactivity is structure dependent. AHLs with short length acyl chains (C4, C6, 

C8) have been mostly demonstrated to promote plant growth, whereas AHLs 

with longer fatty acid (C12, C14) are better described as elicitors of resistance 

(Schenk et al., 2012; Zarkani et al., 2013; Schikora et al., 2016). The long-

chain N-3-oxo-tetradecanoyl-L-homoserine lactone (oxo-C14-HSL; Figure 6-

5) has been amply demonstrated for immunity elicitation in many 

pathosystems. Upon treatment at 6 µM, oxo-C14-HSL successfully induced 

systemic resistance against biotrophs (Blumeria graminis f. sp. hordei, 

Puccinia hordei, Golovinomyces orontii) and hemibiotroph (P. syringae 

DC3000) in barley and Arabidopsis, but not against the necrotrophs Botrytis 

cinerea and Plectosphaerella cucumerina BMM (Schikora et al., 2011; Schenk 

et al., 2012; Wehner et al., 2019). ISR-eliciting activity of oxo-C14-HSL was 

also observed in wheat and tomato against Puccinia graminis f. sp. tritici and 

Phytophthora infestans, respectively (Hernández-Reyes et al., 2014). 

Collectively, these data indicate that the plant defensive response triggered by 

the same oxo-C14-HSL molecule may not be efficient in enhancing resistance 

against phytopathogens with necrotrophic lifestyle. 

 

4.1.3. Rhamnolipids 

Rhamnolipids (RLs) are amphiphilic glycolipids produced by various species 

including pathogenic isolates, but also some plant beneficial Pseudomonas and 

Burkholderia species (Perneel et al., 2008; Abdel-Mawgoud et al., 2010). They 

are essential for bacterial surface motility and biofilm development (Vatsa et 

al., 2010; Chrzanowski et al., 2012). Mono- and di-RLs (Figure 6-6) tested as 

pure compounds have been shown to elicit plant defense responses and to 

induce resistance against various pathogens in grapevine, Arabidopsis, and 

Brassica napus using a wide range of concentrations from approximately 10 

up to 300 µM (Varnier et al., 2009; Sanchez et al., 2012; Monnier et al., 2019, 

2020). When tested for activation of plant immunity markers, RLs also show 

a structure dependent activity, with C12 being the most active variant in the 

C4-C18 range (Platel et al., 2018).
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4.1.4. N-Alkylated benzylamine derivative  

Although its function for bacterial life is not clear, an N-alkylated 

benzylamine derivative (NABD; Figure 6-7) produced by P. putida BTP1, 

was identified as immunity elicitor (Ongena et al., 2005). Treatment of bean 

and cucumber roots with pure NABD at low micromolar concentration elicited 

similar protective effect compared to living cells. On the other hand, in tomato, 

the pure elicitor induced a lower protective effect than observed with the 

producing strain, suggesting the synthesis of an additional ISR determinant in 

that case (Ongena et al., 2008). 

 

4.1.5. Siderophores 

To ensure their growth in iron-limited environments, microorganisms have 

evolved powerful Fe3+-acquisition systems based on the secretion of high-

affinity iron-chelating molecules termed siderophores. PGPR siderophores are 

also known to antagonize pathogen populations by decreasing iron amounts in 

soil, resulting in competition for this essential element (Kramer et al., 2020). 

However, some siderophores also act as plant immunity elicitors and 

pyoverdines (also referred to as pseudobactines; Figure 6-8) produced by 

various fluorescent pseudomonads were, in the 90’s, among the first PBB 

metabolites proposed as ISR elicitors. Their key role in systemic resistance 

induction was notably shown for P. fluorescens CHA0 on tobacco infected by 

Tobacco necrosis virus, and in the protection provided by P. fluorescens 

WCS374 to radish against Fusarium wilt (Maurhofer et al., 1994; Leeman et 

al., 1996). These chromopeptides were further described as inducers of 

resistance in various plant species such as bean, tomato, Arabidopsis, tobacco, 

eucalyptus, and rice against a range of microbial pathogens (Meziane et al., 

2005; Ran et al., 2005; De Vleesschauwer et al., 2008). In addition to 

pyoverdine, P. aeruginosa 7NSK2 also forms the chelating agent pyochelin 

(Figure 6-9) and its precursor salicylic acid (SA). When tested on pathosystem 

grapevine/B. cinerea, SA produced by P. aeruginosa 7NSK2 was crucial for 

mounting the plant immunity (De Meyer et al., 1999; Verhagen et al., 2010). 

However, for ISR stimulated in tomato by the same strain, an important role 

for SA could not be excluded, but probably combined with the action of other 
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metabolites including pyochelin which may somehow also retain some 

eliciting activity (Audenaert et al., 2002). 

 

4.1.6. Elicitors with antibiotic function 

To ensure fitness in the competitive rhizosphere niche, PBB produce a wide 

range of secondary metabolites best identified for their antimicrobial function 

such as non-ribosomal peptides, polyketides, bacteriocins, terpenes, 

phenazines, quinolones, or rhamnolipids (Raaijmakers and Mazzola, 2012; 

Zhao and Kuipers, 2016; Tracanna et al., 2017). Interestingly, some of these 

antibiotics were also shown to act as signal for ISR stimulation at similar 

concentrations, making them promising tools for biocontrol with dual action 

on pathogen populations (Sayyed 2019). One such antibiotic 2,4-diacetyl 

phloroglucinol (Figure 6-10), formed by P. fluorescens, is triggering 

resistance in Arabidopsis against various pathogens, such as Peronospora 

parasitica, P. syringae pv. tomato, and B. cinerea, upon application at 

relatively high 10–100 µM concentrations (Iavicoli et al., 2003; Weller et al., 

2012; Chae et al., 2020). Besides other Pseudomonas antibiotics, phenazine 

type molecules were also reported to induce resistance. Notably phenazine- 1-

carboxamide (Figure 6-11) in rice toward M. oryzae at 0.1–1 µM, in bean 

toward R. solani, and pyocyanin produced by P. aeruginosa 7NSK2 in the 

pathosystem tomato/B. cinerea (Audenaert et al., 2002; D’aes et al., 2011; Ma 

et al., 2016). 
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Figure 6 - Chemical structures of PBB produced ISR elicitors. (1) 2,3-

butanediol; (2) 3-pentanol; (3) Tridecane; (4) Hexadecane (5) N-3-oxo-

tetradecanoyl-L-homoserine lactone; (6) N,N-dimethyl-N- tetradecyl-N-

benzylammonium; (7) Rhamnolipid, L-rhamnosyl-3-hydroxydecanoyl-3-

hydroxydecanoic acid; (8) Pyoverdine; (9) Pyochelin; (10) 2,4-diacetyl 

phloroglucinol; (11) phenazine-1-carboxamide. 
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4.1.7. Cyclic lipopeptides 

CLPs are multifunctional molecules produced by fungi Aspergillus, and 

various bacterial genera such as Streptomyces, Pseudomonas and Bacillus. 

These amphiphilic molecules are consisted of an oligopeptide lactone ring 

linked to a fatty acid tail (Raaijmakers et al., 2010). Due to production of a 

wide spectra of bioactive CLPs, potentially used in agricultural, chemical, 

food, and pharmaceutical industries, special interest is invested in studying 

CLPs produced by pseudomonads and bacilli (Roongsawang et al., 2011). 

CLPs have high structural diversity, thus they are categorized in families. CLPs 

produced by bacilli are divided in three families: surfactin, fengycin, and iturin. 

Compared to bacilli, beneficial pseudomonad species produce CLPs of much 

higher diversity, with so far 100 described structures divided in 14 families 

(viscosin, orfamide, amphisin, syringomycin, syringopeptin, tolaasin, 

bananamides, xantholysins, putisolvins, pseudofactins, syringopeptins, 

corpeptin, fuscopeptins) (Geudens and Martins, 2018). Variations in type and 

number of amino acids, their configuration in the peptide moiety, and in the 

length of the fatty acid tail consequently affect their biological activity 

(Raaijmakers et al., 2006). Thus, they can be possibly involved in biofilm 

formation, motility, colonisation, antimicrobial activity, and plant immunity 

elicitation (Ongena and Jacques, 2008). 

In most instances CLPs shown to trigger ISR are produced by two bacterial 

genera Pseudomonas spp. and Bacillus spp. Being reported in high diversity 

of phytopathosystems, the most studied CLP as an ISR elicitor is surfactin (Srf; 

Figure 7) produced by bacilli. When applied on roots, this CLP demonstrates 

bioactivity in phytopathosystems, such as bean, tomato, tobacco/B. cinerea, 

melon/Podosphaera fusca, peanut/Sclerotium rolfsii, and 

Arabidopsis/Pseudomonas syringae pv. maculicola (Ongena et al., 2007; 

García- Gutiérrez et al., 2013; Cawoy et al., 2014; Rodríguez et al., 2018; Hoff 

et al., 2021; Altrão et al., 2022). However, on dicot leaves or monocot roots 

concentrations of Srf needed to mount the defense responses are much higher, 

indicating that there are certain limitations regarding the systems where it 

performs efficiently (Rahman et al., 2015; Yamamoto et al., 2015; Mejri et al., 

2018). Besides Srf, bacilli also produce iturin and fengycin (Figure 7) which 

have also been reported to induce ISR. Via this mechanism, when applied 

together on rice roots these two CLPs cause P. oryzae disease reduction, which 
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can be further enhanced by their direct antimicrobial effect when applied at the 

site of pathogen infection (Lam et al., 2021). In addition, fengycin primes 

tomato plants against B. cinerea and grapevine against Plasmopara viticola 

(Farzand et al., 2019; Li et al., 2019), whereas iturin has same effect on 

strawberry, cotton, grapevine, and Arabidopsis (Yamamoto et al., 2015; Farace 

et al., 2015; Han et al., 2015; Wu et al., 2018; Altrão et al., 2022). 

Mycosubtilin, part of iturin family, showed efficacy as priming agent and 

direct antimicrobial against Zymoseptoria tritici in wheat (Platel et al., 2023). 

Besides Srf, iturin also shows certain specificity regarding the plant species. 

Namely, on cotton roots its bioactivity has effect at 50 µM concentration, while 

on strawberry and chili pepper leaves, and Arabidopsis roots 1–10 µM suffice 

for a protective effect by triggered ISR (Han et al., 2015; Kawagoe et al., 2015; 

Park et al., 2016; Altrão et al., 2022).  

On the pseudomonad CLPs side, bioactivity in both monocots and dicots was 

reported. Research on pseudomonads CLPs triggering ISR showed that the ISR 

is specific regarding the pathogen. More specifically, in rice/M. oryzae 

phytopathosystem CLPs such as WLIP (Figure 7), lokisin, and entolysin, 

induce resistance and significantly reduce disease symptoms. Nevertheless, 

orfamide, an ISR elicitor in rice against Cochliobolus miyabeanus, loses the 

eliciting effect in the aforementioned plant pathosystem, highlighting the 

CLP/pathosystem specificity (Ma et al., 2017; Omoboye et al., 2019). 

On dicot plants, massetolide A, orfamide (Figure 7), and sessilin were 

reported as ISR elicitors (Tran et al., 2007; Olorunleke et al., 2015; Ma et al., 

2016). Interestingly, elicitation of ISR by orfamide and sessilin is exhibited 

only in the precise concentration range, 0.001-0.1 µM and 0.001-0.01 mg/L, 

respectively (Olorunleke et al., 2015; Ma et al., 2016).  

Besides influencing the ecological role, the structure of CLPs also greatly 

influences their efficacy in triggering systemic resistance. For instance, on 

tobacco cells, linear and methylated derivatives of Srf are much less efficient 

in triggering early immune events indicating that the charge and cyclisation of 

the peptide moiety play an important role in the plant/Srf interaction. 

Moreover, activity is also assumed by the chain length since only homologs 

with long C14 and C15 acyl chains are active at inducing not only early 

immune-related events, but also ISR itself (Jourdan et al., 2009; Henry et al., 

2011; Hoff et al., 2021). Additionally, cyclization and length of the b-hydroxy 
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fatty acid chain of CLPs can also influence the activation of defense genes 

(Kawagoe et al., 2015).  

 

Figure 7 - Schematic representation of the structures of the CLPs described for 

ISR induction. Orange circles represent D-amino acids, green L-amino acids. The 

bar below the amino acids indicates amino acids included in the peptide cycle.  

 

4.2. Surfactin: an ISR elicitor showing a great potential  

Besides being plant immunity elicitors, the most active biosurfactant known 

today - Srf plays the main role in biofilm formation and motility improvement 

and acts as a shield of the bacteria synthetizing it (Götze and Stallforth, 2020; 

Andric et al., 2021). Among the three CLP families produced by plant 

associated beneficial bacilli, only Srf’s synthesis gene is preserved in most of 

the species (Harwood et al., 2018; Théatre et al., 2021). In nature, it is 

produced as a mix of homologues with a fatty acid (FA) chain variating from 

12 to 16 carbons and peptide moiety consisting of L-Glu1-L-Leu2-D-Leu3-L-

Val4-L-Asp5-D-Leu6-L-Leu7 (Théatre et al., 2021b). 

In general, bacilli and pseudomonads synthesize CLPs via non-ribosomal 

peptide synthetases (NRPSs), with one NRPS cluster can often produce various 

CLP variants. The structure of the peptide ring does not only depend on the 

genome of the species synthesizing it, but also on availability of amino acids 

being starting building material (Süssmuth and Mainz, 2017; Geudens and 

Martins, 2018). Among the surfactin family of cyclic lipopeptides (CLPs), Srf 
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is often referred to as the "canonical surfactin" and was the first CLP of the 

surfactin family to be described in the literature. In addition to Srf, Bacillus 

species produce Srf-like CLPs, with only two such CLPs commonly 

encountered in nature - lichenysin and pumilacidin (Figure 8). They are as 

well produced as a mix of homologues, where lichenysin has quite similar 

distribution of different length FA variants as Srf (12-16), while pumilacidin’s 

range slightly differ (14-17). Additionally, the peptide moiety of both CLPs 

differs from Srf at two points, one being common for both, where in the 

position 7 Ile is positioned instead of Leu, and the second one in lichenysin 

being Gln1 instead of Glu1 and in pumilacidin Val4 substituted with Leu4 

(Théatre et al., 2021). 

 
Figure 8 - Schematical representation of the structure of the CLPs belonging to 

Srf family. Orange circles represent D-amino acids, green L-amino acids. The bar 

below the amino acids indicates amino acids included in the peptide cycle. 
 

With the positions 3, 5 and 6 being the same in all variants, further natural 

biodiversity can be increased in the positions 2, 4, and 7. As aforementioned, 

amino acids sequence of the peptide also depends on availability of amino 

acids, thus positions 2, 4, and 7 can possibly contain L-Leu, L-Val or L-Ile 

therefore creating new variants. In this manner, most commonly, together with 

Srf, bacilli are producing in very low amounts Srf with Val in position 7 

(Théatre et al., 2021). 
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5. Points of convergence and distinctions 

between PTI and ISR 

 

So far, ISR being not fully characterized, it is challenging to parallelly 

compare it with the PTI. However, even if limited, the data available for both 

of the phenomena already shows points of convergence and distinctions. 

Namely, elicitors of immunity from both beneficials and pathogens share 

activation of ROS, RNS, Ca2+ influx, and alkalinization as early immune 

events, indicating that, as aforementioned, final immune responses highly 

depend on messengers’ signatures and their interplay (Chapter 1 – section 3; 

De Vleesschauwer et al., 2006; Jourdan et al., 2009; Cawoy et al., 2014; Wang 

et al., 2014; Pande et al., 2021).   

Moreover, once pathogen attacks, ISR does not induce ISR-specific plant 

defense mechanisms, but only reinforces plant immune responses triggered by 

pathogen infection, such as for example higher production of phytoalexin 

camalexin in primed plants. Thus, it remains unclear how plants selectively 

trigger phytoalexins production depending on the lifestyle of the colonizing 

microbe (beneficial or pathogenic) (Nguyen et al., 2022a,b).  

On the other hand, more numerous points of contrasts between the two are 

exemplified through the amount and structure of elicitors triggering the 

response, hormonal signaling blend, promptness and robustness of the defense, 

and a consequent plant fitness cost.  

Being in constant vicinity of potentially harmful microorganisms, plants 

depend on efficient recognition mechanisms and therefore pathogenic 

immunity elicitors are perceived by plant cells at nM concentrations. 

Intriguingly, plant’s receptor equipment should enable detection of not only 

pathogenic, but MAMPs of rhizobial symbionts as well. Indeed, some findings 

show that MAMPs from PBB, such as flagellin and peptidoglycan, trigger ISR 

(Meziane et al., 2005; Ran et al., 2005; Liu et al., 2014; Rajamanickam and 

Nakkeeran, 2020). However new findings revealed that beneficial bacterial 

colonizers can silence immune responses induced by their MAMPs, thus 
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ensuring successful colonization (Boller and Felix, 2009; Stringlis et al., 

2018).  

On the other hand, PBB do produce specialized immunity elicitors though 

significantly different from PAMPs. Namely, even though receptors of PBB 

elicitors are not known, they mostly induce immune responses at µM, thus 

thousand times higher concentrations, when compared to PAMPs (Pršić and 

Ongena, 2020). Additionally, the size of the PBB ISR elicitors described in 

Chapter 1, significantly distinguishes them from PAMPs, since the majority is 

identified as small-size compounds and rarely proteins (Stringlis et al., 2018; 

Pršić and Ongena, 2020). 

Although PTI and ISR show similarities in the phytohormones used, SAR 

and ISR additionally use for signaling azelaic acid (Aza). Aza is an oxylipin 

produced in plastid membranes by the hydrolysis of C18 fatty acids, such as 

oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) (Shine, et al., 

2019). This hydrophobic oxylipin has been identified as a systemic signal that 

travels by vascular sap and enhances the systemicity of the immune responses, 

and thus it is required for SAR and ISR induction. Additionally, application of 

this molecule itself can induce SAR (Jung et al., 2009; Cecchini et al., 2015 

Oelmüller, 2021).  

In the last decade, production of coumarins, plant-derived secondary 

metabolites produced via the phenylpropanoid pathway, emerged as a specific 

pathway of PBB induced immunity (Stringlis et al., 2019). Namely, it was 

demonstrated that beneficial pseudomonads’ volatiles trigger coumarin 

synthesis dependent ISR, whereas the two well-known PAMPs, flg22 and 

chitin, are not able to activate marker genes of this pathway MYB72 and 

BGLU42 (Zamioudis et al., 2015). Moreover, overexpression of the gene 

encoding the enzyme b-glucosidase BGLU42 involved in the production of 

coumarins, results in constitutive resistance against Botrytis cinerea, 

Pseudomonas syringae pv. tomato DC3000 and Hyaloperonospora 

arabidopsidis in Arabidopsis indicating that elicitors activating this pathway 

could possibly induce ISR against these pathogens (Zamioudis et al., 2014).  

Finally, it is considered that in situations when they are attacked by 

pathogens due to the resource restrictions, plants are forced to prioritize growth 

or defense, which results in growth–defense trade-offs (Huot et al., 2014). On 
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the contrary, even though priming has a low fitness cost, once plants are in 

hostile conditions primed plants outperform unprimed plants, thus resulting in 

overall positive cost–benefit balance (Martinez-Medina et al., 2016). 
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6. Dissertation objectives and research approach 

Thanks to the ISR effect, plant beneficials and their bioactive elicitors 

represent promising approaches for phytopathogen control in sustainable 

agriculture. However, the success of PBBs as stimulators of plant defenses is 

so far rather limited due to a number of factors, including our global lack of 

knowledge about the nature and mode of action of their elicitors. Namely, 

tremendous progress has been made in the last decades in understanding the 

MAMP perception during PTI, but the mechanistic of PBB elicitor recognition 

at the plant plasma membrane level and the molecular events underlying PBB 

- induced priming remain largely obscure. Answering this complex question 

would not only better implement ISR as an approach for phytopathogen control 

in sustainable agriculture, but it could also help understanding entanglement 

of PTI and ISR, a puzzle intriguing a fair part of the scientific community. 

To tackle this important question, this thesis focuses on events underpinning 

ISR triggered by Srf as a model elicitor. In this study Srf was used as a mix of 

homologues slightly differing in the length of the fatty acid tail, to best mimic 

how it is produced by bacilli in nature. 

Thus far, the mechanism behind Srf-triggered immunity remains mainly 

undeciphered. It is known that Srf triggers early immune events such as ROS 

production and medium alkalinization, however, perception by plant cell and 

important links between the perception and activation of these immune events 

are missing (Jourdan et al., 2009). Additionally, it is also known that further 

Srf triggered immune responses are in accordance with the phenomena of 

priming, where its pre-treatment upon pathogen attack enhances plant defense 

responses such as upregulation of lipoxygenase and phenylpropanoid pathway 

genes, whereas in the absence of the challenger these are not observed (Cawoy 

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

Taking in consideration elusiveness of the topic, as the first approach the 

comparison of Srf to a well-known MAMP - flagellin (flg22) was used, due to 

its well described pathway for inducing immunity. The first part of this thesis 

focuses on Srf perception and mechanism underlying early immune events 

activation. Moreover, since the Srf’s structure proved to be of great importance 

for its activity (Hoff et al., 2021), this work will also aim to evaluate the impact 

of structural changes on the plant immunization potential of CLPs.  
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In addition, this work gives clues for future research regarding mechanisms 

underpinning ISR following early immune event activation, such as signaling 

and activation of defense related pathways.  
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1. Abstract 

Root-associated rhizobacteria produce cyclic lipopeptides that activate 

induced systemic resistance (ISR) against microbial infection in various plants. 

However, how these molecules give rise to ISR remains elusive. Here, we 

reveal that immunity activation in Arabidopsis thaliana by the well-known 

lipopeptide elicitor surfactin (Srf) is mediated by docking into specific 

sphingolipid-enriched domains and relies on host membrane deformation and 

subsequent activation of mechanosensitive ion channels. This mechanism is 

distinct from host pattern recognition receptor-mediated immune activation 

described so far as the main mechanism for plant immunity activation. It 

represents a new aspect of plant immunization by mutualistic bacteria that will 

contribute to a rational implementation of these beneficials into crop disease 

management strategies. 
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2. Introduction 

Induced systemic resistance (ISR) is a remarkable beneficial effect that PBB 

provide to their host plants, with high potential for implementation in 

sustainable agriculture (Dimopoulou et al., 2021). Among ISR elicitors 

produced by PBB, cyclic lipopeptides (CLPs) are considered as particularly 

important, especially surfactin (Srf; Figure 9). Srf is a CLP well conserved in 

plant beneficial bacilli (Harwood et al., 2018) and has a strong elicitor potential 

in a wide variety of plant species, such as bean, tomato, tobacco, and 

Arabidopsis thaliana (Ongena et al., 2007; García- Gutiérrez et al., 2013; 

Cawoy et al., 2014; Rodríguez et al., 2018; Hoff et al., 2021; Altrão et al., 

2022).  

a) b) 

 
Figure 9 - Structure of Srf presented as a) 2D and b) 3D structural model of the 

heptapeptide Srf (C14 acyl chain homologue) in water (Gromacs v.4.5.4). Red: 

oxygen, white: hydrogen, dark blue: nitrogen, light blue: carbon. The polar amino 

acids are circled in yellow, other amino acids and the acyl chain constitute the 

non-polar part of the molecule. 

 

However, intricate mechanisms of ISR, such as elicitor recognition at the 

plant plasma membrane (PPM) and the downstream molecular events 

underlying this phenomenon remain largely unknown. On the other hand, 
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tremendous advances have been done in the last decades on understanding how 

microbial pathogens are triggering immunity (DeFalco and Zipfel, 2021). 

Being in a constant vicinity of potentially harmful microorganisms, plants 

developed a surveillance system able to detect immune elicitors at nM 

concentrations and promptly activate immune responses (Han, 2019). Most 

commonly, these elicitors are classified as pathogen/microbe - associated 

molecular patterns (PAMPs/MAMPs, respectively), or as damage-associated 

molecular patterns (DAMPs) (Schellenberger et al., 2019). To successfully 

perceive these patterns, plants employ plethora of PPM embedded Pattern-

Recognition Receptors (PRR). Upon association with co-receptors, PRRs 

activate receptor-like cytoplasmic kinases (RLCKs) such as BIK1 and its 

closest homolog PBL1 described as key convergent signaling hubs. This leads 

to phosphorylation of numerous substrate proteins and subsequent induction 

of a well-characterized immune response known as pattern triggered immunity 

(PTI) (DeFalco and Zipfel, 2021). Early hallmarks of PTI signaling in plants 

include apoplastic burst in reactive oxygen species ([ROS]apo), calcium influx, 

medium alkalinization indicating H+/K+ exchange and membrane 

depolarization, or MAPK phosphorylation cascade (Meng et al., 2013; Falhof 

et al., 2016; Waszczak et al., 2018; Köster et al., 2022). 

In this context, the aim of this work was to elucidate the mechanisms of 

perception and early immune events activation by Srf, used as a model ISR 

elicitor in this study. This elicitor was tested as a mix of homologues slightly 

differing in the length of the fatty acid tail (Supplementary Figure 1), as 

produced in nature by beneficial bacilli. Knowledge about ISR being sparse, 

the outset of this work relies on mechanisms of MAMP perception and 

activation of early immune events. In addition, a time-course RNAseq was 

conducted on Arabidopsis thaliana roots using the same setup previously 

reported for flg22 and the fungal MAMP chitin which enabled investigation of 

the differences between early transcriptional changes induced by Srf, as a 

priming agent, and the ones elicited by these MAMPs (Stringlis et al., 2018). 

Finally, a correlation of early immune responses to ISR effect of Srf was 

evaluated using the pathosystem Arabidopsis thaliana ecotype Col-0 

(hereafter, Arabidopsis)/Botrytis cinerea.  
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3. Material and methods 

3.1. Purification of surfactin, WLIP and orfamide B 

Surfactin mix of homologues was purified from spent supernatant of B. 

velezensis liquid culture as previously described, with purity >99%, 

(Razafindralambo et al., 1993). The Srf mix contained C12/C13/C14/C15 

homologues in the proportion 7/17/48/33%, respectively. 

WLIP and orfamide B were produced using P. putida COW10 strain and 

Pseudomonas sessilinigenes CMR12aΔsessilin strain mutant (Andrić et al., 

2021), respectively. For purification bacterial cultures were grown in casamino 

acid media (casamino acid 10 g/L, MgSO4 0.5 g/L, K2HPO4 0.3 g/L, pH 7) at 

30°C for 48 h on 180 RPM continuous shaking.  

After 48 h, cultures were centrifuged at 10 000 RPM for 1 h. CLPs were then 

extracted from cell-free supernatants by acid precipitation. To do so, 

supernatants were acidified to pH 2 with 4N HCl and incubated at 4°C 

overnight. The precipitate was collected by centrifugation (14 000 RPM, 1 h), 

resuspended in water and the pH was adjusted to 8 with NaOH. CLPs were 

extracted by liquid-liquid extraction (50:50 v/v) using butanol:  ethyl acetate 

(30:70 v/v) as extraction solvent. The clear solvent phase was further 

evaporated using a rotary evaporator (water bath temperature 55°) and the 

dried material was resuspended in 100% ethanol. CLPs were purified by HPLC 

system (Agilent Series 1100; UV detector 214 nm) by collecting the peaks 

separated using a C18 column (Luna® Omega 5 μm, 250 x 10 mm) As mobile 

phase acetonitrile 80% (solution in water) acidified with trifluoroacetic acid 

(final concentration 0.1%), was used at 5 mL/min.  

Srf was purified as a mix of homologues, whereas from orfamide only the 

major homologue B was purified. 

Purity of the CLPs was checked by UPLC (Acquity H-class, Waters s.a., 

Zellik, Belgium) coupled to a single quadrupole mass spectrometer (Waters 

SQD mass analyzer) on an ACQUITY UPLC® BEH C18 1.7 µm column. 

Elution was performed at 40°C with a constant flow rate of 0.6 mL/min using 

a gradient of acetonitrile in water both acidified with 0.1% formic acid as 

follows: one min at 30%, from 30% to 95% in 3.4 min and maintained at 95% 

for 2 min. Compounds were detected in electrospray positive ion mode by 
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setting SQD parameters as follows: cone voltage 120 V, source temperature 

130°C; desolvation temperature 400°C, and nitrogen flow: 1000 L.h-1. 

All CLPs were conserved as powder (-20°C) and freshly prepared as a stock 

solution (10 mM) in 100% ethanol on the day of experiments. The 10 µM, 

concentration used in the experiments (with the exception of Evans blue 

experiment), was obtained by diluting stock solution in sterile water for plant 

roots, if not stated otherwise in the methods, and WIca solution (see protoplasts 

isolation) for protoplasts treatments. Consequently, the mock treatment 

contained 0.1 % of ethanol. 

 

3.2. Plant material and growth condition 

Arabidopsis thaliana ecotype Columbia (Col-0) was used as a wild-type 

control for all plant assays. For ROSintra and protoplasts isolation, 

Arabidopsis seeds were grown on half-strength Murashige and Skoog medium 

(M0222, Duchefa Biochimie; MS) medium with addition of 1% (w/v) sucrose 

and 14 g/L of agar, for 2 weeks.  

For ISR experiments and conductivity measurements, one-week-old 

seedlings, germinated on half-strength MS medium containing 1% (w/v) 

sucrose and 14 g/L of agar, were transferred to Araponics systems containing 

growth solution (0.25% (v/v) FLORAMICRO®, 0.25% (v/v) 

FLORABLOOM®, 0.25% (v/v) FLORAGRO®; General Hydroponics®) (in 

ratio 1:1:1, at concentration recommended by the producer) where they were 

grown for four weeks. 

Growth chamber conditions were constant throughout all experiments, with 

a photoperiod of 12 hours (100 µmol s-1 m-2) and a temperature of 23°C. 

 

Mutants of RKs and RLPs fls2/efr1, bak1-5, bik1/pbl1, cerk1-2, sobir1-12, 

sobir1-13, lore-5, and rbohd, loh1, msl4/5/6/9/10, mca1/2 and Col-0aeq mutants 

were described previously Nekrasov et al., 2009; Zhang et al., 2010; 

Schwessinger et al., 2011; Miya et al., 2007; Leslie et al., 2010; Ranf et al., 

2015; Torres et al., 2002; Ternes et al., 2011; Haswell et al., 2008; Yamanaka 

et al., 2010; Knight et al., 1996; and Ranf et al., 2012, respectively. Additional 
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information about mutants can be found in the supplementary data section 

(Supplementary table 1 and 8.  Supplementary information). 

 

3.3. Root Protoplast isolation  

The protoplast isolation procedure was adapted from (Yoo et al., 2007; 

Evrard et al., 2012). Roots from 12 to 15 days-old seedlings were cut into 1-2 

mm segments and transferred to protoplasting solution (20 mM MES pH 5.7, 

0.4 M mannitol, 20 mM KCl, 10 mM CaCl2, 0.1 % (w/v) BSA, 1.5 % (w/v) 

cellulase R10 (Duchefa Chimie), 0.4 % macerozyme R10 (Duchefa Chimie)) 

for 4 hours at room temperature and in the dark. The suspension was then 

filtrated on gauze to remove root debris and the filtrate was centrifuged for 6 

min at 800 RCF. The supernatant was discarded, and the pelleted protoplasts 

were rinsed once with W5 solution (4 mM MES pH 5.7, 154 mM NaCl, 125 

mM CaCl2, 5 mM KCl) before being resuspended in WICa solution (2 mM 

MES pH 5.7, 0.5 M mannitol, 20 mM KCl, 2 mM CaCl2) at a suitable 

concentration (Maintz et al., 2014). For experiments with surfactin, protoplasts 

were used right after their isolation. For experiments with flagellin, protoplasts 

rested overnight before being used, due to the lack of calcium response for both 

elicitors when treating protoplasts at the same age post isolation.  

 

3.4. ISR evaluation 

Plants grown for 4 weeks in Araponic systems were transferred in 10 mL 

vials. After 24 hours of rest, plants were transferred to the new vials containing 

10 µM Srf or 0.1% ethanol (mock treatment) diluted in the hydroponics 

solution. After 24 h, plants were inoculated with Botrytis cinerea conidia 

solution. Spores were collected from B. cinerea strain B05.10, grown on PDA 

plates for 4 weeks using solution composed of 1,75 g/L KH2PO4; 0,74 g/L 

MgSO4; 4 g/L glucose and 0.02% Tween 20. After spore collection the 

concentration was adjusted to 5x105 spores per mL, and spores incubated (30° 

C, 180 RPM) for 8 hours. Inoculation was conducted by inoculating a drop of 

3 µL of conidia solution onto seven leaves per plant, 15 plants per treatment 

(loh1, mca1/2, msl 4/5/6/9/10 (experiment repeated two times) and for PRR 
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related mutants as indicated on the Figure 21). Number of spreading lesions 

was evaluated 96 h after post inoculation.  

 

3.5. ROS measurements 

Measurement of ROSapo in Arabidopsis roots was conducted according to 

Wyrsch et al., 2015. Briefly, Arabidopsis seedlings were allowed to germinate 

on half-strength MS medium for five days after which they were transferred to 

24-well microplates containing liquid MS. After 10 days lower halves of the 

roots were isolated and two roots per well were placed in 0.1 mL of water in a 

microplate (96 Flat White – LumiNunc ™, ThermoFischer), and kept in the 

dark overnight. Before elicitation, horseradish peroxidase (Sigma-Aldrich) and 

luminol (Sigma-Aldrich) were added to a final concentration of 10 µg ml-1 and 

100 µM, respectively. Luminescence measurement was conducted right upon 

adding the elicitor using the Spark® (Tecan) microplate reader. Measurement 

of ROSapo in Arabidopsis was conducted according to Bisceglia et al., 2015. 

The data in the graph represent value after subtraction of controls (each value 

= treated value - mean control). 

For ROSintra measurement, 15 mm long Arabidopsis root segments, isolated 

from different plants, were placed in a well (one root/well) of a microplate (96 

Flat Black – Greiner Bio-One™ CellStar™, Fischer Scientific) filled with 

sterile H2O. After overnight incubation, roots were treated with 25 µM DCFH-

DA (dichloro-dihydro-fluorescein diacetate; ACROS Organics) for 20 

minutes, rinsed with PBS and next, wells were filled with CLP/mock solution. 

Experiments where ROSintra was measured after pre-treatment with the 

channel blocker or calcium chelator included an additional step where LaCl3 

(10 mM; Sigma-Aldrich) or EGTA (1mM; Sigma-Aldrich) respectively, were 

added three minutes before treatments. Fluorescence measurements (excitation 

wavelength 492 nm, emission wavelength 530 nm) were conducted by a 

Spark® (Tecan) microplate reader by using multiple readings (9) per well.  

Data expressed as relative fluorescence increase were obtained by 

subtracting the fluorescence measured at the first time point from the 

fluorescence measured at each time points (the first time point taken as 0). The 

fluorescence fold increase was defined for each repeat as the ratio between the 



Mechanistics of interaction of Srf with plants resulting in ISR 

 

102 
 

fluorescence increase obtained at one time point in each treated repeat and the 

mean fluorescence increase obtained at the same time point in all mock treated 

repeats. 

 

For ROSintra measurements in protoplasts, protoplasts isolated from roots 

of Arabidopsis Col-0 plants were incubated for 10 minutes with 5 µM of 

DCFH-DA. Then, wells of black 96-well microplates (96 Flat Black - Greiner 

Bio-One™ CellStar™, Fischer Scientific) were loaded with 150 µL of 

protoplasts solution per well. After the addition of 50 µL of four times 

concentrated treatment, the fluorescence was recorded every minute using 

Spark® microplate reader (Tecan) with an excitation filter at 485±20 nm and 

an emission filter at 535±25 nm. The data were processed as in roots. 

 

3.6. Nitric oxide measurement 

NO- measurements, including measurements of NO in roots treated with NO 

scavenger, were conducted according to Zamioudis et al., 2015. Shortly, 

preparation of plant material was done as for the ROSintra measurements. 

After overnight rest, roots were incubated in a 5 µM DAF- FM DA diluted in 

buffered solution (10 mM Tris/HCl, pH 7.4) for 1 h in the dark. Upon this, 

roots were rinsed three times for 15 min each using fresh buffer (10 mM 

Tris/HCl, pH 7.4). The fluorescence was detected by Spark® microplate reader 

(Tecan), excitation 495 nm and emission at 515 nm, 9 points of measurement 

per well. For measurements of NO in scavenger treated plants, cPTIO 

(carboxy-PTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl- 

3-oxide; Sigma) was applied at 1 mM during the overnight rest after cutting 

the roots. 

3.7. Calcium measurements with Fluo-4 AM on 

protoplasts 

Protoplasts isolated from roots of Arabidopsis Col-0, mca1/2 or 

msl4/5/6/9/10 mutant were incubated for 1 hour with 5 µM of Fluo-4 AM 

(ThermoFischer) (from a 5 mM stock solution in DMSO). The suspension was
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then centrifuged at 750 RCF and the supernatant was discarded to eliminate 

the remaining free fluo-4 AM. The protoplasts were resuspended in fresh WICa 

solution and were incubated for 1 hour. Microplates (96 Flat Black – Greiner 

Bio-One™ CellStar™, Fischer Scientific) were loaded with 150 µL of 

protoplasts solution per well. For experiments with the channel blocker 

specific to mechanosensitive channels GsMTX-4 (Yoshimura et al., 2021; 

Tran et al., 2021), 7.5 µM of GsMTX-4 was added to protoplasts suspension 

10 minutes before the loading in the wells. After the addition of 50 µL of 4 

times concentrated treatment, the fluorescence was recorded every 15 seconds 

using a Spark® microplate reader (Tecan) with an excitation filter at 485±20 

nm and an emission filter at 535±25 nm. 

The values obtained were then converted as normalized fluorescence 

increase (F/F0) by dividing the fluorescence measured at each time points (F) 

by the fluorescence measured at the first time point (F0). 

 

3.8. Medium alkalinization 

Plants grown as described above were placed in 6 well microplates with roots 

submerged in the same hydroponic solution used in Araponics systems 

additionally containing Srf or mock treatment. The change in pH was measured 

with a pH microprobe (Jenco). 

 

3.9. Conductivity measurement in root medium 

Plants were grown similarly to the ones for the ISR experiments, but with 

prolonged growing time in Araponics (8 weeks). Next, plants were transferred 

in 10-times diluted Murashige and Skoog medium and rested overnight. For 

conductivity measurements, 35 mL of root medium was collected and 

supplemented with 10 µM of Srf, 0.9 % (v/v) Triton X-100 (positive control), 

or mock treatment. The root of one plant was then immersed in the 

measurement medium and conductivity was measured using a compact 

conductivity meter LAQUAtwin-EC-33 (HORIBA scientific). In each 

experiment conductivity was measured in the media of three plants per 

treatment separately, experiment was repeated three times. 
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3.10. Viability test in roots and root protoplasts 

Effect of surfactin on root cells was assessed using Evan’s Blue. Roots of six 

to eight-day-old seedlings were collected and incubated for 30 minutes in a 

solution containing 0.5 % of ethanol (mock treatment), 50 µM of surfactin or 

0.9% of Triton X-100 (positive control). Next, roots were incubated with 0.25 

% Evans blue (Sigma-Aldrich) solution for 10 min and rinsed twice with 

distilled water before microscopic observation. 

Effect of surfactin concentration on protoplast viability was assessed with the 

fluorescent probe fluorescein diacetate (FDA). Protoplast suspensions were 

incubated with different concentrations of surfactin for 10 min and then 

incubated with 5µg/mL of FDA (from a stock solution of 5 mg/mL in acetone) 

for 10 min. Viability of protoplasts was determined with Bürker cell by 

counting the number of fluorescent protoplasts (viable protoplasts) divided by 

the total number of protoplasts. 

 

3.11. RNAseq data analysis 

Plants were grown and treated, and RNA was isolated according to Stringlis 

et al., 2018. Shortly, plant roots were treated for 0, 0.5, 1, 3 and 6 h, each 

treatment presented as three samples each containing eight roots from different 

plants. At the end of the treatment samples were flash-frozen in liquid nitrogen 

and stored at -80° C until the day of RNA extraction. Frozen tissue was 

homogenised using Eppendorf pestles, and following RNA extraction was 

conducted using Plant RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). 

The tool Trimmomatic v0.39 (Bolger et al., 2014) was used to trim the raw 

RNA-seq reads. Quality control on the trimmed reads was performed using 

FastQC v0.11.8 (Babraham Bioinformatics). We mapped the trimmed reads to 

the Arabidopsis thaliana reference genome (TAIR-10.1) using HISAT2 (Kim 

et al., 2015). The uniquely mapped reads to the annotated reference genome 

are estimated as 88.46%. SAMtools v1.9 (Li et al., 2009) was applied to 

generate the required BAM files and their indices. The command line tool 

featureCounts (Liao et al., 2014) was employed to calculate the read counts 

using the latest Arabidospsis genome annotation 

(Araport11_GTF_genes_transposons). Genes with few read counts (<20) were 
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filtered out before further analysis. DESeq2 pipeline (10.1186/s13059-014-

0550-8) was used to conduct differential expression analysis with significance 

parameters set to p<0.05 and log2-fold-change > 2. 

Genes identification was done using VirtualPlant (Katari et al., 2010), 

specificity of DEGs for certain treatments was done using conditional 

formatting in Excel.  

 

3.12. Liposome preparation  

1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PLPC), sitosterol 

(Sito) and D-glucosyl-ß-1,1'-N-palmitoyl-D-erythro-sphingosine (GluCer) 

were purchased from Avanti Polar Lipids and used without further purification. 

Large unilamellar vesicles (LUVs, liposomes) were prepared for Isothermal 

titration calorimetry (ITC) and Laurdan generalized polarization experiments. 

The different lipid mixtures (PLPC (for ITC), PLPC-Sito (80-20 molar ratio) 

(for ITC), PLPC-GluCer (80-20 molar ratio) (for ITC) and PLPC-Sito-GluCer 

(60-20-20 molar ratio) (for ITC and Laurdan generalized polarization)) were 

dried from a chloroform/methanol (Scharlau Lab Co.) (2/1; v/v) solution under 

reduced pressure in a rotary evaporator at 30°C and then kept under vacuum 

overnight. The dried lipid films were then hydrated in Tris 10 mM NaCl 150 

mM buffer at pH 8.5 or in MES 10 mM NaCl 150 mM buffer at pH 5.8 (to 1 

mM of lipid for Laurdan analysis) during 1 h at 45°C with vortex mixing 

applied every 15 min and then subjected to five freeze/thaw cycles.  

The dispersions were finally extruded fifteen times through two stacked 

Nuclepore 100 nm polycarbonate filters using a Lipex Biomembranes 

(Vancouver, BC) extruder to obtain LUVs (105.2 ± 5.1 nm). The average size 

of LUVs was determined at 25°C by dynamic light scattering (DLS) method 

using a Zetasizer nano ZS (Malvern instruments, UK) with a He–Ne laser 

source at a wavelength of 633 nm. The scattered light intensity was measured 

at a scattering angle of 173°.  
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3.13. ITC analysis 

ITC analyses were performed with a VP-ITC Microcalorimeter (Microcal, 

Northampton, USA). The calorimeter cell (Volume of 1.4565 mL) was filled 

with a 10 µM (below the CMC concentration) surfactin solution in buffer (Tris 

10 mM, NaCl 150 mM at pH 8.5). The syringe was filled with a suspension of 

LUVs at a lipid concentration of 5 mM. A series of 10 µL injections was 

performed at constant time intervals (6 min) at 25°C. The solution in the 

titration cell was stirred at 305 RPM. Prior to each analysis, all solutions were 

degassed using a sonicator bath. The heats of dilution of liposomes were 

determined by injecting liposomes in buffer and subtracted from the heats 

determined in the experiments. Data were processed by software Origin 7 

(Originlab, Northampton, USA). All measurements were repeated at least three 

times with two different vesicle preparations.  

 

3.14. Hypermatrix calculation 

The Hypermatrix method (Lins et al., 1999; Brasseur et al., 1987) is a simple 

docking method that allows for the calculation of the interaction between a 

molecule and lipids. The molecule of interest (surfactin in this study) is fixed 

at the center of the system and oriented at a hydrophobic (pho)/hydrophilic 

(phi) interface using the TAMMO procedure (Brasseur et al., 1987). The lipid 

molecule is also oriented at the pho/phi interface and is positioned around the 

central molecule by rotations and translations (more than 10 million positions 

were tested). For each position, an energy value was calculated, according to a 

home-designed force field (Lins et al., 1995). The energy values together with 

the coordinates of all assemblies were stored in a matrix and classified, 

according to decreasing values. 

The first stable match was considered as the best assembly between the two 

molecules. 

 

3.15. Molecular dynamics simulation  

Surfactin SC14 have been studied by molecular dynamics (MD) in presence 

of a membrane of PLPC and PLPC:GluCer:Sitosterol (60:20:20) with the 
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Gromacs v4.5.4 software (Hess et al., 2008). Coarse-grained simulations have 

been carried out first for peptide insertion and building of the lipid membrane.  

Models were converted to a CG representation suitable for the MARTINI 2.1 

forcefield (Marrink et al., 2007) with the Martinize script and a coarse-grained 

peptide was placed over the membranes with the insane tool (Wassenaar et al., 

2015). This first insertion was used to place afterwards 9 surfactins in both 

leaflets at the same membrane level. Water particles were then added as well 

as ions to neutralize the system. A 2000-steps steepest-descent energy 

minimization was performed to remove any steric clashes. An equilibration of 

100 ns with a 20fs time step has been carried on. Temperature and pressure 

were coupled at 300 K and 1 bar using the weak coupling Berendsen algorithm 

(Berendsen et al., 1984) with τT = 1 ps and τP = 1 ps. Pressure was coupled 

semi-isotropically in XY and Z. Non-bonded interactions were computed up 

to 1.2 nm with the shift method. Electrostatics were treated with ε = 15. The 

compressibility was 10-5 (1/bars). The system was then transformed to an 

atomistic resolution with backwards (Wassenaar et al., 2014). Atomistic 

simulations have been performed with the GROMOS96 54a7 force field 

(Schmid et al., 2011; Poger et al., 2010a; Poger et al., 2010b). Parameters of 

the ester bond between the acyl and LEU7 residues and for the acyl chain were 

taken from the GROMOS96 54a7 force field (Oostenbrink et al., 2004). 

Parameters for the GluCer was taken from Lopez et al. 2013. All the systems 

studied were first minimized by steepest descent for 2000 steps. Then NVT 

and NPT equilibrations were carried on for 0.1 and 1 ns. The protein was under 

position restraints and periodic boundary conditions (PBC) were used with a 2 

fs time step. Production runs were performed for 1µs. All the systems were 

solvated with SPC water (Berendsen et al., 1981) and the dynamics were 

carried out in the NPT conditions (300 K and 1 bar). Temperature was 

maintained by using the Nose-Hoover method (Nosé et al., 1984) with τT = 

0.5 ps and a semiisotropic pressure was maintained by using the Parrinello-

Rahman barostat (Parrinello et al., 1981) with a compressibility of 4.6 × 10-5 

(1/bar) and τP = 5 ps. Nonbonded interactions were evaluated using a twin-

range cutoff scheme. Interactions within the shorter range cutoff (0.8 nm) were 

calculated every step, whereas interactions within the longer cutoff (1.4 nm) 

were updated every 5 steps, together with the pair list. In all the simulations, a 

reaction-field correction was applied to the electrostatic interactions beyond 

the long-range cutoff (Tironi et al., 1995) using a relative dielectric 

permittivity constant εRF of 62. Bond lengths were maintained with the LINCS 
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algorithm (Hess et al., 1997). The trajectories were performed and analyzed 

with the GROMACS 4.5.4 tools as well as with homemade scripts and 

softwares, and 3D structures were analyzed with both PYMOL (DeLano 

Scientific, http://www.PyMOL.org) and VMD softwares (Humphrey et al., 

1996). 

 

3.16. Neutron Reflectivity (NR) 

For deuterated surfactin production, Bacillus velezensis GA1 was cultured in 

20 mL Liquid LB broth supplemented with 1g/L of deuterated Leucine 

(Cambridge isotope) for 24 h at 30°C under agitation. Extraction of surfactin 

was performed by liquid-liquid extraction using 20 mL of ethyl acetate/butanol 

(70:30 v/v). Solvents were evaporated under rotary evaporation and powder 

was resuspended in 2 mL of 100% ethanol prior to UPLC (Agilent 1290 

Infinity II) purification by collecting each deuterated C15 surfactin peak. 10 

µL extract was separated using C18 column (C18 Acquity UPLC BEH 

column; 2.1 × 50 mm × 1.7 μm; Waters) An isocratic 0.2 ml/min flow with 

75% acetonitrile/water (acidified with 0.1% formic acid) was applied for 10 

min before raising up to 100% acetonitrile for 5 min and going back to initial 

ratio before the next injection. Purified deuterated surfactin structure was 

confirmed by LC-MS/MS using the same LC method coupled with an accurate 

mass detector (Jet Stream ESI‐Q‐TOF 6530) in positive mode with parameter 

set up as follows : parameters: capillary voltage: 3.5 kV; nebulizer pressure: 

35 psi; drying gas:8L/min;  drying gastemperature:300°C; flow rate of sheath 

gas: 11 L/min; sheath gas temperature: 350°C; fragmentor voltage: 175 V; 

skimmer voltage: 65 V; octopole RF: 750 V. Collision energy 40V.  

Quantification was performed by comparing peak area of purified compound 

with the peak area of a commercial standard (Lipofabrik, Villeneuve d’Ascq). 

The relative amounts of the deuterated surfactin C15 is presented in Table 2. 

Lipid bilayer (ternary mixture of PLPC-Sito-Glucer – 60-20-20 molar ratio) 

depositions on silicon for NR measurements were obtained by injecting 

directly in the measuring cell (6 mL) at room temperature the extruded 

liposomes prepared as for x-ray investigation but to the final concentration of 

0.5mg/ml, according to the procedures described in Rondelli et al., 2017. 
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Neutron reflectivity data were acquired at the MARIA neutron reflectometer 

(Mattauch et al., 2018) operated by Jülich Centre for Neutron Science at Heinz 

Maier-Leibnitz Zentrum in Garching (Germany), using custom temperature-

regulated liquid cells (Koutsioubas et al., 2016). The measurements were 

performed using two different wavelengths, 10 Å for the low-q region and 5 Å 

for the high-q region up to 0.25 Å-1, with a 10% wavelength spread.  

Table 2 - Relative amounts of the deuterated Srf C15 variant isotopes 

produced, the molecular formula of their fatty acid chain and peptide cycle. 

 1 deuterated entity 2 deuterated entities 3 deuterated entities 
Not 

deuterated 

 
FA non 

deut + 

1 Leu deut 

FA deut + 

4 Leu non-

deut. 

FA not 

deut + 2 Leu 

deut 

FA deut + 

1 Leu deut 

FA not 

deut + 3 Leu 

deut 

FA deut + 2 

Leu deut 

FA not 

deut + Leu 

not deut 

Relative 

amount 
0.261 0.100 0.260 0.077 0.222 0.047 0.034 

FA C12H25 C12H16D9 C12H25 C12H16D9 C12H25 C12H16D9 C12H25 

Cyclic 

peptide 
C41H59N7O1

3D9 
C41H68N7O1

3 
C41H50N7O1

3D18 
C41H59N7O1

3D9 
C41H41N7O1

3D27 
C41H50N7O13D

18 
C41H68N7

O13 

 

The change of solvent contrast in the liquid cells was performed using a 

combination of valves and a peristaltic pump, at small flow rates ~ 0.5 ml/min.  

In a reflectivity experiment a grazing beam is sent to the sample and the 

reflected intensity is collected as a function of the reflection angle momentum 

transfer perpendicular to the interface qz (qz = 4 λ sin ϑ /2, where ϑ and λ are 

the angle of the incident beam and wavelength, respectively). The technique 

allows to get information about the sample cross structuring in a non-invasive 

way (Penfold et al., 1990; Rondelli et al., 2016). The silicon oxide layer, the 

water layer between the silicon oxide and the membrane and the different 

hydrophilic and hydrophobic layers of the lipid membranes have been 

modelled as defined layers with a proper thickness, compactness, and mean 

composition (and therefore contrast to neutrons). Reflectivity has been 

measured from the silicon supports and the samples in different water solutions 

(H2O and D2O - Sigma Chemical Co). After bare membrane characterization 

in two solvents, the Tris 10 mM NaCl 150 mM buffer at pH 8.5 solution was 

injected into the cell and NR measure was performed. Finally, 2 µg of surfactin 

in Tris HCl buffer at pH 8.5 have been injected into the cell, to the final 95:5 

membrane:surfactin molar proportion. NR measurements have been performed 

on this system after 30 minutes incubation. Data have been analyzed by the 
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MotoFit program (Nelson et al., 2006). Data relative to the same system 

measured in different water contrasts have been analyzed by contemporary fits.  

The scattering length density of the mixture used (Supplementary Table 2) 

has been calculated according to the table 2 accounting for relative molar 

proportions, by considering a volume of 1143 Å3 for the hydrophilic portion 

and of 373 Å3 for the fatty acid (FA) (Shen et al., 2010a; Shen et al., 2010b).  

 

3.17. Laurdan polarization on root protoplasts and 

liposomes 

Protoplasts suspension (1-2 105 protoplasts / mL) or 100 µM LUVs 

preparation was incubated with 2 µM of Laurdan (Sigma-Aldrich) for 1h. 

Then, wells of black 96-well microplates (Greiner Bio-One™ CellStar™, 

Fischer Scientific) were loaded with 100 µL of protoplasts or LUVs solution 

per well. The fluorescence was recorded using Spark® microplate reader 

(Tecan) by performing a fluorescence scan between 405 and 520 nm with an 

excitation wavelength at 360 nm. The fluorescence was recorded once before 

treatment and at 1, 6, 11, 16, 21 minutes after the addition of 25 µL (for 

protoplasts) or 100 µL (for LUVs) of treatment. The treatments were prepared 

in the buffer of protoplasts (WICa solution) or LUV buffer respectively with a 

concentration taking into account the dilution factor occurring at the addition 

of treatment into 100 µL of protoplasts or LUVs solution (factor 5 for 

protoplasts, so concentration 5-times more concentrated than the final 

concentration and factor 2 for LUVs, so concentration 2-times more 

concentrated than the final concentration). The generalized polarization (GP) 

was defined as GP = 
(𝐼440𝑛𝑚−𝐼490𝑛𝑚)

(𝐼440𝑛𝑚+𝐼490𝑛𝑚) 
, were I440nm and I490nm represents the 

blank-subtracted fluorescence intensities at emission wavelengths of 440 nm 

and 490 nm respectively. Variation of GP (ΔGP) is defined as the subtraction 

of GP measured at each time point following treatment and GP measured 

before treatment. 
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3.18. Statistical methods 

Statistical details of experiments are specified in the figure legends. All 

statistical analyses were performed in GraphPad Prism 8.0.1. 
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4. Results 

 

4.1. ISR potential of Srf in Arabidopsis 

In this study Srf was used as a mix of naturally produced homologues slightly 

differing in the length of the fatty acid tail (Supplementary Figure 1), at the 

minimal active concentration previously determined of 10 µM (Cawoy et al., 

2014). When applied as a root treatment on Arabidopsis, Srf successfully 

triggered ISR and significantly reduced leaf infection of B. cinerea (Figure 9). 

Therefore, we used Srf/Arabidopsis root cells as a model to further investigate 

the molecular mechanisms determining perception and immunity stimulation.  

 

Figure 10 - Disease incidence caused by Botrytis cinerea in Arabidopsis Col-0 plants 

pre-treated with Srf (10 µM) compared to mock control (n=28 replicates from three 

independent experiments). The box plots encompass the 1st and 3rd quartiles, the 

horizontal line indicates the median, and error bars represent ± SD . Disease reduction 

(D.R.) is calculated from the mean values of both treatments. Significant difference 

***P<0.001, two-tailed t-test. 
 

 

4.2.  Early immune events activated by Srf 

In order to better understand the initial responses of the plant to Srf, a 

thorough investigation of the activated early immune events was firstly 

conducted.  
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4.2.1. Srf triggered production of reactive 

oxygen species 

Even though a burst in apoplastic ROS (ROSapo) is almost invariably 

associated with PTI (Waszczak et al., 2018), we did not observe it in 

Arabidopsis root cells treated with Srf (Figure 10a). Moreover, Srf-mediated 

ISR against B. cinerea was fully conserved in the rbohD mutant lacking 

functional plasma membrane NADPH oxidase (RBOHD) responsible for such 

ROSapo burst (Figure 10b) indicating that this enzyme is not required for 

Srf’s activity (Torres et al., 2002; Morales et al., 2016).  

a) 

 

 

b) 

 
 

Figure 11 - Involvement of apoplastic ROS burst in Srf triggered immune responses.  a) 

Kinetics of [ROS]apo burst measured in relative luminescence units (RLU) in Arabidopsis 

roots upon perception of Srf (10 µM). Means and SD were calculated from data obtained 

in two independent experiments (n=6). b) Botrytis cinerea disease incidence in 

Arabidopsis plants and rbohD mutant, mock or Srf pre-treated (10 µM) (n=28 for Col-0 

and n=23 for rbohD). The box plots encompass the 1st and 3rd quartile, the whiskers 

extend to the minimum and maximum points, and the midline indicates the median. 

Asterisks indicate significant difference (***P<0.001, two-way ANOVA and Sidak’s 

multiple-comparison post-hoc test). 

 

On the other hand, Srf triggered a fast and consistent increase in intracellular 

ROS (ROSintra) in Arabidopsis root tissues revealed by loading with the 

fluorescent probe DCFH-DA. The increase was significant at concentrations 

of 5, 10 and 20 µM, where the rapidity and intensity of the response increased 

with the increase of concentration (Figure 12a). This ROSintra burst is also 

observed in the rbohD mutant (Figure 12b), indicating that it is not caused by 

0

1

2

3

4
S

p
re

a
d

in
g

 l
e

s
io

n
s
/p

la
n

t

✱✱✱✱✱✱

Col-0 rbohD

Mock

Srf



Mechanistics of interaction of Srf with plants resulting in ISR 

 

114 
 

the uptake of apoplastic ROS via aquaporins as it could be the case for the 

much lower response to flg22 (Figure 12c).  

 

a)  

 

b) c) 

 
Figure 12 - Srf triggered production of intracellular ROS. a) Dose-dependent ROS]intra 

production induced by Srf in Arabidopsis roots. Graph represents grouped data of two 

independent experiments (each n=3). b) [ROS]intra accumulation in Col-0 and rbohD roots 

following Srf (10 µM) treatment (30 minutes post treatment).  Data are from two 

independent experiments (each n=3 or n=4) with differently shaded grey values of the 

symbols. ns indicates that there is no significant difference (two-tailed t-test). Values 

represented in a) and b) are obtained as fold increase in fluorescence values ± SD, after 

the addition of Srf compared to mock-treated. c) ROS]intra accumulation in Arabidopsis 

roots following treatment with 10 µM Srf, 1µM flg22 or mock-treated measured with the 

fluorescent probe DCFH-DA. Data represents one (n=4) out of 2 independent 

experiments showing similar results. 
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Besides on Arabidopsis, Srf also induced only ROSintra in tomato roots with 

the same minimal active concentration of 5 µM (Figure 13a,b).  

a) b) 

Figure 13 - Srf triggered ROS production in tomato roots. a) ROSapo measured in 

tomato roots upon the treatment flagellin 22 (Flg22) and surfactin (Srf) using luminol 

assay measuring relative luminescence units (RLU). b) Dose response of ROSintra 

triggered by Srf. 
 

Interestingly, the data showed that the cell free supernatant of efficient Srf 

producer Bacillus velezensis GA1 elicits significantly higher ROSapo 

compared to a supernatant of its mutant not able to produce Srf (Δsrf) (Figure 

14a). This response is however restored to some extent by supplementing Δsrf 

supernatant with 10 µM of purified Srf (Figure 14b). This suggests that even 

though it does not induce ROSapo (Figure 13a), Srf can enhance the burst 

induced by other elicitors.  

a)  b)  

Figure 14 - Enhanced ROSapo burst in tomato roots in presence of Srf. 
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4.2.2. Srf triggered production of reactive 

nitrogen species 

Production of intracellular nitrogen oxide (NO-) by plant cells upon Srf 

treatment was detected using fluorescent probe DAF-FM DA, and the 

production was verified by using NO- scavenger – cPTIO (Mur et al., 2011). 

In addition, to gain more information on the pathway of production nia1nia2 

Arabidopsis mutant (lacking enzyme for reductive pathway intracellular 

synthesis; Chapter 1, section 3.2.2.) was used. The results showed a rapid 

NIA1NIA2 independent intracellular NO- production upon Srf application 

successfully lowered by cPTIO (Figure 15a-c). 

a) 

 

b) 

c) 

Figure 15 - Srf triggered production of NO-. a) A rapid production of NO- activated 

upon Srf treatment. b) Abolishment of Srf triggered NO- burst in roots pretreated with NO- 

scavenger cPTIO. c)  Conserved production of NO- in Arabidopsis mutant lacking 

NIA1NIA2 enzyme. a, b, c - each graph represents one out of three experiments (each 

n=4) showing similar results.   
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4.2.3. Measurements of cytosolic calcium in 

Arabidopsis roots treated with Srf 

Besides oxidative burst, cytosolic Ca2+ ([Ca2+]cyt) spikes are also one of the 

early and key cellular events in immunity signaling in plants. Calcium 

elevations are deciphered in plant cells by sensor binding proteins which 

further activate downstream cascade leading to specific plant response (Köster 

et al., 2022). However, studies on roots of Arabidopsis line carrying the 

calcium reporter aequorin (Col-0AEQ) have shown that Srf does not induce   

elevations in [Ca2+]cyt (Figure 16). 

 

Figure 16 - [Ca2+]cyt measured in Srf treated roots. Data of one representative 

experiment, out of two showing the same trend. 

 

 

4.2.4. Srf’s influence on ion fluxes 

Being important indicators of plant immunity activation, Srf’s impact on 

other ion fluxes was also tested. By following pH changes of Arabidopsis root 

media, we indeed observed medium alkalinization occurring within minutes 

upon Srf treatment (Figure 17). This possibly indicates activation of H+ pumps 

leading to membrane depolarization (Falhof et al., 2016). 
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Figure 17 - pH of Arabidopsis root medium following mock treatment or addition of 10 

µM Srf. Values on the graph are normalized to pH of the first time point ± SD and are 

from one representative experiment (n=4) out of 2 independent experiments showing 

similar results. 

 

On the other hand, no significant increase in conductivity was measured in 

the medium following Srf treatment (Figure 18), indicating that the 

lipopeptide does not cause a massive electrolyte leakage that could be a sign 

of affected PPM integrity. 

 

Figure 18 - Effect of Srf ion leakage in Arabidopsis roots. Conductivity variation in 

Col-0 root medium following Srf (10 µM) or mock treatment. The values represent eight 

biological replicates from three independent experiments.  

 

 

4.3. Early root transcriptional changes induced by 

Srf 

In addition to the studying early immune events, we also wanted to evaluate 

the initial transcriptional reprogramming occurring within hours in cells of 

Arabidopsis roots treated with Srf. Since Srf does not induce typical PTI-
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associated ROSapo and [Ca2+]cyt elevations, we postulated that the 

transcriptome analysis of roots treated with well-known MAMPs or Srf could 

help us to better understand to what extent plant responses to these elicitors 

differ. We explored these early changes via time course RNAseq analysis (30 

min, 1h, 3h and 6h post treatment) using the same setup previously reported 

for flg22 and the fungal MAMP chitin (Stringlis et al., 2018). Data revealed a 

relatively low transcriptional response to Srf elicitation over all sampling times 

with a total of 564 differentially expressed genes (DEGs, Log2 Fold Change > 

2, p<0.05) compared to approximately 5000 DEGs and 2000 DEGs reported 

upon flg22 and chitin treatment respectively (Stringlis et al., 2018). While 

MAMPs mainly up-regulate early responsive genes, an almost equal number 

of up- and down-regulated DEGs were observed upon Srf treatment at all time 

points (Figure 19).  

 

Figure 19 - Number of DEGs (Log2 Fold Change > 2, P<0.05) in Arabidopsis root cells 

determined via RNAseq for each time point in response to Srf treatment (10µM). 
 

Compared to flg22 and chitin, about half (47,9% and 58%, respectively) of 

the transcriptional changes are specific for Srf elicitation (Figure 20a; Stringlis 

et al., 2018). Strikingly, almost all of the downregulated genes that are not 

specific to Srf are oppositely – upregulated by flg22 and chitin (Figure 20a). 
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Figure 20 - Comparison of root transcriptional changes induced by Srf and well known 

MAMPs flg22 and chitin. The data was compared with those reported for DEGs in 

response to flg22 and chitin (Chi) using previously published data (Stringlis et al., 2018) 

and bars are subdivided by the number of genes specifically responding to Srf and by the 

number of genes differentially (oppositely) regulated by Srf and the two MAMPs 

(Supplementary table 3 and 4 for the list of genes represented in the graphs).  
 

Noteworthy is also that the most downregulated DEGs are usually Srf 

specific, which is not the case with highly upregulated DEGs, which are 

usually not Srf specific (Figure 21a,b).

0.5 1 3 60.5 1 3 6

-150

-100

-50

0

50

100

150

D
E

G
s

Srf specificTotal DEGs

Srf + / Flg22 -

Srf - / Flg22 +
Srf + / Chi -

Srf - / Chi +

Time (hours)



2. Perception of surfactin and activation of early immune events 

 

121 
 

a) 

b) 

Figure 21 - Comparison of root transcriptional changes induced by Srf and well known 

MAMPs flg22 and chitin a) flg22 b) chitin Data obtained with the same comparison as in 

Figure 20, but represented only in terms of Srf specificity and log2 fold changes values. 

Srf specific DEGs are represented as orange circles, DEGs found in chitin/flg22 treated 

roots as black rhombus. 
 

Considering DEGs involved in immune signaling and defense mechanisms, 

additional differences can be observed between Srf and MAMP treatment. 

RNAseq data showed that genes related to calcium signaling, such as calcium 

binding hands/proteins, are at almost all instances downregulated upon Srf 

treatment throughout the time frame tested, whereas they are mostly 

upregulated by chitin and flg22 (Stringlis et al., 2018; Figure 22). This 

possibly indicates that Srf could have an influence on downstream signaling 
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activated by [Ca2+]cyt elevation. The expression of genes typically associated 

with ROSapo burst such as the RBOHD or some peroxidase genes are not as 

strongly modulated by Srf as with flg22 (Figure 22). Additionally, within the 

investigated time frame, Srf does not upregulate genes linked to MAPK (Meng 

et al., 2013) phosphorylation cascade nor other common defense-related 

markers, such as pathogenesis-related (PR) proteins or receptor-like kinases, 

and callose deposition and lignification genes (Figure 22). In summary, 

immunity stimulation by Srf does not lead to major changes in the expression 

of genes involved in signaling and defense by contrast to PTI, which is 

associated with substantial transcriptional reprogramming. (Figure 22).
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Figure 22 - Heatmap of the expression of genes putatively associated with plant 

immune responses (listed in Supplementary Table 5) that were modulated upon Srf 

treatment (S, left) (10 µM) and compared with their expression in response to flg22 and 

chitin (F and C respectively, right) based on published data (Stringlis et al., 2018). Color 

scale represents Log2 FC (> 2, P<0.005). 

 

4.4.  Perception of Srf by plant cells 

 
4.4.1. Estimation of the involvement of well-

known PRRs in Srf perception 

So far, immunity elicitation was exclusively described as an elicitor/receptor 

dependent interaction (DeFalco and Zipfel, 2021). Therefore, to evaluate their 

involvement in the perception of Srf, we used a selected set of Arabidopsis 

mutants lacking receptors, coreceptors, and kinases commonly described as 
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key players in plant immunity (Chapter 1, section 3.7; Supplementary table 

1 for more information about the mutants).  

First, considering that Srf has both a peptidic moiety and a fatty acid tail, the 

Arabidopsis mutants fls2/efr1 and lore-5 were tested. The fls2/efr1 mutant 

lacks functional PRRs recognizing bacterial proteinaceous immunogenic 

patterns such as flg22, perceived by FLS2, and elf18, a peptide derived from 

its N-terminus Tu elongation factor, perceived by EFR (Jeworutzki et al., 

2010).  The Arabidopsis lore-5 mutant on the other hand lacks functional PRR 

for recognition of acyl chain epitopes such as medium chain 3-hydroxy fatty 

acids (Ranf et al., 2015). In both cases Srf ISR-eliciting potential was fully 

conserved (Figure 23). Furthermore, Srf elicitation is also not significantly 

affected in mutants lacking co-receptors required for proper functioning of a 

wider range of PRRs detecting immunogenic peptides such as Pep1 (Liang et 

al., 2018), nlp20 (Albert et al., 2015) and IF1 (Fan et al., 2022) nor in the 

bik1/pbl1 double mutant lacking RLCKs that act downstream of the PRR-co-

receptor complexes (Blake et al., 2021) (Figure 23). Although we only tested 

a small subset of the multitude of PRRs potentially expressed in Arabidopsis 

and although early cellular signaling may be BIK1/PBL1-independent (Wan et 

al., 2019), these results strongly suggest that Arabidopsis does not sense Srf 

via PRR-type cell surface sentinels. This is in accordance with previous data 

from tobacco, which showed that Srf is still active on protease-treated cells and 

that there is no refractory state upon repeated Srf treatment unlike typically 

observed for PTI (Henry et al., 2011). 
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Figure 23- Disease incidence of B. cinerea in infected plants pre-treated with 10 µM Srf 

or mock-treated at the root level in Arabidopsis (Col-0 plants) or mutants lacking 

functional receptors required for the detection of bacterial proteinaceous immunogenic 

patterns (fls2/efr) or acyl chain epitopes (lore-5), co-receptors (bak1-5, cerk1-2, sobir1-12 

and sobir1-13), or receptor-like cytoplasmic kinase (bik1/pbl1). Data are represented as in 

Figure 10. Asterisks indicate statistically significant differences to the mock treatment 

(**P<0.01, ***P< 0.001, two-way ANOVA and Sidak’s multiple comparison test). Data 

presented are from three independent experiments (presented as differently shaded grey 

values). 

 

4.4.2. Potential of Srf to interact with PPM 

lipids 

As shown above, the molecular processes underlying immune activation by 

Srf are quite different from those described in the literature. Based on this, we 

postulated that the mechanism by which plant cells perceive the lipopeptide 

may differ from the PRR-based MAMP sensing.  

Due to their amphipathicity (Figure 9b), CLPs readily interact with 

biological membranes, causing pore formation and membrane disruption 

responsible for their antimicrobial activities (Geudens and Martins, 2018; 

Zakharova et al., 2019; Gilliard et al., 2023). Considering that cell viability 

assays confirmed that Srf is not toxic for Arabidopsis root cells 

(Supplementary Figure 2), such an adverse effect on plant membranes is not 

expected, but we hypothesized that Srf perception by root cells might primarily 

rely on its interaction with the lipid phase of the PM. 

Plant PM lipid phase is constituted out of three lipid classes laterally and 

transversally unevenly distributed within the two layers. Lipids dominating the 

cytosolic, inner layer are phospholipids, whereas sphingolipids are primarily 

located on the outer leaflet, where they assemble with sterols thus forming 
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nano-domains (Figure 1; Cacas et al., 2016; Rondeli et al., 2021; Yu and 

Klaud, 2021). In this study PLPC (1-Palmitoyl-2-linoleoyl-sn-glycero-3-

phosphocholine) – ß-sitosterol – glucosylceramide (GluCer), were used as 

phospholipids – sterols – sphingolipids respective representatives. In silico 

docking simulation first revealed a more favorable interaction of Srf with 

GluCer and GIPCs than with the other typical PPM lipids PLPC and ß-

sitosterol (Figure 24).  

 

Figure 24 - Srf’s potential to interact with lipids of PPM mimicking models: In silico 

docking simulation of the interaction between Srf and glucosylceramide (A), sitosterol 

(B), GIPC (C) and PLPC (D) lipids and their associated energy of interaction (Eint).  A 

lower Eint value indicates a more favorable interaction. Hydrogen, oxygen and phosphate 

atoms are respectively represented in grey, red and blue. Carbon atoms of Srf are in 

yellow and carbon atoms of GluCer, Sito and PLPC are in pink. 
 

In support of a preferential interaction with sphingolipids, molecular 

dynamic (MD) simulation on the same ternary lipid system showed the specific 

insertion of Srf in the vicinity of GluCer molecules or in GluCer-enriched areas 
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in the membrane (Figure 25a). To test this experimentally, we generated 

biomimetic liposomes using commercially available GluCer, PLPC and ß-

sitosterol. Isothermal titration calorimetry performed on liposomes with 

increasing composition complexity in such lipids showed the highest binding 

affinity of Srf to model membranes containing GluCer (Figure 25b). 

 

a) 

 

b) 

Figure 25 - Srf’s potential to interact with lipids of PPM mimicking models. a)  

Molecular dynamics simulation of Srf insertion in GluCer-enriched domains of a PLPC-

Sito-GluCer bilayer. Left: Top views of bilayers before (left, after 12.5µs of equilibration) 

and after Srf insertion (right). b) Binding coefficient (K) of Srf to liposomes with different 

lipid compositions. Graph presents values from two independent experiments (biophysical 

replicates), mean ± SD.  

 

In light of these results, we tested Srf elicitor activity on the Arabidopsis 

ceramide synthase mutant loh1 (LONGEVITY ASSURANCE 1 

HOMOLOG1) and fah1fah2 mutant (FATTY ACID HYDROXYLASE) both 

with significantly lower amount of these complex sphingolipids (Ternes et al., 

2011; Lenarčič et al., 2017; see supplementary information for sphingolipids 

synthesis). A strongly reduced [ROS]intra response in loh1 but not in fah1fah2 

was observed (Figure 26a). Based on the lack of [ROS]intra response in loh1 

an ISR experiment was conducted on this mutant. In accordance with ROS, a 

complete loss of Srf triggered ISR to B. cinerea infection was observed in the 

mutant compared to wild-type plants (Figure 26b).  
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a) 

 

b) 

 

Figure 26 - Influence of sphingolipids on Srf triggered immune responses. a) [ROSintra 

accumulation in roots of Col-0, loh1 and fah1fah2 mutants. Data represents fold increase 

in fluorescence values ± SD (n=6 from two independent experiments) at 30 min after Srf 

addition (10 µM) compared to values obtained for mock control. Significant difference 

***P<0.001, two-tailed t-test. b) Disease incidence of B. cinerea in Arabidopsis Col-0 and 

loh1 mutant plants, pre-treated with Srf (10 µM) compared with mock controls (n=30 

from two independent experiments). Data are represented as in Figure 9. ns = not 

significant, ***P<0.001, two-way ANOVA and Sidak’s multiple-comparison post-test. 
 

To investigate further such lipid-dependent [ROS]intra elicitation we used 

other ISR-inducing CLPs, orfamide B, massetolide A and WLIP (Pršić and 

Ongena, 2020; Figure 7 for structure) isolated from beneficial pseudomonads 

that resemble Srf in size and amphiphilic character. Each compound displayed 

a specific behavior regarding which type of altered sphingolipid content 

mutant is mostly affected in ROSintra response. Orfamide B showed similar 

results to Srf by losing the activity only in the loh1, WLIP lost the potential to 

trigger ROSintra production in both of the mutants tested, and massetolide A 

in fah1fah2 (Figure 27). Thus, the CLP immunogenic activity thus relies on 

an intricate interaction with specific PPM sphingolipids as reported for other 

microbial compounds (Gerbeau-Pissot et al., 2014; Sandor et al., 2016; 

Lenarčič et al., 2017). 
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Figure 27 - [ROS]intra production in roots of Col-0, loh1 and fah1fah2 mutants 

following treatment with 10 µM orfamide B (Orf), massetolide A (Mass) or WLIP. Data 

represent fold increase in fluorescence values ± SD recorded at 30 min after the addition 

of these molecules compared to values obtained for mock-treated roots. Asterisks indicate 

significant difference (***P<0.001, two-tailed t-test). 

 

 

4.4.3. Influence of Srf on structural and 

rheological properties of the PPM mimicking models  

Our data emphasized the importance of lipids for the interaction of Srf with 

plants, therefore we wanted to further decipher the specificities of this 

interaction. In order to do so, various biophysical experiments were conducted 

on PPM mimicking models.  

Neutron reflectometry (NR) is a powerful tool enabling measurements of 

thickness of one or several thin layers with the ability to distinguish structural 

features normal to the interface with sub-nanometer resolution. This technique 

involves shining a beam of neutrons onto the surface of study and once the 

beam hits the tested layer a reflection angle perpendicular to the interface is 

measured (Mattauch et al., 2018; Cousin and Fadda, 2020). Since this 

technique allows to measure the chemical composition of the different layers 

(distinguishing between lipid heads or tails, located in the outer or inner leaflet, 

but as well Srf) we used it to distinguish at what depth Srf inserts into the PPM 

mimicking bilayer. In addition, we used NR to measure the thickness of the 

PPM mimicking bilayer upon the interaction with Srf. These experiments 

showed that Srf inserts exclusively into the outer leaflet of PLPC-ß-sitosterol-

GluCer model membranes (Figure 28). Moreover, NR data indicated that Srf 

insertion results in a decrease in membrane thickness (from 40 to 36Å), which 
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is more pronounced in ternary membranes than in membranes lacking GluCer 

(from 43 to 41Å) (Supplementary Table 2). 

 

Figure 28 - Srf insertion in the bilayer and membrane thickness determined via neutron 

scattering length density (SLD) profiles of supported PLPC-Sito-GluCer membrane before 

(black) and after (green) Srf addition to the final 95:5 membrane: Srf molar proportion 

(0.24 mM) (below). Illustration (above) presents the correspondence between regions in 

the SLD profile and specific zones in the membrane. 

 

To obtain information on the change in fluidity of the lipid phase, possibly 

caused by the insertion of Srf, a polarity sensitive probe – Laurdan, was 

furthermore used. When packing of the lipids increases, part of the water 

molecules is excluded from the bilayer which causes the emission spectral shift 

of Laurdan. By measuring the fluorescence at two different wavelengths, 

values are obtained for calculating the excitation Generalized Polarization 

(GPex) (calculation described in Materials and methods). The GPex value 

indicates the change in fluidity and increases with the increase of rigidification. 

The data revealed a significant increase in membrane lipid packing upon Srf 

addition observed on both PPM mimicking liposomes and protoplasts. Having 

the same trend in both of the systems suggests that the liposomes used in this 

study are suitable and promising tool for CLP/membrane lipids interaction 

studies when a more simplified model than a PPM is required (Figure 29, 

Supplementary Figure 2 for time course).  
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Figure 29 - Change of Laurdan generalized polarization (ΔGP) in Srf-treated (10 µM) 

Col-0 root protoplasts and in liposomes reflecting a change of membrane rigidity. Mean ± 

SD of 12 (for protoplasts) and 15 (for liposomes) replicates from 8 (for protoplasts) and 5 

(for liposomes) independent experiments. ***P<0.001, two-way ANOVA and Sidak’s 

multiple comparison test. 
 

Finally, a coarse-grained MD simulation was used to estimate the curvature 

that might occur due to insertion of Srf. Results suggested a strong curvature-

inducing effect mediated by Srf docking as an additional impact on membrane 

physical properties (Figure 30). 

 

 
 

Figure 30 - Molecular dynamics modelling reveals a strong curvature of the plant 

plasma membrane model that may be induced by Srf. The lateral view shows the dynamic 

(ns, nanoseconds) of curving of a PLPC-Sito-GluCer bilayer upon docking of the 

lipopeptide into sphingolipid-enriched patches. PLPC in blue, sito in green, GluCer in 

yellow and Srf in red and white. 
 

Altogether this data show that Srf preferentially inserts into the outer leaflet 

of the lipid bilayer in the vicinity of GluCer, and that this insertion causes 

structural and rheological changes of the membrane, such as thinning, 

rigidification, and curvature. 
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4.4.4. Sensing mechanical stress induced by 

Srf 

 

4.4.4.1. Influence of mechanical stress induced by Srf on 

mechanosensitive ion channels activity 

Srf’s insertion resulting in structural and rheological changes of the bilayer, 

could represent a mechanical stress for the plasma membrane and be sensed 

via mechanosensitive ion channels (MSCs). Namely, MSCs are a group of 

mechanosensors whose gating depends on membrane fluidity, thickness, and 

curvature, due to their close interaction with the lipid bilayer. Gating of these 

channels is activated differently depending on the family of MSC in question. 

For instance, there are three proposed gating mechanisms for MSL channels. 

First, intrinsic bilayer model: This model suggests that MSC directly respond 

to external forces transmitted through the surrounding membrane. Second, 

tethered trapdoor model: In this model, external forces influence MSC gating 

through the tension applied to other cellular components like the cytoskeleton 

or extracellular matrix. The displacement of these components pulls on a 

tether, initiating channel opening. Third, hybrid model: According to this 

model, force-sensitive channels may be embedded within a cholesterol-rich 

platform, tethered to the cytoskeleton (Wilson et al., 2013; Monshausen and 

Haswell, 2013, Hamilton et al., 2014). 

Generally, once activated MSCs conduct ions across the membrane, leading 

to osmoregulation, Ca2+ influx, membrane depolarization, and/or changes in 

extracellular ions pools (Codjoe et al., 2021). However, we did not observe 

Ca2+ influx, nor changes in medium conductivity, suggesting that major ion 

fluxes are not occurring in the cells of Arabidopsis roots. Given the role of the 

cell wall in maintaining membrane stability, we hypothesized that this 

mechanism could reduce the effect of Srf. Consequently, the influence of the 

cell wall could render the plant response very subtle, potentially falling below 

the threshold of detection. To test this, Arabidopsis root protoplasts were 

isolated to expose the plasma membrane and possibly obtain an emphasized 

response. Firstly, to rule out the possibility that Srf is toxic when acting directly 

on the PPM, a cell viability test was performed, which showed that Srf is not 

toxic for protoplasts at concentrations up to 25 µM (Figure 31) 
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Figure 31 - Viability of root protoplasts measured with fluorescein diacetate in the 

presence of 10, 20, 25 and 50 µM Srf or 0.5% ethanol (negative control). Mean ± SD of 9 

to 12 replicates (symbols on the graph) from three to four independent experiments 

(shown as different symbol shapes). Asterisks indicate statistically significant differences 

to the mock treatment (Brown-Forsythe and Welch ANOVA and Dunett’s T3 multiple 

comparisons test; ns, not significant; ***P < 0.001). 
 

Furthermore, we isolated protoplasts from the Arabidopsis Col-0AEQ reporter 

line to measure calcium influx. A consistent calcium response triggered by Srf 

was observed, when treated with at least 5 µM (Figure 32a), the threshold 

corresponding to the concentration needed for ROS burst in roots (Figure 12). 

This response was also successfully visualized by using a Fluo4-AM 

fluorescent probe in protoplasts isolated from the Col-0 Arabidopsis roots. 



Mechanistics of interaction of Srf with plants resulting in ISR 

 

134 
 

a) 

 

b)  

Figure 32 - Srf triggered calcium influx in Arabidopsis root protoplasts. a) Dose-

dependent average [Ca2+]cyt increase induced by Srf in root protoplasts of Arabidopsis Col-

0AEQ. Values are the average of L/Lmax values from 1.5 to 4 min after treatment 

corresponding to the top of the peak. Mean ± SD of at least 10 technical replicates from at 

least five independent experiments. Asterisks indicate statistically significant differences 

to the mock treatment (ns = no significant difference; *P<0.05; ***P < 0.001 Welch and 

Brown-Forsythe ANOVA); b) Kinetics of Srf-induced (at 10 µM) [Ca2+]cyt increase as 

detected via Fluo-4 fluorescence in Col-0 root protoplasts. Data are represented as mean 

normalized fluorescence increase (± SD) of 14 replicates from four independent 

experiments. 

 

Furthermore, we wanted to test the involvement of MSCs in Srf-triggered 

calcium influx using the same system. Among the MSCs, this study focused 

on two families, MCA and MSL, based on the ions they conduct and their 

location within the plant cells. MCAs are described as genuine transporters of 

calcium, while MSLs are considered as a non-selective ion transporters, but 

their indirect involvement in calcium signaling has been shown upon 

wounding and in response to cell swelling (Mori et al., 2018; Basu et al., 2020; 

Yoshimura et al., 2021; Moe-Lange et al., 2021). MCA family has two known 

members both located at the PPM, whereas MSL channels can be located at 

the plasma membrane but also on the membranes of certain organelles. Thus 

msl4/5/6/9/10 and mca1/2 mutants were chosen. 

We measured calcium influx by using the Fluo4-AM probe in msl4/5/6/9/10 

and mca1/2 mutants and observed a significantly lower response to Srf 

treatment as compared to Col-0 root protoplasts (Figure 33). This confirmed 

that Srf induces calcium influx, and that this influx is at least partially mediated 

via MSL 4/5/6/9/10 and MCA1/2. 
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Figure 33 - [Ca]cyt detected with Fluo-4 in root protoplasts of Col-0, mca1/2, and 

msl4/5/6/9/10, mock- or Srf-treated (10 µM). Mean ± SD of 14 replicates from four 

independent experiments. Letters represent statistically different groups at α = 0.05 (two-

way ANOVA and Tukey’s multiple-comparison post-test). 
 

4.4.4.2. Effect of Srf activated MSCs 

dependent calcium influx on ROS in roots 

Having in mind interplay of early immune events (Chapter 1, section 3.2.5.), 

we further wanted to test the influence of calcium and MSCs on ROSintra 

triggered by Srf in Arabidopsis roots. Firstly, pre-treatment with the Ca2+ 

channel blocker LaCl3 or the chelator EGTA abolished the Srf-induced ROS 

burst (Figure 34a,b) confirming that calcium signaling acts upstream of 

ROSintra (Köster et al., 2022). Furthermore, experiments on MSCs mutants 

showed an almost complete loss of ROSintra burst (Figure 34c). In addition, 

pretreatment of roots with the MSCs blocker GsMTX-4 also resulted in a 

significant decrease in Srf triggered ROSintra confirming that activation of 

MSCs and subsequent ion fluxes act upstream of Srf-triggered ROS production 

(data not shown).
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a) b) 

c)  

Figure 34 – Involvement of mechanosensitive ion channels in Srf triggered immune 

responses. a) [ROS]intra accumulation in Arabidopsis Col-0 (n=6), mca1/2 (n=7), and 

msl4/5/6/9/10 (n=8) roots following Srf treatment (10 µM). Data represent fold increase in 

fluorescence values 30 mins after Srf addition compared to mock-treated roots. Mean ± 

SD from two independent experiments. **P<0.01, two-tailed t-test. b) the non-selective 

Ca2+ channel blocker LaCl3 (10 mM) and c) the Ca2+ chelator EGTA (1mM). Graphs 

represent mean fluorescence increase observed ± SD of 7 replicates from 2 independent 

experiments. 
 

4.4.4.3.  Effect of MSC absence on Srf 

triggered ISR 

Finally, to confirm that the lack of early immune responses in the MSC 

mutants is correlated with the ISR effect of Srf on plants, an ISR experiment 

was performed. Results showed that mca1/2 and msl4/5/6/9/10 plants were 

strongly impaired in mounting systemic resistance upon Srf treatment 

confirming their enrollment in the Srf-triggered ISR (Figure 35).
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Figure 35 - Disease incidence of B. cinerea in Arabidopsis Col-0, mca1/2, and 

msl4/5/6/9/10 mutant plants, mock- or Srf pre-treated (10 µM; each n=30 from two 

independent experiments represented as differently shaded grey values). Data are 

represented as in Figure 10. 
 

Collectively, although contributions of other mechanosensitive proteins and 

channels cannot be ruled out (Thor et al., 2020; Goodman et al., 2023), our 

data provide evidence for a key role of these channels in Srf-induced plant 

defenses. Both mutants being affected in mounting ISR possibly suggests that 

these channels may act in a coordinated manner to tailor specific ion fluxes 

leading to plant immune response. 

In addition to ROSintra and calcium influx, we also tested NO− accumulation 

in these mutants. Interestingly, not only was NO− production independent of 

these channels, but it was also slightly elevated (with the statistical 

significance) (Figure 36). This suggests that although crucial for Srf triggered 

ISR, Srf might still induce plant responses that are independent of these MSCs. 

S
p
re

a
d
in

g
 l
e
s
io

n
s
/p

la
n
t

0

1

2

3

4

5

6

7

✱✱✱ ns

          Col-0 mca1/2 Col-0            msl4/5/6/9/10

Mock Srf

✱✱✱ ✱



Mechanistics of interaction of Srf with plants resulting in ISR 

 

138 
 

 

Figure 36 - Accumulation of NO− in the wild type (Col-0) Arabidopsis roots, and 

mca1/2, msl4/5/6/9/10 mutants roots. Graph represents grouped data from three 

independent experiments, each n=4. 
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5. Discussion 

As previously reported for other plant species (Pršić and Ongena, 2020), 

treatment with Srf prepares Arabidopsis to mount defense responses 

culminating in the systemically expressed ISR phenotype. We provide new 

insights into the molecular basis of the well-known long-standing process of 

CLP-triggered plant immunity activation by unveiling a new lipid-mediated 

mechanism for the detection of these molecules at the cell surface. The CLP 

inserts into sphingolipid-enriched domains acting as docking platforms in the 

PPM, causing membrane deformation. Such membrane changes have been 

described in the literature to be perceived via MSC, and this work shows that 

representatives of these channels are required for early immune responses 

activation and induction of ISR by Srf. Clearly, this process differs from the 

receptor-based surveillance system engaged in the recognition of MAMPs by 

plant cells or in the perception of other lipopeptides as agonists of TLR-type 

PRRs in metazoans (Mohammad et al., 2022) and therefore reflects a new 

aspect of plant-microbe communication mediated by small chemicals from 

beneficial bacteria. Collectively, our data show that Srf perception leads to a 

quite specific immune activation signature regarding the type, timing and 

amplitude of early defense-related events and the weak transcriptional 

reprogramming as compared to PTI. This may explain why elicitation by Srf 

is cost-effective for the host plant as it does not result in growth-defense trade-

off (Debois et al., 2015; He et al., 2022) nor does it cause a strong response 

associated with the alertness state or a hypersensitive reaction leading to cell 

death. 

In addition to conducting ions, certain MSCs have been suggested to have 

the ability to activate plant responses independently of their gating. For 

instance, it has been documented that the soluble N-terminus of MSL 8, 9, and 

10 contains intrinsically disordered regions, that have been described in plant 

biology for their putative roles in myriad functions, such as transcription, 

scaffolding, and stress responses (Flynn et al., 2022) 

Besides the MSCs tested in this study, a possible role of other MSCs in 

harmonizing ion fluxes, such as OSCA, cannot be ruled out. Moreover, a 

protein receptor FERONIA may also play an important role. In Arabidopsis 

seedlings, it has been shown that mutants lacking this receptor show severely 

altered Ca2+ signaling induced by different forms of mechanical perturbation. 
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In addition, this receptor is also involved in plant responses such as Ca2+ 

signaling, medium alkalization, ROS burst, to numerous biotic and abiotic 

stresses (Shih et al., 2014; Ji et al., 2020). 

When examining the rise in ROSintra, it can be observed that the increase 

follows consistent rather than the transient trend, as frequently described in the 

literature for other elicitors. This behavior may be attributed to the presence of 

Srf in the media during ROS measurements. Namely, when recognized by a 

high affinity receptor, too high concentration of an elicitor can cause saturation 

of the receptor and subsequently the end of the signal as well. As Srf is not 

recognized by a receptor, saturation is not expected, and the signal might be 

prolongated as long as Srf continues to insert in the PPM. A potential method 

to verify this theory is treating plant roots with Srf, followed by thorough 

rinsing of the treatment, and subsequently quantifying ROSintra levels in roots 

resuspended exclusively in a buffer solution.  

The MSC-independent intracellular NO− burst triggered by Srf, suggests that 

Srf may activate other proteins by affecting membrane properties. A possible 

explanation is that this is because Srf preferentially inserts within the lipids 

located in the microdomains, described as protein-rich signaling platforms 

(Huby et al., 2020). However, since the plasma membrane properties are not 

only influenced locally where Srf inserts, the involvement of proteins that are 

not located in microdomains cannot be excluded.  

The phytopathosystem used in this study having a high variability is not 

suitable for studying at what extent different players are influencing the final 

ISR. Possible solution would be using a phytopathosystem with higher 

precision of disease incident estimation, such as Arabidopsis/Pseudomonas 

syringae pv. maculicola in which Srf is already reported as active in triggering 

ISR (Altrão et al., 2022). 

Further investigations are needed for a comprehensive understanding of the 

whole process from perception to systemic signaling leading to CLP-induced 

plant resistance. While this is challenging due to a lack of knowledge about 

mechanisms underlying ISR, it is mandatory to rationally implement the use 

of these compounds or their producers as bio-sourced alternatives to plant-

protective chemicals in sustainable agriculture.  
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6. Data authorship 

This work is a result of collaboration with different colleagues, which 

helped in realizing/providing the work presented in following figures: 
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- Fig 24 Manon Genva 

- Fig 25b Magali Deleu 

- Fig 25a, 30 Jean-Marc Crowet 

- Fig 28 in collaboration with Magali Deleu and Valeria Rondelli  

Additionally, the raw RNAseq data was processed by Heba Ibrahim.   
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7. Supplementary data 

 

 

Supplementary Figure 1 - Bacillus velezensis produces surfactin as a mixture of 

structural variants differing in length and branching type of the fatty acid chain (R in the 

structure presented in (a) that are identified on the basis of the exact mass of their 

molecular ion (b) upon UPLC-MS profiling (c). This diversity is due to the low selectivity 

of the first C-domain of the multi-modular enzymatic machinery responsible for the 

synthesis of the compound. It allows using diverse fatty acids from the intracellular pool 

for binding to the first amino acid of the nascent peptide (Duban et al 2022). 
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Supplementary Figure 2 - Root cell viability visualized with Evan’s blue following 

treatment with different Srf concentrations, 0.5% ethanol (negative control) or 0.9% 

Triton X100 (positive control). Experiments were performed on three different individuals 

for each treatment with similar results. 

 

 

 

Supplementary Figure 3 – Rigidification of PPM mimicking liposomes (left) and root 

protoplasts plasma membrane (right). 

 

 

  

0 5 10 15 20

-0.1

0.0

0.1

0.2

Time (min)

✱

✱✱✱

✱✱✱ ✱✱✱ ✱✱✱

0 5 10 15 20

-0.1

0.0

0.1

0.2

Time (min)


G

P

✱✱✱
✱✱✱

✱✱✱ ✱✱✱ ✱✱✱

Mock Srf



Mechanistics of interaction of Srf with plants resulting in ISR 

 

144 
 

Supplementary table 1. Description of Arabidopsis mutants used in ISR 

experiment represented in Figure 23 

fls2/efr1 Arabidopsis mutant lacking functional leucine-rich repeat receptor 

kinases FLS2 and EFR, PRRs for bacterial flagellin and EF-Tu, 

respectively, recognition (Nekrasov et al., 2009) 

lore-5 Arabidopsis mutant lacking receptor–like kinase LORE, a receptor for 

recognition of acyl chain epitopes such as medium chain 3-hydroxy fatty 

acids (Ranf et al., 2015) 

bak1-5 Arabidopsis mutant lacking leucine-rich repeat receptor like kinases BAK 

1-5 acting as a signaling partner of different receptor like kinases 

(Schwessinger et al., 2011) 

cerk1-2 Arabidopsis mutant lacking functional receptor‐like kinases CERK1 and 

2, a common co-receptor for lysin motif carrying receptors, such as 

receptors for chitin and peptidoglycan (Miya et al., 2007; Zipfel and 

Oldroyd, 2017) 

sobir1-12, 

sobir1-13 

Arabidopsis mutant lacking leucine-rich repeat receptor-like kinases 

SOBIR with which leucine-rich repeat-receptor-like proteins lacking an 

intracellular kinase domain are forming receptor complexes to achieve 

immune signaling (Leslie et al., 2010; Van der Burgh et al., 2019) 

bik1/pbl1 Arabidopsis mutant lacking central immune regulator BOTRYTIS‐

INDUCED KINASE1 (BIK1), and its closest homologue PBL1, the PM‐

associated cytosolic kinases acting downstream of multiple immune 

receptors and coordinating multiple plant immune responses (Zhang et al., 

2010; Oelmüller 2021) 
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Supplementary Table 2 - Structural parameters used to fit the Neutron reflectivity spectra 

relative to the (a) PLPC-Sito-GluCer bilayer and (b) PLPC-Sito bilayer before (left) and after 

(right) Srf addition. A contemporary fitting of data collected from the membranes in H2O and 

D2O has been performed. SLD: Scattering length density (±0.05*10-6Å-2), FA: fatty acid 

chain. 

a) 

 

 

b) 

 

 

 

 

  

 PLPC-Sito-GluCer bilayer PLPC-Sito-GluCer bilayer + Srf 

 
Thickness 

(±1Å) 

SLD 

 

Solvent penetration 

(±5%vol) 

Thickness 

(±1Å) 

SLD 

 

Solvent penetration 

(±5%vol) 

Heads in 6 1.93 25 6 1.93 25 

Chains in 14 -0.28 10 14 -0.28 10 

Chains out 14 -0.41 10 10 -0.38 20 

Heads out 6 1.98 25 6 2 30 

 PLPC-Sito bilayer PLPC-Sito bilayer + Srf 

 
Thickness 

(±1Å) 

SLD 

 

Solvent penetration 

(±5%vol) 

Thickness 

(±1Å) 

SLD 

 

Solvent penetration 

(±5%vol) 

Heads in 8 1.93 15 7 1.93 15 

Chains in 14 -0.34 3 14 -0.34 3 

Chains out 15 -0.34 3 13 -0.32 7 

Heads out 6 1.93 15 7 1.83 25 
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Supplementary table 3: List of Srf induced genes represented in the Figure 20. Genes in 

gray highlighted cells are also induced by flg22, genes in black letters have same regulation, 

the ones in red are oppositely regulated by the two elicitors. Genes and their fold changes (log2 

FC) in transparent cells are Srf specific. 

Srf 0,5 h vs flg22 all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 7,473559 At1g75945 3,029064 At4g11870 -3,92481 

At5g37840 6,117427 At1g09240 2,923564 At5g51990 -3,93327 

At1g26410 4,369326 At1g07400 2,874274 At2g40080 -3,98872 

At4g22030 3,82961 At1g02450 2,733618 At5g20630 -4,54421 

At1g26380 3,747453 At4g15248 2,671774 At1g12610 -5,08698 

At2g15780 3,379899 At4g27310 2,530284 
  

At1g14540 3,307229 At3g16930 2,455706 
  

At2g04515 3,062422 At2g46670 2,404239 
  

At1g14550 3,002402 At3g12580 2,380407 
  

At2g37810 2,911863 At5g54470 2,374722 
  

At3g13433 2,858845 At4g24700 2,348208 
  

At2g23270 2,716883 At2g31380 2,324851 
  

At2g31335 2,687301 At3g46230 2,303751 
  

At5g11140 2,634364 At1g51330 2,258325 
  

At5g04120 2,613871 At2g32130 2,185557 
  

At1g53625 2,482979 At1g52827 2,145669 
  

At2g36800 2,467183 At5g27765 2,132396 
  

At2g28270 2,295063 At5g15960 2,011502 
  

At3g62950 2,28742 At5g48250 -2,00151 
  

At1g09350 2,276943 At1g17665 -2,01483 
  

At5g37490 2,215372 At5g03204 -2,1245 
  

At1g26420 2,200292 At1g31580 -2,14961 
  

At1g51920 2,18718 At1g09950 -2,15309 
  

At1g51915 2,133084 At3g29798 -2,17392 
  

At1g07160 2,104725 At2g05915 -2,23037 
  

At1g51913 2,092822 At5g42800 -2,29523 
  

At4g03480 2,078219 At3g23637 -2,30011 
  

At5g57123 2,076965 At1g05800 -2,36585 
  

At4g23810 2,060013 At2g02120 -2,49948 
  

At1g47400 -2,00188 At1g43590 -2,5414 
  

At4g27654 -2,03683 At1g05136 -2,59304 
  

At3g56970 -2,15861 At3g62550 -2,6357 
  

At2g24850 -2,47365 At1g09030 -2,63955 
  

At4g12360 -2,4752 At1g76640 -2,70956 
  

At1g72910 -2,57861 At5g23115 -2,74482 
  

At3g44870 -2,86237 At4g25490 -2,87028 
  

At3g20395 -3,40401 At3g63160 -2,87542 
  

At3g44860 -3,44493 At4g34410 -2,87918 
  

At1g17420 -3,48538 At5g64770 -2,93266 
  

At3g22830 -3,58863 At3g32090 -2,99243 
  

At1g30135 -3,7722 At4g01535 -3,012 
  

At3g01345 5,475234 At1g06135 -3,07581 
  

At1g73220 3,962332 At4g35655 -3,14491 
  

At2g25990 3,646777 At2g11205 -3,31166 
  

At3g55790 3,433336 At5g08760 -3,38634 
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Srf 1h vs flg22 all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 6,793469 At2g21040 -2,11589 At2g37805 -2,22462 

At5g37840 6,176578 At2g31335 -2,26417 At2g34430 -2,25869 

At1g14550 5,612086 At1g52890 -2,26781 At4g12500 -2,28904 

At4g22030 5,519853 At5g26070 -2,32755 At3g44950 -2,32677 

At3g44860 5,101099 At1g65500 -2,59205 ATCg01070 -2,35692 

At1g22810 4,958329 At1g60050 -2,65654 At1g19150 -2,35756 

At2g24850 4,894403 At2g02990 -2,81372 At1g67860 -2,45043 

At5g11140 4,140115 At2g15780 -3,14193 At2g04070 -2,50098 

At1g71520 3,780336 At3g54040 -3,23107 At1g02450 -2,53856 

At2g44840 3,640064 At1g05680 -3,39558 ATCG00690 -2,60584 

At3g44870 3,583021 At5g36140 -3,42572 At1g29910 -2,68983 

At2g38240 3,242899 At5g24180 -3,4611 At5g43290 -2,73081 

At4g23810 3,217715 At5g04120 -3,47853 At2g37800 -2,81593 

At5g24110 3,174264 At5g44575 -3,60656 At4g12470 -2,89057 

At4g17090 3,066164 At5g42530 -4,40922 At5g35830 -2,89235 

At3g23230 2,962362 At1g08090 -4,42682 At2g11205 -2,9047 

At1g07160 2,871242 At2g36800 -4,59623 At1g23130 -2,94832 

At5g01380 2,856913 At4g35655 4,021319 At1g29920 -2,9514 

At1g70130 2,796518 At3g07522 3,829014 At2g05070 -3,07244 

At5g48540 2,715679 At1g05800 3,448349 At5g20630 -3,1584 

At1g17420 2,709011 At3g01345 3,417784 At1g69730 -3,38283 

At4g22105 2,696576 At1g12610 3,268518 At5g36130 -3,48051 

At1g56250 2,676876 At5g27765 2,840305 At5g08760 -3,50976 

At1g51920 2,657298 At5g03204 2,829422 At3g05730 -3,68822 

At1g79130 2,638326 At1g20310 2,64908 At3g60415 -3,72891 

At1g21110 2,594641 At1g76640 2,539243 At4g12480 -4,32107 

At5g37490 2,559807 At2g22760 2,480155 At1g09240 -4,34826 

At1g78230 2,485908 At4g25433 2,468891 At4g23300 -4,47191 

At1g14540 2,48308 At2g13275 2,447871 At1g08100 -4,5324 

At1g72520 2,480358 At4g22620 2,297497 
  

At4g13420 2,469162 At3g09863 2,248725 
  

At1g51915 2,426056 At5g12030 2,244007 
  

At3g28360 2,35899 At3g25770 2,223889 
  

At4g18195 2,337573 At2g17660 2,208588 
  

At5g64905 2,31605 At4g34410 2,197603 
  

At1g30135 2,275016 At4g05095 2,179598 
  

At4g28460 2,271498 At3g22275 2,082589 
  

At2g26380 2,264127 At3g02480 -2,00959 
  

At3g48520 2,253075 At3g51644 -2,01926 
  

At4g18197 2,080274 At2g34320 -2,05994 
  

At5g01550 2,078076 At1g73000 -2,06184 
  

At4g22710 2,076803 At5g55620 -2,09221 
  

At1g32970 2,032566 At4g33735 -2,09519 
  

At1g56240 2,027209 At4g35400 -2,1419 
  

At3g47480 -2,02043 At4g16880 -2,17369 
  

At2g28850 -2,0574 At3g55790 -2,2086 
  

At4g12360 -2,08344 At1g32080 -2,21687 
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Srf 3h vs flg22 all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 5,475559 At1g66600 2,039335 At3g55330 -2,24068 

At4g22030 4,727409 At3g03670 2,034062 At1g67740 -2,24786 

At1g14550 4,723695 At4g23550 2,008118 At3g62550 -2,25186 

At1g26410 4,568594 At4g28350 2,001531 At2g30570 -2,27694 

At1g26380 4,101143 At3g46080 -2 At1g55670 -2,2812 

At1g14540 4,056904 At3g62410 -2,00457 At2g35370 -2,29524 

At4g13420 3,702604 At1g47400 -2,04763 At4g33560 -2,30057 

At1g02920 3,601576 At3g25760 -2,10652 At2g10975 -2,31123 

At2g37810 3,346524 At1g47395 -2,17001 At4g09900 -2,34473 

At1g26240 3,254935 At4g17090 -2,18027 At1g65190 -2,35978 

At5g48430 3,212726 At3g46090 -2,29685 At1g20340 -2,37209 

At1g53625 2,923441 At1g22630 -2,32402 At3g48200 -2,38494 

At2g26560 2,918878 At3g44860 -2,32757 At5g55450 -2,40478 

At5g37490 2,877739 At1g21250 -2,34 At3g26650 -2,43262 

At4g10530 2,781812 At4g21445 -2,40571 At5g38980 -2,46819 

At3g16150 2,767581 At1g10640 -2,41681 At1g76900 -2,52173 

At2g38240 2,755965 At4g13500 -2,48183 At1g32060 -2,52227 

At4g10520 2,724789 At1g68520 -3,04986 At1g42970 -2,6603 

At2g43570 2,664998 At5g52780 -3,21397 At4g12470 -2,69001 

At3g15500 2,654063 At5g42530 -3,3462 At3g60415 -2,81793 

At2g23270 2,625882 At5g13730 -3,44661 At1g27480 -2,82413 

At1g63590 2,546492 At5g44575 -3,69078 At2g21530 -2,93634 

At5g11140 2,468767 At5g44580 -3,85218 At4g12320 -2,94832 

At4g01250 2,457816 At5g38990 -3,96954 At5g45680 -2,9704 

At3g48850 2,393394 At1g72910 -4,749 At5g51720 -3,04603 

At3g54040 2,375344 At2g36800 -5,97907 At3g55800 -3,08678 

At1g13520 2,372811 At2g13810 3,78199 At4g16880 -3,09952 

At1g75490 2,360429 At1g53610 3,051095 At3g46780 -3,10864 

At5g64110 2,354189 At5g63250 3,034441 At4g12480 -3,12911 

At1g36622 2,331951 At1g58320 2,892654 At5g36120 -3,15573 

At1g64160 2,305762 At5g52400 2,564752 At5g55620 -3,31099 

At1g19020 2,294078 At4g27310 2,379136 At1g15980 -3,31195 

At1g36640 2,234644 At2g44220 2,314316 At5g17220 -3,37056 

At2g43590 2,229178 At2g18680 2,302762 At1g09240 -3,7038 

At1g30730 2,184768 At2g07642 2,086801 At3g51420 -3,88695 

At5g43520 2,16761 At1g80440 2,081466 At1g31580 -3,95567 

At3g13433 2,157832 At3g01175 2,018622 At1g75460 -4,19778 

At1g76410 2,156819 At4g34410 2,015607 At3g63160 -4,67032 

At2g44370 2,154294 At1g06830 -2,02636 At5g43290 -4,67902 

At3g62950 2,134555 At5g07990 -2,04342 At1g23130 -4,80604 

At2g02990 2,099164 At1g07400 -2,05027 At4g23300 -4,86102 

At5g24180 2,096187 At4g28750 -2,06636 At1g32080 -5,04108 

At2g46750 2,075397 At3g48420 -2,08198 At1g69730 -5,04859 

At1g13480 2,064966 At3g22210 -2,12913 At5g08760 -5,11524 

At5g25250 2,0518 ATCG00020 -2,13369 At1g19150 -5,27998 

At1g49570 2,046155 At4g14090 -2,14913 At3g16250 -5,6545     
At3g05730 -6,01342     
At5g20630 -10,6434 
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Srf 6h vs flg22 all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At1g14550 6,710334 At5g62420 2,32036 At5g38700 -2,754 

At1g26380 6,457278 At3g28740 2,311467 At5g52050 -2,77555 

At5g05340 6,200332 At3g59900 2,278871 At1g27730 -2,82782 

At2g30750 5,937335 At3g54040 2,255285 At2g40000 -2,84704 

At5g04120 5,841164 At2g05540 2,235479 At5g17350 -2,91433 

At4g13420 5,397059 At3g60270 2,233001 At1g72520 -2,9519 

At3g49620 5,26201 At3g20340 2,231099 At1g35210 -2,99952 

At1g08090 5,0749 At5g48430 2,229856 At5g40000 -3,04361 

At2g36800 4,920397 At5g43580 2,202274 At3g29000 -3,14116 

At1g69920 4,539671 At1g06160 2,199317 At3g50930 -3,26596 

At5g44575 4,478185 At3g01970 2,195341 At4g27280 -3,32333 

At1g64160 4,44795 At1g57630 2,19355 At5g57560 -3,32437 

At1g26240 4,384731 At5g20230 2,169483 At4g30430 -3,42308 

At3g25760 4,354679 At3g05950 2,166782 At5g64870 -3,54774 

At2g15780 4,324564 At1g69930 2,166133 At5g42380 -3,58843 

At2g37810 4,180726 At1g69490 2,155807 At1g22810 -3,60534 

At4g13500 4,010568 At2g15960 2,154615 At3g10930 -3,64476 

At2g26560 3,93115 At5g24180 2,144484 At4g17090 -3,74702 

At2g43510 3,844345 At3g54420 2,133862 At3g02840 -3,78287 

At1g49570 3,546595 At2g43590 2,106875 At3g44260 -3,87809 

At5g60770 3,418143 At3g03670 2,083661 At4g11280 -3,89223 

At4g22030 3,291473 At1g22630 2,064999 At1g07135 -3,95687 

At1g26410 3,243538 At2g29460 2,03817 At1g15010 -4,03921 

At1g44010 3,159306 At2g26740 2,035162 At2g46400 -4,0474 

At1g66600 3,155896 At1g65500 2,023942 At4g29780 -4,07944 

At5g64120 3,129211 At5g61600 -2,0147 At2g44840 -4,1811 

At3g16150 2,91882 At5g57510 -2,02576 At4g24570 -4,22418 

At5g42530 2,898749 At1g32920 -2,0367 At1g80840 -4,25947 

At3g12910 2,897725 At1g56240 -2,08711 At4g27654 -4,47942 

At1g52890 2,826866 At5g39670 -2,08716 At4g25470 -7,06845 

At1g14540 2,807897 At4g25480 -2,12619 At4g23300 4,982655 

At5g44580 2,796335 At2g20150 -2,14857 At1g08100 4,66307 

At5g36140 2,754876 At2g32140 -2,17662 At3g12900 4,189698 

At5g61890 2,679414 At1g56250 -2,23321 At5g06905 4,103862 

At2g39980 2,639485 At4g17490 -2,30387 At3g02100 4,091242 

At3g13433 2,610475 At5g10380 -2,32161 At4g12470 4,012501 

At2g28850 2,608662 At4g22710 -2,36188 At4g12480 3,993874 

At3g18250 2,6025 At1g72920 -2,38609 At1g09240 3,983156 

At2g02990 2,584704 At3g56790 -2,3877 At1g73000 3,902054 

At5g19890 2,541034 At1g30370 -2,48176 At3g48740 3,754099 

At3g15440 2,518993 At5g47850 -2,51004 At5g23660 3,725837 

At1g05680 2,518976 At1g60190 -2,53583 At1g32080 3,600657 

At3g62950 2,508061 At4g13395 -2,55125 At5g39520 3,43349 

At1g26420 2,47745 At5g22250 -2,59021 At4g12320 3,19938 

At1g24145 2,404436 At1g17420 -2,66302 At5g06900 3,102982 

At5g52350 2,336202 At1g30135 -2,68958 At1g23130 2,992269 

At4g08380 2,331093 At5g58680 -2,71031 At2g44581 2,879949 
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continued  continued  

gene log2 FC gene log2 FC 

At2g34430 2,876135 At1g20823 -2,27467 

At3g62550 2,863347 At1g74450 -2,32795 

At4g33070 2,808146 At1g18740 -2,3861 

At4g33560 2,805796 At3g27540 -2,39517 

At4g16880 2,769694 At4g33970 -2,40894 

At5g08760 2,729478 At1g47130 -2,44085 

At1g52790 2,675137 At1g61470 -2,54169 

At4g03540 2,647115 At1g35140 -2,59029 

At5g12030 2,637871 At2g35290 -2,60434 

At5g36130 2,576161 At1g74930 -2,92355 

At4g10270 2,572875 At2g14290 -2,96153 

At1g43800 2,542251 At4g27657 -3,03519 

At1g12805 2,536726 At4g27652 -3,04616 

At4g12500 2,366412 At1g19210 -3,13648 

At5g16970 2,268586 At3g50060 -3,15667 

At2g37805 2,217082 At5g11070 -3,16423 

At5g43290 2,173882 At2g30020 -3,34201 

At5g17220 2,147222 At1g73540 -3,50543 

ATCG00700 2,131379 At1g18300 -3,63193 

At5g50660 2,126946 At1g50750 -3,71581 

At1g73120 2,110174 At4g01360 -3,72279 

At3g20760 2,10715 At2g22760 -3,84517 

At1g77120 2,077898 At1g50745 -3,94452 

At2g04070 2,074504 At4g25490 -5,40969 

At3g48920 2,055227 At4g34410 -5,83936 

At1g63580 2,054911 At1g12610 -6,96068 

At1g52800 2,026842 
  

At3g28340 -2,02847 
  

At1g77640 -2,04563 
  

At5g57010 -2,05942 
  

At5g43620 -2,07116 
  

At4g15150 -2,07462 
  

At5g42325 -2,09581 
  

At1g09950 -2,15817 
  

At2g33580 -2,1604 
  

At2g34600 -2,16484 
  

At3g56400 -2,17761 
  

At5g42965 -2,19173 
  

At1g66500 -2,24582 
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Supplementary table 4: List of Srf induced genes represented in the Figure 20. Genes in 

gray highlighted cells are induced also by chitin, genes in black letters have same regulation, 

the ones in red are oppositely regulated by the two elicitors. Genes and their fold changes (log2 

FC) in transparent cells are Srf specific. 

Srf 0,5 h vs chi all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 7,473559 At4g15248 2,671774 At4g11870 -3,92481 

At5g37840 6,117427 At4g27310 2,530284 At5g51990 -3,93327 

At1g26410 4,369326 At3g16930 2,455706 At2g40080 -3,98872 

At4g22030 3,82961 At2g46670 2,404239 At5g20630 -4,54421 

At1g26380 3,747453 At5g54470 2,374722 At1g12610 -5,08698 

At2g15780 3,379899 At2g31380 2,324851 
  

At1g14540 3,307229 At3g46230 2,303751 
  

At2g04515 3,062422 At1g09350 2,276943 
  

At1g14550 3,002402 At1g51330 2,258325 
  

At2g37810 2,911863 At1g52827 2,145669 
  

At1g07400 2,874274 At5g27765 2,132396 
  

At3g13433 2,858845 At5g57123 2,076965 
  

At1g02450 2,733618 At5g15960 2,011502 
  

At2g23270 2,716883 At5g48250 -2,00151 
  

At5g11140 2,634364 At1g47400 -2,00188 
  

At5g04120 2,613871 At1g17665 -2,01483 
  

At1g53625 2,482979 At4g27654 -2,03683 
  

At2g36800 2,467183 At5g03204 -2,1245 
  

At3g12580 2,380407 At1g31580 -2,14961 
  

At4g24700 2,348208 At1g09950 -2,15309 
  

At2g28270 2,295063 At3g56970 -2,15861 
  

At3g62950 2,28742 At3g29798 -2,17392 
  

At5g37490 2,215372 At2g05915 -2,23037 
  

At1g26420 2,200292 At5g42800 -2,29523 
  

At1g51920 2,18718 At3g23637 -2,30011 
  

At2g32130 2,185557 At1g05800 -2,36585 
  

At1g51915 2,133084 At2g02120 -2,49948 
  

At1g07160 2,104725 At1g43590 -2,5414 
  

At1g51913 2,092822 At1g05136 -2,59304 
  

At4g03480 2,078219 At3g62550 -2,6357 
  

At4g23810 2,060013 At1g09030 -2,63955 
  

At2g24850 -2,47365 At1g76640 -2,70956 
  

At4g12360 -2,4752 At5g23115 -2,74482 
  

At1g72910 -2,57861 At3g44870 -2,86237 
  

At4g34410 -2,87918 At4g25490 -2,87028 
  

At3g20395 -3,40401 At3g63160 -2,87542 
  

At3g44860 -3,44493 At5g64770 -2,93266 
  

At1g17420 -3,48538 At3g32090 -2,99243 
  

At3g01345 5,475234 At4g01535 -3,012 
  

At1g73220 3,962332 At1g06135 -3,07581 
  

At2g25990 3,646777 At4g35655 -3,14491 
  

At3g55790 3,433336 At2g11205 -3,31166 
  

At1g75945 3,029064 At5g08760 -3,38634 
  

At1g09240 2,923564 At3g22830 -3,58863 
  

At2g31335 2,687301 At1g30135 -3,7722 
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Srf 1 h vs chi all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 6,793469 At2g37800 -2,81593 At1g52890 -2,26781 

At5g37840 6,176578 At2g15780 -3,14193 At4g12500 -2,28904 

At1g14550 5,612086 At1g05680 -3,39558 At3g44950 -2,32677 

At4g22030 5,519853 At5g36140 -3,42572 At5g26070 -2,32755 

At3g44860 5,101099 At5g24180 -3,4611 ATCG01070 -2,35692 

At1g22810 4,958329 At5g04120 -3,47853 At1g19150 -2,35756 

At2g24850 4,894403 At5g42530 -4,40922 At1g67860 -2,45043 

At5g11140 4,140115 At2g36800 -4,59623 At2g04070 -2,50098 

At1g71520 3,780336 At4g35655 4,021319 At1g65500 -2,59205 

At2g44840 3,640064 At3g07522 3,829014 ATCG00690 -2,60584 

At2g38240 3,242899 At3g44870 3,583021 At1g60050 -2,65654 

At4g23810 3,217715 At1g05800 3,448349 At1g29910 -2,68983 

At5g24110 3,174264 At3g01345 3,417784 At5g43290 -2,73081 

At4g17090 3,066164 At1g12610 3,268518 At2g02990 -2,81372 

At3g23230 2,962362 At5g27765 2,840305 At4g12470 -2,89057 

At1g07160 2,871242 At5g03204 2,829422 At5g35830 -2,89235 

At5g01380 2,856913 At1g76640 2,539243 At2g11205 -2,9047 

At1g70130 2,796518 At1g78230 2,485908 At1g23130 -2,94832 

At5g48540 2,715679 At2g22760 2,480155 At1g29920 -2,9514 

At1g17420 2,709011 At4g13420 2,469162 At2g05070 -3,07244 

At4g22105 2,696576 At4g25433 2,468891 At5g20630 -3,1584 

At1g56250 2,676876 At2g13275 2,447871 At3g54040 -3,23107 

At1g51920 2,657298 At3g28360 2,35899 At1g69730 -3,38283 

At1g20310 2,64908 At4g22620 2,297497 At5g36130 -3,48051 

At1g79130 2,638326 At1g30135 2,275016 At5g08760 -3,50976 

At1g21110 2,594641 At3g48520 2,253075 At5g44575 -3,60656 

At5g37490 2,559807 At3g09863 2,248725 At3g05730 -3,68822 

At1g14540 2,48308 At5g12030 2,244007 At3g60415 -3,72891 

At1g72520 2,480358 At3g25770 2,223889 At4g12480 -4,32107 

At1g51915 2,426056 At4g05095 2,179598 At1g09240 -4,34826 

At4g18195 2,337573 At3g22275 2,082589 At1g08090 -4,42682 

At5g64905 2,31605 At3g02480 -2,00959 At4g23300 -4,47191 

At4g28460 2,271498 At3g51644 -2,01926 At1g08100 -4,5324 

At2g26380 2,264127 At3g47480 -2,02043 
  

At2g17660 2,208588 At1g73000 -2,06184 
  

At4g34410 2,197603 At5g55620 -2,09221 
  

At4g18197 2,080274 At4g33735 -2,09519 
  

At5g01550 2,078076 At2g21040 -2,11589 
  

At4g22710 2,076803 At4g35400 -2,1419 
  

At1g32970 2,032566 At4g16880 -2,17369 
  

At1g56240 2,027209 At3g55790 -2,2086 
  

At2g28850 -2,0574 At1g32080 -2,21687 
  

At2g34320 -2,05994 At2g37805 -2,22462 
  

At4g12360 -2,08344 At2g34430 -2,25869 
  

At1g02450 -2,53856 At2g31335 -2,26417 
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Srf 3 h vs chi all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At3g12910 5,475559 At1g21250 -2,34 At3g48200 -2,38494 

At4g22030 4,727409 At1g10640 -2,41681 At5g55450 -2,40478 

At1g14550 4,723695 At4g13500 -2,48183 At4g21445 -2,40571 

At1g26410 4,568594 At5g42530 -3,3462 At3g26650 -2,43262 

At1g26380 4,101143 At5g44580 -3,85218 At5g38980 -2,46819 

At1g14540 4,056904 At1g75460 -4,19778 At1g76900 -2,52173 

At1g02920 3,601576 At1g72910 -4,749 At1g32060 -2,52227 

At2g37810 3,346524 At2g36800 -5,97907 At1g42970 -2,6603 

At1g26240 3,254935 At2g13810 3,78199 At4g12470 -2,69001 

At5g48430 3,212726 At4g13420 3,702604 At3g60415 -2,81793 

At1g53610 3,051095 At5g63250 3,034441 At1g27480 -2,82413 

At1g53625 2,923441 At1g58320 2,892654 At2g21530 -2,93634 

At2g26560 2,918878 At5g52400 2,564752 At4g12320 -2,94832 

At5g37490 2,877739 At4g27310 2,379136 At5g45680 -2,9704 

At4g10530 2,781812 At3g54040 2,375344 At5g51720 -3,04603 

At3g16150 2,767581 At5g64110 2,354189 At1g68520 -3,04986 

At2g38240 2,755965 At2g44220 2,314316 At3g55800 -3,08678 

At4g10520 2,724789 At2g18680 2,302762 At4g16880 -3,09952 

At2g43570 2,664998 At2g43590 2,229178 At3g46780 -3,10864 

At3g15500 2,654063 At1g30730 2,184768 At4g12480 -3,12911 

At2g23270 2,625882 At1g76410 2,156819 At5g36120 -3,15573 

At1g63590 2,546492 At2g02990 2,099164 At5g52780 -3,21397 

At5g11140 2,468767 At2g07642 2,086801 At5g55620 -3,31099 

At4g01250 2,457816 At1g80440 2,081466 At1g15980 -3,31195 

At3g48850 2,393394 At1g49570 2,046155 At5g17220 -3,37056 

At1g13520 2,372811 At3g01175 2,018622 At5g13730 -3,44661 

At1g75490 2,360429 At3g46080 -2 At5g44575 -3,69078 

At1g36622 2,331951 At3g62410 -2,00457 At1g09240 -3,7038 

At1g64160 2,305762 At1g06830 -2,02636 At3g51420 -3,88695 

At1g19020 2,294078 At5g07990 -2,04342 At1g31580 -3,95567 

At1g36640 2,234644 At1g47400 -2,04763 At5g38990 -3,96954 

At5g43520 2,16761 At4g28750 -2,06636 At3g63160 -4,67032 

At3g13433 2,157832 At3g48420 -2,08198 At5g43290 -4,67902 

At2g44370 2,154294 At3g22210 -2,12913 At1g23130 -4,80604 

At3g62950 2,134555 ATCG00020 -2,13369 At4g23300 -4,86102 

At5g24180 2,096187 At4g14090 -2,14913 At1g32080 -5,04108 

At2g46750 2,075397 At1g47395 -2,17001 At1g69730 -5,04859 

At1g13480 2,064966 At3g55330 -2,24068 At5g08760 -5,11524 

At5g25250 2,0518 At1g67740 -2,24786 At1g19150 -5,27998 

At1g66600 2,039335 At3g62550 -2,25186 At3g16250 -5,6545 

At3g03670 2,034062 At2g30570 -2,27694 At3g05730 -6,01342 

At4g34410 2,015607 At1g55670 -2,2812 At5g20630 -10,6434 

At4g23550 2,008118 At2g35370 -2,29524   

At4g28350 2,001531 At3g46090 -2,29685   

At1g07400 -2,05027 At4g33560 -2,30057   

At3g25760 -2,10652 At2g10975 -2,31123   

At4g17090 -2,18027 At4g09900 -2,34473   

At1g22630 -2,32402 At1g65190 -2,35978   

At3g44860 -2,32757 At1g20340 -2,37209   
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Srf 6 h vs chi all time points 

  continued  continued  

gene log2 FC gene log2 FC gene log2 FC 

At1g14550 6,710334 At5g24180 2,144484 At3g44260 -3,87809 

At1g26380 6,457278 At3g54420 2,133862 At4g11280 -3,89223 

At2g30750 5,937335 At3g03670 2,083661 At1g07135 -3,95687 

At5g04120 5,841164 At1g22630 2,064999 At2g46400 -4,0474 

At3g49620 5,26201 At1g63580 2,054911 At4g29780 -4,07944 

At2g36800 4,920397 At2g29460 2,03817 At2g44840 -4,1811 

At1g69920 4,539671 At5g57510 -2,02576 At4g24570 -4,22418 

At1g64160 4,44795 At1g32920 -2,0367 At1g80840 -4,25947 

At1g26240 4,384731 At5g57010 -2,05942 At4g34410 -5,83936 

At3g25760 4,354679 At1g56240 -2,08711 At5g05340 6,200332 

At2g15780 4,324564 At5g39670 -2,08716 At4g13420 5,397059 

At2g37810 4,180726 At4g25480 -2,12619 At1g08090 5,0749 

At4g13500 4,010568 At2g20150 -2,14857 At4g23300 4,982655 

At2g26560 3,93115 At2g32140 -2,17662 At1g08100 4,66307 

At2g43510 3,844345 At1g56250 -2,23321 At5g44575 4,478185 

At3g48740 3,754099 At4g17490 -2,30387 At3g12900 4,189698 

At5g60770 3,418143 At5g10380 -2,32161 At5g06905 4,103862 

At4g22030 3,291473 At4g22710 -2,36188 At3g02100 4,091242 

At1g26410 3,243538 At1g72920 -2,38609 At4g12470 4,012501 

At1g44010 3,159306 At3g56790 -2,3877 At4g12480 3,993874 

At1g66600 3,155896 At1g30370 -2,48176 At1g09240 3,983156 

At3g16150 2,91882 At5g47850 -2,51004 At1g73000 3,902054 

At5g42530 2,898749 At5g22250 -2,59021 At5g23660 3,725837 

At3g12910 2,897725 At1g35140 -2,59029 At1g32080 3,600657 

At1g14540 2,807897 At1g17420 -2,66302 At1g49570 3,546595 

At5g44580 2,796335 At5g58680 -2,71031 At5g39520 3,43349 

At5g36140 2,754876 At1g27730 -2,82782 At4g12320 3,19938 

At5g61890 2,679414 At2g40000 -2,84704 At5g64120 3,129211 

At3g13433 2,610475 At5g17350 -2,91433 At5g06900 3,102982 

At2g28850 2,608662 At1g72520 -2,9519 At1g23130 2,992269 

At3g18250 2,6025 At2g14290 -2,96153 At2g44581 2,879949 

At3g15440 2,518993 At1g35210 -2,99952 At2g34430 2,876135 

At1g05680 2,518976 At5g40000 -3,04361 At3g62550 2,863347 

At3g62950 2,508061 At3g29000 -3,14116 At1g52890 2,826866 

At1g26420 2,47745 At3g50930 -3,26596 At4g33070 2,808146 

At1g24145 2,404436 At4g27280 -3,32333 At4g33560 2,805796 

At5g52350 2,336202 At5g57560 -3,32437 At4g16880 2,769694 

At4g08380 2,331093 At4g30430 -3,42308 At5g08760 2,729478 

At5g62420 2,32036 At5g64870 -3,54774 At1g52790 2,675137 

At3g60270 2,233001 At5g42380 -3,58843 At4g03540 2,647115 

At5g48430 2,229856 At1g22810 -3,60534 At2g39980 2,639485 

At1g57630 2,19355 At1g18300 -3,63193 At5g12030 2,637871 

At5g20230 2,169483 At3g10930 -3,64476 At2g02990 2,584704 

At1g69930 2,166133 At4g17090 -3,74702 At5g36130 2,576161 

At1g69490 2,155807 At3g02840 -3,78287 At4g10270 2,572875 

 

  



2. Perception of surfactin and activation of early immune events 

 
 

155 
 

continued  continued  

gene log2 FC gene log2 FC 

At1g43800 2,542251 At1g09950 -2,15817 

At5g19890 2,541034 At2g33580 -2,1604 

At1g12805 2,536726 At2g34600 -2,16484 

At4g12500 2,366412 At3g56400 -2,17761 

At3g28740 2,311467 At5g42965 -2,19173 

At3g59900 2,278871 At1g66500 -2,24582 

At5g16970 2,268586 At1g20823 -2,27467 

At3g54040 2,255285 At1g74450 -2,32795 

At2g05540 2,235479 At1g18740 -2,3861 

At3g20340 2,231099 At3g27540 -2,39517 

At2g37805 2,217082 At4g33970 -2,40894 

At5g43580 2,202274 At1g47130 -2,44085 

At1g06160 2,199317 At1g60190 -2,53583 

At3g01970 2,195341 At1g61470 -2,54169 

At5g43290 2,173882 At4g13395 -2,55125 

At3g05950 2,166782 At2g35290 -2,60434 

At2g15960 2,154615 At1g30135 -2,68958 

At5g17220 2,147222 At5g38700 -2,754 

ATCG00700 2,131379 At5g52050 -2,77555 

At5g50660 2,126946 At1g74930 -2,92355 

At1g73120 2,110174 At4g27657 -3,03519 

At3g20760 2,10715 At4g27652 -3,04616 

At2g43590 2,106875 At1g19210 -3,13648 

At1g77120 2,077898 At3g50060 -3,15667 

At2g04070 2,074504 At5g11070 -3,16423 

At3g48920 2,055227 At2g30020 -3,34201 

At2g26740 2,035162 At1g73540 -3,50543 

At1g52800 2,026842 At1g50750 -3,71581 

At1g65500 2,023942 At4g01360 -3,72279 

At5g61600 -2,0147 At2g22760 -3,84517 

At3g28340 -2,02847 At1g50745 -3,94452 

At1g77640 -2,04563 At1g15010 -4,03921 

At5g43620 -2,07116 At4g27654 -4,47942 

At4g15150 -2,07462 At4g25490 -5,40969 

At5g42325 -2,09581 At1g12610 -6,96068   
At4g25470 -7,06845 
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Supplementary table 5: Genes putatively related to plant immunity presented in the 

Figure 22. 

   continued   continued  

Category Accession n°  Category Accession n°  Category Accession 

n° 

Calcium 

binding 

At1g76640  MAPK At1g18350  Receptor, 

receptor-like 

related 

 

At5g01550 

At4g27280  At1g73500  At4g23300 

At5g39670  At5g55090  At4g23320 

At3g47480  At5g67080  At4g38830 

At3g29000  At3g50310  At4g21400 

At1g73805  At1g01560  At4g11470 

At2g41090  At2g46070  At4g11480 

At2g41100  At3g45640  At4g04540 

At3g01830  At1g07150  At4g04570 

At1g76650  PR AT1g75830  At4g00970 

At4g20780  AT5g44420  At4g23130 

At4g33050  AT2g26020  At4g23140 

At1g21550  AT1g19610  At4g23170 

At3g51920  AT2g02120  At5g01540 

At1g29025  AT5g26130  At5g01560 

At1g29020  AT4g33710  At4g20940 

At1g24620  AT4g25790  At2g24130 

At1g05990  AT5g57625  At3g28040 

At3g59370  AT4g30320  At5g01890 

At2g24300  AT4g31470  At5g46330 

At2g17890  AT5g66590  At2g19190 

At1g61950  AT2g19980  At5g48540 

At4g04710  AT3g04720  At1g63590 

At2g35890  AT1g73620  At1g63570 

At4g04700  AT4g38660  At5g38990 

At5g66210  AT2g28790  At1g63580 

At5g42380  AT2g19990  At1g63560 

At5G57010  AT3g12500  At1g63600 

At2g26190  AT5g24090  At4g11521 

At3g25600  AT3g54420  At5g60900 

At3g57530  AT4g01700  At2g32140 

ROS AT1G14550  AT1g56680  At3g05360 

AT5G05340  AT2g43590  cell wall 

related 

AT1g67980 

AT1G49570  AT1g02360  AT1G80820 

AT5G64120  AT2g43620  AT4G36220 

AT1G14540  AT2g43580  AT5g36870 

AT5G19890  AT3g47540    

AT3G03670  Receptor, 

receptor-like 

related 

At1g65790    

AT5G64110  At1g65800    

AT2G41480  At4g21380    

AT5G39580  At5g48400    

AT3G49110  At5g48410    

AT5G19880  At5g11210    

AT4g11290  At2g29110    

AT4g08780  At5g11180    

AT5g15180  At2g29120    

AT1g30870  At2g29100    

AT2g39040  At3g59700    

AT4g08770  At4g23190    

AT3g49960  At5g58940    

AT1g34510  At4g00330    

AT1g71695  At4g23180    

AT2g43480  At4g23220    

AT4g37520  At4g23230    

AT2g18980  At4g23250    

AT4g16270  At4g23260    

AT5G07390  At4g23270    

AT5G47910  At4g23280    
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8. Supplementary information 

Sphingolipids synthesis pathway in plants 

Sphingolipids are involved in the regulation of membrane fluidity and 

biophysical order, and also play important roles in vesicle trafficking, plant 

development and defense (Huby et al., 2020). They are divided into four 

classes: glycosyl inositol phosphoceramides (GIPCs), glucosylceramides 

(GluCer), ceramides (Cer), and free long-chain bases (LCBs) (Pata et al., 

2010). This class represents up to 40% of the PPM lipidome, whereas in the 

sphingolipid-enriched outer leaflet, GIPCs solely constitute more than 50% 

(Markham et al., 2013; Mortimer and Scheller, 2020). It is suspected that there 

are more than 500 different sphingolipids, with 168 reported in Arabidopsis 

alone. Even though their profile varies depending on the plant species/tissue, 

GIPCs and GluCers constitute the majority of the sphingolipidomes (Markham 

and Jaworski, 2007; Pata et al., 2010; Michaelson et al., 2016).  

The de novo biosynthesis of these lipids starts in the endoplasmic reticulum 

(ER), where the synthesis of various Long Chain Bases (LCB) occurs. 

Furthermore, LCBs are linked to fatty acids (FAs) by sphingosine N-

acyltransferases (Cer synthases: LOH1, LOH2, and LOH3) to form Cer. The 

structure of Cer depends on the activated Cer synthases, LOH1 and LOH3 

resulting in very long-chain FA (VLCFA) (C20–C28) trihydroxy LCBs Cers, 

whereas Cers composed of both dihydroxy LCBs (d18:0) and trihydroxy LCBs 

(t18:0) with shorter (C16) FA chain LCBs are synthetized by LOH2 (Berkey 

et al., 2012). VLCFA-ceramides are considered to be selectively involved in 

lipid microdomains formation and as well as in vesicle trafficking, therefore 

lack of LOH1 and LOH3 causes serious defect in membrane organization. Due 

to its severe mutation loh 1 accumulates free LCBs (d18:0 and t18:0) and/or 

ceramide species with C (16) FA, and it is characterized by reduced growth 

compared to the wild type (Berkey et al., 2012). For the synthesis of more 

complex sphingolipids, GluCers and GIPCs, Cers are used as basic building 

blocks. The process of GluCer biosynthesis is catalyzed by glucosylceramide 

synthase and it occurs in the ER and/or PPM (Pata et al., 2010; Ali et al., 2018). 

On the other hand, for biosynthesis of GIPCs, Cers are transferred to the Golgi, 

and in the first step a phosphorylinositol head group is added, to form an 

inositol phosphorylceramide (IPC) by IPC synthase. IPCs are further 
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glycosylated by various glycosyltransferases, resulting in the formation of 

GIPCs (Fang et al., 2016). 

Even though the majority of Cers, GluCers and GIPCs contain mainly α-

hydroxylated FAs, the FAs used to synthesize the basic building blocks Cers 

are without these moieties, suggesting that FA hydroxylation is likely to be 

downstream of ceramide formation, and dependent on the activity of fatty acid 

hydroxylases 1 and 2 (FAH1, FAH2) (Pata et al., 2010). Mutants deprived of 

these two enzymes logically display low level of α-hydroxylated sphingolipids 

and higher level of trihydroxylated LCBs and ceramides (König et al., 2012).  

 

Supplementary figure 4. Simplified sphingolipid biosynthesis pathway (Markham et 

al., 2013). 
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1. Abstract 

Induced systemic resistance (ISR) triggered by plant beneficial organisms 

renders plants more resistant to future unfavorable cues and thus represents an 

important strategy for reducing the use of chemical pesticides. However, to 

successfully integrate ISR as a strategy, a better understanding of this 

phenomenon is needed. Among the reported ISR elicitors, the cyclic 

lipopeptide produced by beneficial bacilli - surfactin, is considered as a 

promising candidate showing bioactivity in various phytopathosystems. 

Previous chapter described how Srf is perceived by plant cells and how 

subsequent early immune events are activated, thus this chapter focuses on 

downstream responses hormonal and defense signaling and activation of 

defense related genes. Collectively this data revealed qualitative and 

quantitative specificity of transcriptional changes induced by Srf compared to 

the responses to known MAMPs and showed the importance of camalexin for 

Srf-triggered ISR against Botrytis cinerea. Finally, it also provided a 

foundation for further investigation of hormonal and defense signaling 

occurring during the silent phase of Srf-triggered priming. 
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2. Introduction 

Even though ISR has great potential as an alternative to chemical pesticides, 

a number of processes underpinning this phenomenon, such as signaling and 

activation of defense mechanisms, remain poorly understood.  

During the activation of plant immunity hormonal signaling represents an 

important step being the link between early immune events and the activation 

of plant defense response. This signaling is achieved in plants by integrating 

information about the phytohormonal blend in the plant, the relative 

concentration of each hormone, the timing and sequence of the initiation of 

each of these molecules, and their crosstalk (Pieterse et al., 2012; Gimenez-

Ibanez and Solano, 2013). The most thoroughly described phytohormones for 

their role in plant immunity are salicylic acid (SA), jasmonic acid (JA) with its 

derivatives, and ethylene (ET) (Berens et al., 2017; Vlot et al., 2020).  

Besides phytohormones, plants can additionally use several chemical 

compounds to achieve defense signaling, such as azelaic acid, glycerol-3-

phosphate (G3P), pipecolic acid and its derivative N-hydroxy-pipecolic acid, 

and volatiles like pinene or NO (Oelmüller, 2021). Although, PTI and ISR 

show similarities regarding the phytohormones used for signaling, studies have 

shown that azelaic acid (Aza) is required as defense signaling molecule for the 

onset of systemic resistance (Jung et al., 2009; Cecchini et al., 2015).  

In most instances, ISR does not induce specific plant defense mechanisms 

but reinforces plant immune responses triggered upon pathogen infection, such 

as pathogenesis-related (PR) proteins, lipoxygenase and phenylpropanoid 

pathways, camalexin production, and cell wall reinforcement (De Kesel et al., 

2021; Nguyen et al., 2022a,b). To date, although relatively little is known 

about ISR-specific defense response pathways, the production of coumarins, 

plant-derived secondary metabolites produced via the phenylpropanoid 

pathway, has emerged as a specific pathway induced in Arabidopsis by certain 

beneficials (Stringlis et al., 2019). Namely, the PBB Pseudomonas simiae 

WCS417, and beneficial fungi Trichoderma harzianum T-78 and T. 

asperellum T-34, have been shown to trigger coumarin synthesis-dependent 

ISR, where the MYB72 was found to be key marker transcriptional factor of 

this pathway (Zamioudis et al., 2015; Pescador et al., 2022). Moreover, 

overexpression of the enzyme b-glucosidase BGLU42, which is involved in 
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the production of coumarins, results in constitutive resistance against B. 

cinerea, Pseudomonas syringae pv. tomato DC3000 and Hyaloperonospora 

arabidopsidis in Arabidopsis indicating that elicitors activating this pathway 

could potentially induce ISR against these pathogens (Zamioudis et al., 2014). 

In order to better evaluate how Srf primes plants for a reinforced immune 

response, the results obtained with the time series RNAseq analysis presented 

in the previous chapter were further investigated. In addition, Arabidopsis 

mutants lacking genes involved in the activation/synthesis pathways of 

different phytoalexins were used. Since coumarins have gained importance as 

ISR-specific phytoalexins in recent years, we used the MYB72 knockout 

mutant lacking this important transcription factor involved in the synthesis of 

these phytoalexins. We also used a mutant unable to synthesize camalexin, a 

phytoalexin important for Arabidopsis defense against B. cinerea (Ferrari et 

al., 2006). 
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3. Materials and methods  
 

3.1. RNAseq related experiments 

RNAseq experiment described in Chapter 2. 

BLAST analysis : Protein sequences of proteins encoded by genes identified 

as unknown were obtained from https://www.ncbi.nlm.nih.gov/ and compared 

to the proteins in Pfam database (http://pfam.xfam.org/). Possible matches with 

the signalling peptides were investigated using SignalP 

(https://services.healthtech.dtu.dk/services/SignalP-5.0/).  

 

3.2.  ISR estimation 

ISR was estimated according to the material and methods described in 

Chapter 2. The pad3, pMYB72:GFP-GUS, and myb72-2 mutants used were 

described in Glazebrook et al., 1994, Zamioudis et al., 2015, Bakker et al., 

2007, respectively. 

 

3.3.  Activation of MYB72 

Seeds of pMYB72:GFP-GUS  were sown, and plants were grown for 7 days 

in conditions described in Chapter 2 Materials and methods. After 7 days, 

uniformly grown seedlings were transferred to 96 optical bottom black 

microplates (Greiner 96 µClear) containing  150 µL of hydroponic solution 

(GENERAL HYDROPONICS FLORAMICRO 5-0-1, FLORABLOOM 0-5-

4, and FLORAGRO 3-1-6, in ratio 1:1:1, each 1 mL/ 5 L of water) per well. 

Microplates were closed with lids and placed in a growth chamber (22°C, 12 h 

light/12 h dark). The 5th day plates were used for measurements. Treatment 

was done by adding 150µL of the treatment in each well. Measurement was 

done using Spark plate reader, with settings of excitation wavelength 485 nm, 

emission wavelength 530 nm, reading from the bottom, 9 points of 

measurement per well. 

 

 

https://www.ncbi.nlm.nih.gov/
http://pfam.xfam.org/
https://services.healthtech.dtu.dk/services/SignalP-5.0/
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3.4.  Gene expression of BGLU42 

Plants were grown as described for RNAseq experiment (Chapter 2). After 

the growing period, roots were treated with Srf, cut off and frozen in liquid 

nitrogen. Plant total RNA was then extracted with Invitrogen™ TRIzol™ 

reagent and isolated following the method edited by Nucleospin® RNA. 

Expression of BGLU42 was quantified by qPCR (QuantStudio™ 3 System) 

using housekeeping gene Actin as reference and following the protocol 

described by Luna® Universal One-Step RT-qPCR Kit. 

 

3.5.  Camalexin and Aza detection 

Camalexin was quantified in plants obtained from ISR experiments 96 hours 

after B. cinerea infection. Each sample (three samples per treatment) contained 

five plants (only rosette leaves) pooled together. Aza was detected in 

Arabidopsis roots that were elicited with Srf for 24 hours (the time point at 

which plants are infected with B. cinerea in the ISR experiment). Plant material 

was flash-frozen with liquid nitrogen and approximately 100 mg was taken for 

the extraction. Next, samples were diluted in 1 mL 80% methanol, agitated 

(using a bench rotating agitator) at room temperature in the dark for 2 hours 

and centrifuged (14000 RPM). The supernatant was dried in a rotational 

vacuum concentrator (2-25 CDplus, Christ) at 50°C, and the pellet was 

resuspended in 1 mL 100% methanol and shaken again for 1 hour. After 

centrifugation at 14000 RPM, the supernatant was combined with the first one 

for evaporation. The dry powder was resuspended in 1 mL 100% methanol. 

Samples were then filtered through 0.2 μm PTFE filters before LC-MS based 

quantification. The analysis was performed using Agilent 1290 Infinity II 

HPLC system (Agilent) coupled to an accurate mass detector (Jet Stream ESI‐

qTOF 6530, Agilent) in positive mode with MS parameters set up as follows : 

capillary voltage: 3.5 kV; nebulizer pressure: 35 psi; drying gas:8 l min-1; 

drying gas temperature: 300°C; flow rate of sheath gas: 11 l min-1; sheath gas 

temperature: 350°C; Nozzle voltage : 1000V; fragmentor voltage: 175 V; 

skimmer voltage: 65 V; octopole RF: 750 V. Accurate mass spectra was 

recorded in the range of m/z =100–500. Separation was performed using a C18 

Acquity UPLC BEH column (2.1 × 50 mm × 1.7 μm; Waters) and 0.1% formic 

acid (solvent A)/acetonitrile acidified with 0.1% formic acid (solvent B) as 
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mobile phase with constant flow rate at 0.2 ml min-1 and column temperature 

set at 40°C. First, solvent B was kept at 25% during 1min followed by an 

increase from 25% B to 60% B in 4 min. Then, 100% solvent B was applied 

for 3 min before going back to initial conditions and kept as such for 5 min 

before next analysis. Masshunter Qualitative Analysis software (Agilent) was 

used for data analysis. Quantification of camalexin was performed by 

comparing camalexin peak area in samples with calibration curve constructed 

after injection of different concentration (ranging from 0.08 to 20µM) of pure 

camalexin standard (Sigma-Aldrich). Detection of Aza was done based on 

mass of the molecule and expressed through peak area/sample weight.  
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4. Results 

 

4.1.  Hormonal and defense related signaling 

activated upon treatment with Srf 

Among the phytohormones described as immunity related, RNAseq analysis 

performed on Arabidopsis roots revealed that Srf upregulates genes involved 

in JA and ET. Regarding JA, both JA synthesis pathway and JA responsive 

genes were differentially regulated by Srf, with upregulation occurring at the 

same time point for both, at 1h after treatment (Figure 37).  

 

 

Figure 37 - Induction of genes involved in JA synthesis (circles), and JA-responsive 

genes (rhombuses) by Srf (Supplementary table 6 and 7 for the list of genes represented 

in the graph). 

 

This analysis also revealed a number of ERF transcription factors that are 

upregulated at 1 and 3h and downregulated at the last time point. Among the 

Srf-induced genes encoding ERFs, ERF1, ERF2, ERF4, ERF5, and ERF6 are 

not only related to immunity signaling but could also be JA responsive (Figure 

38; Lorenzo et al., 2002; McGrath et al., 2005; Moffat et al., 2012). On the 

other hand, up-regulation of ET synthesis genes was not observed within Srf 

induced DEGs, leaving it to further plant metabolome analysis to investigate 

whether these ERFs are induced by JA or ET.  
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Figure 38 - Ethylene responsive genes induced by Srf (Supplementary table 8 for the 

list of genes represented in the graph). 
 

To further analyze the data, a pairwise comparison was performed between 

the sets of hormone signaling responsive DEGs of Srf, flg22, and chitin (flg22 

and chi data were obtained from the literature Stringlis et al. 2018). It was 

observed that ET- and JA-responsive genes were induced by all treatments 

with different timing and amplitude (Figure 39a,b). 

 

 a) 

 

b) 

Figure 39 - A comparative analysis of hormonal responsive genes induced by Srf, chitin 

and flg22. a) JA responsive genes and b) ET responsive genes induced by Srf (orange), 

flg22 (blue), and chitin (green). Data for flg22 and chitin originates from Stringlis et al., 

2018 (Supplementary table 8 for the list of genes represented in the graph). 

 

Besides JA and ET, which could be involved in hormonal signaling, our 

analysis revealed three signaling molecule Aza-responsive genes. In contrast 
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addition, the preliminary data show a significant increase of Aza in roots upon 

Srf elicitation, a trend that is not observed in the MS channel mutants 

msl4/5/6/9/10 and mca1/2 impaired in mounting ISR presented in the Chapter 

2 (Figure 40b).  

a) 

 

b) 

 
Figure 40 - Influence of Srf treatment on Aza. a) Aza responsive genes induced by Srf 

(Supplementary table 9 for the list of genes represented in the graph). b) Accumulation 

of azelaic acid in roots of wild type Arabidopsis (Col-0) and mutants lacking MS channels 

MCA 1/2 and MSL 4/5/6/9/10. Asterisks indicate significant difference with ns, not 

significant; **P<0.01; two-tailed t-test. 

 

Interestingly, it can be observed that Aza-responsive genes are not 

differentially regulated when treated with chitin, whereas flg22 induces slight 

upregulation of one responsive gene (accession n° At4g12480, encoding the 

protein pEARLI 1, upregulated at 1h with 1,7 log2 FC), below the threshold of 

2 FC set up in this study. Thus both elicitors have a lower potential to induce 

Aza signaling than Srf.  

In addition to Aza, the entry gene of pipecolic acid synthesis (Bernsdorff et 

al., 2016) can be observed in our RNAseq analysis at 3h (accession n° 

At2g13810, encoding the ALD1 (AGD2-like defense response protein 1), 

upregulated at 3,78 log2 FC). This indicates that Srf may use other defense 

signaling molecules in addition to Aza. On the other hand, the expression of 

this gene was not modulated by chitin, and flg22 induced only a slight 

upregulation (1,68 log2 FC) at 1h (Stringlis et al., 2018). Although a broader 

time frame of investigation is required, these results could indicate that Aza 

and pipecolic acid signaling is Srf-specific and not induced by MAMPs. 
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4.2.  Defense related plant immune responses 

triggered by Srf 

In contrast to PTI, which is associated with substantial transcriptional 

reprogramming (Bjornson et al., 2021), Srf stimulation of immunity does not 

lead to major changes in the expression of defense-related markers, such as 

PAL pathway related genes, pathogenesis-related (PR) proteins or receptor-

like kinases, and callose deposition and lignification genes (Figure 22).  

Additionally, within the timeframe tested, Srf does not activate the 9-LOX 

family genes, which lead to the synthesis of the most of the oxylipins acting as 

phytoalexins (Figure 4). However, activation of LOX3 and LOX4 enzymes 

belonging to the 13-LOX family (Wasternack and Song, 2017) could lead to 

synthesis not only of jasmonates but also of some oxylipins with antimicrobial 

activity such as 13-HPOT (Deboever et al., 2020). Such induction of the LOX 

pathway by Srf has also been demonstrated in tobacco cells and tomato plants 

(Jourdan et al., 2009; Cawoy et al., 2014). Moreover, in tomato, activation of 

LOX genes was corelated with the accumulation of oxylipins 13-HPOT and 

13-HPOD in plant tissues, which may indicate that this also occurs in 

Arabidopsis.  

To further explore pathways that could be involved in Srf induced resistance, 

we investigated the coumarin synthesis pathway, which has been reported as 

ISR specific for certain beneficials (Zamioudis et al., 2014), and camalexin 

production pathway being reported as one of the most important phytoalexins 

in Arabidopsis and having direct antimicrobial effect against B. cinerea 

(Ferrari et al., 2003).  

 

4.2.1. Activation of coumarin synthesis pathway by Srf   

Since coumarin production strongly relies on the activation of the 

transcription factor MYB72, we first wanted to verify whether Srf is able to 

activate this marker gene. To do so, a GFP-tagged line of Arabidopsis - 

pMYB72:GFP-GUS was used and it was observed that Srf is very efficient in 

activating this transcription factor (Figure 41a). In addition, our preliminary 

data show that Srf also upregulates expression of MYB72 downstream gene in 

the synthesis pathway BGLU42 (Figure 41b).  
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To verify that the Srf triggered ISR is indeed dependent on this transcription 

factor, a myb72-2 knockout mutant was used. When tested on myb72-2 Srf 

conserved the ISR elicitor potential (Figure 41c), demonstrating that in this 

elicitor/phytopathosystem ISR is MYB72 independent and does not depend on 

accumulation of coumarins. 

a) 

 

b) 

 
c) 

Figure 41 - Activation of coumarin synthesis pathway by Srf. a) Fluorescence increase 

measured in GFP-tagged line of Arabidopsis - pMYB72:GFP-GUS treated with Srf. Graph 

represents data from two experiments (each n=4). b) Relative quantification of BGLU42 

expression in Arabidopsis Col-0 roots after elicitation with Srf (10 μM). Bars represent 

means of 3 biological repetitions with their standard deviation. n = 8, Student t-test (P < 

0,05). * = significant difference. c) Conserved ISR eliciting effect of Srf in Arabidopsis 

MYB72 transcription factor knockout mutant. n=15, Data are represented as in Figure 10. 

ns = not significant, two-way ANOVA and Sidak’s multiple-comparison post-test. 
 

4.2.2. Involvement of camalexin in elevated resistance 

triggered by Srf against B. cinerea 

To verify the involvement of camalexin in Srf-triggered ISR, we first 

quantified the presence of this molecule, which showed a significantly higher 

amounts of this phytoalexin in infected leaves of Srf-treated plants compared 
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to controls (Figure 42a). To confirm the key role of camalexin in disease 

control, we also performed an ISR experiment with a mutant line 

PHYTOALEXIN DEFICIENT3 (pad3), unable to synthesized camalexin 

(Denoux et al., 2008). The results showed that Srf loses the ISR effect in these 

mutant plants, confirming the importance of camalexin for Srf triggered 

enhanced resistance against B. cinerea (Figure 42b).  

a) 

 

b) 

 
Figure 42 - a) Camalexin accumulation 96 hours post B. cinerea inoculation (hpi) in 

Arabidopsis Col-0 leaves of mock- or 10 µM Srf-treated plants. Graph shows values 

obtained in one experiment with each value representing a sample of five plants pooled 

together. Asterisks indicate significant difference with ns, not significant; *P<0.05; 

***P<0.001; two-tailed t-test. 

b) Disease incidence of B. cinerea in pad3 mutant pretreated with 10 µM Srf or mock-

treated at the root level (n=30, values obtained from three independent experiments, 

presented as differently shaded grey values). Data are represented as in Figure 10. 

Asterisks indicate significant difference with ns, not significant; *P<0.05; ***P<0.001; 

two-way ANOVA and Sidak’s multiple-comparison post-test. 
 

Interestingly, CYP71A12, encoding a key enzyme of the camalexin 

biosynthesis pathway (Müller et al., 2015), is one of the few genes strongly 

stimulated by Srf during the silent phase of priming, before pathogen infection. 

Compared to flg22 and chitin, inducing this gene already 30 minutes after the 

treatment, the Srf-induced upregulation of this gene at 6h is quite late. 

However, the PAD3 gene, encoding the final enzyme of the synthesis pathway 

upregulated alongside CYP71A12 by flg22 and chitin, is not upregulated by 

Srf, and even a slight downregulation can be observed at the first time point 

(Figure 43). This might indicate that Srf primes plants by accumulating 

precursors of this phytoalexin, such as indole-3-acetaldoxime, enabling plant 

to synthesize higher amounts more rapidly after the pathogen attack. 
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Considering that in our ISR experiments plants are elicited by Srf for 24h and 

then infected, a broader time frame of investigation is needed in order to 

confirm the aforementioned theory. 

 
Figure 43 - Genes involved in camalexin synthesis pathway differentially regulated by 

Srf, flg22 (FLG) and chitin (CHI). Data for flg22 and chitin originates from Stringlis et 

al., 2018. 
 

 

4.3.  Genes encoding hypothetical/unknown proteins 

and proteins of unknown function modulated by Srf 

Considering that ISR is a phenomenon still to be deciphered, it is not 

surprising that RNSseq analysis revealed that approximately 21% of the total 

DEGs (85 out of 398) elicited by Srf encode hypothetical/unknown proteins 

and proteins of unknown function (hereafter referred to as unknowns) (Figure 

44a). This proportion is slightly more pronounced at the first time point 

analyzed, 30 minutes after Srf treatment, where 28% (27 out of 98) of the 

DEGs are unknowns.  

To better understand how these proteins might be involved in plant 

immunity, instead of gene sequences we further analyzed sequences of 

predicted proteins with a widely used database of protein families-Pfam.  Out 

of 85 protein sequences tested, this analysis provided more information for 3 

proteins (e-value < e-25, percentage of identical match > 30; alignment length 

> 100), giving only a vague idea about their function (Supplementary Table 

10). To obtain more information, a web-based bioinformatics tool (SignalP-

version 5.0) was used, which predicted that 20 of the unknown proteins could 

be secretory signal peptides transported by the Sec translocon and cleaved by 
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signal peptidase I (Figure 44b). Although, not conclusive, these data can also 

be used to further investigate defense signaling pathways induced by Srf. 

 

 

a) b) 

Figure 44 - Genes encoding hypothetical/unknown proteins and proteins of unknown 

function modulated by Srf. a) DEGs induced by Srf encoding hypothetical/unknown 

proteins and proteins of unknown function. b) Protein sequences of unknowns showing 

similarities with signaling peptides. 
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5. Discussion  

Among the three most important hormones involved in immunity signaling, 

SA, JA, and ET (Chapter 1, section 3.3.), our RNAseq revealed differential 

regulation of genes related to JA and ET. However, neither synthesis nor 

responsive genes related to SA were detected. Regarding JA synthesis 

pathway, Srf upregulated genes were the ones acting upstream of OPDA 

synthesis (Figure 28, 29). This could indicate that the signaling is achieved by 

this molecule (Wasternack and Song et al., 2017), however, jasmonates plant 

metabolome upon Srf elicitation would have to be analyzed in order to confirm 

this hypothesis. 

On the other hand, results showing Aza responsive genes being upregulated 

by Srf and not significantly modulated by the two MAMPs reinforce the 

importance of Aza in defense signaling. The possible lack of induction of Aza 

production by Srf in MSC mutants may be related to its synthesis pathway. 

Aza is produced by oxidation of linolenic acid by ROS (Shine et al., 2019), 

and since ROS is not triggered by Srf in MS mutants this could be the 

explanation. This indicates that Aza could be involved in onset of ISR triggered 

by Srf, although study on mutants lacking Aza responsive genes is needed to 

confirm this. Also, considering that G3P is activated by Aza, that Srf triggers 

NO− production, and upregulates the entry enzyme of pipecolic acid synthesis, 

it can be postulated that besides Aza, Srf uses numerous defenses related 

signaling molecules to achieve signaling. Even though further investigation is 

needed, it can also be postulated that the part of unknowns that may act as 

signaling peptides is also important for the establishment of ISR triggered by 

Srf. 

Even though it was shown that overexpression of BGLU42 leads to 

constitutive resistance against Botrytis cinerea, Pseudomonas syringae pv. 

tomato DC3000 and Hyaloperonospora arabidopsidis in Arabidopsis, this 

study shows that in the case of Srf triggered immunity, ISR to B. cinerea is 

independent of MYB72 (Zamioudis et al., 2015; Pescador et al., 2022). 

Interestingly, this trend was also observed for ISR triggered by N-acyl-

homoserine lactones, amphiphilic molecules which are also suspected to 

interact with membrane lipids (Schenk et al 2014; Song et al., 2018). Although 

ISR is MYB72-independent in our phytopathosystem, it has already been 

shown that activation of MYB72 also may lead to inhibition of soil-borne 
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fungal pathogens Fusarium oxysporum and Verticillium dahliae (Stringlis et 

al., 2018), thus it cannot be excluded that elicitation of plant by Srf also has 

this beneficial effect.  

As already mentioned, it remains unclear how plants are able to selectively 

trigger camalexin production depending on the lifestyle (beneficial or 

pathogenic) of the microorganism colonizing the plant (Nguyen et al., 

2022a,b). Although this question remains unresolved, based on these results, it 

could be postulated that beneficials lead to the accumulation of camalexin 

precursors and that is how the final boost of pathogen triggered camalexin 

production is achieved.  

Generally, since a very low transcriptional reprogramming (both in terms of 

number and amplitude of up- or down-regulated DEGs) is induced by surfactin 

compared to some MAMPs triggering PTI, it could be assumed that certain 

responses are induced in cell layer- or root zone-specific manner. Considering 

that Srf is expected to interact with PPM and not penetrate in cells nor further 

than root epidermis, it can be also hypothesized that outer root cells would have 

different response compared to the central zone of root with which cells Srf is 

not expected to interact. This could be overcome by using single cell RNA-seq 

technology which could give insight in more plant responses induced locally 

by Srf (especially in epidermis cells) and form a general picture of how plant 

roots respond to this elicitor.  

All together these data give a good bases for further investigation of the silent 

phase of ISR triggered by Srf, and give an insight into what are possible 

mechanisms used for achieving ISR. 
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6. Data authorship 

This work is a result of cooperation with different colleagues, which helped 

in realizing work presented in following figures: 

Fig 40b, 42a, in cooperation with Anthony Arguelles Arias 

44a,b in cooperation with Heba Ibrahim. 

Additionally, as aforementioned raw RNAseq data was processed by Heba 

Ibrahim. 
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7. Supplementary data 

Supplementary table 6 - JA synthesis and JA-responsive genes induced by 

Srf represented in Figure 33 

gene hours 

0,5 1 3 6 

At1g05800 Lipase (DONGEL (DGL)) -2.3 3.4 
  

At1g17420 LIPOXYGENASE 3, LOX3 -3,4 2,7  -2,6 

At1g72520 LIPOXYGENASE 4, LOX4 
 

2,480358 
 

-2,9519 

At3g25760 AOC 1 
  

-2.1 4.3 

At3g25770 AOC 2 
 

2.2 
  

At2g34600 JAZ7, TIFY5B, jasmonate-zim-domain protein 7 
  

  -2,16484 

At1g30135 JAZ8, TIFY5A, jasmonate-zim-domain protein 8 -3,7722 2,275016   -2,68958 

 

Supplementary table 7 - JA-responsive genes induced by Srf, chi (chitin) 

and flg (flagellin22) represented in Figure 35 a. 

gene elicitor hours 

0,5 1 3 6 

At1g19180 JAZ1, TIFY10A, jasmonate-zim-domain protein 1 Srf 
    

chi 3,13794 
   

flg    2,95655  

At1g17380 JAZ5, TIFY11A, jasmonate-zim-domain protein 5 Srf 
    

chi 2,16953 
   

flg 
 

2,09874 
 

  

At1g72450 JAZ6, TIFY11B, jasmonate-zim-domain protein 6 Srf 
    

chi 2,68564 
   

flg 
 

2,20909 2,24085 3,45773  

At2g34600 
  
  

JAZ7, TIFY5B, jasmonate-zim-domain protein 7 Srf     -2,16484 

chi 
   

  

flg          

At1g30135 
  
  

JAZ8, TIFY5A, jasmonate-zim-domain protein 8 
  

Srf -3,7722 2,27501   -2,68958 

chi 
   

  

flg   4,27898 5,11440 7,50034  

At5g13220 JAZ10, TIFY9, jasmonate-zim-domain protein 10 Srf 
    

chi 
    

flg 
 

2,32146 2,76998 3,62148 
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Supplementary table 8 - ET-responsive genes induced by Srf, chi (chitin) 

and flg (flagellin22) represented in Figure 35 b. 

gene elicitor hours 

0,5 1 3 6 

At3g23240 
 

ATERF1, ERF1, ethylene response factor 1 Srf     

chi  4,220 2,738  

flg  5,331 5,108 5,378 

 

At4g17500 ATERF-1, ERF-1, ethylene responsive element 
binding factor 1 

Srf     

chi 2,625 2,036   

flg  3,266 2,985 3,977 

 

At5g47220
  

ATERF-2, ATERF2, ERF2, ethylene responsive 
element binding factor 2 

Srf     

chi 3,053 3,211   

flg  4,128 3,738 4,833 

 

At5g47230
  

ATERF-5, ATERF5, ERF5, ethylene responsive 
element binding factor 5 

Srf     

chi 2,282    

flg  2,576  2,104 

 

At4g17490 ATERF6, ERF-6-6, ERF6, ethylene responsive 
element binding factor 6 

Srf    -2,303 

chi 3,572 2,157   

flg 2,286 3,535 3,3701 4,561 

 

At5g61600 ERF104, ethylene response factor 104 Srf    -2,014 

chi     

flg  2,389   

 

Supplementary table 9 – Aza responsive genes differentially regulated by 

Srf represented in Figure 36a. 

gene hours 

0,5 1 3 6 

At4g12470
  

AZI1, azelaic acid induced 1  -2,890 -2,690 4,012 

At4g12480 pEARLI 1, Bifunctional inhibitor/lipid-transfer 
protein/seed storage 2S albumin superfamily protein 

 -4,321 -3,129 3,993 

 
At4g12500 

Bifunctional inhibitor/lipid-transfer protein/seed 
storage 2S albumin superfamily protein 

 -2,289
  

 2,366 
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Supplementary table 10 - Proteins with similar sequences found in the Pfam 

database 

gene coding 
unknown 

hours PT log2 change Protein with similar AA sequence 

At2g44220 3h 2,3143 Domain of unknown function (DUF239).  This is a family of plant and 
bacterial proteins, a small number of which are putative carboxy-terminal 
peptidases. 

At4g03540 6h 2,6471 DUF588, Domain of unknown function (DUF588).  This family of plant 
proteins contains a domain that may have a catalytic activity. It has a 
conserved arginine and aspartate that could form an active site. These 
proteins are predicted to contain 3 or 4 transmembrane helices. 

At4g29780 6h -4,0794 DDE_Tnp_4, DDE superfamily endonuclease.  This family of proteins are 
related to pfam00665 and are probably endonucleases of the DDE 
superfamily. Transposase proteins are necessary for efficient DNA 
transposition. This domain is a member of the DDE superfamily, which 
contain three carboxylate residues that are believed to be responsible for 
coordinating metal ions needed for catalysis. The catalytic activity of this 
enzyme involves DNA cleavage at a specific site followed by a strand 
transfer reaction. 
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1. Abstract 

Cyclic lipopeptides are particularly important for triggering ISR in plants, 

where surfactin produced by biocontrol bacilli has a leading role having a 

strong elicitor potential on various plant species. Previously presented findings 

of this thesis demonstrated that this ISR elicitor is most likely not recognized 

by plant pattern recognition receptors, but that it rather interacts with the lipid 

part of the plasma membrane. Considering the peculiarity of the interaction as 

a next task an influence of the CLP structure on its potential to activate early 

plant immune events was estimated. As markers for early plant immune events, 

the CLPs potential to stimulate production of reactive oxygen and nitrogen 

species, being important indicators of immunity activation was measured. 

Additionally, for selected candidates ISR stimulation potential was also 

estimated. Altogether our data points out that structural changes in peptide 

cycle, such as one amino acid differences, have previously unsuspected 

importance in triggering both immune response markers and ISR itself. 
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2. Introduction 

The bioactivity of CLPs depends on the compatibility of CLP with the plant 

species / organ (Chapter 1, section 4.1.7.) and it is strongly influenced by their 

interaction with specific PPM lipids (Chapter 2).  Based on this, we suspected 

that variation in activity could be due to CLP/PPM interaction being 

bidirectionally influenced by PPM lipids and CLP structure. To investigate the 

extent to which structural changes of CLPs influence the interaction, we used 

Arabidopsis roots as a PPM model and CLP variants with similar structures. 

Among the CLPs, naturally occurring Srf-like CLPs, lichenysin and 

pumilacidin (Figure 8) were used to obtain more precise information on which 

are the crucial structural features for Srf’s activity. As for Srf in previous 

chapters, these CLPs were used as a mix of homologues slightly differing in 

the length of the fatty acid tail (Supplementary table 11) as they are produced 

by bacilli in nature. In addition, beneficial pseudomonads produced WLIP and 

massetolide A (Figure 7) were selected as CLPs that have already been 

reported as ISR elicitors (Oni et al., 2022). Even though their structure is quite 

different from that of Srf, between the two of them there is only one amino 

acid difference, so they were used to confirm whether structure-dependent 

activity is generally present in CLPs.  

So far, biophysical experiments investigating CLP/membrane interactions 

have shown that amphiphilic CLPs, such as Srf, interact with lipids of 

membrane mimicking bilayers in two main ways. Electrostatically with the 

charged headgroups, and also with the hydrophobic region of the lipid bilayer. 

Subsequently, the effect that Srf will have on these models, and potentially on 

PPM, largely depends on its properties such as geometry, charge, and 

hydrophobicity (Francius et al., 2008; Balleza et al 2019). Thus, at the outset 

of this work, considering this important role of hydrophobicity, we first 

estimated differences in hydrophobicity of the CLPs to be tested. 

Even though, the structural differences between Srf, lichenysin, and 

pumilacidin are minor, they can affect their biophysical properties. CLPs are 

known for their high potential to reduce surface tension and for their ability to 

self-assemble in sphere-like micelles when the critical micellar concentration 

is reached in aqueous media. For instance, the change of Val4 to Leu4 that is 

present in pumilacidin compared to Srf, results in lower potential to reduce the 
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surface tension and acts unfavorably on the self-assembly (Théatre et al., 

2022).  

To assess the influence of the CLP structure on its bioactivity, we measured 

CLPs potential to stimulate early plant immune events and defense-related 

responses. As markers for early plant immune events, we measured the CLPs 

potential to stimulate the production of reactive oxygen and nitrogen species, 

ROS and RNS, respectively, being important indicators of immunity activation 

(see Chapter 1, section 3). As a defense response marker, MYB72 activation, 

described as specific for ISR triggered by certain beneficials (Stringlis et al., 

2019), was measured. Finally, the ISR stimulation potential of selected CLPs 

was estimated as an indicator of their bioactivity.  
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3. Materials and methods 

 

3.1. Pumilacidin and lichenysin production and purification 

Srf mix was purified as previously described (Chapter 2). In order to obtain 

the Srf-like CLP in form of mixes of homologues as they occur in nature, two 

different strains of Bacillus sp. were used: B. pumilus 41 for pumilacidin and 

B. licheniformis BBG-143 for lichenysin (homologues of the mix listed in the 

Supplementary Table 11). Bacterial cultures were incubated for 24 h in LB 

media at 30°C with continuous shaking (180 rpm). For pumilacidin, cultures 

were inoculated into LB media at 10% of the flask volume and incubated on 

orbital shaker (180 rpm) at 30°C for 72 h. To produce lichenysin, the culture 

was inoculated into LB media supplemented with 1% of xylose and incubated 

in orbital shaker (180 rpm) at 30°C for 72 h. After 72 h, cultures were 

centrifuged at 10 000 rpm for 1 h to collect the supernatant. CLPs were then 

extracted from cell-free supernatants by acid precipitation. To do so, 

supernatants were acidified to pH = 2 with 4N HCl and incubated at 4°C 

overnight. Precipitates containing CLPs were collected by centrifugation (14 

000 rpm, 1 h) and resuspended in water. Furthermore liquid-liquid extraction 

was conducted with solvent (50:50) composed of butanol (30%) and ethyl 

acetate (70%). Final CLPs purification was conducted by HPLC system 

(Agilent Serie 1100) with C18 reversed phase (Luna® Omega 5 μm, 250 x 10 

mm) and a solution of acetonitrile and water in a ratio 90:10 was used as a 

mobile phase at 4 mL/min. The final concentration and purity of CLPs were 

determined by LC-MS analysis (QTOF, Agilent 6530) with ESI ion source in 

positive mode (Dual AJS ESI). The liquid chromatography (Agilent 1250 

infinity 2) separation was performed on a C18 column (Acquity UPLC® BEH 

1.7 μm, 2.1 x 50 mm) with H2O/ACN 53:47 at 0 min, H2O/CAN 0:100 from 

0 to 14 min and H2O/ACN 53:47 at 14,5 min. To purify the CLPs homologs, 

the same protocol was applied but homologs were separated during HPLC 

purification with the same method as the one used for the mix. 
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3.2. Hydrophobicity 

Hydrophobicity index (ϕ) of the peptide of the CLPs was calculated as an 

average of Amino acid side chain hydrophobicities (Bigelow 1967). The 

method used for UPLC-MS is described in Chapter 2, section 3.1. 
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4. Results 

4.1. Hydrophobicity of structurally similar CLPs 

As an important feature influencing the interaction with biological 

membranes, we first wanted to estimate and compare the relative 

hydrophobicity of the selected CLPs. We used the Bigelow method, which 

calculates a global hydrophobicity index (ϕ) based on the type of side chains 

of the amino acids constituting the peptide moiety of the CLP (Bigelow 1967). 

We observed that changes in the amino acids in the peptide result in different 

hydrophobicity of lichenysin and pumilacidin, with pumilacidin being the most 

affected compared to Srf (Figure 45a). Pumilacidin’s changes Val4 to Leu4 

and Leu7 to Ile7 result in an increase in hydrophobicity at these two positions 

from 1,7 to 2,4 kcal/res, and 2,4 to 2,95 kcal/res, respectively, thus rendering 

pumilacidin the most hydrophobic peptide cycle among the three CLPs. The 

same trend was also indicated by observing the retention times in reversed-

phase UPLC-MS which is related to the strength of the interaction with the 

C18 matrix of the column based on the relative polarity of the molecules. As 

shown in Figure 45b for homologues with a C14 fatty acid, surfactin eluted 

first, followed by lichenysin and lastly pumilacidin reflecting increase in 

apolarity of the cyclized peptide in the same order. Moreover, since 

hydrophobicity increases with the length of the FA chain, it is expected that 

pumilacidin’s mix of homologues used in this study has higher hydrophobicity 

than Srf’s and lichenysin’s, having on average slightly longer length FA chains 

variants (Supplementary Figure 5, Supplementary Table 11). 

Correlation between Bigelow calculation and retention times in UPLC was 

also observed for two pseudomonads CLPs. Namely, switch of Val that is 

present in position 2 of the WLIP’s cycle to isoleucine that is present in 

massetolide A makes WLIP less hydrophobic (Figure 45a,b). 
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a) 

 

 

b) 

 
Figure 45 - Hydrophobicity of Srf, and structurally similar pumilacidin (Pumi) and 

lichenysin (Liche); a) The peptide ring hydrophobicity predicted based on amino acids 

side chain hydrophobicity (Bigalo calculation); b) Polarity of the solvent needed for C14 

(Srf, lichenysin, pumilacidin and orfamide B) and C10 homologues (WLIP and 

Massetolide A) indicated by observing the retention times in reversed-phase UPLC-MS 
 

4.2. Influence of CLP structure on potential to 

trigger oxidative species burst 

ROS and NO− burst are the earliest measurable immune events conferring 

plants with effective immune responses (Chapter 1, sections 3.2.1. and 3.2.2.), 

which are effectively induced by Srf (Chapter 2). Compared to other CLPs 

tested in this study, Srf induces production of ROS and NO− to a similar extent 

as lichenysin, whereas pumilacidin does not induce either of these markers of 

immunity (Figure 46b and Figure 46c, respectively; Supplementary Figure 

6 for the kinetic view). Thus, although both pumilacidin and lichenysin have 

altered structures compared to Srf, these changes do not affect their activity in 

the same manner.   
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a) 

 

b) 

 

 
Figure 46 - Induction of oxidative species burst by surfactin (Srf), lichenysin (Liche), 

and pumilacidin (Pumi): a) [ROS]intra production; b) NO− production. The fold change 

calculated by using values obtained from the mock treated roots. Dots represent values 

obtained from three independent experiments, each n=4 per treatment. 

 

As shown in Chapter 2 (Figure 27), both pseudomonad CLPs trigger ROS 

production. However, a structure-dependent activity was observed in the 

potential for NO− activation, where massetolide A failed and WLIP induced 

the production, which was slightly less pronounced compared to Srf (Figure 

47).
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a) 

 

b) 

 
Figure 47 - Influence of structure on bioactivity of structurally similar pseudomonads 

produced CLPs inducing ISR; a) ROS production triggered by WLIP and massetolide A 

(Mass); b) Production of RNS measured in WLIP and MASS treated roots; The fold 

change calculated by using values obtained from the mock treated roots. Dots represent 

values obtained from two independent experiments, each n=4 per treatment. 
 

4.3. Coumarins synthesis marker gene activation 

by different CLPs 

As shown previously, Srf strongly activates the transcription factor MYB72 

(Chapter 3, Figure 41a), which is often used as a marker for the coumarins 

synthesis pathway (Stringlis et al., 2019). MYB72 might not be involved in the 

ISR triggered by Srf against B. cinerea (Chapter 4, Figure 41c), yet this 

transcription factor has an important role in the production of phytoalexins 

coumarins and might therefore be involved in resistance to other pathogens. 

To test whether MYB72 activation is structure dependent, a GFP tagged 

Arabidopsis line was used as described in Chapter 3. Among all the CLPs used, 

only WLIP showed the potential to activate this transcription factor, although 

to a lower extent compared to Srf. On the other hand, pumilacidin, lichenysin, 

and massetolide A failed to induce this transcription factor (Figure 48a,b). 
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a) 

 

b) 

 
Figure 48 - Activation of MYB72 by CLPs observed as an increase of GFP 

fluorescence of pMYB72:GFP-GUS. Fluorescence values obtained at 320 minutes post 

elicitation by CLPs normalized to the time 0 values (T320-T0). Asterisks signify 

significantly different compared to the mock treated plants (*p ≤0,05; *** p ≤0.001), ns 

not significantly different (n=15; multiple t-test). Surfactin (Srf), lichenysin (Liche), and 

pumilacidin (Pumi), were applied as a mix of homologues, massetolide A (Mass) and 

WLIP have chain length C10. 
 

 

4.4. ISR potential of Srf-like CLPs 

As the most important functional outcome, the potential to stimulate systemic 

resistance in Arabidopsis was evaluated for lichenysin and pumilacidin in 

comparison to Srf. CLPs were applied as a root treatment, prior to infection of 

leaves with B. cinerea, which spores were applied 24h after elicitation with 

CLPs. CLPs were applied as 10 µM solution, the concentration determined as 

efficient for Srf (Chapter 2; Cawoy et al., 2014; Hoff et al., 2021). It was 

observed that pumilacidin has no ISR elicitor potential, whereas lichenysin and 

Srf show similar efficiencies (Figure 49a,b).
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a) 

 

b) 

 

Figure 49 - ISR potential of a) lichenysin (Liche) and b) pumilacidin (Pumi). Box plots 

represented as in Figure 9. Data obtained from two independent experiments each n=15. 
 

 

4.5. Influence of the fatty acid chain length on the 

activity of Srf 

 

Not only for CLPs, but also for other amphiphilic molecules such as AHL 

and RLs (Chapter 1, section 4.1.), an influence of the alkyl chain length on 

their potential to induce immune responses has been observed. In the case of 

AHL, the most active variant is C14 whereas RLs with C12 acyl chains were 

the most active. For Srf, it was previously shown on tobacco roots and culture 

cells that variants with longer chain lengths, C14 and C15 are the most active 

ones in inducing immune responses and ISR (Henry et al., 2011; Hoff et al., 

2021). To assess if that is also the case in Arabidopsis, we tested different chain 

length variants for ROS induction. Interestingly, our results show that C13 

chain variant of Srf is the most active in triggering [ROS]intra production in 

Arabidopsis roots which is not in accordance with the previous results on 

tobacco (Figure 50). 
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Figure 50 - Induction of [ROS]intra by Srf variants. Values obtained in two independent 

experiments, each n=3. Fold increase obtained by dividing with control values average 

(n=3) in each experiment separately. 
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5. Discussion 

Taken together, these data emphasize the importance of CLP structure for its 

activity and demonstrate that the potential of CLPs to trigger immune-related 

responses and ISR is influenced by structural changes of the peptide cycle 

and/or acyl chain. Since structural changes did not affect the activity of 

lichenysin and pumilacidin in the same manner (Figure 51), these data also 

show that structural changes have to be specific regarding the position and/or 

amino acid alternation. To further determine which structural changes are 

influencing the interaction the most, additional experiments comparing 

homologues of different CLPs with the same chain length are needed. 

 

 
Figure 51 - Schematic representation of bioactivity of CLPs. Dark blue 

represents events for which activity was observed, light shade blue when no 

activity was observed. 
 

Moreover, massetolide A and WLIP produced by beneficial pseudomonads 

also exhibited such a structure-dependent immune response, suggesting that 

structure activity is a general CLP trend rather than specific to Srf and Srf-like 

CLPs. 
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Even though B. licheniformis strains are only sporadically reported as ISR 

inducers, our work discovers a new effective ISR elicitor – lichenysin 

produced by these species (Nigris et al., 2018; Abdelkhalek et al., 2020). This 

finding holds the potential to better implement these species as ISR inducers 

by selecting strains that efficiently produce lichenysin. 

On the other hand, from an ecological aspect, the inactivity of pumilacidin 

can be interpreted based on the lifestyle of the bacteria producing this CLP. 

Namely, some of the B. pumilus species producing pumilacidin are considered 

to be endophytic bacilli (Dobrzyński et al., 2022), which could explain why it 

would not be of interest for them to trigger immune-related responses.  

Interestingly, our results show that C13 chain variant of Srf is the most active 

in triggering [ROS]intra production in Arabidopsis roots which is not in 

accordance with the previous results on tobacco where variants with longest 

chain lengths, C14 and C15 are the most active (Henry et al., 2011; Hoff et al., 

2021). This may be explained in two ways. First, previous studies showed that 

the effect of CLP on the lipid bilayer is bidirectionally influenced by membrane 

thickness (lipid chain length) and CLP chain length. In this study, it was shown 

that when the bilayer is composed of longer lipid chains, the CLP acyl chain 

must also be longer to induce pore formation (Steigenberger et al., 2022). In 

this case, this might suggest that Arabidopsis has a different membrane 

thickness than tobacco root cells and therefore different chain length variants 

of CLP are the most active. Knowing that the lipid composition of the 

membrane varies between the species, also in terms of sphingolipids (Chapter 

2, section 8), another possible explanation could be that different chain length 

CLPs have affinity for different lipids within the membrane and thus the 

difference in bioactivity.  

These data highlight the need for a better understanding of the exact 

mechanism of CLP/PPM interaction. Filling this knowledge gap could 

contribute to the successful integration of CLPs as biostimulants in sustainable 

agriculture in two main ways. It would allow optimization of the application 

by tactically selecting the plant species/plant organ and CLP combination 

depending on the plasma membrane characteristics and CLP structure, but it 

would also allow targeted optimization of the structure of the synthetic CLPs 

needed for specific plants, that are not available in nature.  
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6. Data authorship 

This work is a result of collaboration with different colleagues, which 

helped in realizing work presented in following figures: 

Fig 46, 48a, 49a,b experiments were conducted in collaboration with Ning 

Ding.
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7. Supplementary data  

  

 

Supplementary Figure 5 – Overlapped chromatograms of CLP mixes 

used in this study 

 

 

 

Supplementary Table 11: Proportional composition of different 

homologues of CLP mixes used in this study. 

 

 Homologs Percentage (%) 

CLP C12 C13 C14 C15 C16 C17 

Srf 7 2 41 32 <1  

Lichenysin  29 12 59 <1  

Pumilacidin   8 43 13 37 

  



4. Structural features driving CLP bioactivity 

 

219 
 

 

Supplementary Figure 6 – Kinetic view of ROS production triggered by 

lichenysin (Liche) and pumilacidin (Pumi). 
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Synthetic pesticides have advantages such as curative effect and being highly 

effective biocides, nevertheless the presence of these chemicals on the market 

is decreasing due to rising number of sustainable agriculture related 

legislations that strictly control their use (Reglinski et al., 2023). PBBs are a 

promising alternative for phytopathogen control due to their ability to inhibit 

pathogens by secreting antimicrobial metabolites and by inducing ISR. 

However, the success of PBBs and their elicitors as plant defenses stimulators 

has been rather limited due to a number of factors, including our global lack of 

knowledge about the chemical nature of the compounds and the mechanistics 

underlying their resistance triggering activity. 

First, although a large number of PBB species have been described to have 

an ISR effect on plants, the exact elicitors for most of these species remain 

unknown. Furthermore, even though this work partially elucidates mechanisms 

and pathways activated during the onset of Srf-triggered ISR, to the best of the 

author’s knowledge, such comprehensive data is not available for other ISR 

elicitors. 

The variety of phytopathosystems tested is also so far still limited and 

additional research on agriculturally important crops and pathogens is needed 

to better assess their potential on a larger market scale. In the case of CLPs, a 

more targeted approach could be achieved by using biophysical methods. 

While further elucidation of the physiochemical basis of the interaction of 

CLPs with the specific PPM lipids is needed, the results of this thesis suggest 

that these methods could be used as one of the approaches in order to roughly 

predict on which plant species/organs certain CLPs would be active. More 

specifically, by manipulating the composition of biomimetic liposomes, 

experimental biophysics and in silico dynamic modelling could provide a 

valuable information about plant species/organ candidates if appropriate 

models (mimicking the PPM lipidome of a specific plant species/organ) are 

used.  

Once the plant species/pathosystem/efficient CLP combination is 

determined, the application of CLPs as biocontrol agents in sustainable 

agriculture could be developed in two directions. One would be the application 

of living bacterial cells producing targeted CLPs, and the other direction would 

be the application of pure compounds, where both of the approaches are 

encountering certain challenges. 
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Even though beneficials are good competitors in the rhizosphere, it is quite 

unknown how the complex interactions in this niche influence the colonization 

and production of different metabolites. In most instances, CLPs are active at 

micromolar doses, but only a few studies suggest that quantities produced by 

bacteria in planta are sufficient to locally reach such a threshold around the 

roots (Debois et al., 2015; Hoff et al., 2021; Poppeliers et al., 2023). 

Determining the amounts of CLPs produced by PBBs under natural conditions 

is important, but not an easy task. It would require optimal extraction from 

rhizosphere samples and the most-advanced MS- based metabolomics 

allowing high sensitivity for their detection and quantification.  

Furthermore, low temperature, acidic pH or poor oxygen availability are 

among the rhizosphere-specific abiotic parameters that influence bacterial 

physiology, and which may also modulate the production of secondary 

metabolites, including elicitors, as reported for Bacillus lipopeptides (Fahim et 

al., 2012; Pertot et al., 2013; Zhao and Kuipers, 2016).  

Biotic factors, such as interactions with other microbial species of the soil 

microbiome or a chemical crosstalk with the host plant, may also influence 

elicitor production under natural conditions (Debois et al., 2015; Wu et al., 

2015; Venturi and Keel, 2016; Andrić et al., 2020; Hoff et al., 2021). A better 

assessment of the impact of all these factors deserves further investigation and 

is necessary to better anticipate inconsistencies in PBB efficacy observed upon 

application under field conditions.  

Integrating all this missing information should also lead to a more rational 

determination of the range of phytopathosystems and environmental 

conditions in which PBB-based bioproducts would be the most effective.  

An alternative for using PBB that might not produce sufficient amounts of 

elicitors, is making microbial-derived immunogenic compounds-based 

products for the phytosanitary market, guaranteeing a bioactive concentration 

of CLPs. However, the production and formulation in cost-effective industrial 

processes represent challenging but not impossible aim, as it is feasible for 

some Bacillus lipopeptides with a high production rate in bioreactors (Zanotto 

et al., 2019; Brück et al., 2020). 

So far, solvent extraction, membrane filtration, adsorption, and size 

exclusion techniques are the best ranked for the purification of CLPs. Keeping 
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in mind that CLPs demonstrate variating structure-dependent activity, the 

downside of these methods is that the different families of CLPs produced are 

pulled together. This could be resolved by selecting species that naturally 

produce only one type of CLP, which is often observed in Pseudomonas sp., 

or by mutating bacteria in order to produce only targeted family of CLP. In 

addition, minor alternation of the CLPs could be achieved naturally by 

supplementing media with different amino acids. In cases where a variant that 

is predicted to have highest activity in certain systems is not found in nature it 

can also be made artificially by synthetic production (Hoste et al., 2023). 

Considering that even the CLP variants with different chain length can show 

differences in activity, at times when their further purification is needed, a 

possible solution would be an additional purification step using preparative 

chromatographic techniques, which provide maximum resolution with 

minimum contaminants (Rangarajan and Clarke, 2016). 

Taken together, the dose- and structure-dependent activity should guide a 

rational strain selection, optimization of culture conditions for maximal CLP 

production and possible CLP structure alternation.  

Towards the product formulation, the properties rendering CLPs advantages 

as biopesticides are not only their bioactivity over a wide range of 

temperatures, pH, and salinity, but also their biodegradability and minimal 

toxicity to humans (Gutiérrez-Chávez et al., 2021). Even though CLPs are 

generally stable, certain delivery methods such as liposome encapsulation and 

chitosan coating are under development (Kang et al., 2022). 

Considering the important role that CLPs could play not only as biopesticides 

(antimicrobials and ISR elicitors), but also as anticancer and antimicrobial 

agents against human pathogens (Geudens and Martins, 2018), optimization of 

these methods could have broader benefits than solely in sustainable 

agriculture application. 

In addition to the applied value, the results of this work also provide a good 

basis for future fundamental research. 

Collectively, this work provides new insights into the molecular basis of the 

well-known long-standing process of CLP-triggered plant immunity activation 

by unveiling a novel lipid-mediated mechanism for sensing these molecules at 

the cell surface. Rather than relying on PRRs for perception, Srf inserts into 
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sphingolipid-enriched domains acting as docking platforms in the PPM, 

causing membrane deformation. Such membrane changes have been described 

in the literature to be perceived via MSC, and this work shows that members 

of these mechanosensitive ion channels are required for early immune 

responses and induction of ISR by Srf. To the best of the author’s knowledge, 

this mechanism has not been previously described for triggering plant 

immunity, and it brings an unexpected role for mechanosensitive channels. 

Such a lipid-dependent perception at the cell surface may also apply to other 

bacterial amphiphilic ISR elicitors, such as acyl-homoserine lactones and 

rhamnolipids, which also readily interact with membrane lipids and thus may 

be perceived via similar mechanisms (Davis et al., 2010; Schikora et al., 2016; 

Schellenberger et al., 2019; Pršić and Ongena, 2020; Schellenberger et al., 

2021).  

The nature of PPM lipids varies widely among plant species (Haslam and 

Feussner, 2022). This could explain, at least in the case of Srf, why this 

molecule triggers immunity in dicots but is not very active in monocots (Pršić 

and Ongena, 2020). The effect of a CLP on a particular target membrane being 

fine-tuned by precise structural characteristics of the molecule may explain 

why some CLPs produced by Pseudomonas leaf pathogens act as virulence 

factors in a wide range of plants by causing necrosis via pore formation in cell 

membranes (Girard et al., 2020). Our data supports this theory by showing that 

structurally different CLPs have variating activity depending on the presence 

of different sphingolipid classes (Figure 26). Also, even slight changes in the 

structure of the molecule can influence the outcome of the CLP/PPM 

interaction, such as immune-related responses and ISR activation (Chapter 4). 

As aforementioned, in studies using membrane mimicking models, the activity 

of Srf depends mainly on physico-chemical properties, such as spatial 

conformation, charge, and hydrophobicity (Francius et al., 2008; Balleza et al 

2019). In this regard, the differences between lichenysin and Srf are 

particularly interesting, since Glu1 of the Srf’s peptide ring is replaced by Gln 

in lichenysin, thus resulting in one less negative charged amino acid. In theory, 

during the interaction with PPM negatively charged lipids, such as 

sphingolipid GIPC located in the microdomains (Cassim et al., 2021), a more 

negatively charged head of Srf could induce a higher electrostatic repulsion 

than that of lichenysin, thus changing the interaction with the PPM (Nerurkar 
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et al., 2010; Coronel et al., 2017). However, considering that lichenysin has 

conserved ISR activity, and that pumilacidin has two negatively charged amino 

acids but no activity, it can be concluded that in our setup charge does not play 

a key role in the interaction with Arabidopsis root cells plasma membrane.  

On the other hand, literature shows that methylated Srf loses activity in 

tobacco cells thus demonstrating contrasting data. Interestingly, tobacco 

culture cells also show differences in the chain variant with the highest activity, 

with C14 and C15 being the most active instead of C13, which is the most 

active in Arabidopsis root cells (Henry et al., 2011; Hoff et al., 2021). Thus, 

studying lipidome of these two models could bring additional information on 

specificities of Srf/PPM lipids interaction. 

This work also showed that even though pumilacidin is a Srf-like CLP it loses 

the potential to trigger ISR. This could possibly be explained by its altered 

biophysical properties such as lower activity in reducing the surface tension, 

lower efficiency in self-assembly, increase in hydrophobicity and perhaps due 

to a possible change in 3D conformation. Interestingly, in pairwise 

comparisons of Srf-pumilacidin and WLIP-massetolide A the less hydrophobic 

CLPs were more active regarding immune response activation in Arabidopsis. 

However, further understanding of PPM/CLP interaction specificities is 

needed to narrow down which properties are crucial or complementary 

involved as the key players.  

This work also shows that structure-dependent activity of Srf is influenced 

by the length of the acyl chain. This phenomenon is consistent with similar 

trends observed in the case of other amphiphilic molecules known to induce 

immune system responses, such as AHL (with C14 exhibiting the highest 

activity) and rhamnolipids, among which C12 is the most active. Notably, in 

the case of Srf, considering the proportion of its homologues present in the 

mixture, where C13 constitutes only up to 10%, it is conceivable that a 

synergistic effect on immune response elicitation may arise from the presence 

of various homologues. It is worth noting that MD simulations suggest that Srf 

is more likely to aggregate rather than insert as individual molecules, implying 

that the aggregation of different homologues could potentially influence the 

three-dimensional conformation of the agglomerate and subsequently affect 

Srf's interaction with the PPM. 
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Furthermore, this study reveals that the bioactivity of Srf is modulated by the 

specific PPM lipids present. When examining structurally distinct CLPs, 

variations in their potential to trigger immune responses in mutants lacking 

different classes of sphingolipids was observed (Figure 22). This finding 

suggests that, in different plant species, the interaction between CLPs and PPM 

lipids will result in varying immune responses, dependent upon the particular 

lipid composition of the plant's plasma membrane.  

Another question that this study raises is whether there is a higher importance 

of insertion in microdomains, or CLPs that would have affinity for 

phospholipids would have similar effect on plants. Also, considering that 

proteins (thus ion channels as well) could have specific location within the 

PPM, would they perceive mechanical stress the same depending on the 

location of the membrane where the stress is caused (phospholipid fluid part 

or microdomains rigid area)?  

However, it is important to note that this research does not directly establish 

that the membrane deformation induced by Srf activates MSCs. To further 

answer this question, a patch-clamp method could be used, a method 

commonly described in the literature for corelating changes in tension in the 

PMM and MSC activation (Haswell et al., 2008).  

Taken together, this knowledge would only be a starting point in trying to 

understand how plants would differentiate a true mechanical stress response 

from the response to Srf. 

Furthermore, although Srf does not trigger pronounced calcium elevations, 

this immune event is traditionally a signal of PTI. Since Srf-triggered early 

immune events do not result in high transcriptional changes, a possible 

explanation could be that Srf can modulate plant responses by downregulating 

genes encoding calcium binding proteins (Figure 19).  

Downstream calcium influx, as presented, Srf specifically triggers only the 

production of intracellular ROS. Additionally, it is noted that the Srf can boost 

extracellular ROS levels, despite the fact that it alone does not induce 

extracellular ROS production. Literature suggests that RBOHD can be 

encysted within microdomains in order to differentially regulate its activity 

(Hao et al., 2014), thus it can be postulated that Srf's interaction with these 

microdomains may influence the overall RBOHD dynamics.  
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This specific behavior of Srf is raising the question whether there are 

differences in signaling between extracellular and intracellular ROS generally. 

One explanation for the divergent signaling possibly induced by these two 

types of ROS lies in the variance of antioxidant levels, resulting in a prolonged 

presence of “signaling active ROS” in apoplast (Chapter 1, 3.2.2.). In the past, 

it was widely assumed that transfer of extracellular ROS into the cell via 

aquaporins was necessary to activate responses in plants. However, recent 

research has uncovered a key receptor in Arabidopsis which serves as the 

receptor for apoplastic H2O2, a leucine rich repeat-receptor kinase - HPCA1 

(HYDROGEN-PEROXIDE-INDUCED Ca2+ INCREASES 1). This receptor 

plays a crucial role in activating calcium influx and the subsequent downstream 

response directly by perceiving extracellular ROS (Wu et al., 2020).  

Even though existing literature has shown that ROS can be exclusively 

produced intracellularly in response to various abiotic and biotic stimuli, the 

reasons behind this phenomenon remain unexplained (Lee et al., 2023). 

Besides, while the activation of extracellular ROS by calcium has been 

comprehensively documented in the literature (Marcec et al., 2019), the 

mechanisms underlying calcium-induced intracellular ROS production remain 

unexplored. 

Although, the results of this work demonstrate for the first time involvement 

of MSCs, interaction with lipid phase of PPM was already postulated for RLs 

(Herzog et al., 2020; Schellenberger et al., 2021), NLP toxins (Lenarčič et al., 

2017), and pathogenic immunity elicitor cryptogein (CRY; Gerbeau-Pissot et 

al., 2014). CRY is secreted by the pathogenic oomycete Phytophthora 

cryptogea and it induces a hypersensitive response in plants, resulting in plant 

cell death. Although it has been reported to be perceived by a PRR at nM 

concentrations, its ability to bind sterols in the PPM has also been 

demonstrated. Interestingly, a structure-activity relationship for the activation 

of NO− and ROS production was also observed for this elicitor. Janků et al. 

compared the elicitation of oxidative burst by two elicitins, CRY and infestin 

1 (INF1), secreted by the oomycete P. infestans which has significantly weaker 

capacity for inducing hypersensitive response in plants. The data presented 

showed that INF1 is not able to trigger ROS nor NO− production, however with 

only one amino acid change (valine substituted for lysine at position 13, or 

valine at position 84 substituted for phenylalanine), the activity increased to a 
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level similar to active CRY. This study also suggested that the increase in 

activity of the phenylalanine containing variant is due to its increased ability 

to trap sterols, which would enhance ROS production. The same study 

suggested that the NO− is produced intracellularly and then transferred to the 

apoplast at later time points, possibly suggesting that NO can serve as a signal 

for neighboring cells (Janků et al., 2022).  On the other hand, Kulik et al. 

showed that CRY induced NO− production is partially triggered by ROS, but 

also that NO- downregulates the level of H2O2. Furthermore, a transcriptomic 

analysis revealed that NO− and ROS upregulated genes are downregulated by 

another RNS species ONOO− (Kulik et al., 2015). Srf does not induce 

hypersensitive response in plants, it is active at µM concentrations, and Srf 

triggered NO− is independent of ROS (based on the results on MSC mutants), 

however studies performed on CRY could be a good starting point to further 

investigate the role of NO− in Srf-induced resistance. It would be interesting to 

test whether Srf triggered NO− would lower the H2O2 levels, whether there is 

a switch in intra to extracellular NO−, but also whether ONOO− production is 

triggered by Srf. If Srf indeed triggers ONOO− production, it could be 

interesting to further investigate whether ONOO− is responsible for the high 

downregulation of genes by Srf. Furthermore, resolving what are the 

downstream events of calcium and ROS and on the other hand NO− signaling, 

would give more information on how the signal specificity is achieved by the 

interplay of these early immune events and how it creates the final plant 

response - ISR.  

Step further along immunity elicitation, this work provides the basis for 

further investigation of defense signaling molecule azelaic acid (Aza) 

involvement in SAR and ISR. Besides Aza, RNAseq analysis provides other 

candidates (Chapter 3, Discussion), that could also serve as signaling 

molecules. 

Considering that Srf can also trigger ISR in Arabidopsis against 

Pseudomonas syringae pv. maculicola (Altrão et al., 2022), the data obtained 

in this work provide a basis for estimating how Srf achieves priming of plants 

against pathogens with different lifestyles. At the outset of this work, ISR 

against Pseudomonas syringae pv. maculicola could be evaluated on pad3 and 

myb72 mutants in order to evaluate if elevated resistance is camalexin or 

coumarins dependent. The activation of MYB72 occurs downstream of NO- 
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production as previously shown in the literature (Zamioudis et al., 2015). 

Although it remains a speculative hypothesis, it is conceivable that activation 

of MYB72 may represent an MSC-independent event, as NO- production was 

demonstrated to be MSC-independent in this study. In summary, this suggests 

that Srf has the capability to independently activate two distinct phytoalexin 

pathways (coumarin and camalexin). 

 

Figure 52 – Schematic representation of Srf perception and activation of 

immune responses in plants. 

 

 

Taken together, this work partially explains how an ISR elicitor is sensed by 

plant cells, what are the following early immune events, and gives indications 

how ISR might be achieved. This not only provides a framework for further 

investigation of ISR underlying mechanisms, but also it provides a starting 

point for the successful establishment of CLPs as a strategy in sustainable 

agriculture. 
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